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Abstract. The two leading simulation frameworks used for the simatatif cosmic-ray muons underground are FLUKA and
Geant4. There have been in the past various questions @ssiedthe equivalence of these codes regarding cosmogdgnical
produced neutrons and radioactivity in an undergroundrenmient. Many experiments choose one of these framewankls, a
because they typically have different geometries or looati the issues relating to code comparison are compoulided.
report on an effort to compare the results of each of thesescimdsimulations which have simple geometry that is coesist
between the two codes. It is seen that in terms of integragation flux and neturon capture statistics the codes agrikanae
broad sense. There are, however, differences that will besuof further study. Comparisons of the simulations tailable
data are considered and the difficulties of such comparismpointed out.
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INTRODUCTION

Cosmogenically produced prompt radiation or residualaactivity are sources of backgrounds for deep-underground
experiments which can have impacts up to and beyond deptBskaf.w.e if the experimental sensitivity is not
limited first by some other background [1]. One approach Wihigctypically taken to quantify these backgrounds
is to propagate surface muon energy and angular distrifmf] to the depth of the experimental installation where
a full simulation of the surviving muons through undergrdwavern material is performed. Different experimental
collaborations typically perform these simulations witlrieus generalized simulation packages, FLUKA and Geant4
being two examples [3, 4, 5]. It is important to fully understl the physics included in these simulation packages,
how their implementations differ, and how the key resultmpare to data. Because of these facts an effort to
comprehensively characterize important physics for cagmially induced radiation with both FLUKA and Geant4
in a simple geometrical environment is underway and firstltesre reported here.

FLUKA is a particle physics Monte Carlo simulation packad@ah traditionally has been applied to cosmogenic
background problems. Its predictions are predominantbetian original and well-tested microscopic models. The
physics models are fully integrated in the code and can nonddified by the user. Details about the implemented
muon-nucleus interactions and hadronic models relevathdoproduction of cosmogenic neutrons can be found
in [6, 7, 8, 9, 10]. Low-energy neutrons with kinetic enegge20 MeV are treated in the multi-group approach in
FLUKA which requires a careful interpretation of resultdra single event level. FLUKA 2011.2.17 from December
2012 was used for the simulation with the FLUKA default seftPRECISIO(n). Photonuclear interactions were
enabled through the user option PHOTONUC and a more detméatinent of nuclear de-excitation was requested
with the options EVAPORAT(ion) and COALESCE(nce). In adafit the treatment of nucleus-nucleus interaction
was turned on for all energies via the option IONTRANS.

Geant4 is in general a particle tracking Monte Carlo codetvhas been predominantly used in high-energy particle
physics and radiation protection. The code attempts toi@ttplinclude all relevant interactions to a simulation
in a modular, user-defined way and then use the selected saddl stored relative probabilities (usually cross
sections) of each interaction in a given material to dedmdedourse of the tracked particle at the next simulation
step. The simulation of a particle proceeds on a microscoagis (interaction-by-interaction) until it is absorbed,
an energy limit is reached or it decays. While the code ineudell-tested microscopic models for many processes,
details of the physics models used can in general be modifietidouser and in principle the user has access to
the entire source code of Geant4. The Shielding physicsslissed for the Geant4 simulations in this study [11].
The Shielding list is a composition of hadronic, leptonidaadioactive decay physics which previously had to be
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FIGURE 1. Integrated neutron fluxes across perpendicular planeslifaragerials down to neutron energgl of approximately
1 keV. Each material is scaled by a power of 10 for plottingopses, lead by f)iron by 10-1, CaCQ by 10-4, water by 10°3
and liquid scintillator by 104. The FLUKA simulations are shown in blue shades while thereaimulations are shown in
yellow/orange shades. The neutron fluxes are integratadhgvi@ne in the geometrical center of the cylindrical slatppadicular

to the muon momentum. The central plane is located after trmnrehower has fully developed in all materials.

included one-by-one. In particular, the Shielding listlirtes muon nucleus interactions and hadronic models mra#leva
to the production of cosmogenic neutrons [12, 13]. One ofatiginal uses for this list was underground or low-
background experiments, so it includes high precisionmautransport physics. The version of Geant4 used in this
study is currently Geant4.9.5p01, but the Shielding listh@en available since Geant4.9.4.

In order to get the greatest access to the physics of the gemtocascades a simple cylindrical geometry is used
with five materials. The materials were selected to be sortteosk that are present in currently operating underground
laboratories and to give a broad range of nuclei. Each nadtiertaken with a density-weighted thickness equal to
3200 g/cm and a radius of 10 m so that the captured neutrons can rangadtihe capture statistics can be allowed
to probe the low energy diffusion properties of the matdriadach simulation package. Liquid scintillatorgfd; o,
density 0.887 g/crl), water (density 0.997 g/cth calcium carbonate (CaGQdensity 2.710 g/cR), iron (density
7.874 g/cd) and lead (density 11.342 g/éjnare used. All isotopic abundances are those which appéaratig.

In addition the primary muon or anti-muon energies of 30,,1Z8D GeV and 1 TeV are used in this study. In the

following sections we specialize to the 280 GeV energy mgtivhen examining the integrated neutron flux and to
the liquid scintillator material for examination of the rimn capture statistics. In all cases we present data fgr onl

muon primaries, not anti-muons. These specializationsnade to keep the length of this article tractable and focus
discussion.

NEUTRON FLUX VS. ENERGY

The one-directional neutron flux integrated over the detarbss section perpendicular to the momentum of the muon
primary is a good parameter to summarize the neutron pramfusthavior over a wide range in neutron energies. This
integrated flux is plotted in Fig. 1, normalized to the numbiegenerated primaries. The integrated fluxes compare
favorably between the FLUKA and Geant4 simulations in gahdhe liquid scintillator and water seem to be within
30% over most of the energy range with the largest discrépamzar 100 MeV neutron energy. Other materials
follow this general agreement in the region between 100 Madthe highest energies plotted. Below 10 MeV CaCO
has several resonant structures which are well tracked mimtl&cation of successful implementation in the nuclear
physics regime (and similar cross sections). The case igasifor iron with the exception of a structure around 3-
7 MeV which appears in the Geant4 simulation but not the FLUKRAe lead material has a similar structure in the
same energy region not reproduced by FLUKA and furthermaan®} begins to register dramatically less neutrons



than FLUKA between 10 keV and 5 MeV. This is the largest digarey revealed so far and is not yet understood.

Lead is, however, an important material for many low backgrbexperiments and so investigation of this discrepancy
and correlation to data, if possible, is important.

THERMALIZATION AND MULTIPLICITY

In a simple geometry such as the one being utilized in thidystiti is typically easy to keep track of the number of
neutrons that are produced in a given event in total. Fursirare the cylindrical material slabs have such a largedhte
distance, itis likely that almost all of the produced nengwill remain inside the detection volume. To this end Fig. 2
shows plots which analyze various properties of neturopticad on hydrogen inside the fiducialized detector volume
(the innermost 1600 g/cth The capture time spectrum in the rightmost panel of Fidi@ that FLUKA produces
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FIGURE 2. a) Capture time distributions for all neutrons which capton hydrogen in liquid scintillator b) Perpendicular
distance to the muon tracks (lateral distance) distrilmstior those same neutrons. ¢) Multiplicity distributionghaeach entry
counting all captures which result from a single thrown mpdmary.

slightly less neutrons than Geant4 does and additionalyctipture time constant for FLUKA is 254:0.2 us
whereas the time constant for Geant4 is 2202 us. The difference in these is interesting and indicatesghtsli
difference in the low-energy neutron transport physicsctvivarrants further study. It is also interesting to not&t th

a Borexino analysis finds that Geant4.9.6p01 and the veddi&hUKA used here also show a similar capture-time
discrepancy [14]. In that analysis, however, it is noted their previous analysis using Geant4.9.2p68s not show

the discrepancy. The other distributions look qualitdyivemilar but there are several discrepancies. Firstlydhg
slight normalization discrepancy as it is often the casettimFLUKA curves are bounded below the Geant4 curves.
There is also a discrepancy in the lateral distance digtoibsi which appears to be worse toward lower distance and
with lower-energy muon primaries. Finally the multiplicistributions show a large discrepancy often a factor 4f 2-
in the multiplicity-one bin. These discrepancies may bkdioh and understanding their origins is important in order
to vet the transport physics of each of the simulations.

Some experiments like Borexino can measure very analogoastities at depth [14]. Experimental conditions
should be used to match simulation to experiment, like thewarhof deadtime after a muon traversal before being
able to detect neutron captures. After these correctiamseber, the capture time, lateral distance and multiglicit
distributions should be quantitatively similar to the omksplayed in Fig. 2. Quantitative comparisons of that type
have not been undertaken for these simulation data but it the future. The Borexino collaboration has, however,
produced its own simulation data for comparison to the dbd [

CONCLUSIONS

A common way to summarize the quality of the agreement of dathsimulations has been to plot the total neutron
yields for a given material and energy [1]. The energy is ligwpioted as the average energy of an underground
muon spectrum but here in this simple study we use the enéttye onuon primaries. Figure 3 displays this yield for

the liquid scintillator material. Though the values for kaimulation track, the Geant4 simulation produces 30-50%



more neutrons in total than FLUKA. An understanding of themlees could be related to the discrepancies noted in
previous sections.
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FIGURE 3. Normalized neutron yield for the liquid scintillator matgrat energies 30, 100, 280 GeV and 1 TeV primary muon
energy. Geant4 produces about 30-50% more neturons orgaveith the settings used here.

While there is good qualitative agreement in much of the ftian work presented here, there are discrepancies
which need to be understood in the context of the physics fadmng used and in the context of agreement with
data. The analysis included here looks at some rough quaastiff production (flux vs. energy) and transport (capture
distributions) physics. Our analysis serves as the stagimint for understanding the interplay of these types of
variables and the investigation of new variables which cantilized for benchmarking both between various Monte
Carlo codes and between those codes and measured dateeihditiee ideal result from these studies will be a detailed
understanding of which observables constrain the impbrtacroscopic processes involved in cosmogenic studies,
and a framework which can be used to benchmark any code whightito use for deep-underground cosmogenic
simulations.

ACKNOWLEDGMENTS

We gratefully acknowledge the guidance of Vitaly Kudryawtg suggesting this study. This work is supported in part
by the National Science Foundation (Grant No. PHY-1242640)

REFERENCES

D.-M. Mei, and A. HimePhys. Rev. D 73, 053004 (2006).

J. Beringer, and others (Particle Data Gro@hys. Rev. D 86, 010001 (2012).

G. Battistoni, et al AIP Conference Proceeding 896, 31-49 (2007).

A. Ferrari, et al.CERN-2005-10 (2005), INFN/TC_05/11, SLAC-R-773 (2005).

S. Agostinelli, et al.Nucl. Instr. and Meth. A 506, 250 — 303 (2003).

Y.-F. Wang, et al.Phys. Rev. D 64, 013012 (2001).

A. Fasso, et alRroceedings of the MonteCarlo 2000 Conference, Lishon pp. 159-164 (2001).

A. Fasso, et alProceedings of the "Specialists Meeting on Shielding Aspects of Accelerators, Targets & Irradiation

Facilities, Arlington" (1995).

A. Ferrari, et al.Proceedings of Workshop on Nuclear Reaction Data and Nuclear Reactors Physics, Design and Safety,

Trieste (1998).

10. G. Battistoni, et al Proceedings of 11th International Conference on Nuclear Reaction Mechanism, Varenna (2006).

11. D. Wright, Shielding Physics List Description (2012RU{ htt p: // ww. sl ac. st anf or d. edu/ conp/ physi cs/
geant 4/ sl ac_physi cs_I i st s/ shi el di ng/ physlistdoc. htm }.

12. S. Kelner, et alGeant4 Physics Reference Manual (2002).

13. A. Heikkinen, et al.Geant4 Physics Reference Manual (2002).

14. G. Bellini, etal. (2013)ar Xi v: 1304. 7381.

ONogA~RWNE

©



