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Abstract

A main goal of current low background physics is the search for rare and novel phenom-
ena beyond the Standard Model of particle physics, e.g. the scattering off of a potential
Dark Matter particle inside a CaWO, crystal or the neutrinoless double beta decay of Ge
nucleus. The success of such searches depends on a reliable background prediction via
Monte Carlo simulations. A widely used toolkit to construct these simulations is GEANT4,
which offers a wide choice of physics models, so-called physics lists. To facilitate the se-
lection of physics lists for simulations of CaWO, and Ge targets, we quantify their impact
on the total energy deposition for several test cases.

1 Introduction

Rare event searches, such as the search for dark matter or neutrinoless double beta decay,
depend crucially on a reliable and verified background prediction. Commonly, these predic-
tions are based on Monte Carlo simulations of the relevant background sources. A widely used
toolkit to create these simulations is GEANT4 [1-3].

In GEANT4, the physics models that describe the particle processes are specified in the so
called physics list. Albeit the user is generally free to specify their own collection of models,
GEANT4 provides with physics constructors predefined collections of processes to cover related
particle processes that can be included in the physics list. In this work we will focus on the
electromagnetic physics constructors.

In literature, the electromagnetic physics constructors and their settings are validated for
a wide range of physics processes and observables, e.g. electron back scattering [4]. However,


https://doi.org/10.21468/SciPostPhysProc.?

SciPost Physics

to our knowledge, no such study exist about their impact on the total energy deposited by
radioactive decays in CaWO, or Ge target material. As pointed out in [4], an observable like
energy deposition by radioactive decays is the result of several physics processes. Hence, it
can only be assessed for a specific use case, and it is usually precarious to extrapolate it from
studies based on a different use case.

With this work we provide first results of a dedicated study for this missing use case: ex-
amine the impact of different electromagnetic physics constructors on the total energy de-
position for several test cases, i.e. combinations of radioactive contaminants, target material
(CaWO, and Ge) and target thickness. The goal is to give an assessment to what extent the
selected physics constructors affect the simulated observable of total energy deposition, i.e.
how compatible different physics constructors are. To assess the compatibility in a qualitative
and objective way, we adopt the methodology established in [4-7]. To give some guidance
which physics constructor to choose in case of compatibility, we consider also the computing
performance.

2 Methodology

The strategy of this study is focused on the simulation of total energy deposition in a bulk
crystal of two target materials, i.e. CaWO, and Ge. Simulations were produced with the Im-
PCRESST physics simulation code [8] based on GEANT4 version 10.6.3 released in 2020. Test
cases, characterized by target material, target thickness and radioactive contaminant, are sim-
ulated for several GEANT4 physics constructor. The impact of different physics constructors on
the total energy deposition in our test cases is assessed by the means of statistical methods.

2.1 Physics Constructor Configurations

GEANT4 provides several predefined physics constructors for electromagnetic (EM) physics.
Twelve of them were used during this work: G4EmStandardPhysics_optionl, 2, 3 and 4,
G4EmLivermorePhysics, G4EmLivermorePolarizedPhysics, G4EmPenelopePhysics, G4EmStan-
dardPhysics, G4EmStandardPhysicsGS, G4EmLowEPPhysics, G4EmStandardPhysicsWVI, and
G4Em-StandarPhysicsSS.

We treat each physics constructor as its own one parametric-model with the range cut
for secondary particle production as a free parameter. In a GEANT4 simulation, secondary
particles that are unable to travel further than the range cut value, called production cut, are
not produced, but their energy is deposited locally [9, p.256]. In order to study the impact
of such parameter and to possibly improve the performance of simulations, each simulation
was performed for five production cut values: 100nm, 1pm, 1mm, 1cm , 10cm. In this
work, one GEANT4 physics constructor configuration is characterized by physics constructor
and cut value, yielding together 60 configurations (=12 physics constructors x 5 production
cut values).

2.2 Test Cases

This study covers two target materials - CaWO, or Ge. The target geometry was defined as a
cuboid with a cross section of 32 x 32 mm in two configurations: bulky with a thickness of
32mm and thin with a thickness of 50 pm!. Six common radioactive contaminants in chosen

Here, the thicknesses are motivated by the largest and smallest distinct parts in some CRESST detector module
[8] (the absorber crystal and a bond wire respectively) to demonstrate extreme cases for the dimensions. However,
the target thickness is an experiment specific value and future studies may cover a wider range of thicknesses and
target materials, e.g. Si.
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targets are considered - low Q-value 3 emitters (**Ra, 2!1°Pb), high Q-value 3 emitters (*°8TI,
210T1) and a emitters (?!!Bi, 234U).

Each one of the 24 test cases (= 2 targets x 2 thicknesses x 6 contaminants) is simulated
for each configuration, yielding together 1440 datasets (= 24 test cases x 60 configurations).
As G4EmStandardPhysics_option4 is regarded the most accurate model? we chose it together
with a 1 mm cut as reference dataset.

2.3 Statistical Analysis

Quantitative comparisons between simulated test case and reference datasets are determined
by statistical tests and performed in two steps. In the first step, we address the question of
how well a simulated dataset distribution is described by the distribution of the reference
dataset by appropriate goodness-of-fit tests. The second step is based on categorical tests,
which determine if the difference in compatibility observed across our GEANT4 configurations
is statistically significant. This statistical significance is evaluated in two cases: for simulations
using different physics constructors, which produce unpaired samples, and for simulations
using the same physics constructor but differ in a secondary feature, i.e. in production cut,
which are related and produce paired samples.

As the statistical tests are not uniformly sensitive to differences in distributions at all values,
a variety of statistical tests is applied in each step of analysis to minimize the possibility of
introducing systematic effects in validation of results. Three independent goodness-of-fit tests
were performed to test compatibility: Anderson-Darling (AD) [10], Kolmogorov-Smirnov (KS)
[11,12] and y2 test [13,14]. The tests used to compare groups of categorical data for a
significant difference are y? test of independence and Fisher’s exact test [15] for unpaired
data, and McNemar’s test [16] for paired data. In each test, the significance level a was
chosen at 5%, a conventional value.

3 Results

We show first results of step one of the statistical analysis, i.e. comparing the relative com-
patibility of energy deposition of several test cases with the reference configuration. Fig-
ure 1 shows the example of energy deposition per single event of 21°T1 decay in CaWO, for
G4EmStandardPhysics_optionl and two cut values compared with the reference configura-
tion. The outcome of y? goodness-of-fit tests is reported in the form of efficiency, which is
defined as the fraction of test cases where the p-value resulting from the y? tests is larger than
a. This quantifies the capability of a configuration to produce statistically consistent results
with the reference configuration. Results of the efficiency for GEANT4 physics constructors are
shown in Figure 2.

The analysis identifies G4EmLivermore as a constructor that is robust against changes of
the production cut. Hence, tuning of the production cut may improve the performance of
simulations without affecting its outcome. Analysis with AD and KS goodness-of-fit tests, and
categorical analysis based on the results of compatibility, are currently conducted.

Besides maximizing the accuracy of simulations, one also wants to optimize the computa-
tional performance in terms of CPU time. Figure 3 shows the fraction of average run time of
GEANT4 configurations relative to the reference dataset. The decreased performance of sin-
gle scattering models (G4EmStandardWVI and G4EmStandardSS) is expected. Except for the
100nm case, most values for the production cut affect the relative performance by O(10%).

2See [9, p.215]: “G4EmStandardPhysics_option4, containing the most accurate models from the Standard and
Low Energy Electromagnetic physics working groups.”



SciPost Physics

—~10° : i inant: — 10°E
5 ‘I;;gEet.S(iaWdO-:F::m.lComalr:nln1an1t.o210Tl. =5 3 Target: CaWO4, thin. Contaminant: 210TI.
o Rot. mstan (:;E Syslcz_ur::Fl,:n oem " o k ——— G4EmStandardPhysics_option1, 100 nm
3 t i tiond,

ﬁ elerence: mstanca ysics_optior mm g Reference: G4EmStandardPhysics_option4, 1 mm|
[ [
>
o 107 | B 1
s E s F
5 5
Q o 0 -
£t et
Z qo- = o

R = 1=

C L. ] P S R R

5 0 2 3 4 5
Energy / MeV Energy / MeV

Figure 1: Energy deposition per single event in thin CaWO, target for 2 configura-
tions. Left - example of failed test of compatibility, right - example of passed test of
compatibility.
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Figure 2: Efficiency of GEANT4 physics constructors (left) and physics constructor
configurations (right) based on the results of y? goodness-of-fit test.
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Figure 3: Average run time of GEANT4 physics constructor configurations relative to
the reference configuration.

4 Conclusion

With this study, we aim to determine the compatibility between total energy deposition of dif-
ferent GEANT4 EM physics constructors compared to the most accurate one, G4EmStandardPhysics-
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_option4. Besides the effects due to the physics constructor, this study also evaluates the sensi-
tivity to features such as the production range cut value. Compared to G4EmStandardPhysics-
_option4, we found that G4EmLivermore is more efficient in terms of y2-GoF test and its
outcome less dependent on the production cut value. All configurations of physics construc-
tors feature similar computation performance within O(10 %) in terms of CPU time, except two
cases: configurations with constructors based on single scattering models (i.e.4EmStandardWVI
and G4EmStandardSS) or a production cut value of 100 nm are substantially slower than any
other configuration. First results of this analysis could already provide guidance to users which
physics constructor to include in the physics list of their GEANT4 based background prediction
studies and how to optimize the configuration of the constructor. Further analysis will be con-
ducted to characterize the differences in simulated total energy depositions observed over the
various GEANT4 electromagnetic physics constructors. A publication with the final results is
currently under preparation.
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