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	  Muons	  Travel	  in	  Rock	  
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1.  Homestake	  rock	  sample.	  
2.  Muons	  with	  fixed	  energy	  1PeV	  and	  verIcally	  downwards.	  
3.  Average	  depth	  1Pev	  muon	  can	  reach	  is	  	  6~7	  km.	  So	  a	  casIng	  area	  with	  

radius	  of	  10km	  on	  the	  surface	  is	  big	  enough	  for	  a	  full	  simulaIon.	  No	  earth	  
curvature	  consideraIon	  needed.	  	  
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Muon	  Tracking	  from	  Surface	  
•  Surface	  Muon	  Flux(Gaisser	  formula):	  
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Figure 1: (left) Elevation map derived from the engineering survey data (middle) Elevation map derived from
satellite data (right) The difference between the two maps. The X,Y axis are in km and the z-axis is in meters.
Only the surface region covered by both the maps are shown in this figure, the simulated map extends to +/-
10 km. The largest variations between the two maps, not surprisingly, occur in regions where the altitude is
varying rapidly. The open circle is the position of the 4850 ft cavern, and the triangles are the positions of the
800 ft caverns.

For this simulation we wanted a granularity in the surface map of 5 m×5m. A simple interpolation was used
to rebin the coarse satellite data (92 m/bin in latitude, and 66 m/bin in longitude). For bins that fall between
the contour lines in the survey data a weighted average was used. The elevation ε of the closest contour line, and
its distance from the region of interest d, in each of the four quadrants around that point were determined. The
elevation at the point was then defined as:

Elevation =

∑4
i=1 εi/di

∑4
i=1 1.0/di

(1)

Figure 1 plots the elevation, in 5m×5m bins, derived from the survey map, the -4.5 m corrected satellite map,
and the difference between the two maps(satellite-survey). When the two maps are compared, excluding the pit,
the means agree to with 0.5 m, with an RMS of 6.8 m. There is a significant variation with respect to the depth
of the pit, the satellite data thinks that the pit is 30-50 m deeper than the survey data. This discrepancy is not
understood. Figure 2 plots the combined survey-satellite map that is used in this simulation.

The composition of the rock used in the simulation has been taken from an earlier LBNE cosmic simulation[4],
and is given in Table 1. We have assumed that the rock has an average density of 2.82 g/cm3.

2 Muon Flux at Sea Level

The differential muon production spectrum at sea level is typically parameterised by the Gaisser formula[7]:

(2)

dNµ

dEµ,0
≈

0.14 · E−2.7
µ,0

cm2sr s GeV
×





1.0

1 + 1.1·Eµ,0cos(θ)
επ

+
0.054

1 + 1.1Eµ,0cos(θ)
εK



 , (3)
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•  In	  this	  formula,	  the	  muon	  decay	  effect	  is	  neglected	  which	  
make	  it	  slightly	  off	  from	  experimental	  data	  at	  low	  energy	  
range.	  The	  rewrite	  formula[guan	  et.	  al.,	  	  
	  hZp://escholarship.org/uc/item/6jm8g76d]:	  

2 A parameterization of the sea-level muon flux

Muon flux at sea-level usually can be described by the standard Gaisser’s formula [1]:

dI

dEµd cos θ
= 0.14(

Eµ

GeV
)
−2.7



 1

1 +
1.1Eµ cos θ
115GeV

+
0.054

1 +
1.1Eµ cos θ
850GeV



 (1)

In this formula, θ is the polar angle, Eµ is the energy. There are two conditions neglected

in this formula, which are the muon decay and the curvature of the earth. To obey the second

condition, θ < 70◦ is needed. Due to the first reason, the standard Gaisser’s formula cannot

describe the experimental results at low energy well, we modified the formula by adding a

term to the standard formula and doing fit with world muon data to get the parameters.

Function 2 shows the form of this modification.

dI

dEµd cos θ
= 0.14

�
Eµ

GeV
(1 +

3.64GeV

Eµ[cos θ∗]1.29
)

�−2.7


 1

1 +
1.1Eµ cos θ∗

115GeV

+
0.054

1 +
1.1Eµ cos θ∗

850GeV



 (2)

where

cos θ∗ =

����(cos θ)2 + P 2
1 + P2(cos θ)P3 + P4(cos θ)P5

1 + P 2
1 + P2 + P4

(3)

is given by Chirkin [3]. In this paper he gave a series of parameters (P1 = 0.102573, P2 =

−0.068287, P3 = 0.958633, P4 = 0.0407253, P5 = 0.817285 ) using the CORSIKA sim-

ulation package and supposing the depth of the atmosphere as 114.8 g/cm2 and 19.3 km.

According to references [4][5], when taking the curvature of the earth into consideration, the

difference between the observed zenith angle on the ground and the zenith angle at muon

production at the top of the atmosphere will give reason to this modification. Fig. 2 demon-

strates this relation.

About the term added to the standard formula, it can give better expression at low energy.

while the energy goes high this term is negligible. To get the constant 3.64 and the index

1.29, we fit the formula with the world muon experimental data. In mathematical view of

point, that formula is much better than the standard formula, which can be found in Fig.

3.

In reference [11], some early experimental results of vertical muon intensity with different

depth of material that muon transport through in standard rock can be found. According
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Surface	  mountain	  profile	  
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We	  need	  a	  circle	  area	  with	  radius	  of	  ~	  10km.	  So	  the	  rest	  of	  area	  is	  
supplemented	  by	  satellite	  data	  from	  	  CGIAR	  (hZp://srtm.csi.cgiar.org/)	  



Muon	  CasIng	  and	  SelecIon	  
•  Surface	  posiIon:	  uniformly	  distributed	  on	  a	  sheet	  
10km*10km(easier	  to	  calculate	  live	  Ime.)	  then	  
compare	  the	  angle	  to	  the	  experimental	  hall	  to	  
match	  the	  real	  posiIon	  in	  the	  mountain	  profile.	  	  

•  Energy	  and	  angle:	  get	  randomly	  from	  the	  modified	  
Gaisser	  formula:	  energyTheta-‐>	  GetRandom2(E,	  
cosTheta).	  For	  the	  4850e	  level,	  we	  take	  the	  energy	  
range[1TeV,	  1PeV].	  The	  total	  flux	  for	  this	  energy	  
range	  at	  surface	  is:	  7.16e-‐3/m2/s.	  	  

•  Only	  those	  muon	  direcIon	  can	  reach	  the	  detector	  
(34m^3,	  with	  extended	  tolerance	  of	  6	  meter)	  are	  
selected	  for	  Geant4	  tracking.	  	  	  
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The	  Plans	  

•  Full	  simulaIon	  of	  4850e	  with	  different	  rock	  
density:	  2.7g/cm3	  and	  2.93g/cm3	  to	  see	  the	  
effect	  of	  density	  to	  the	  results.	  

•  Full	  simulaIon	  of	  800e	  level.	  	  
•  Standard	  rock	  with	  flat	  surface.	  Try	  to	  get	  the	  
general	  depth	  vs	  muon	  flux	  relaIon	  for	  all	  
depth	  down	  to	  12	  km.w.e.	  
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Preliminary	  Results	  
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Muon	  Flux	  at	  4850	  (E>1GeV)	  3.83e-‐05/m2/s	  -‐-‐-‐G4.9.5	  full	  sim	  
	  	  	  



Angular	  DistribuIon	  
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