
X. Muon-induced neutrons in liquid scintillator

The muon-induced neutron yield has been measured at various depths at underground
sites over the last 60 years. Early experiments were carried out in Russia (USSR) and the
experimental results were preceded by the theoretical work of G. T. Zatsepin and O. G.
Ryazhskaya in 1965 [1] (who also led the measurements). Their calculations predicted
the muon-induced neutron yield to be a function of mean muon energy and to follow a
simple power law with the normalization obtained from fits to experimental data. The
interest in muon-induced backgrounds and the neutron yield at that time was motivated
by the first atmospheric and solar neutrino experiments [2].

Early experimental data for the neutron yield has been reported for liquid scintillator
although the experimental groups have not proven that the observed neutrons had been
produced mainly in the scintillator. The experimental data are shown as a function of
mean muon energy in Figure X together with the early prediction derived from [1] given
by the  thin  black  line  for  both  linear  (left)  and  double  logarithmic  (right)  scale.  As
pointed out in section ??, the older experimental results which are shown by the solid
black symbols require careful interpretation. No detailed MC simulations were available
to aid the data analysis at the time and to convert the measured rate of captured neutrons
into the neutron production rate in a specific material (scintillator). This is particularly
important since the data was obtained either with relatively small detectors and/or with
large detectors of mixed target materials. The lack of proper simulation tools also impacts
the quoted mean muon energies. The unmodified and originally reported values for mean
muon energy and neutron yield are shown in Figure X.

Figure X:  Muon-induced cosmogenic neutron yield.  The old experimental data are given
by the solid black symbols. Sorted by increasing mean muon energy (in GeV) they are:
Boehm et al (16.5) [3], Bezrukov et al (16.7, 86) [4], Enikeev et al (125) [5], Aglietta et
al (270) [6] and Aglietta et al (385) [7]. The new results from KamLAND [8] (solid blue
symbol), LVD [9] (solid green symbol) and Borexino [10] (solid red symbol) are also



shown.   The  experimental  values  are  compared  to  predictions  for  the  neutron  yield
derived by G. T. Zatsepin and O. G. Ryazhskaya 1965 [1] (thin black line normalized to
the experimental data known at that time), Wang et al 2001 [11] (thick blue line), Mei &
Hime 2006 [12] (thick red line), Geant4 4.9.5p01 (thin green line) and FLUKA 2011.2.17
[13] (thin purple line).   

Further,  three  modern  results  obtained  at  the  Kamioka  mine  by  the  KamLAND
experiment (blue symbol) and at LNGS by the LVD (green symbol) and Borexino (red
symbol) experiments are also available. These new results are based on large detectors
and  the  data  analysis  is  supported  by  detailed  MC  simulations.  In  particular,  the
exceptional efficiency to record more than 80% of all cosmogenic neutron captures in
coincidence with muon events in a large, ultra pure and homogeneous detection volume
greatly reduce systematic uncertainties for the Borexino result.

Also  shown  in  Figure  X  are  two  frequently  quoted  parameterizations  proposed  to
describe the cosmogenic neutron production yield as a function of mean muon energy. A
simple power law behavior with Nn=4.14∙Eμ

0.74∙10-6 n/(  g/cmμ 2)  was obtained by making
use of the FLUKA simulation program (Wang et al, 2001 [11]) which is shown by the
thick blue curve. The thick red line corresponds to Nμ=3.824∙Eμ

0.849∙10-6   n/(  g/cmμ 2)
which was derived from a fit to the somewhat modified old experimental data (Mei &
Hime, 2006 [12]). Other parameterization based on FLUKA and GEANT4 simulations
have also  been proposed but  are  not  included on Figure  X (see,  for  instance,  [14]).
Finally,  the  results  of  simulating  the  cosmogenic  muon-induced  neutron  yield  with
current versions of the Geant4 (thin green line) and FLUKA (thin purple line) simulation
tools in context of the AARM project [13] are also given.

More details on individual experiments are given in Section ??? 

A number of experiments have recently reported the neutron production rate in iron [9]
and  lead  [15,16,17].  They  have  been  carried  out  at  large  depths  underground  with
corresponding  mean  muon  energies  within  the  narrow range of  260-300 GeV so  no
energy dependence can be extracted from these measurements. They are, however, very
useful in predicting the neutron background in current and future high-sensitivity rare
event searches.
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