Muon simulation code MUSUN for underground experiments

MUSUN (MUon Simulations UNderground) is a muon generator which can be used as a parent distribution from which cosmogenic simulations can sample input muons according to their energy spectrum and angular distribution. It uses the results of muon transport through matter carried out with the program MUSIC, convoluted with the muon energy spectrum and angular distribution at the surface.

MUSIC takes a set of muons with energies from 102 GeV to 107 GeV with a step of (log E = 0.025 *** is this the step size through matter or the spectral bin size???*** and propagates them through matter via and  Their resulting energy distributions for a set of distances from the initial point are written on the computer disk for further processing. This is usually done by the code developer following instructions from a user about the rock composition and other possible specific features such as mountain profile in order to create a set of slant paths specific to the underground site and its overburden.  This method is applicable for vertical depths larger than 500 m.w.e.  There is no strict upper limit for the vertical depth, but the maximum slant depth should not exceed 15 km.w.e., which is where the neutrino-induced muon flux dominates over atmospheric muons.  
After muon transport, the differential muon intensities underground, 
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 are obtained by convoluting the energy distributions of muons from the MUSIC output with the energy spectra of surface muons striking at different angles at the surface, using the equation:
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 is the differential probability for a muon with an initial energy Eμ0  at the surface to have an energy Eμ  at a depth X (obtained from muon transport using MUSIC), and
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 is the muon spectrum at sea level at zenith angle ( * and 

( * is calculated from the zenith angle underground, ( , taking into account the curvature of the Earth.

To calculate the integral muon intensity needed for normalization, an integration of 
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 over dEμ and d( is carried out.

The simplest version of MUSUN for flat surface above the detector offers the choice of the power index of the muon energy spectrum at the surface and its normalization, the fraction of prompt muons, the vertical depth of the laboratory, the range of zenith and azimuthal angles, and the range of energies. 
MUSUN is organized as a set of subroutines written in FORTRAN and called from the user-defined main program. The first call is made to a subroutine that calculates differential and integrated muon intensities for a specific vertical depth (assuming flat surface). The intensity as a function of energy and zenith angle is stored in the computer memory as a two-dimensional array. Subsequent calls to a ’sampling’ subroutine return muon parameters (energy and direction cosines) sampled following the stored energy and zenith angle distribution. Azimuthal angle is sampled randomly as evenly distributed between 0 and 2( since the assumption of the flat surface leads to the spherical symmetry. The muon charge is generated according to the ratio measured for high-energy muons μ +/μ −  (1.3. For practical purposes (for instance, when muons are subsequently used in multipurpose event generators GEANT4 or FLUKA) it is useful to generate muons on the surface of a rectangular parallelepiped (cuboid) or a sphere with predefined dimensions. MUSUN offers these options. Muon parameters are written to disk and can be passed later to the multipurpose event generators.

Several underground laboratories (LNGS at Gran Sasso, LSM at Modane and Homestake in South Dakota) are located under mountains with complex surface profiles. For these labs special versions of the MUSUN code have been developed that take into account the slant depth distribution as seen from the underground laboratory. In these cases the depth is fixed (to the depth of a particular underground location) and cannot be changed at the stage of muon sampling. The sampling of muons is done by sampling first the two angles: zenith angle (  and azimuthal angle (, from the known angular distribution (from the muon transport with MUSIC and the convolution of the results with the muon spectra at the surface). Then the muon energy is sampled from the known energy spectra for specific slant depth at specific zenith angle. The total muon flux at this depth passing either through a unit cross-sectional area sphere or a cuboid with given dimensions, depending on the user’s choice, is returned and can be used for the normalization of simulations.
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