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Abstract

Future dark matter direct detection experiments will reach unprecedented levels
of sensitivity. Achieving this sensitivity will require more precise models of signal and
background rates in future detectors. Improving the precision of signal and background
modeling goes hand-in-hand with novel calibration techniques that can probe rare
processes and lower threshold detector response. The goal of this white paper is to
outline community needs to meet the background and calibration requirements of next-
generation dark matter direct detection experiments.
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1 Introduction

This white paper is intended to address the identified community needs related to back-
grounds and calibration in future dark matter (DM) direct detection experiments. It should
be considered as complementary with the white papers on experimental sensitivity reach-
ing towards the neutrino floor [1] and to lower mass DM [2]. It provides parallel discus-
sion of many of the theoretical and modeling needs of the community [3] and addresses
many of the uncertainties involved in understanding unresolved excess rates in direct de-
tection experiments [4].

1.1 Executive Summary

Among the needs discussed below, a few themes arise: a need for more nuclear and atomic
data, support for and further development of simulation and modeling codes, and invest-
ment in underground infrastructure and advanced detector technologies. These needs
become progressively pressing as future direct detection experiments achieve ever-greater
sensitivity and search over longer exposures, requiring more precise tools for modeling
and mitigating backgrounds and for reconstructing low-energy events.

• Calibration measurements are needed of detector responses to electronic and nuclear
recoils, for a wider range of targets and at lower energies (eV–keV scale and in the
“UV-gap” of solid-state detectors), including measurements of inelastic and atomic
effects (e.g. the Migdal effect) and coherent excitations, both using established tech-
niques and with new ones (see Secs. 2.1–2.2).

• Optical and atomic material-property measurements are needed, including atomic
de-excitation cascades, electronic energy levels, and energy-loss functions, both for
modeling detector response and for simulating transport of low-energy particles.
Similarly, improved models and simulations of detectable-quanta production and
propagation are needed (see Secs. 2.3, 3.1, 4.1.1, 4.1.3, 4.2).

• Measurements to decrease neutrino uncertainties are needed, including nuclear-
reaction and direct-neutrino measurements that improve simulation-driven flux mod-
els (see Secs. 3.1 and 4.1.2).

• Elastic and inelastic nuclear reaction measurements—(α, n), (n, γ), (n, n), (ν,x), etc.—
are needed to improve particle transport codes, background simulations, and mate-
rial activation calculations, and to validate and improve models/evaluations used in
these codes; exclusive cross-section measurements are particularly needed to model
correlated ejectiles, and codes should provide a full treatment of uncertainties (see
Secs. 2.1, 2.2, 3.1, 3.2, 3.3, 4.1.1, 4.1.2).

• Increased support for development of simulations (e.g. FLUKA, Geant4, MCNP, NEST,
G4CMP) is needed, both for software codes and models (see Secs. 4.1–4.2).

4
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• Increased collaboration with nuclear, atomic, and cosmic-ray physics communities is
recommended to improve detector response and background models (see Secs. 2.2,
3.2, 3.3, 3.5.1, 4.1.2).

• In situ measurements of backgrounds are valuable for validating and improving mod-
els in various codes, especially for neutrons and muons and material activation mea-
surements, both on surface and underground. Likewise, uncertainties on model pre-
dictions for these backgrounds need to be quantified by model codes, informed by
this validation (see Secs. 3.2, 3.3, 3.5.1, 3.5.3, 4.1.2)

• Improved material cleaning and screening procedures are needed for dust, radon
progeny, cosmogenically activated radioisotopes, and other bulk radioisotopes. New
procedures are needed to avoid such contamination, and improved ex situ models of
residual background levels are needed (see Secs. 3.4, 3.5.2, 3.5.3)

• Additional R&D is needed to characterize and mitigate near-threshold backgrounds,
such as from secondary emission processes (see Secs. 3.6.1–3.6.3).

• Same-location, multi-method radioassay facilities are needed to simplify measure-
ments of decay chains and reduce systematic errors, alongside greater precision
across techniques and increased assay throughput/sensitivity (see Sec. 5.1). Also,
development of software infrastructure to track large-scale assay programs across the
community is needed (see Sec. 5.5).

• Finally, investment in underground infrastructure and detector technology (e.g., ve-
toes) will be needed to mitigate backgrounds such as from radon, dust, cosmogenic
activation, and neutrons (see Secs. 3.3, 3.5.1, 5.3, 5.4).

2 Calibration

Traditionally, detector response to scattering events has been divided into two types: nu-
clear recoil (NR) and electron recoil (ER). Detector calibration has typically followed the
same division, with neutrons as a probe for NR calibration and with γs or βs as a probe
for ER calibration. In each case, it is critical to decouple the scattering mechanics from the
detector response. In this section, we keep this traditional division, although we acknowl-
edge that its meaningfulness begins to dissolve as detector energy thresholds drop below
fundamental ionization thresholds.

2.1 Nuclear-Recoil Calibration

Lead: T. Saab
Contributors: D. Baxter, R. Calkins, J. Dent, A. Kish, J. Newstead, A. Villano

In many experiments that search for NR interactions of DM, the expected signal is
read out via an electronic channel such as ionization or scintillation (see, e.g., Refs. [5–
9]). Lindhard theory [10] has long been used as the the standard model for determining
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Figure 1: Ionization yield measurements in Ge (right) below 100 keV. The solid and dashed
lines represent the predictions of the Lindhard and Sarkis models [10, 11]

the magnitude (and statistical fluctuation) of the electronic signal as a function of NR
energy. While this model generally works well for recoil energies above O(10 keV), an in-
creasing number of measurements—in a variety of target materials—have observed devi-
ations from the Lindhard model for lower recoils energies. In addition, as shown in Fig. 1
for germanium, some measurements are inconsistent with each other, which may sug-
gest dependence on detector parameters such as operating temperature or applied electric
field. Attempts to better model the electronic signal from low-energy NRs include recent
theoretical work [11] to address some deficiencies of the Lindhard model (e.g., lack of
atomic binding energy) and numerical models developed to estimate the electronic signal
in noble-liquid targets [12].

Several calibration techniques, described below, can provide important quantitative
information on the detector response to NRs.

2.1.1 Internal in-situ

One method of obtaining in situ NRs in a target material is making use of the neutron
capture reaction, e.g. by exposing a germanium target to a flux of thermal neutrons,
the 72Ge(n, γ)73Ge reaction will create Ge nuclei with a mono-energetic recoil energy
determined by the emitted γ-ray. This technique has been used to determine the elec-
tronic signal produced by NRs in germanium at the lowest measured recoil energy of 250
eV [13, 14]. A variation on the this approach is the the Isolated Neutron Capture Tech-
nique (INCT). INCT is based around selecting events where the cascading gammas from
the capture event all escape the immediate region of the NR, distinguishing it from similar
neutron capture methods [13, 14]. INCT can provide highly accurate NR calibrations for
recoil energies around and below ∼100 eV in light and intermediate mass nuclei. INCT has
been demonstrated for silicon [15] and because of the possibility of mid-cascade decay and
partial stopping creates a unique recoil spectrum for each nuclei [16] with the possibility
of a coincidence tag from the exiting gamma.
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2.1.2 External in-situ

NR calibration with an external source offers significant flexibility and a wide variety of
sources. The primary challenge with this approach is the continuous neutron energy spec-
trum from the source and the subsequent recoil spectrum, which makes extracting the NR
response as a function of recoil energy challenging and highly dependent on simulation.

Photoneutron sources One method of obtaining a mono-energetic neutron source is
the photoneutron technique. The approach, which has been used to determine the elec-
tronic signal produced by NRs in silicon and germanium [14, 17–19], makes use of a
Beryllium target combined with a γ-ray source to produce nearly mono-energetic neutrons
via the two-body reaction 9Be(γ, n) [20–22]. The γ-ray sources typically used in conjunc-
tion with the Beryllium target are 88Y and 124Sb. The technique is most effective when it
is applied to a detector with a relatively small active volume to minimize the possibility of
multiple-scatters within the target. It can be applied to larger detectors but careful simula-
tions of the multiple-scatter component are required [23]. The main challenge faced with
this technique is the large ratio (>105 ) of gammas to neutrons incident on the detector.
Significant shielding is required to attenuate the gammas, and Monte Carlo simulations
are heavily relied upon to understand the effect of the shielding material on the neutron
flux and multiple scattering on the resulting energy depositions.

2.1.3 External ex-situ

(p,n) neutron beam The ability to perform a nuclear calibration at specific discrete en-
ergies is a useful tool that opens the door to precision calibration of the NR response,
allowing, for example, a direct measurement of the mean value of the ionization pro-
duced [24, 25], as well an any related statistical fluctuations (e.g. Fano Factor), by a NR
of a specific energy. This approach makes use of an independent determination of the
NR energy of events in a detector based on the elastic scattering kinematics, wherein the
neutron beam (of known energy) scatters at a measured angle.

Mono-energetic neutron beams can be generated at a proton Van de Graaff acceleration
via the (p,n) reaction. A variety of target materials can be used, in combination with
the proton beam energy, providing significant flexibility in generating a neutron beam of
a desired energy. As an example, using the Li(p, n)7Be reaction, a high neutron flux at
∼500 keV is readily achievable, with beam energies as low as ∼50 keV also possible [26,
27].

The low neutron beam energy achievable with the (p, n) technique allows for calibra-
tion at sub 100 eV recoil energies, a regime where it is expected that NRs will cease to
produce an electronic signal (i.e. the ionization or scintillation production threshold). Ad-
ditionally, the collimated nature of the neutron beam, enables exploration of potential
effects of recoil orientation with respect to crystal planes in a crystalline target.

Detecting the scattered neutrons, however, can be a challenge. Selecting recoil energies
with a high precision requires a relatively small acceptance angular range for the scattered
neutrons. This means either either accepting a small fraction of total interactions in the
target, or requiring a large array of instrumented neutron detectors.

DD and DT neutron generators Deuterium-deuterium (DD) and deuterium-tritium
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(DT) generators are another readily available means for generating a mono-energetic neu-
tron beam. Their advantages, compared to a (p,n) beam is the relative portability of the
generator, allowing calibration to be carried out at test facilities or in situ at the under-
ground experimental facility [28]. The 2.5 MeV neutron energy [29] from a DD generator
is capable of generating a maximum recoil energy in the target material ranging from
330 keV in silicon to 75 keV in xenon. DT generators, for comparison, produce a slightly
higher neutron energy of 14.1 MeV. This relatively high energy end point allows for NR
calibrations to be carried out over a range spanning all relevant recoil energies, providing
a means of determining the linearity and resolution of the detector response well above
measurement threshold. However, this property makes it challenging to calibrate the tar-
get near threshold due to the relatively small fraction of small-angle scatters that can
produce such events.

2.1.4 Model calibration of low-energy phenomena (e.g. Migdal)

Although it is expected that the efficiency for recoiling nuclei to create an electronic sig-
nal, via scattering off of neighboring atoms, will decrease with energy, eventually reaching
zero below a certain threshold, there are alternate mechanisms by which the recoiling
nucleus may produce ionization in a target material via an inelastic scattering channel:
Bremsstrahlung radiation and the Migdal effect [30–32]. In the first case, a photon is pro-
duced during the DM-nucleus scattering process and which subsequently results in an ER
at a nearby location within the target material. In the second case, the low energy NR per-
turbs the ambient electron density, resulting in the excitation of electrons above the ground
state which could lead to ionization signals. The increased electronic response due to
these mechanisms can elevate the signal due to very low energy recoils above the detection
threshold, therefore increasing the reach of experiments to lower mass DM candidates [33–
35]. Furthermore, theoretical work has shown that the Migdal effect depends on electronic
matrix elements related to those governing direct electron scattering, enabling neutron
calibration as a potential avenue to validate theoretical models of DM-electron scattering
rates [36–38]. The theoretical treatment of these effects generally makes use of the iso-
lated atom approximation, ignoring many-body effects. This may be a reasonable approx-
imation for noble liquid and gaseous detectors, but is not the case for solid-state detectors
where the valence electrons are delocalized. Recent work has taken into consideration the
valence electron states in semiconductors [37] and the effect of the recoiling nucleus on
the many-body electron density as encapsulated in the dielectric function [39], demon-
strating in a potentially large increase in rate compared to the isolated atom treatment.

Demonstrating and quantitatively measuring the Migdal effect in various target ma-
terials is a priority, as a confirmation effectively increases the low mass reach of NR DM
searches by almost two orders of magnitude in mass. Such a demonstration is challeng-
ing because the rate of events due to the Migdal effect is typically 4-5 orders of magni-
tude lower than the rate of elastic NRs (scaling as (me/mN)2 where mN is the mass of
the scattered nucleus), in the energy range where they overlap. While no unambiguous
experimental observation of the Migdal effect due to nuclear scattering yet exists, the
closely-related process of electron shake-off has been observed during nuclear decay [40–
42]. One way to boost the Migdal probability is to use MeV neutrons, as proposed by the
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MIGDAL experiment [43]; this proposal includes the use of gaseous detectors where the
low density of the gas could allow one to image the separate recoil tracks due to the NR
and electron shake-off. Since the spectra of the Migdal effect and Bremsstrahlung events
extends to higher energy than elastic NR, such events may be visible above the NR end-
point. Therefore it may be possible to perform an in-situ calibration of the Migdal effect
inside DM detectors. Feasibility studies of experimental requirements needed to perform
this measurement show that is is possible to obtain an observable rate of Migdal events
in the energy range of 0.1 to 10 keV with a 17 keV neutron beam incident on a xenon or
argon target [44]. At these energies, however, Migdal effect events may be overwhelmed
by background unless extreme precautions are taken with the experimental setup.
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Figure 2: The expected scattering rates for elastic NRs and Migdal effect interactions in-
duced by a 17 keV neutron beam in a LXe target. The Migdal rate is shown separately for
the three primary contributing shells. Figure from [44].

2.1.5 Phonon Production

A further, nontraditional, type of NR calibration which will become increasingly important
as phonon detector thresholds continue to decrease, is the detector response in absence of
ionization production. While unusual from the perspective of DM physics, neutron scatter-
ing measurements of phonon spectra are standard tools of condensed matter physics, and
thus calibration techniques may in principle be borrowed and adapted as necessary. Elec-
tron energy-loss spectroscopy (EELS) at energies below the gap can also excite phonons;
this technique is also useful for calibrating electron recoil as discussed in Sec. 2.3 below.

2.2 Electron-Recoil Calibration

Lead: K. Stifter
Contributors: D. Baxter, A. Kish, D. Temples, K. Ramanathan

While traditional WIMP models prefer NRs, where ERs are a background, a variety of
dark sector models predict observable ER signals [45–49], including benchmark models of
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sub-GeV DM interacting through a kinetically-mixed dark photon. To calibrate these ER
interactions, an EM coupling of some kind is required, and in the SM, the only reasonable
options are to use γ-rays or certain charged particles (e.g. β-particles, muons). Impor-
tantly, these can all have different results—even for the same incident energy, since, for
example, exciting the target with a 1 keV photon to initiate an auger cascade vs. injecting
a 1 keV hot electron may result in different signatures. In any case, accurate knowledge of
ER response is required for correct interpretation of any experimental results, and can be
measured in many ways.

In-situ measurements are performed to address a variety of issues including detector
responsivity and linearity in [E, ~x, t], as well as [E, ~x, t] resolution for ER energy deposits.
These in-situ calibrations can be external to the active volume, which are typically point-
like encapsulated sources which are deployed near to the active volume, or internally
distributed sources, which can include radioactive gases for liquid or gaseous detectors, or
activation lines for solid-state detectors.

Ex-situ measurements are made to calibrate models that typically encompass two re-
lated concepts: (1) the energy deposited for a specific choice of DM particle or background
source, and (2) the response of the detector medium to an energy deposition. Similarly,
the objectives of these calibrations are twofold: (a) to identify and reject backgrounds
(e.g., neutrinos) using detector response signatures, and (b) to inform our expectation of
detector response from a variety of signal models.

In the following sections, the variety of calibration techniques used to tackle these
questions are summarized, and a more detailed look at the most important questions are
given. In all cases, the needs for the coming decade are highlighted.

2.2.1 Internal in-situ

Internal sources, uniquely and crucially, are used for mapping uniformity across entire
active volume of a detector, as well as distinguishing surface from bulk events. Due to the
physical nature of various detector targets, there exist very different methods to do this in
liquid/gas versus solid-state detectors, and different associated challenges.

For gas- or liquid-phase detectors, radioactive isotopes can be injected directly into the
circulation path such that they become evenly dispersed within the active volume. Such
sources are required to not disturb physics sensitivity. This can be accomplished using
short-lived isotopes, such that they decay quickly after a calibration campaign. Examples
of commonly used sources are the mono-energetic line from 83mKr [50] and the continuous
spectra from several β-decays in the 220Rn [51] chain, which allows calibration down
to the lowest measurable recoil energies. Looking forward, this technique may become
more challenging for kTon-scale experiments, as the liquid mixing time in the detector
may become longer than the lifetime of the isotope. Alternatively, longer-lived isotopes
can be injected and subsequently removed. This has been successfully demonstrated with
tritium [52] and 37Ar [53], and could be explored with other sources such as 14C. The main
challenge with this technique is ensuring efficient removal, as any amount of lingering
source can poison a DM search.

Rather than injecting radioactive isotopes, sources intrinsically present in experiments
can also be used. While this method is also used by gas and liquid-phase detectors [54, 55],
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solid-state detectors rely on it, as injecting radioactive isotopes is infeasible. There are sev-
eral potential intrinsic sources that can be used, including fluorescence lines originating
when target materials are exposed to high energy radiation and subsequently emit light,
activated isotopes originating from neutron or cosmic ray bombardment, and radioactive
decay of contaminants in a target material. A significant drawback of these techniques
is the limited selection of energies, which must correspond to known transitions. These
sources are also typically reduced as much as possible during detector design, as they also
contribute to the background for a DM search.

As detector thresholds are improved, lower-energy calibrations will be required. This
means below 1 keV for liquid and gas detectors, in the 5–50 eV range for current solid-
state detectors, and potentially in the meV-eV range for proposed experiments [2]. Even in
the energy regimes that are currently accessible, an expanded range of calibration sources
would be highly beneficial [56].

2.2.2 External in-situ

As an alternative to internal sources, in situ calibrations can be performed with exter-
nal sources. These measurements often done with dedicated radioactive sources, which
have found practical use in calibration because they are inexpensive, can often be used
in extended exposures due to their sufficiently long half-lives of O(yr), and can be re-
moved promptly and completely from the detector. These sources are available with a
wide range of decay energies from O(1–100 keV), and several different types including
mono-energetic lines and continuum sources. Despite their flexibility, these sources have
several drawbacks. There can be environmental hazards posed by high-energy products, as
well as subsequent unwanted decays polluting the resulting spectrum. Radioactive sources
typically display isotropic emission, which can be an advantage or drawback depending on
the application, but specific collimation schemes can be devised if needed. Furthermore,
external sources can be strongly attenuated by the main layers of vacuum and support sys-
tems that often surround modern detectors, as well as shielded by the outer volume of the
target media itself, resulting in distorted energy spectra and varying illumination across
the detector. However, fixed sources can have critical uses to measure detector-dependent
response and map various localized regions in particularly challenging geometries.

An external calibration source that is common to all experiments is cosmic rays. The
µ± that are produced in cosmic-ray showers streak toward the ground with momenta
such that they require km worth of overburden to effectively shield and therefore pass
through detector media. Advantageously, their angular distribution (∼cos2(θ)) and ener-
gies (∼GeV) are known or can be well-measured, such that these quantities can be related
back to what is observed in the detector. Further, they can be a source of “low” energy
delta-ray emissions. A disadvantage is the obvious limitation of not being able to control
the source population of cosmics, which can only be turned off by going underground.

Another, often unwanted, class of external calibrations comes from signatures associ-
ated with detector construction materials. This includes fluorescence lines, activation
lines, or radioactive decay of material surrounding the detector used for support or con-
tainment surface contamination or of surface contamination. As these sources largely serve
as background for DM searches, they will likely be severely reduced in future detectors,
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and will prove less reliable as a calibration method.
A final method for external calibration is photon sources, such as lasers or LEDs, which

may also include optical fibers, filters, attenuators, collimators etc in between the light
source and the detector. Advantages of this method include precise targeting of the beam
spot, known photon energies, and repeatable measurements. Disadvantages in using opti-
cal photons include the Poissonian nature of the photon population (and its absorption),
beam dispersion, aberration, distortion, and the limited choice of photon energies avail-
able. Another issue is that they create “vertical” electronic transitions (i.e. large energy
with small momentum transfer), which is different from the kinematics of DM-electron
scattering. Additionally, the absorption coefficients and optical properties of the target can
be wavelength dependent [57], which can pose a challenge to new detectors with O(meV)
thresholds. Judicious choices of dopants (for example Si:As blocked impurity band detec-
tors can have wideband IR coverage up to 30 µm wavelengths [58]) might provide a way
forward.

One significant challenge in the landscape of photon sources for solid-state detectors is
called the UV-gap, which refers to the fact that photons in the ∼10–100 eV regime typically
can not make it to the detector [59]. For example, 50 eV photons do not penetrate more
than a µm in most crystals, and if the surfaces have other depositions or treatments then
the deposit will not occur in the sensitive region of the target. Using lower energy photons
and building up to this energy is a useful workaround but does not directly mimic the
instantaneous deposition of the the total energy.

Looking to the future, there are several items to note. First is that as experiments shift
focus to light DM, detectors need not be as massive, meaning that the external sources
described here will become more effective. Still, as the energy threshold of these detectors
is lowered, it will be necessary to develop methods for calibrating in those regimes.

2.2.3 Ex-situ model calibration

Despite significant progress in low-energy ER calibrations, there is work to be done in
quantifying and modeling the microphysical effects that influence signal production. Across
all media, better models of energy deposition, loss, and transfer are needed to enhance
predictions of detector response across a wide range of energies and for various classes
of ERs (β-like vs Compton-like) [60–62]. Thus in the coming decade, as experiments im-
prove in both resolution and threshold, comprehensive experimental programs are needed
to answer many questions for ER interactions, such as:

• Signal yields: The keys to understanding the conversion between detector ob-
servables and deposited energy are absolute light, charge, and phonon yields of a
material. For noble liquids, this means reducing the uncertainty on light and charge
yields, especially at very low energies [60]. These yields also have a dependence on
the work function W of the material, and recent measurements [63, 64] are in slight
tension with the canonical value used by experiments (c.f. Ref. [65]), which is im-
portant to resolve. For bubble chambers, yield measurements are still important, but
also required is a detailed understanding of bubble nucleation threshold [66, 67]. For
semiconductors, major targets of understanding are the band-gap εg, electron-hole
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pair-creation energy εeh, and Fano-factor (quantifies the variation in produced ion-
ization as a function of energy) of materials [68]. The pair-creation energy and Fano
factor are statistical quantities, valid by the grace of the central limit theorem and
only useful for high energy (Er � εg). For small deposits, the ionization is not Pois-
sonian and model variation of even a few percent can have a tens of percent effect
on DM limits [59]. Pushing even lower, detector response must also be understood
at energies near or below the band gap (see Sec. 2.3 below). Time-dependent den-
sity functional theory (DFT) can provide ab-initio modeling of the energy exchange
between electrons and phonons following a primary recoil, but measurements in this
region are needed to disentangle what are simulation systematics from real-world
and detector effects.

• Lattice and atomic structure: Related to the above item is the question of how
atomic structure affects signal yields, which has a particular impact on several key
backgrounds. As exposures of liquid noble DM experiments grow to kT-year scales,
the impact of the irreducible background of neutrino scattering on sensitivity be-
comes larger (see Sec. 3.1). Historically, a universal ER response has been applied
to neutrino-induced ERs, however, at low energies the electronic structure of the tar-
get atoms becomes important. A simple, data-driven model of this effect (calibrated
using electron capture sources) predicts only a small impact on overall sensitivity
for next-generation DM experiments [69], but the low-side tail of the ionization-to-
scintillation ratio has not been measured for this class of events. Internal electron-
capture sources can be used to calibrate this effect [69–71]. One of the dominant
backgrounds for solid state detectors in the keV-range is Compton scattering, which
arises from higher energy photons emitted by background sources scattering off
atomic shells, which presents a flat background down until the binding energies—at
each of which there are unique step like features in the energy spectra [72, 73].
Modeling these features and their shapes will be crucial for identifying DM above
background.

• Dopant effects: The possible benefits of dopants for many target materials has
been explored in recent years. In LAr, the addition of a species with lower ionization
energy than argon (such as xenon) increases the scintillation and ionization yield,
leading to a reduction in effective threshold [60]. In both LAr and LXe, the addition
of a species that is more kinematically well-matched to the mass of the DM model of
interest can extend the DM mass range of an experiment, such as the addition of H2

or He to LXe [74]. For solid-state detectors, most crystalline targets are doped (e.g.
Si:B or Si:P to create p/n-type materials), and concentration affects the resisitivity,
mobility etc. of the target, which in turn affects the propagation of produced excita-
tions and the lifetimes of travelling excitations, which directly impacts the detector
response (e.g resolution degradation) [75, 76]. In all cases, calibrations are needed
to determine the response of the doped medium to electron (and nuclear) recoils, as
the presence of the dopant allows energy partitioning into more degrees of freedom
than in an undoped system (some are observable channels, some are not). Calibra-
tions of the yields for ERs in doped systems, as a function of dopant concentration,
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establish a baseline against which to compare NRs of different species.

• ~E fields, Temperature, and Crystal Orientation: There are a variety of external,
controllable parameters that affect detector response. For example, it is known that
band-gaps change with temperature but the effect is mostly estimated with numeri-
cally fitted models to compensate for the effect [77]. Additionally, drift experiments
use strong electric fields and their effect on things like diffusion, electron recombina-
tion lifetimes, and are usually modeled in an ad-hoc manner [78] and must be better
understood as detector thresholds continue to be lowered [60, 61]. Finally, recent
NR work has demonstrated large differences in quenching factors measured using
the same target material at the same energies. One hypothesis is crystal orientation
effects, as it is known that electron-hole drift and mobility is different in e.g. Silion
〈111〉 vs 〈100〉 [79]. Dedicated campaigns to experimentally determine how these
‘state variables’ affect response is needed since solid-state detectors work in many
regimes.

In addition to the techniques discussed in Sections 2.2.2 and 2.2.1, another method for
studying these effects is to use photon beams, such as those produced by betatrons or syn-
chrotrons [80], which can be used to understand ER response at a variety of energies, but
have to happen in high rate, high intensity, or otherwise high-background environments,
rendering a DM search impossible. Another option, which may be particularly useful at low
energies, is hot electron injection by way of quantum mechanical tunneling through
tunable potential barriers. This can be a useful tool to study impact ionization or related
processes at the eV-scale [81] and may be the way to inject meV-scale energies into solid-
state detectors. Tangentially, recent work [82] has used phonon sensors themselves as a
source of energy. Still the options at these energies are limited, and with the advent of
Quantum Information (QIS) influenced detectors (i.e. qubits coupled to substrates), hope-
fully sensitive to meV-scale deposits, a lack of calibration tools in this regime will pose a
serious bottleneck for the community.

For the items listed above, those performing dedicated calibrations should work in
conjunction with the developers of community simulation tools to ensure results are incor-
porated in a standard fashion. For further discussion, see Sec. 4 and Ref. [3].

2.3 Material Property Measurements

Lead: Y. Kahn

Dedicated measurements are needed to determine the stopping powers, energy loss
functions (ELFs), absorption lengths, and overall cross-sections for different interactions
in a material for external radiation. Separating DM physics from material physics from
detector response during calibration requires excellent knowledge of these coefficients of
interest, and can be done independent of DM detector operation, for example by using
studying uninstrumented material response in condensed matter setups.

In a generic detector material, the DM-electron scattering rate for interactions where
the DM couples to electron density (for example, in the kinetically-mixed dark photon

14



Snowmass2021 Cosmic Frontier 1: Calibrations and Backgrounds

model which is a common benchmark for sub-GeV direct detection experiments) is deter-
mined by the ELF, W(q, ω), which measures the response of the detector material to per-
turbations of the charge density [83–85]. Indeed, the ELF takes its name from the fact that
it measures the energy lost by an electromagnetic probe (and hence deposited in the mate-
rial) scattering with momentum transfer q and energy ω. While there are many models and
approximations for the ELF, which is related to the complex dielectric function, a key prop-
erty of the ELF is that it is an experimentally-measurable quantity, affording the possibility
of a direct calibration with electromagnetic probes of any detector sensitive to DM-electron
scattering which automatically accounts for many-body effects. A recent code package [86]
allows the input of any measured ELF to compute DM-electron scattering rates.

As an example relevant to current experiments, the ELF of silicon has been measured
using electron beams, in a technique known as electron energy-loss spectroscopy (EELS)
[87], as well as inelastic X-ray scattering [88]. The X-ray cross section grows with in-
creasing momentum transfer, and thus the ELF is best measured with X-ray scattering for
momentum transfers large compared to the inverse interatomic spacing [88]. However,
the kinematics of DM, and in particular its slow velocity vDM ∼ 10−3, are quite distinct
from the kinematic regime typically probed in condensed matter experiments, and thus
existing ELF data in silicon is not sufficient to accurately compute a scattering rate, espe-
cially for energy deposits near the gap [83]. Precise measurements of the ELF in silicon
(and germanium) in the kinematic regime specific to sub-GeV DM would clearly be of
benefit to the community.

Moving to future detectors, a number of groups are currently investigating materials
with sub-eV band gaps in order to probe sub-MeV DM [2]. In these materials, the momen-
tum transfers may be much smaller than the interatomic spacing, and EELS measurements
are the preferred tool to determine the ELF. Furthermore, these compounds often have
exotic electronic properties such that many-body effects cannot be neglected, and mea-
surements of the ELF, when available, will furnish an expected signal rate which is robust
against theoretical uncertainties. State-of-the-art momentum-resolved EELS (M-EELS) can
measure the ELF with meV energy resolution and eV momentum resolution [89], and is
thus an ideal technique for characterizing new low-threshold detector materials for DM-
electron scattering. Some partial information may be obtained with optical spectroscopy,
which can measure the ELF at finite energy but zero momentum, but additional theoretical
modeling is required in order to extrapolate the ELF to finite momentum.

3 Backgrounds

3.1 Astrophysical Neutrinos

Lead: S. Haselschwardt
Contributors: I. Olcina

Terrestrial direct detection experiments with sufficient exposure will observe back-
ground events originating from the interactions of astrophysical neutrinos with the tar-
get. These events represent an irreducible background, since they cannot be shielded. Of
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particular concern is coherent elastic neutrino-nucleus scattering (CEνNS), which can pro-
duce recoil energy spectra similar to those expected from some DM signals. Systematic
uncertainties on these backgrounds, especially due to the neutrinos’ flux, will ultimately
limit the sensitivity of future direct detection experiments. This limitation is often referred
to as the “neutrino floor”—also known as the “neutrino fog” [90, 91]—below which the
progress of traditional DM searches will be severely hindered [92].

In this section we discuss the main sources and uncertainties for astrophysical neutrino
backgrounds in direct detection experiments, along with prospects for decreasing their
uncertainties. Due to their large exposures, we focus on these backgrounds in LXe- and
LAr-based experiments.

3.1.1 Neutrino sources, fluxes, and their uncertainties
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Figure 3: Dominant neutrino fluxes that constitute a background to direct detection exper-
iments: solar, atmospheric, and DSNB, where each of the individual contributions to the
solar neutrino flux are labelled explicitly. Taken from Ref [93].

There are three classes of astrophysical neutrinos relevant to direct detection experi-
ments: solar neutrinos, atmospheric neutrinos, and diffuse supernova background neutri-
nos (DSNB). Fig. 3 shows the flux-normalized energy spectra of these neutrinos at Earth,
and they are discussed in more detail in Ref. [94]. Below is an overview of their primary
uncertainties:

• Solar neutrinos: The pp chain has mostly been measured to a few percent uncer-
tainty, and Borexino measure the CNO neutrino flux to ∼50 % uncertainty [95]. The
best theoretical model of the sun is the Standard Solar Model (SSM, see summary
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in Ref. [96]) provides theoretical model-based predictions of the solar neutrino flux
with percent-level uncertainties [97]. However, inconsistencies between models in-
formed by helioseimology data (low-metallicty model [98]) and by photospheric
measurements of heavier elements (high-metallicty model [99]), give rise to the
“solar metallicity problem”, which complicates model-driven solar neutrino flux pre-
dictions beyond their stated uncertainties. Resolving this problem and improving
CNO flux measurements are therefore important for DM searches below ∼10 GeV.

• Atmospheric neutrinos: Atmospheric neutrinos have not been measured below
∼100 MeV. Fluxes are therefore estimated from simulations, with the current best
estimates from 2005 FLUKA studies [100]. Although there have been attempts to
create new simulations [101, 102], the uncertainties are typically 20–25 %, mainly
from uncertainties on the theoretical interaction cross sections as well as the Earth’s
geomagnetic field. FLUKA is further discussed in Sec. 4.1.2. Improving these inputs,
measuring low-energy atmospheric neutrinos, and model-building with the atmo-
spheric neutrino community can decrease uncertainties in these backgrounds.

• Diffuse supernova neutrino background (DSNB): The uncertainty on this flux is
dominated by uncertainties in the simulations of stellar core collapse and neutrino
oscillation, and is generally considered to be ∼50 % [103, 104]. Since these back-
grounds are generally subdominant to the others, these uncertainties are not a major
limiting factor for future direct detection searches.

Recently, in an attempt to unify neutrino models and uncertainties among direct detec-
tion searches, a large subset of the community conducted a review of measurements and
models in Ref. [93]. Recommended values are summarized there (see Table 3 therein).

3.1.2 Neutrino-electron scattering

In current and future LXe and LAr direct detection experiments, the dominant source of
neutrino-induced event rate results from the elastic scattering of solar neutrinos on the
bound electrons of the target atoms, as described in Refs. [105–107].

However, there are a few relevant corrections to this calculation. First, the differential
cross section is subject to corrections arising from the fact that electrons are not free;
they are bound in atomic orbitals of the target atom. One possible solution is to consider
a stepping function for atomic shells, but more advanced calculations exist for a xenon
target [108]. Second, neutrino-flavor transformations from the solar core to the Earth
should be taken into account. The best solution that exists at present is the large mixing
angle (LMA)-Mikheyev-Smirnov-Wolfenstein (MSW) model [109, 110].

The neutrino-induced electron recoil spectra of a few primary neutrino sources for
LXe and LAr targets are shown in Fig. 4. Solar neutrinos from the pp fusion and 7Be
electron capture processes contribute the majority of electron-scattering event rate in the
low-energy region of interest (ROI) used for most DM and new physics searches.

A comparison of the expected integrated rates in a typical LXe or LAr TPC is shown in
Table 1. Characteristic ROIs for DM searches with each technology was used, but note that
these are only illustrative and will vary between experiments.
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Discrimination between electronic recoils (ERs) and nuclear recoils (NRs) in LXe and
LAr detectors largely removes these backgrounds from NR-like DM searches. In LXe, the
discrimination between ERs and NRs has been extensively studied over a wide range of de-
tector conditions (e.g. in Ref. [111]). However, neutrino scattering on inner shell electrons
can slightly weaken this discrimination [69].

In LAr detectors, pulse shape discrimination can suppress ERs by more than eight orders
of magnitude, as demonstrated in DEAP-3600 [112]. As a result, neutrino-induced ERs
are not expected to be a significant background for future LAr-based searches for heavy
DM. While light DM searches that rely on charge collection-only channels, like DarkSide-
LowMass, will not have access to pulse shape discrimination, ERs from solar neutrinos are
still expected to be subdominant to neutrino-nucleus scattering. However, corrections to
the electron-scattering cross section in LAr, similar to those developed for Xe in Ref. [108],
may still be useful for solar neutrino physics through this channel in future detectors, so
further work in this area is greatly encouraged.
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Figure 4: Electron recoil spectra from neutrino-electron scattering on xenon (left) and
argon (right). The relativistic random phase approximation (RRPA) correction on xenon
was applied following the prescription from Ref. [108], which stops at ∼30 keV. Above this
energy, the stepping approximation for atomic binding was used. The stepping approxi-
mation is used across all the energy range for argon.

Table 1: Expected neutrino-induced ER and NR rates on xenon and argon targets. Rates
are given in energy regions of interest typical of those used for DM searches in each target,
which are indicated in parenthesis.

Target Integrated ER rate Integrated NR rate
(tonne−1 year−1) (tonne−1 year−1)

Xe 35.0 (1–15 keV) 0.05 (6–30 keV)
Ar 158.7 (10–60 keV) 0.02 (30–200 keV)
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3.1.3 Coherent elastic neutrino-nucleus scattering

Direct detection experiments are also sensitive to CEνNS, which was first observed in 2017
by the COHERENT collaboration [113]. A key element of this differential CEνNS cross sec-
tion is the form factor, which accounts for the loss of coherence with increasing momen-
tum transfer. The most common parameterization is the Helm form factor [114], which
describes measurements of interactions with equal coupling to all nucleons. Since CEνNS
is mediated by the Z-boson, which preferrentially couples to neutrons, more precise cal-
culations require individual proton and neutron form factors for each nucleus, and would
benefit from the development of more refined models. Dedicated CEνNS measurements
like those performed by the COHERENT experiment can provide input needed for neutron
form factors, as has been done for CsI [115] and Ar [116]. Such measurements can also
constrain non-standard interactions, which may otherwise make CEνNS differential cross
section calculations less certain.

The main sources of CEνNS background in DM searches are the 8B and hep components
of the solar pp chain, atmospheric neutrinos, and the DSNB. The predicted NR spectra for
each of these sources is shown in Figure 5 for both xenon and argon targets. A striking sim-
ilarity is observed between the recoil shapes of 8B and atmospheric neutrinos with those
of spin-independently interacting 6 and 100 GeV/c2 WIMPs in LXe, and at slightly different
masses in LAr. This has important implications on the ultimate range of WIMP-nucleon
cross sections that can be probed by future experiments. This topic is discussed in more
detail in Ref. [1]. It is important to note that a reduction in the systematic uncertainty of
the neutrino fluxes would greatly minimize the barriers posed by the neutrino fog (e.g., as
shown in Fig. 3 of Ref. [90]); we encourage future effort in this direction.
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Figure 5: Nuclear recoil spectra from CEνNS on Xe (left) and Ar (right). The expected spin-
independent (SI) recoil spectra for a 6 and 100 GeV/c2 WIMP is also included, showing
their significant similarity with the 8B and atmospheric neutrino spectra, respectively.

3.1.4 Neutrino capture

Electron neutrinos may also be observed through the charged current “capture” process
on target nuclei resulting in a (possibly excited) product nucleus with increased atomic
number and an electron in the final state: νe + A

ZX → A
Z+1Y

(∗) + e−, potentially followed
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by de-excitation γ-rays and conversion and Auger electrons. While this reaction potentially
opens the door for interesting solar neutrino spectroscopy, the high energies of the result-
ing signals and their ER characteristics mean that they are not a significant background for
future direct detection experiments. However, it may be possible to use similar signals to
search for Fermionic DM [117], which mimic the neutrino capture process when the DM
mass equals the energy of the incoming neutrino. For this reason, solar neutrinos may also
provide a background to such Fermionic DM searches. However, as this processes has not
yet been observed on argon or xenon and there are significant uncertainties on the reac-
tion cross section and de-excitation cascades, resulting from uncertainties in the structure
of the product nuclei (see, e.g., the discussion in Ref. [118]). Additional work modeling
this process on argon and xenon would therefore be helpful.

3.2 Cosmogenic Neutrons

Lead: S. Poudel
Contributors: S. Westerdale

Neutrons resulting from hadronic and electromagnetic showers induced by cosmic-
ray muons are an important background source. Neutrons induced by cosmic-ray muons
are an important background source. These neutrons include hard neutrons produced
in prompt muon interactions (e.g. spallation neutrons) or β-delayed neutrons produced
by short-lived isotopes activated by the muon. Since they may be highly penetrating or
produced near the target, these neutrons are difficult to shield against.

Traditionally, muon-induced background estimate is carried out with detailed Monte
Carlo simulations. Commonly used physics codes are Geant4 [119], FLUKA [120, 121],
and MCNP [122]. Simulations require inputs on the muon flux, which is typically well-
measured at most underground labs, as well as the energy spectrum and angular distribu-
tion of muons at each lab, which require knowledge of the overburden shape. Accessible
overburden models would therefore be helpful; such models would also help with DM cal-
culations probing low-mass/high-cross section candidates that may be affected by the lab’s
overburden. Energy spectra and angular distributions are often generated by propagating
muons into the lab with software like MUSIC/MUSUN [123] or by using parameterizations,
such as those in Ref. [124]. Further analyses of the uncertainties inherent to such pa-
rameterizations would be helpful. These simulations often assume a µ+/µ− ratio ∼1.3,
though more precise measurements, such as those in Ref. [125], at different labs will im-
prove models. Many of the calculations rely on nuclear physics that is poorly understood:
reaction cross sections often lack data, have large uncertainties, or there are significant
conflicts between measurements, and highly uncertain models are often used rather than
data. More measurements to support these models are needed, discussed in Sec. 4.1.2. In
addition to needing more accurate data and models, a more thorough understanding of
the uncertainty on the data and models is needed, along with the capability to propagate
these uncertainties coherent through calculations; such error bars are often not available
for the data and models commonly used. Additionally, recent IAEA evaluations rely more
heavily on models, for which uncertainties need to be understood. FLUKA simulations also
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generally require knowledge of exclusive cross sections in order to reproduce correlations
between emitted particles, whereas evaluations often provide only inclusive data. Above
∼10 MeV, ENDF evaluations become very model-dependent, often with >30 % uncertain-
ties; improving these evaluations with data is therefore important.

A faithful simulation requires detailed information about muons (their flux, energy
spectrum, angular distribution, multiplicity), proper implementation of composition and
geometry of the rock overburden, comprehensive simulation of detector design and geom-
etry, and full transport of the propagating muons and the resulting secondaries. Exper-
imental data on cosmogenic neutrons are scarce, and when data is available, systematic
uncertainties on measured quantities are usually large. It is important to obtain more mea-
surements to benchmark and validate Monte Carlo codes, including n-fold coincidence
measurements like those in Ref. [126, 127]. Additional measurements of underground
muon spectra and angular distributions may also be helpful. Often experiments estimate
the cosmogenic neutron background rate using one code or the other; analyses using mul-
tiple codes would better cover model uncertainties, and comparisons between codes would
better benchmark and understand them.

The muon-induced neutron yield is defined as the number of neutrons produced per
fast muon per unit slant-depth (e.g. n/µ(g/cm2)). Empirical scaling laws relating the mean
muon energy Ēµ to the neutron yield, such as a Ē0.7

µ relation proposed in Ref. [128] or
the isotope-dependent power laws described in Refs. [124, 129], are often used as heuris-
tics, though more detailed models and more thorough understanding of uncertainties are
needed to build more precise cosmogenic neutron background models. Neutron yields are
often measured by detecting thermal neutron captures in delayed coincidence with muon
signals, such as those in Ref. [126]. Where there are a number of measurements of cosmo-
genic neutron yields deep underground, most are specific to liquid scintillators, systematic
uncertainties are often large, and measurements often disagree with simulation models.
Additional measurements will help inform these simulation models, and measurements in
other targets like argon, xenon, copper, iron, and lead will be particularly helpful, as well.

Extracting information about cosmogenic neutrons from data in large detector is chal-
lenging due to the large muon signal temporarily blinding the detector to other interac-
tions. To precisely measure quantities like neutron flux and neutron yields, advancements
in detector technology and event reconstruction may be necessary. There are also a few
measurements of the cosmogenic neutron energy spectrum underground, such as those
in Refs. [130–132]. The cosmogenic neutron energy spectrum is often characterized by a
1/E relationship up to a “knee”, beyond which it is modeled as 1/E2. Available data are
statistically limited and restricted to a small energy range, making it difficult to extract the
features of the shape of the spectrum. More data on cosmogenic neutron energy spectra
would therefore be useful.

Veto detectors can reject muon-induced neutron backgrounds. Often, the most chal-
lenging cosmogenic neutrons are those from muon interactions in the rock, where the
muon does not pass through the veto. For a given underground site, dedicated efforts to
measure the flux and energy spectrum of cosmogenic neutrons emanating from the rock
will also help improve cosmogenic neutron background models. Cosmogenic activation
on detector materials can also produce short-lived isotopes that emit β-delayed neutrons,
which may be separated from the original muon by several seconds, making them difficult
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to tag. A study in Ref. [133] reports β-delayed neutron backgrounds from certain isotopes
present in liquid scintillator. For large detectors, with long run times, it may be impor-
tant to study the cosmogenic activation in the detector materials to identify if backgrounds
from such delayed neutrons have to be accounted for in the background budget. Studies
like those in Ref. [126] will help improve these models in future detectors.

3.3 Radiogenic Neutrons

Lead: A. Villano

The next decade will require some of the most impressive advances in our understand-
ing and mitigation of radiogenic neutron backgrounds, primarily arising from spontaneous
fission, (α, n), and (γ, n) reactions induced by trace radioactive impurities in detector mate-
rials. Radiogenic neutrons are typically mitigated through strict radiopurity requirements
informed by modeling the (α, n) yield calculations and neutron simulations, and dedicated
shielding, including the use of neutron vetoes [134]. These standard avenues need to
be supported fully, and likely other avenues will need to be explored such as: dedicated
measurements of key (α, n) cross sections and dedicated extremely low neutron flux mea-
surements, through 3He(p, n) or similar processes. For many isotopes commonly found in
DM detectors, either with high (α, n) yields or very high abundance, experimental cross
section data have 50–100 % uncertainties at a limited number of energies, and often these
measurements are in conflict with other measurements or have only partial uncertainty
analyses. For designing future DM detectors and building background models, it is impor-
tant to measure these cross sections to the 10–20 % uncertainty level. It is also important to
measure details of correlated γ-ray emissions. Backgrounds can also be induced by (γ, n)
neutrons, especially near the lower bound of typical WIMP-search regions of interest, and
improved models of this background are needed as well.

Sec. 5.1 discusses radiopurity issues, and Sec. 4.1 discusses uncertainties in neutron
propagation. In this section we cover models of this process and their associated uncer-
tainties, along with improvements needed, which can be obtained through cross section
measurements, neutron vetoes, and in situ validation of models.

3.3.1 Process Modeling

The (α, n) neutron flux is typically computed by multiplying a material’s (α, n) yield in-
duced by some α-emitting contaminants by the activity of those contaminants, often as-
suming secular equilibrium throughout some or all of various decay chains. These calcu-
lations require knowledge of (a) the activity of all α-emitters present; (b) how the emitted
α-particles slow down in the material; (c) the differential (α, n) cross section; and (d) neu-
tron propagation in the detector (see 4.1). Measurements and improved models in all of
these areas are therefore needed. A more detailed account of the uncertainties and plans
to address them is provided in an (α, n) community white paper, still being written.

Both the ICRU 49 report [135] (implemented in NIST’s ASTAR tool [136] and used in
Geant4 [119]) and SRIM [137] offer points for simulating α-particles slowing down. Stop-
ping power calculations are often accurate to within ∼5 %, though in composite low-Z
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materials, the breakdown of Bragg’s rule may introduce uncertainties as large as 50 % un-
less chemical binding effects are accounted for [138]. Improvements in and/or unification
of these treatments will help eliminate aggregate errors down the modeling chain.

Various codes are available for calculating neutron yields, including NeuCBOT [139],
SAG4N [140], SOURCES [141, 142], and the USD calculator [143], which combine var-
ious evaluations and model codes, including JENDL/AN-2005 [144], EMPIRE [145], and
TALYS [146], with stopping power calculations and nuclear decay data. Continual main-
tenance and upgrades to these codes are needed, including improved models driven by
new data and additional information about correlated γ-ray emissions, uncertainties, and
information about α-particle energy loss prior to capture, among other things. Additional
comparisons and validation of these codes, such as in Refs. [147, 148] are also valuable.

The codes that are used need the cross sections of many nuclear processes that we col-
lectively refer to as (α, n) but could include radiative components like (α, nγ) or more than
one neutron like (α, 2n). Despite the importance of all of these processes it is difficult to
get them all correct in evaluations. Uncertainties on (α, n) cross sections often in the range
of 50–100 %, or otherwise ill-defined due to a lack of data or conflicting measurements; a
new set of measurements on relevant materials is therefore needed. The major challenge
for the field is both to continue work to highlight the processes that are the most important
and supplement the evaluations with measurements where possible (see Sec. 3.3.2).

For rare event searches unambiguously identifying neutrons or γ-rays from (α, n) pro-
cesses would veto the background event. And many collaborations choose to supplement
their rare-event detectors with specifically designed veto detectors. The community, how-
ever, must continue to work on correctly transporting residual neutrons and γ-rays through
geometry to be able to compute the efficacy of any veto efforts. See Sec. 3.3.3 for a brief
reflection of the state of the field for this particle transport.

Spontaneous fission neutrons are generally well-modeled by the Watt spectrum [149],
and the spontaneous fission yield of 238U is well-measured [150]. Due to the higher neu-
tron and correlated γ-ray multiplicity, these neutrons are more efficiently vetoed in ex-
periments with such a veto [151]. However, additional data on the correlation between
emitted neutrons and γ-rays is needed to model this increased efficiency.

3.3.2 (α, n) Measurements

Improving (α, n) yield calculations requires new measurements. Current evaluations heav-
ily rely upon models, which may be highly uncertain for reactions of interest in DM ex-
periments, and no direct measurements of (α, n) yields are available. Directly measuring
(α, n) reactions on relevant materials and isotopes are therefore needed. For example,
Ref. [152] measured the 13C(α, n)16O reaction using Notre Dame’s 5 MV terminal voltage
accelerated doubly-ionized He++ atoms (5.2 MeV and 6.4 MeV) and a 13C target, greatly
benefiting neutron oscillation experiments and uncovering differences between previous
measurements and evaluations. More measurements like this one are needed [153].

To best use existing facilities for measuring (α, n) reactions, the community would ben-
efit from developing a prioritized list of reactions where data are needed. These reactions
could then be systematically investigated at several user facilities. Increased interaction
with the nuclear physics community would greatly benefit these efforts.
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3.3.3 Flux Measurements

In next-generation experiments, it has been proposed to validate neutron background mod-
els in situ to constrain neutron backgrounds. For example, it may be possible to use liquid
3He scintillation counters—proven technology demonstrated in Ref. [154]—outside a de-
tector to measure the neutron flux, benefiting from the liquid phase’s increased density.
Similar validation is also achieved with neutron vetoes. These techniques can improve the
accuracy of neutron background models and validate radiogenic simulation codes.

3.3.4 Radiogenic Veto Possibilities

The use of a neutron veto to reject radiogenic neutrons was first proposed in Ref. [155] and
developed in Refs. [134, 156, 157], and has since been adopted by following experiments,
including DarkSide-20k [158], SuperCDMS [159], and LZ [8]. While the basic principle of
tagging neutrons by their thermalization and/or capture signals is now well-established,
R&D is generally needed to address specific needs of experiments. Additionally, (α, nγ)
signals may allow vetoes to achieve higher efficiency by tagging neutrons by their corre-
lated γ-rays; this has been studied in simulation for better understood reactions such as
(α, n) on fluorine [160]. However, for many isotopes, current (α, nγ) data are insufficient
to support such uses.

3.3.5 Neutron Capture Backgrounds

In detectors with sufficiently low thresholds, recoiling nuclei resulting from (n, γ) reac-
tions induced by thermal neutrons can produce a potential background. To mitigate these
backgrounds, emitted γ-rays must be efficiently tagged in the veto, and the nuclear recoil
response of thermal neutron-induced backgrounds must be calibrated. For more informa-
tion on capturing neutrons see the discussion of the INCT process in Sec. 2.1.

3.4 Surface Contaminants

Lead: R. Schnee
Contributors: M.L. Di Vacri, A. Kamaha, E. Morrison

Dust deposition and plate-out of radon progeny are key surface-contamination concerns
for detector components. For the latter, the long (22.2 yr [161]) half-life of 210Pb causes it
to be a background concern long after plate-out. Betas from 210Pb and 210Bi on surfaces
can cause problematic detector backgrounds [162–165]. Also dangerous are the 206Pb
recoil nuclei [162, 166–171] and (α, n) neutrons [170, 172–174] that can result from
210Po decays. Rn progeny can be implanted tens of nm into surfaces such that removal
via simple surface cleaning is only modestly effective. When practical, acid etching can be
highly effective at removing 210Pb and 210Bi, while electropolishing or more careful etching
can be effective at removing 210Po, which otherwise tends to redeposit [174–179]. Further
work on refining such removal techniques remains important for future DM experiments.
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The Jacobi model [180, 181], often with modifications for a cleanroom setting [163,
182, 183], can be used to estimate the Rn-progeny plate-out rate [184]. Covering or
enclosing materials can be highly effective at reducing plate-out by greatly reducing the
volume of Rn progeny available to plate-out. Because ∼88 % of 218Po atoms are born
positively charged in air [185], plate-out onto negatively charged materials is higher than
predicted by the Jacobi model. Measurements indicate that materials at the bottom of
the triboelectric series (e.g., PTFE [186]) can have a plate-out rate 50–100× higher than
neutral materials [182]. Neutralization of such materials [183] effectively reduces this
plate-out rate down to levels predicted by the Jacobi model.

40K, 232Th, and 238U are the dominant contributors to surface radiocontamination from
dust fallout. Dust particles generally have a chemical composition that reflects the local
composition of the soil and which can be affected by anthropogenic activities. The level of
40K in soil typically ranges from tens to hundreds of ppm, while the 232Th and 238U content
is O(ppm) [187], translating to O(mBq/kg) contamination levels that are of particular
concern for future DM detectors. In cleanrooms where detector parts are handled, dust
mainly comes from human activities and carry-in particulates. To estimate rates and to de-
velop mitigation techniques, research has been dedicated to understand dust composition
and fallout, as well as impacts on DM detector backgrounds (e.g., Refs. [170, 183, 188–
191]). Further efforts to model and measure dust are ongoing and are important for
controlling backgrounds in future experiments.

A key technique for studying dust is to “witness” the fallout rate. Witness surfaces are
used to collect dust in relevant locations and using representative materials. For example, a
system of witness plates is in use at SNOLAB to continuously monitor dust fallout. Exposed
plates are analyzed using X-ray fluorescence (XRF) for mine dust and shotcrete via Fe
and Ca, respectively (see Ref. [192]). Radiocontaminant fallout, in particular from 232Th
and 238U, is inferred from the Ca and Fe, based on their relative concentrations in the
shotcrete and mine dust [193]. Another method is based on the assay of witness surfaces
via optical and fluorescence microscopy [183], which is sensitive to particle sizes ≥ 0.5µm
and provides estimates of the accumulated dust density. A recently developed method
uses ICP-MS to analyze accumulated dust [188]. This method can be leveraged for more
accurate background predictions and mitigation procedures (e.g., quantitative material
cleaning); radionuclide fallout rates are measured directly. Sensitivities are on the order
of 10−3 fg/(d cm2) for 232Th and 238U (∼10−8 µBq/(d cm2)) for a 30 d exposure in a class
∼500–1000 cleanroom. The method can use validated vials as witness surfaces, which can
be recapped after exposure and thus allow monitoring of any facility—even those which
are not locally equipped with ICP-MS. Although extremely sensitive for the determination
of 232Th and 238U fallout rates, the method does not provide information about the full
decay chains and therefore cannot verify secular equilibrium in dust. Further research in
this area is needed.

3.5 Active Bulk Contaminants

Leads: S. Cebrian, E. Miller
Contributors: C. Jackson, J. Orrell, R. Saldanha
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The presence of radioactive contaminants in active detector media is a major back-
ground challenge. Contaminant levels typically scale with the active mass and therefore
impose strict background controls to limit their impact on DM sensitivity. Special produc-
tion and purification methods have been considered or are in development to suppress
these isotopes (see Sec.5.3). There also remains uncertainty in the low-energy spec-
tra for some isotopes, in particular for beta emitters, highlighting the need for further
measurements to enable accurate modeling of residual backgrounds in DM-search analy-
ses [194, 195].

3.5.1 Cosmogenic Isotopes

Long-lived radioisotopes produced via exposure to cosmic rays can be problematic. The
spallation of nuclei by high-energy nucleons is the dominant process for this cosmogenic
activation, but other reactions are also relevant. While there are some direct measurements
of production rates, in many cases they must be evaluated from the flux of cosmogenic
particles, φ, and the isotope-production cross section, σ:

R = Nt

∫
σ(E)φ(E)dE, (1)

with Nt the number of target nuclei and E the particle energy. Activation at the Earth’s
surface is typically dominated by the flux of cosmic-ray neutrons, which can be parame-
terized from MeV to 10 GeV (as in Refs. [196, 197]). Other tools include EXPACS [198],
which calculates particle fluxes for different positions and times in the Earth’s atmosphere,
and the EXFOR database [199] which compiles production cross-section measurements
(though neutron-induced cross sections at & 100 MeV are relatively rare). Estimates of
cross sections can also be obtained from semiempirical formulae [200–202] implemented
in codes like COSMO [203] and ACTIVIA [204], or from hadronic simulations using differ-
ent codes [146, 205]; some libraries offer production cross sections computed for different
targets, products, and projectiles [144, 206, 207]. Studies of cosmogenic activation for dif-
ferent materials relevant in rare-event searches are reviewed in Refs. [208–210].

Experiments using crystalline detectors have identified a number of potentially prob-
lematic activation products. Several isotopes activated in germanium have half-lives>20 d
(see Refs. [211–214]). While many decay via electron capture—producing spectral peaks
that are generally distinguishable from a potential DM signal—several are β-decay isotopes
resulting in spectra that are more difficult to distinguish (e.g., 3H, 63Ni, 60Co, 45Ca, and
22Na) [213, 215]. In silicon, there are only a few cosmogenically activated radioisotopes,
with the most dangerous being 3H and 22Na; activation rates have been measured on a
neutron beam [216] and they have been identified in Si CCDs at rates consistent with the
cosmic-ray exposure [217]. Measurements with NaI(Tl) detectors have revealed several
activation products (see Refs. [218–221]). Similar to Si, the production rates of 3H and
22Na are important for DM searches. The presence of 22Na has been evaluated [220, 222]
and a 3H rate compatible with observed yields has been computed [223]; research is on-
going to directly measure the 3H production rate in NaI. For CaWO4, γ lines from several
cosmogenic isotopes were identified [224] and a study is underway comparing Geant4
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simulations (using ACTIVIA) with data taken with several crystals [225]. 3H, 179Ta, and
181W production is the dominant concern for DM searches using CaWO4.

As DM detectors grow more sensitive and background requirements get ever more
stringent, consideration of cosmogenic activation of detector materials becomes increas-
ingly important. Here we outline areas where careful consideration and additional work
is needed to better understand and limit this dangerous source of background.

• Measurement of cosmogenic activation rates: There are uncertainties in calculations of
activation yields. Increasing the availability of direct measurements performed under
controlled conditions is needed to validate models of production cross sections.

• Verification of exposure models: Activation rates depend directly on cosmic-ray par-
ticle fluxes (see Eq. 1). While several models of the flux variation with latitude,
longitude, and altitude exist, to our knowledge there has not yet been a careful veri-
fication using well-controlled exposures and known cross sections.

• Use of shielding and underground storage: Future DM experiments will need to track
exposure of detector materials from fabrication to deployment (as in Refs. [214,
215, 226]). To reduce activation, demonstrated mitigation methods should also be
considered, including shielded transport [227] and shallow underground storage
(with studies to evaluate overburden required to reach target background levels).

• Suppression and removal of activation products: It is commonly assumed that crys-
tal growth drives out other elements and resets the exposure clock (e.g., for 3H),
but material-dependent removal efficiencies have not been quantified. Infrastructure
for underground crystal growth and detector fabrication may be required for strong
cosmogenic-isotope suppression [228–230]. It may also be feasible to remove acti-
vation products via post-processing, such as baking at elevated temperatures [231–
233]. Some of these methods may require substantial new infrastructure or R&D.

3.5.2 Radioactive isotopes in fluid detectors

Bulk contaminants in fluid detectors are generally limited to those which dissolve into the
fluid and cannot be chemically purified (e.g., via continuous circulation); typically noble
elements such as Ar, Kr, Xe, and Rn. It is noteworthy that bubble chambers are capable
of a high degree of rejection of bulk backgrounds [234, 235]. Nevertheless, impurities in
the bulk can cause bubble nucleation sites [236]. There is a general need to control bulk
contaminants in liquid detectors.

An equilibrium concentration of radon can be sustained by decays of progenitor iso-
topes in detector materials via radon emanation. Radon is produced with O(100 keV) of
kinetic energy, which is sufficient for the atom to travel a few µm and potentially be ejected
from a material into the liquid detector medium. Radon can also diffuse out of a material
and into a liquid medium, with a characteristic diffusion length of L =

√
D(T )/λ; D(T )

is the temperature-dependent diffusion constant (cm2/s) and λ is the radon mean life.
This length ranges from O(1 mm) for 222Rn in room-temperature plastics (e.g., 2.2 mm in
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HDPE[237]) to approximately zero for most metals. In experiments with circulation sys-
tems, components such as pumps and getters may contribute significant radon emanation
far away from the instrumented detector, possibly with a relatively small contribution from
material surfaces in direct contact with the active medium (see, e.g., Ref. [238]). So-called
“naked” β decays from radon progeny such as 214Pb are a key background concern for
liquid-based DM detectors.

Krypton has no naturally-occurring radioisotopes; however, 85Kr is present due to nu-
clear weapons testing and fuel reprocessing [239, 240]. 85Kr is background concern be-
cause it is a long-lived (T1/2=10.8 yr) β emitter. The abundance varies but is typically
within 20 % of 2× 10−11 in atmospheric samples [240, 241]. Due to the challenge of mea-
suring this low level of 85Kr, natKr (1 ppm abundance in air) is used as a tracer from which
the 85Kr level is extrapolated. Research grade Xe typically has O(1–100)ppb natKr/Xe, while
LXe-based DM experiments require <1 ppt.

Argon isotopes of concern are 37Ar, 39Ar, and 42Ar. 37Ar is produced by interactions of
cosmogenic neutrons on atmospheric argon (AAr) and has a short half-life (35 days); so,
activity in a DM detector is typically not a concern after a few months of deployment un-
derground [242]. 37Ar has also been used as a calibration source [243, 244]. The sea-level
cosmogenic production rate in argon has been measured using neutron beam irradiation
[245], and the production rate in xenon has been estimated in Ref. [246]. 39Ar is a pure
β emitter that is relatively long-lived (268 yr) and is a dominant background source for
Ar-based DM detectors. 39Ar is primarily produced by the interactions of cosmogenic neu-
trons on AAr and is present at the level of ∼1 Bq/kg [247, 248]. Next-generation DM
detectors propose to use argon extracted from deep underground (UAr). While 39Ar pro-
duction mechanisms also exist underground [249], one source of UAr was demonstrated
to have an activity of 7.3× 10−4 Bq/kg [242]. New facilities are under development to
extract and purify several tonnes of UAr from this source [250]. Cosmogenic activation
during transportation and storage is also a concern [245], and new methods to screen UAr
are under development [251]. 42Ar, predominantly produced by 40Ar(α, 2p) interactions
in the atmosphere, is present in AAr at the level of 40–168 µBq/kg [252–254]. 42Ar has
a similar spectral shape to 39Ar, but it is a sub-dominant background as a result of its
much lower activity. However, the short-lived 42K decay product is key background con-
cern for rare-event searches at high energies (e.g., neutrinoless double-β decay and solar
neutrinos).

3.5.3 Other long-lived isotopes in active detector bulk

Experimental efforts often select active detector media that are already highly purified.
The above two subsections cover cosmogenic isotopes generated in a material after com-
mercial production and isotopes that are entrained into (fluid) detector media. Beyond
these there are a few additional long-lived radioisotopes which have been identified in the
active bulk of detectors; we cover these here.

Highly purified Si contains trace levels of 32Si, which is entrained in raw Si ore and
then retained through the refinement process [255]. Reported 32Si levels vary, e.g., from
80+110

−65 kg−1 d−1 [256] to (140± 30) µBq/kg [257]. This variability is likely linked to the
original source of Si ore. 32Si is produced in the atmosphere via spallation on 40Ar, and it

28



Snowmass2021 Cosmic Frontier 1: Calibrations and Backgrounds

is believed precipitation levels, local soil/strata effects on 32Si entrainment, and specific ore
collection locations (e.g., dry hills vs. river beds) all impact the resulting 32Si levels [255].

The 32Si measurements in Refs. [256, 257] use a time-correlation, location-coincidence
method in CCD detectors, which provides powerful background rejection in DM searches.
However, other Si-based DM experiments anticipate the presence of 32Si is a potentially
dominant background [162]. The variability of measured 32Si levels suggests that a screen-
ing program may be able to identify a source of Si ore with suppressed levels. Alter-
natively, the Avogadro project [258–260]—focused on producing a kilogram standard—
demonstrated the ability to produce isotopically enriched Si. The enrichment process is
likely highly effective in reducing the 32Si concentration; a recent report suggests the Avo-
gadro material is likely already sufficiently pure to reduce the 32Si background below the
rate expected from solar neutrinos [255]. Thus, 32Si can mitigated, though the reduction
techniques will require investment in screening methodologies and/or isotopic enrichment
programs. Curiously, there may be crossover utility for Si isotopic enrichment in the field of
quantum computing to eliminate 29Si, a spin-1/2 nucleus [261, 262], potentially providing
an additional motivation for infrastructure investment.

40K and 210Pb in NaI(Tl) detectors, at the present radiopurity levels achieved, are key
background concerns [222, 263]. Research is ongoing to reduce the activity of these iso-
topes [264, 265], with promising results based on re-crystallization and zone-refining pro-
cedures [266], and is expected to continue into the future. Sensitive techniques capable
of assessing the low values achieved—0.1 mBq/kg or below—must be envisaged too.

3.6 Near-Threshold Phenomena

3.6.1 Spurious Electrons in Noble-Liquid TPCs

Lead: J. Xu

Noble-liquid TPCs have world-leading sensitivity to low-mass DM through ionization-
only searches. Ionization can be collected with ∼100 % efficiency, and the electrolumines-
cence gain enables detection of single electrons. Experiments have leveraged this efficiency
to lower thresholds and search for sub-GeV DM interactions (see, e.g., Ref. [267]).

A major challenge for improving sensitivity is the few-electron background, which typ-
ically manifests as a quickly rising event rate below 5–6 electrons and a relatively large
single-electron peak. Without accompanying scintillation signals, the nature of these
events is difficult to determine. Leading hypotheses include capture and release of elec-
trons by impurities, delayed emission of surface-trapped electrons at the liquid-gas inter-
face, and electron emission from metal electrodes. It is well-known that electronegative
impurities in Ar and Xe can capture drift electrons. Recent observations suggest that some
electrons may be released up to a few seconds later and thus contribute to the spurious-
electron background. This component increases with the impurity concentration and the
electron drift time in the liquid; resulting electrons usually correlate in position and in-
tensity with the progenitor ionization event. However, a one-to-one mapping between the
electron capture rate and the electron background rate has not been demonstrated.

Surface-trapped electrons and metal-surface emissions can produce multiple-electron
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events, which are more dangerous for DM searches. A strong field is needed in a dual-
phase TPC to accelerate electrons past the energy barrier at the liquid-gas interface; oth-
erwise, electrons can be trapped under the liquid surface. It is speculated that they may
be later released, but exact mechanisms are not yet fully understood. In Ar detectors the
required extraction field is relatively low and this background is suppressed. Also, use of
high fields in Xe TPCs appears to mitigate this background. Other potential mitigations
include fast high-voltage switching to redirect trapped electrons and emission stimulation
with infrared light. As for electron emission from metal surfaces, the field strength at elec-
trode surfaces in a typical TPC is far below the threshold to initiate significant emission;
however, intense emission of single- and multiple-electrons has been observed. Although
the exact mechanism for this emission is not well-understood, surface treatments (e.g.,
passivation) may be very effective in reducing emission. Nevertheless, this emission mech-
anism is expected to be a key background challenge in future DM experiments.

3.6.2 Secondary Emission Processes

Lead: D. Egana-Ugrinovic

Energetic particles passing through detector materials lead to secondary emission of
low-energy quanta. These secondaries are a near-threshold background concern in low-
mass DM experiments. While some of these events can be effectively vetoed, secondary
emission can also arise from interactions in uninstrumented parts of the detector.

Secondary photons are emitted from charge tracks in dielectrics via Cherenkov, transi-
tion, and diffraction radiation. Amongst these processes, Cherenkov radiation is especially
relevant as a background concern, typically producing photons with eV-scale energies;
however, estimates must be done on a case-by-case basis [268]. Note that Bremsstrahlung
radiation is suppressed with respect to Cherenkov emission by powers of the fine structure
constant, but it can dominate for photon energies above a few eV.

Secondary emission also occurs indirectly via excited electronic states in materials,
which can emit light or heat in the process of relaxing back to the ground state. For photon
emission, this process goes under the name of scintillation, luminescence, or phosphores-
cence (or afterglow); if the relaxation involves the recombination of electron-hole pairs,
it is also known as radiative recombination. Luminescent rates are highly material depen-
dent and are high in doped or direct-bandgap semiconductors, and in materials with deep-
trap impurities. Phonons can also be generated as electrons deexcite. In indirect-bandgap
semiconductors, both relaxation to the bottom of the conduction band and electron-hole
recombination occur primarily by phonon emission. The same holds for conductive ma-
terials, where electrons can effectively emit heat by relaxing within the conduction band.
Future DM experiments will require detector-specific material measurements at relevant
operating temperatures to enable modeling and mitigation of this background.

Secondary emission is already an important background consideration in several low-
mass DM experiments, including Cherenkov and luminescence photons from tracks pass-
ing through detector components [268–272]. Proposed and planned experiments may also
be affected by secondary emission, such as from phonon emission from electronic excita-
tions in detector holders or from luminescence or Cherenkov emission from near-detector
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insulators (such as plastics) [268, 273]. Secondary emission may also be an important
background for CCD-based neutrino detectors [274] and may be relevant for explaining
the loss of coherence of quantum qubits [268, 275].

3.6.3 Thermal Processes

Lead: C. Savarese

Thermal processes in a detector medium may become a source of backgrounds as the
sensitivity of DM detectors improves. For noble-liquid TPCs, several experiments have
reported observation of “electron trains” following intense ionization events [276, 277].
As discussed in Sec. 3.6.1, a fraction of such events may be due to delayed emission of
surface-trapped electrons at the liquid-gas interface. The model in Ref. [278] fits ex-
perimental data on electron-extraction efficiency in Xe and predicts trapping times for
thermalized electrons—in the range of 6–23 ms under certain conditions—compatible with
observations. There remains uncertainty in model parameters, which suggests the need
for further research to better characterize this thermal process.

Dirac materials are promising for exploration of DM parameter space in the keV–MeV
mass range [279]. Their extremely narrow bandgap enables sub-eV thresholds, and lattice
anisotropy can be exploited to search for daily modulation effects to suppress backgrounds.
Detector development is in the R&D phase, likely leading to avalanche photodiodes. A key
background for these sensors will be dark counts. The characterization and mitigation of
such noise will play an instrumental role in advancing this novel technology.

Thermal processes in sensors instrumenting physics detectors are also a relevant source
of noise that may constrain experimental sensitivity. Dual-phase TPCs are instrumented
with high-sensitivity photosensors—photomultiplier tubes (PMTs) or silicon photomultipli-
ers (SiPMs)—that are affected by dark noise. The dark-count rate exponentially decreases
with temperature, thus rooting the origin of this noise in thermal agitation. A great deal
of R&D has been carried out to suppress dark noise as much as possible. A second mecha-
nism (independent of temperature) was eventually discovered in SiPMs, possibly related to
field-assisted band-to-band tunneling, and may be dominant at temperatures below 100 K.
For detectors instrumented with phonon sensors it is important to minimize readout noise,
which has led to optimization of SQUID amplifiers. Thermal and related noise in the an-
cillary systems of next-generation DM detectors will need to be carefully considered.

4 Simulations & Detector-Response Modeling

Lead: M. Szydagis
Contributors: R. Bunker, A. Kamaha, S. Westerdale, S. Sharmapoudel, S. Burkhant,
A. Erlandson, M. Kelsey, N. Kurinsky

Calibration-informed simulations of backgrounds and detector-response effects are cru-
cial for future experiments. Developing these simulations entails modeling the detector
and both internal and external background sources, including radiation transport, via
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Monte Carlo (MC) methods through detector materials into the active medium using rel-
evant cross sections from high-energy, nuclear, and AMO physics. Contradictory datasets
and MC options, insufficient data, and inadequately validated models complicate this task.
Simulating the atomic-level response of active detector media is a separate challenge, in-
cluding questions of whether elastic or inelastic scattering occurs, and what forms of ob-
servable quanta are created from a myriad of processes, such as excitation, ionization,
phonons, bubbles, etc. The efficiency for generating and detecting these secondaries has to
be simulated, often semi-empirically using combinations of calibrations with first-principle
calculations. Detectable quanta often have their own transport codes followed by detector-
specific DAQ simulations. Further, final efficiencies can depend on the energy and species
of the original primary particle [3]. There are common issues across different detector
technologies, indicative of the need to support a unified effort (see also Ref. [3]).

4.1 Particle Transport

Several codes are commonly used for simulating particles’ interactions with detectors.
These codes typically require model development and data, both as inputs and for vali-
dation of these models. While this section focuses on Geant4, FLUKA, and SRIM, their needs
are generally representative of those of the wider set of particle transport codes.

4.1.1 Geant4

Geant4 is a Monte Carlo framework for simulating particle interactions with matter. Users
describe a geometry and choose physics models, and Geant4 propagates a primary particles
through this geometry. It was developed for accelerator-based applications, but it has
since been adopted by other fields, including astroparticle physics. In astroparticle physics,
Geant4 is generally used for conceptual detector design and signal/background modeling.

Electromagnetic physics models have been validated above 1 keV, and the Livermore

and Penelope lists extend it to ∼250 eV, below which atomic effects limit their accuracy.
Neutron transport comparisons between Geant4 and MCNPX show broad agreement, though
tension arises between them and data in some cases [280]. Comparisons like Ref. [280]
and improved models will be valuable. Nuclear models also need to be validated and
improved, including those for inelastic interactions. More data are needed for neutron in-
teractions (e.g. fully-correlated de-excitation cascades following neutron captures), which
require exclusive cross section measurements that are particularly sparse.

Models describing neutron production and cosmic-ray activation calculations also need
to be improved. Comparisons to underground cosmogenic neutron production vary: mea-
surements at Boulby are 2–3× smaller than Geant4’s predictions [281], while KamLAND
found mixed results comparing cosmogenic isotope production [127]. Needs for improving
radiogenic neutron production calculations are discussed in Sec. 3.3, cosmogenic neutron
production in Sec. 3.2, and activation calculations in Sec. 3.5.1. As these needs are ad-
dressed, their results should be integrated into Geant4 and other particle transport codes.
Continued development of Geant4 is therefore important, as is experiments testing it.

Geant4’s electromagnetic physics is generally adequate for current applications, though
improvements below 250 eV and down to sub-eV energies will be needed for future low-
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threshold detectors. Neutron physics exhibits larger uncertainties: several-fold inconsis-
tencies are reported for neutron transport comparisons with data in Ref. [282].

Thermal neutron transport agrees between MCNP and Geant4 and measurements at the
few-percent level where data are available [283], but larger discrepancies arise in other
situations. Strong agreement is achieved by explicitly including thermal scattering cross
sections in Geant4’s models where data are available, though agreement may break down
at cryogenic temperatures where thermal energies are lower, and thermal cross section
measurements are only available for a limited number of isotopes. Additional thermal
neutron scattering data for more materials would be highly beneficial as it would allow for
improved accuracy in modelling low-energy neutron physics in detector materials which
can in turn improve uncertainties on neutron background models for various WIMP and
neutrino experiments.

Uncertainties in Geant4’s transportation and production of detectable quanta (e.g. pho-
tons, electrons, phonons, etc.) limit its accuracy modeling detector responses [284], espe-
cially as more multivariate analyses demand more precise microphysics models. Uncer-
tainties in atomic data, including atomic relaxation and interactions, often hinder such
uses of Geant4. Improved physics models for tracking detectable quanta, including models
for creating processes (e.g. electron-ion recombination) would be useful for future exper-
iments. Accurate modeling of atomic physics, including relaxation processes with x-ray
and Auger and conversion electron emissions [285, 286], is also important as experiments
push to lower thresholds, with eV–keV signals becoming increasingly critical [287, 288].

4.1.2 FLUKA

The FLUKA software is separately managed by CERN [120, 289] and INFN [290, 291] as of
2019. It is widely used to evaluate cosmic-ray muon-induced backgrounds, including neu-
tron and isotope production. As both forks evolve, distinct names would avoid confusion.

Neutron physics in FLUKA derives from models and data evaluations. Limited data
.10 MeV requires uncertain models to be relied upon, which more measurements could
improve. Data and models can disagree by 10× in targets with anti-resonances like
40Ar [292]. CAPTAIN has made several measurements [293], and more would help. Above
100 MeV, neutron data are limited by the difficulty of producing such high-energy beams,
though proton data up to∼1 TeV would help. Measurements in Ar are particularly needed,
as is testing inconsistent evaluations and quantifying uncertainties in FLUKA’s calculations.

Photonuclear data needed to simulate muon interactions are very sparse. Muon and
photon beam measurements would help, especially on common targets like Ar. Measure-
ments on Ti at Jefferson Lab show good agreement for (γ, n), though (γ, p) shows tension
with models. While C is well-studied, data on other targets will improve models. Recent
evaluations focus on inclusive cross sections, and exclusive cross section data are particu-
larly lacking, though they are needed to simulate correlations between emissions.

ENDF evaluations are model-dependent &10 MeV, leading to >30 % uncertainties; data
and evaluations bringing these uncertainties to ∼10 % are needed. More (n, γ) measure-
ments on common materials would also help. Ar and C are well-measured, though Xe
and Gd are not. Particularly, the correlations between emitted γ-rays are not well known.
For example, de-excitation γ-rays branching ratios in Gd(n, γ) are known to 18 %, which
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obfuscates correlations within that, including the subsequent de-excitation pathways.
Cosmic-ray measurements provide valuable high-energy data. The field would bene-

fit from more interactions with the cosmic-ray community; measurement from AMS have
been useful for building FLUKA’s models and for understanding cosmic-ray physics. Since
these interactions depend on solar, atmospheric, and geomagnetic conditions, models for
translating measurements between locations would help, as would opening communica-
tion with the community mapping Earth’s magnetic field evolution. These factors would
improve background models for cosmogenic neutrons (Sec. 3.2), cosmogenic activation
(Sec. 3.5.1), and atmospheric neutrinos (Sec. 3.1). The most widely-used model of the
atmospheric neutrino flux—which is highly uncertain and varies with location and time—
comes from FLUKA [100]. Improving these models will therefore help as experiments ap-
proach the neutrino floor. It may be possible to constrain the flux with in situ muon flux
measurements, though doing so requires knowledge of the time-varying muon energy.
Near-surface muon spectral monitors may be helpful to this end. Improving atmospheric
neutrino models requires a better understanding of π/K production in cosmic-ray showers
up to O(10 GeV), which may benefit from NA-61. Some constraints can be placed by un-
derground experiments at varying depths measuring muon flux modulation, particularly
by correlating the flux with local atmospheric conditions, as done in Refs. [294–306].

In general, more work developing FLUKA is needed. Help would be beneficial for im-
proving both interaction models above and below 100 GeV, modeling electron-induced
deep-inelastic data, benchmarking code, and generally improving models.

4.1.3 SRIM/TRIM

Stopping and Range of Ions in Matter (SRIM) is a Monte Carlo package that calculates
several parameters for ions interacting with matter between 10 eV and 2 GeV [307, 308].
The core of SRIM is the TRIM program (standing for Transport of Ions in Matter), which
handles the final distribution of ions and the kinetic effects associated with their energy
loss, such as target damage, sputtering, ionization and phonon production [309]. Since
the 1980s when it was introduced, SRIM has been widely used in the ion-beam community
where it is highly recognized as a useful and well tested tool for ion implantation research
and radiation material science. In the DM community, the usage of SRIM has increased over
the years since Geant4, originally geared towards high energy accelerator physics, was not
well suited for simulating low-energy (∼keV) ion interactions until recent years [310].
SRIM can be used for instance, to model, under a simplified geometry, the implantation
profile of the 222Rn progenies which has plated-out onto detector surfaces as discussed in
Sec. 3.4. It has also been used to model with precision the energy loss processes of these
progenies, (including that of the low energy 206Pb ion at 103 keV), as well as their resulting
recoils spectra at the detector surface [311, 312]. SRIM has also been used to validate
extensions of Geant4 that were developed to model low-energy particle interactions [310]
so as to have a more general framework in which these interactions can be handled in
naturally complex and arbitrary detector geometries.

SRIM can output the distribution of final-state energy dissipated through phonons and
ions, allowing for the calculation of final-state energy partition seen as heat production
(e.g. signals in bolometers or bubble chambers) or scintillation and ionization modes. As
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a result, SRIM can also be used as part of quenching factor calculations and for simulating
surface backgrounds. However, limitations in SRIM’s accuracy for slow ions limit its pre-
cision for these purposes. The accuracy of SRIM (as of 2010) is discussed in Ref. [313],
and a detailed discussion of the input data and model accuracy (from 1985) is given in
Ref. [314]. In particular, this paper summarizes the accuracy at various ion energies E as,

• E > 10 MeV/u: Well-developed theoretical models; accurate within 5 %,

• E > 1 MeV/u : Reasonable theory and scaling laws; accurate within 10 %,

• E > 0.2 MeV/u : Theory and scaling laws supported by data; accurate within 20 %,

• E < 0.2 MeV/u : Theory only, with no data beyond H and He; accurate to ∼2×.

Notably, recoiling nuclei like 206Pb—important for surface and dust backgrounds, where
their unattenuated energy is 0.5 keV/u—fall into the least accurate energy range. While
more recent versions of SRIM have improved calculations, Ref. [313] reports 200 % dis-
agreement for Mg ions below 100 MeV/u. Ion velocities tend to change rapidly for energies
between 10–100 keV/u. Additionally, the underlying theory used for these ions draws from
that developed by Lindhard, Scharff, and Schiott [10], which loses validity for ε . 10−2,
where ε is the medium-dependent reduced energy variable defined in Ref. [10]. Recoil-
ing 206Pb nuclei fall near or below this value, making SRIM less reliable. Ref. [315] also
points out that atomic effects begin to play an important role near these energies. Indeed,
Ref. [316] found that recoiling 210Pb nuclei in LAr are quenched more strongly than pre-
dicted by SRIM. Similar challenges are reported more broadly in [317] for LAr and LXe,
which identifies a need for more quenching factor measurements of low-energy heavy ions,
particular for Pb. Improving models of backgrounds involving such slow nuclei, such as
backgrounds arising from (possibly attenuated) α-decays on detector surfaces or in par-
ticulates, requires improving these low-energy stopping power calculations and additional
measurements of these ions’ scintillation and slowing-down behaviors.

4.2 Detector Response

Geant4 was developed for high-energy particle physics and is still closely tied to its HEP
roots. Tracks are treated as classical free particles with mass, energy, and direction; the
momentum is computed from p2 = E2 −m2. “Low energy” interactions are ionization and
energy-loss related. While this framework is quite suitable for simulating background and
signal interactions in DM searches, it is not immediately suitable for simulating the de-
tector response to those backgrounds and signals. Liquid-noble detectors have developed
the NEST library [12] on top of Geant4 for performing detailed simulations of the complex
scintillation light response in their materials. Solid-state detectors also require a detailed
detector-response simulation such as with the G4CMP module in Geant4 [318, 319], cover-
ing the production and transport of charge carriers and phonons in crystals.

4.2.1 Liquid-Noble Detectors

The Noble Element Simulation Technique (NEST) is available specifically for DM direct de-
tection in Xe [12], at both zero and nonzero electric fields, for TPC and non-TPC technolo-
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gies, and for single- and dual-phase detectors. It has also been used for Ar-based detectors;
however, other models and software packages are also available: LArSoft [320, 321] and
LArQL [322] for neutrino physics, and PARIS [323] and RAT [324] for DM. NEST has in-
ternational members of multiple experiments and seeks funding and personnel as its own
standalone collaboration to achieve an interdisciplinary unification for the DM and neu-
trino communities that addresses modeling challenges common to both. NEST can rapidly
convert raw energy depositions into final quanta of photons and electrons, including pro-
duction of scintillation pulse shapes as a function of a variety of parameters. NEST delivers
not only expected values but also distribution widths and rare tails, and it can assist in
modeling thresholds and efficiencies precisely as smooth functions.

Where NEST struggles the most, having been constructed from semi-empirical models, is
robust sub-keV extrapolation, in particular for nuclear recoils whose calibration challenges
are addressed in Sec. 2.1. Lack of data, especially on primary photon yield, and lack of
good modeling limit NEST’s predictive power in the sub-keV regime, where NEST suffers
from systematic uncertainties in the underpinning calibration data and from there being
an incomplete understanding of near-threshold phenomena. In turn, progress is hampered
by lack of funding for dedicated calibrations. Another issue is a paucity of data for the
lower fields in some of the larger experiments; most of the robust calibration data sets
were taken at much higher fields. Addressing these challenges will require creative new
calibration sources, as well as support for tackling noble-element microphysics from first
principles to deal with energy regimes far removed from traditional HEP and more akin to
atomic physics and quantum chemistry. Funding centralized efforts in this direction may
enable more efficient use of the limited resources available for this type of work.

4.2.2 Solid-State Detectors

The ability to integrate particle physics and solid-state detector response into a single sim-
ulation is appealing for several reasons: identical geometries; use of existing libraries for
material properties, particle transport, and data collection and reporting; and integration
of simulation data into a single output. G4CMP [319] addresses these needs by integrating
the anisotropic behaviour of charge carriers in semiconductors into the Geant4 frame-
work. Properties of the crystal lattice are associated with volumes using the same method
as Geant4’s “field handlers” and interactions of phonons and charge carriers are imple-
mented as Geant4 “processes,” with the Geant4 toolkit handling the selection of processes,
transport between interaction steps, and modification of particle kinematics. A unique fea-
ture of G4CMP is the anisotropic transport. For phonons, this is handled via the difference
between phase and group velocities, and a vector mapping between them. For electrons,
G4CMP uses a 3× 3 tensor to represent the electron’s effective mass in different directions
near the minimum of the energy band and to compute momentum and energy. This repro-
duces the behaviour of electrons when transported under an electric field, which follow
“valleys” in physical space.

G4CMPis a step in the right direction. However, the existing simulation tools are still
relatively limited, having been designed for indirect-gap materials and for sources at the
eV scale and higher. Additional processes that occur in other types of materials need to be
incorporated (e.g., scintillation in direct-gap semiconductors). Enabling use of novel mate-
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rials as bulk targets—polar materials, magnetically ordered materials, superconductors—
will increase the utility of these tools for a large class of new HEP experiments and QIS-
related applications. Further, while some of the basic phonon-quasiparticle processes have
been implemented in G4CMP, more advanced treatment in thin films is necessary to better
model the complex response of superconducting sensors. In many cases, this will require
tracking energies to sub-meV-scale precision and simulation of quasiparticle diffusion. Ini-
tial work to this effect has been done [325], but not to the level of the particle tracking
implemented in G4CMP. Such simulation is needed to understand the complex responses
of MKIDs, nanowires, TESs, and qubit-derived sensors for a wide range of particle inter-
actions, and to study quasiparticle-poisoning effects in these devices. Development in this
area is ongoing, but the scale of the current effort is not keeping pace with the growing
need in the HEP and QIS communities.

5 Facilities and Infrastructure

5.1 Radioassays

Lead: M.L. di Vacri
Contributors: A. Piepke

Large next-generation, low-energy, low-rate DM or 0νββ-decay searches need to achieve
unprecedentedly low background rates in order to improve upon existing constraints.
These extraordinarily tight background requirements necessitate that all materials used in
the construction of such complex and costly experiments be screened to assess the levels
of radioactivity contained in them. This must be done well before start of construction to
assure that only suitably low background materials are used; otherwise, experiments may
face high backgrounds and fail to meet their sensitivity goals. Access to suitable screening
methods and facilities is, thus, a prerequisite for scientific success.

Of background contributions from natural radioactivity, 40K, 232Th, and 238U are among
the largest concerns. These radionuclides are found virtually everywhere and mixed into
everything. For the most demanding components near the active detector medium, next
generation experiments typically require radionuclide testing sensitive to 1 µBq/kg level
activities or below. For comparison, in natural xenon 2νββ-decay corresponds to an activ-
ity of about 4 µBq/kg. 232Th and 238U radioactivity contribute via decay chains to the de-
tector background, an analytical complication because it is often the decays of the progeny
further down the chain that create background. Knowledge of the existence of decay chain
equilibrium or disequilibrium is often required to convert radioactivity measurements into
background predictions.

Because of the long decay half-lives, analysis methods fall into two separate categories:
counting decays and counting atoms. Detection of decay radiation provides the most direct
and assumption-free input to background models. In case of the natural decay series, low
background counting facilities typically detect the γ-radiation resulting from the relatively
short-lived decays of 214Pb and 214Bi in the 238U series, and 228Ac, 212Pb, 212Bi, 208Tl of
the 232Th series. These can constrain the important 228Ra and 226Ra activities. However,
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while conceptually clean, measurement sensitivities are typically limited to tens of µBq/kg
at best due to small decay rates, even when counting very large samples for long periods
of time. However, absorption of the emitted γ-radiation by the sample itself, diminishing
counting solid angle, and limited detection efficiencies render this method impractical for
the most demanding samples.

While the long life times of 40K, 232Th, and 238U result in low decay rates, they also
result in relatively large populations in terms of the number of atoms present in a sample.
Counting the number of meta-stable atoms, thus, offers an analytical alternative to count-
ing decays. Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) and Neutron Activa-
tion Analysis (NAA) are commonly utilized approaches to the detection of these isotopes
in the ppt to sub-ppt range (concentrations resulting in 1 µBq/kg activities). However,
while offering clear advantages in measurement sensitivity when compared to counting,
both ICP-MS and NAA determine the long-lived heads of the 232Th, and 238U decay chains
and not their background-producing progeny. Most experiments have had to assume de-
cay chain equilibrium, justified by successful predictions of background rates. There is no
known analytical method capable of verifying this assumption to the level of sensitivity
needed. The assumption of chain equilibrium, paired with a case-by-case evaluation of the
chemistry utilized in the making of each material, might be considered an irreducible risk.

Many experiments have implemented exhaustive screening programs combining dif-
ferent assay techniques (see, e.g., Refs. [183, 326–333]). These techniques are described
below.

Whilst the field of radioassay is well-developed, future experiments would benefit
greatly from specialised facilities where materials can be screened using many techniques
in the same physical location; for example a facility housing germanium detectors, ICP-
MS, radon emanation, and alpha screening. This would allow for a single material to have
its radioactive contamination fully mapped out, including fully characterising all parts of
a decay chain, without the risks of contamination or loss that come with transport and
handling, or the complication of systematic errors from different people doing analyses
with different software. Greater precision across each technique will also be needed, and
due to the higher and higher sensitivities of future experiments, increasing throughput is
important so that the capability to screen items for longer amounts of time exists. Estab-
lishing a more streamlined route to tying together radioassay measurements into physics
backgrounds is also important.

5.1.1 High Purity Germanium (HPGe)

Contributors: S. Cebrian, S. Scorza, C. Ghag, B. Mount, M. Laubenstein

γ-ray spectrometry performed underground using HPGe detectors is extensively used
to screen materials. The characteristic radiation emitted in the de-excitation of progeny
nuclides is used to quantify the content of the radionuclides of interest; therefore, this
method can inform on a possible disequilibrium in the naturally occurring decay chains as
the activity of different sub-chains is independently determined. Being a non-destructive
method, it is possible to assay the components actually used in an experiment. Any matrix
sample (solid, liquid, powder) can be measured and no particular sample preparation
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other than external cleaning is necessary. Large samples (hundreds of grams) and long
measurements over weeks are typically required to achieve high sensitivity.

It is estimated that around 90 Ge detectors are in operation all over the world. Spe-
cial facilities, some even at shallow depth, have been developed [334–336]. Commercial
detectors can measure activities at the level of ∼1 mBq/kg; to increase sensitivity down
to µBq/kg, custom-made detectors have been developed to guarantee the achievement of
ultra-low background conditions, using selected radiopure material and shielded electron-
ics [337, 338]. Other efforts in detector development to improve performance are devoted
to increase the efficiency [339, 340]. Maintaining a wide range of germanium detectors
to meet the diverse material sample types and specific isotopic sensitivities required for
low-background experiments is essential. Types of Ge detector include: large-mass and
high-efficiency p-type HPGe; low-threshold planar Broad Energy Germanium (BEGe); and
well-type high resolution Small Anode Germanium (SAGe); well-types offer 4π counting.

Facilities for Ge screening include the Boulby Underground Germanium Suite (BUGS)
with 3 p-type coaxial detectors, 2 planar BEGe detectors and 1 well-type SAGe detector;
Canfranc Underground Laborory with 7 p-type coaxial detectors, Gran Sasso National Lab-
oratory with 12 p-type coaxial detectors, 1 well-type detector, 1 n-type closed-end coaxial
detector and 1 point contact BEGe detector; SNOLAB with 5 p-type coaxial detectors; and
Black Hills Underground Campus (BHUC) with 4 p-type and 1 n-type coaxial detectors.

5.1.2 Neutron Activation Analysis (NAA)

Contributors: A. Piepke

NAA is based on transmuting long-lived radionuclides, such as 40K (T1/2 = 1.25× 109 yr,
232Th (T1/2 = 1.40× 1010 yr), and 238U (T1/2 = 4.47× 109 yr), into short-lived species, re-
sulting in higher specific activities and then detecting their decay. This is done by exposing
the material to a high neutron flux where the resulting nuclear capture reactions create
the desired short-lived species. Using natural radioactivity as an example, the resulting
species are 42K (T1/2 = 12.355 h), 233Pa (T1/2 = 26.975 d), and 239Np (T1/2 = 2.356 d),
showing dramatically reduced half-lives when compared to their parents. If the sample
is exposed to a sufficiently high neutron flux, a large enough fraction of target atoms is
transmuted to achieve a boost in the observable activity. This is the reason why NAA is
often performed using research reactors, offering sufficiently high neutron fluxes to create
substantial product activities. This scheme also works for other stable or meta-stable target
nuclides of interest. Counting of the activated samples is often done using Ge spectroscopy.
Using long activation times at a high flux reactor and counting with a single Ge detector
one can routinely achieve ppt or even sub-ppt sensitivity for 232Th, and 238U. K-sensitivities
below 1 ppb are also routinely obtained. Sensitivity can be enhanced to the level of 0.01 ppt
of U and Th by techniques such as γ-γ coincidence counting and post-activation separation
of nuclides from background-creating chemical impurities.

The LZ and nEXO research groups at the University of Alabama (UA) have a long-
established NAA capability. Small samples are typically activated at the MIT Nuclear Re-
actor Laboratory (MITR). Pre- and post-activation sample preparations and and sample
counting are done at UA. Radioassays have been performed for the KamLAND, EXO-200,
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nEXO and LZ projects. In a recent study the UA group showed that an order of magni-
tude sensitivity enhancement in detection of U can be achieved though the utilization of
Ge-Ge coincidence counting [341]. The group plans to set up such a capability in case the
required funding can be obtained and there is demand for this technique.

5.1.3 Inductively Coupled Plasma Mass Spectrometry

Contributors: C. Ghag, J. Dobson, M.L. di Vacri, S. Nisi

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is widely accepted as the
most sensitive and fast analytical technique for ultra-trace elemental analysis. It can mea-
sure nearly all the stable isotopes and long lived radionuclides in the periodic table, and
allows for rapid, high-sensitivity determinations of primordial radionuclides 40K, 232Th,
and 238U in candidate materials for low-background, rare-event detectors.

The University College London (UCL) ICP-MS system is housed in a dedicated ISO
Class 6 cleanroom reserved for radio-assays of materials for rare-event search experiments
[342]. Initially established for the LUX-ZEPLIN construction project, the facility has since
been upgraded to house a state-of-the-art Agilent 8900 tandem mass triple quadrupole
ICP-MS, optimised for extremely low detection limits as necessitated by current and next
generation DM and neutrinoless double beta decay experiments.

PNNL has a dedicated facility for handling, preparation, and assay of ultra-low back-
ground materials. Two triple quadrupole ICP-MS instruments (Agilent 8800 and Agilent
8900) are operated with detection limits in the sub-ppt range for 232Th and 238U determi-
nations in a wide variety of materials; some examples are reported in [343] and [344].

Canfranc Underground Laboratory operates a Thermo Scientific iCAP RQ ICP-MS appa-
ratus, with a mass range from 2–290 u and detection limits at 1 ppt for Th and 0.1 ppt for
U.

LNGS operates an inorganic mass spectrometry facility. Two ICP-MSs are installed into a
ISO 6 class cleanroom: a high-resolution double focusing HR-ICP-MS (Element 2, Thermo
Fisher Scientific), and a last-generation single quadrupole ICP-MS with collision/reaction
cell (Agilent 7850). Detection limits ranging from ppq to ppt are usually achievable for Th
and U, and limits in the sub-ppq range were attained for determinations of 226Ra [345].

5.1.4 Radon

Contributors: A. Piepke, C. Ghag, E. Perry, R. Bunker, C. Jackson

As described in Sec. 3.5.2, radon emanation from construction materials presents a ma-
jor (and in some cases dominant) background to DM searches. The most direct mitigation
at present is to screen candidate materials for radon directly [346–348]. Residual activity
from selected materials is also quantified through such assays, informing the experiment’s
background model. Radon emanation material assays are typically performed at room tem-
perature. However, this results in large uncertainties when translating screening results to
expected rates in noble-liquid targets due to the suppression of radon diffusion within and
subsequent emanation out of materials; so, additional cold measurements are desirable.
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In the UK, three facilities for radon emanation exist; University College London, used
for the SuperNEMO and LUX-ZEPLIN experiments [183], Boulby Underground Laboratory
and the Cryogenic Radon Emanation Facility (CREF) at the Rutherford Appleton Labora-
tory (RAL), with sensitivities below 0.1 mBq to 222Rn. All three utilize radon concentration
lines and emanation chambers of various sizes instrumented with Si PIN diode detectors
and were originally developed by UoT. As its name suggests, CREF has vessels that can be
cooled down to 77 K for measurement of radon emanation as a function of temperature.

In the US, the University of Maryland and South Dakota Mines [349] have radon em-
anation facilities also based on Si PIN diode detectors, while the University of Alabama
has a radon emanation system that utilizes the high solubility of radon in organic liquid
scintillator [183]. Emanated radon is accumulated, flushed through liquid scintillator, and
then viewed by a PMT to measure 214Bi-214Po coincidences to infer 222Rn activity. There
is also a radon emanation system at PNNL which detects 222Rn with ultra-low-background
proportional counters [350] and a cryogenic emanation capability is under development.

Finally, at SNOLAB, three radon boards consisting of primary and secondary cold traps
are used to concentrate and transfer radon for counting. Two are underground—a mobile
board and a board built into the ultra-pure water system—and one is in the surface clean
laboratory. The mobile radon board has numerous ports into which different air volumes
can be introduced and can sample from various locations in the laboratory. The board is
sensitive to a 0.1 mBq emanation source.

5.1.5 Alpha screening

Contributors: R. Schnee, R. Calkins, C. Ghag

α-counters measure surface contamination by detecting α-particles through a technique
such as the ionization of argon gas. Currently, the most sensitive detector for α-screening
is the commercial XIA UltraLo-1800 [351], with a sensitivity to surface 210Po of less than
0.1 mBq/m2 [179]. As with most other radioassay techniques, operation underground
reduces backgrounds from cosmic rays by about a factor of 3 [352]. In-air decays from
airborne radon can be distinguished through pulse shape discrimination, so the dominant
background is found to be α-decays originating on the tray holding the sample of interest.
This background could be mitigated by using Ar that is purified via chromatography [353]
or distillation [354]. Further reductions of α backgrounds may be achieved by providing
better PSD or improved tracking of events. Increasing segmentation of the electrodes
from 2 to 64 has shown initial promising results [355]. Replacing the electrodes with
crossed wires to provide full TPC tracking should essentially eliminate alpha backgrounds,
resulting in a signal-limited sensitivity [356].

Si spectrometers are also used for α screening. An advantage of such devices is the
potential of short times between sample exposure and screening, allowing them to be used
to assay radon progeny plate-out using 214Po, with more sensitivity and immediate results
compared to the XIA Ultralo-1800’s measurements of 210Po, due to the 2000× higher decay
rate of 222Rn compared to 210Pb [182]. Si spectrometers may also be operated within
large-volume vacuum spaces formed by ultraclean materials, allowing surface-α assays of
materials without the XIA constraint that they be flat [357].
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5.1.6 Determinations of 210Pb in material bulk

Contributors: R. Calkins, E. Hoppe

In detector construction materials, 210Pb in the 238U decay chain is a common contami-
nant and source of backgrounds. It can enter materials through a variety of processes. As
described in previous sections, 222Rn eventually decays to 210Pb and can plate out on to
surfaces of materials. If that material is reworked, the surface contamination can enter the
bulk. Similarly, U/Th in dust can contribute if it enters the bulk during processing such
as melting or machining processes. 210Pb is also present in lead which is often used as a
shielding material or as a component in solder in electronics.

In addition to surface α-screening, bulk assays have been performed using an XIA
UltraLo-1800 to assay 210Pb in copper [358]. The low background of the XIA makes this
an attractive avenue to pursue. Simulations are need to account for the α-particle’s en-
ergy loss in the bulk. The experimental difficulty arises from the surface features on the
sample which must be small enough to not affect the emission of α-particles. This sets the
characteristic scale of surface features to less than a few µm. With these types of assays
and techniques, sensitivity down to a few mBq/kg is achievable. Assuming the sample
surface is smooth, these types of assays maybe preferable for some cases since it is a non-
destructive technique.

Assays to ascertain levels below a few mBq/kg may be possible but will likely be a
destructive technique requiring the concentration of 210Po or 210Pb for subsequent assay.
α-particle screening will remain the main technique, unless significant strides to improve
ICP-MS sensitivity can be accomplished.

5.1.7 Determination of Kr in Xe

Contributors: D. Akerib, C. Hall

As noted in Sec. 3.5.2, separation of trace krypton from xenon is critical to background
reduction in LXe TPCs because the dissolved β-emitter 85Kr cannot be eliminated with
fiducial cuts. If left at naturally occurring levels in research grade xenon, krypton would
overwhelm recoil discrimination capabilities. Alongside reduction techniques described in
5.3 are sensitive assays required to monitor gas processing, assay of the final product, and
in situ monitoring of operating experiments to ensure that re-contamination through air
ingress is minimized. A well established technique used in the LUX and LZ experiments is
the cold-trap assisted residual gas analyzer (RGA) [359]. Typical sensitivity of commercial
RGA units is about 1 part in 107, whereas current generation DM searches require natural
krypton concentrations of 1 part in 1013–1014. The cold-trap assisted technique exploits the
specialized problem of reducing the xenon “background” so that trace krypton can be de-
tected at the requisite concentration. By carefully flowing the sample to be assayed through
a LN-cooled cold trap, the xenon partial pressure introduced to the RGA is suppressed to
its sublimation pressure. In contrast, trace krypton is only slightly reduced by adhering to
the walls of the trap. Through careful tuning and calibration, current-generation imple-
mentation of this technique has achieved 1 part of 1014 sensitivity. An alternative technique
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with comparable sensitivity relies on first reducing the xenon fraction in the sample to be
assayed using chromatographic separation before introducing the sample to a customized
commercial mass spectrometer [360].

5.2 Material Needs

Leads: I. Arnquist, E. Hoppe

Current and next-generation detectors require a wide range of materials meeting a va-
riety of unique specifications. For example, materials of exemplar radiopurity, mechanical,
electrical and/or thermal properties are required to meet the detector sensitivity goals.

The ultra-low background (ULB) nature for rare event physics detectors necessitates
a “less is more” approach. Reducing the total background is paramount, which requires
balancing design, engineering, and radiopurity requirements to obtain the desired sensi-
tivity reach of the detector. Moreover, material production plays a vital role in material
radiopurity for ULB physics. Most industrial material purification and processing steps
leverage one or more of the following physical or chemical properties to convert the raw
commodities to the final product: melting point, boiling point, reduction potential, chemi-
cal affinity, and/or solubility. Processing steps leveraging these parameters can fractionate
residual trace elemental contaminants in the material, including those of the 238U decay
series. This fractionation gives way to secular disequilibrium if the procedure significantly
favors one relatively long-lived isotope over another.

Relying on assumed secular equilibrium for next generation ULB experiments is risky
as assay sensitivities do not allow for sufficient discernment of radioactivities of the top,
middle, and lower part of the 238U decay series. The 232Th decay series does not have
the same likelihood for secular disequibria because it does not have long-lived progeny
isotopes of significantly different chemistry than the actinides to act as an activity reservoir.

The ULB community has identified an ever-growing list of problematic materials when
it comes to secular disequilibria; a good example for understanding secular disequilibrium
is lead bricks. For ULB physics purposes, it is safe to assume that the raw lead ore is
in secular equilibria in the 232Th and 238U decay chains. However, 210Pb will fractionate
through the many metallurgical processes and be retained in the stable lead, while the
232Th and 238U are removed. This is why ancient lead is so desirable (the 210Pb, with a
22 yr half-life, has decayed away).

The materials in a detector can be loosely grouped into the following types: structural,
conditional, and detecting. Structural materials are those that support the active detector
media and supporting architecture of the detector. Typical structural materials include
copper, titanium, stainless steel, acrylic, PTFE, etc. Conditional materials are those that
establish the proper environment for detector operation. Some examples include materials
to establish proper operating temperature (e.g., refrigerants), but also shielding materials
like lead, water, etc. Detecting materials are those materials that actually detect the rare
event signal and are used to transmit the signal for processing. They include materials like
SiPMs, solders, substrates, cables, wires, electronic components, etc.

Structural materials need to be increasingly radiopure due to the large quantity used in
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most detector systems; a good example is copper, historically chosen due to its favorable
electrical and thermal transfer characteristics. Demand for copper of of ever-greater ra-
diopurity has grown; electroforming copper further purifies commercially available copper
and its use is becoming more widespread. Electroforming copper is a relatively slow pro-
cess; to attain adequate physical properties and purity, development of methods to increase
throughput or alternative purification methods are needed. In addition, copper is difficult
to machine. Further efforts to create radiopure alloys of copper to increase its hardness
and strength are being pursued [361] which will also decrease the amount needed to meet
engineering requirements, thus lowering the radiopurity requirement as well.

Significant effort has gone into finding commercially available polymers with appropri-
ate radiopurity and structural properties [362]. Many of these have been demonstrated to
have adequate radiopurity for near-term experiments even when using 3D printing meth-
ods. But ultimately for future applications it may be that adequate radiopurity can only
be attained by using polymeric powders or pellets obtained commercially so that the final
printing, molding, or extrusion can be performed in cleanroom environments.

Of ever-growing concern are the relatively small (by mass) detector materials them-
selves. The small electronic components oftentimes require the utmost in performance
(oftentimes being custom devices), while also necessitating extreme radiopurity. Such de-
vices are typically composite devices composed of a vast array of different materials (e.g.,
metals, insulators, solders, polymers, ceramics). Each material needs to be validated for
inclusion in order to meet the stringent performance and radiopurity requirements for in-
clusion, which can be cumbersome due to the high value of the devices and extremely
low radiopurity targets (oftentimes µBq/kg range). Given the small amount of material to
work with for assay validation, assessing secular disequilibria within the small amounts of
detector materials can be extremely difficult or impossible with current assay techniques.

As demand increases, a route to better materials is via assay campaigns with the
help of manufacturers to determine the production methods that lead to the least radio-
contamination, such as the campaign to find titanium for the LUX-ZEPLIN experiment [363].

5.3 Material Purity Infrastructure

Lead: J. Hall

A multi-layered approach of infrastructure at University laboratories, and surface and
underground laboratories is required to meet the background requirements of next gener-
ation experiments. This can be broken down into several areas: underground production
plants, cleaning facilities, purification plants and radon removal systems.

Underground material production plants will allow greater radiopurity of certain mate-
rials. For example, 39Ar is a radioactive isotope created by cosmic ray interactions with the
atmosphere. Underground argon has been shown to have at least 1000 times less activity
due to the lack of this isotope. The need for underground argon is broad and includes
both high energy physics projects, such as DUNE and Darkside, nuclear physics, such as
LEGEND-1000, and applied science, such as water age-dating [364]. The main supply of
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underground argon is from a CO2 well in Colorado. An expansion of the argon extraction
plant is underway led by members of the Darkside Collaboration. This resource is critical
to a number of experiments, so this infrastructure is required to extract the quantities of
argon needed for DM experiments (∼0.5 kT) and any future efforts relying on a signifi-
cant quantity of this material. Copper, as mentioned previously in section 5.2, is another
material where underground production is beneficial.

Materials that are near the active volume of rare-event searches often require cleaning
before they are incorporated into detector assemblies. Cleaning techniques vary from hand
wiping materials with clean water or alcohol to acid leaching to controlled etching of metal
surfaces to remove implanted materials. Cleaning removes dust and dirt that build up
over time as the materials are machined, wired, and otherwise prepared for experiments.
Additionally, radon progeny electrostatically attached to dust can accumulate on surfaces.

As noted in Section 3.5.2 and discussed in 5.1.7, reduction of trace noble-gas beta-
emitters from research grade xenon for use in a DM detector is necessary; specifically
of concern are 85Kr and 37Ar. Two well-established methods to meet this challenge are
gas-phase chromatography [365] and liquid-xenon distillation [366–368]. In gas char-
coal chromatography, set quantities of xenon are periodically introduced to a column of
activated charcoal through which a helium carrier gas is flowing. Trace Kr and Ar have
weaker binding to the charcoal than xenon and are therefore swept through with a higher
average velocity. The system is designed so that most of the trace species exit the column
before the xenon and are trapped in LN-cooled charcoal. Once separation is complete, the
purified xenon is collected in a cryogenic freezer. Assays are performed at various stages of
the process to maintain purity within required parameters using a cold-trap assisted assay
described in section 5.1.7. A 60-kg charcoal column was used by the LUX collaboration to
reach 3.5×10−12 g/g of Kr to Xe [369] and a pair of 400 kg charcoal columns were used by
the LZ collaboration to purify more than 10 tonnes of xenon, achieving 4×10−14 g/g of Kr
to Xe and 0.5×10−12 g/g of Ar to Xe [8, 170]. A distillation column features an input con-
denser, a package tube, a reboiler and a top condenser. Xenon is continuously added to the
system and is partially liquefied in the input condenser. From there, gas and liquid xenon
are fed into the package tube at different heights. The reboiler at the bottom contains a
liquid xenon volume that is partially evaporated, while the top condenser liquefies again
the up-going xenon gas. In this manner, a counter-flow of up-going gas and down-going
liquid is established along the surface of the package tube, so that more volatile gases than
xenon, such as argon or krypton, are enriched at the top and are depleted at the bottom.
Thus, ultra-pure xenon can be extracted. This system achieved output concentrations of
natKr/Xe< 48 ppq (10−15 mol/mol) (90 % C.L.) [368].

5.4 Underground lab backgrounds

Lead: D. Woodward

5.4.1 Dust and mitigation strategies

As discussed in Section 3.5, surface contamination during detector assembly and construc-
tion contributes to detector backgrounds. For underground locations, dust can be readily

45



Snowmass2021 Cosmic Frontier 1: Calibrations and Backgrounds

generated from exposed rock surfaces, mining, excavation or other construction activities
occurring close to the lab space. Simple mitigation strategies can drastically reduce dust
accumulation. Underground facilities utilize clean spaces, which are accessed via transi-
tion areas for changing out of clothing that is exposed to the dirty environment. Transition
areas can also be defined to transport equipment and detector parts, which are cleaned
before entry into the clean space. In addition, air flow patterns can be utilized to prevent
dust accumulation and purge sensitive areas. Particle counters are commonly used to as-
sess air quality in such spaces. Additionally, witness coupons and tape lifts may be used
during specific assembly procedures to quantify the dust exposure.

The assembly of sensitive detector volumes is necessarily performed inside of an air-
filtered environment (e.g. a clean room), either at a surface location or underground.
After construction, these volumes are sealed before transportation through dusty under-
ground environments. Underground clean rooms may be permanent or temporary struc-
tures, depending on the specific need and duration of the activities. As next generation
DM detectors increase in overall size, construction of clean rooms of sufficient size may be
challenging for some underground locations. For current and next generation detectors,
particularly those that utilize expansive auxiliary systems (e.g. for gas circulation and pu-
rification), some components of the overall detector system may be constructed outside of
a clean room, and even outside of dedicated clean spaces. Care must be taken to limit ex-
posure of the internals of these subsystems to the ambient environment to mitigate dust ac-
cumulation. This is especially important for those components from which dust (or radon
that it emanates) may be transported into a sensitive detector volume (e.g. via circulation).

5.4.2 Radon-Reduction systems

Contributor: R. Schnee

Various systems may be used to reduce the otherwise high concentration of radon un-
derground, in order to reduce backgrounds from the fast part of the radon decay chain,
and/or reduce the background from radon progeny plate-out during storage, handling,
and assembly of components underground (described in section 3.4). For gas volumes
that do not have to support human breathing, low-radon gas from nitrogen bottles or
liquid nitrogen boil-off may be used to purge high-radon air. Gas bottles result in Rn
concentrations typically ranging from 0.5–1 mBq/m3, while LN boil-off typically is about
0.1 mBq/m3 [370]. Lower concentrations may be achieved through active filtering of the
gas, typically with low-radioactivity carbon columns [370, 371].

Filtration may also be used to reduce the radon concentration in the breathable air for
cleanrooms used for detector assembly. Systems that reduce the radon concentration in
air by continuous flow through a single filter (typically of cooled, activated charcoal) are
designed so that most radon decays before it exits the filter [372]. Continuous systems
are relatively simple, are available commercially, and typically achieve reduction factors
of ∼1000 [170, 373], to ∼10–30 mBq/m3. Alternatively, in a swing system, one stops gas
flow well before the radon has time to exit the filter, and regenerates the first filter column
while switching flow to a second column [374]. For an ideal column, no radon from the
input reaches the output, and the only radon at the output is from emanation from the
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carbon itself. Swing systems require less carbon and no refrigeration, reducing costs and
space needs. In practice, achieved performance is about the same as that of continuous
systems [375]. Achieving yet lower radon concentrations in larger underground volumes
would benefit future experiments. Such improvements may be attainable by simple scaling
of previous systems, or by increases in complexity, such as [376].

5.4.3 Environmental backgrounds from cavern walls

Contributors: D. Woodward, S. Shaw

At underground locations, the natural radioactivity of the rock is a source of back-
ground for direct detection experiments. Naturally occurring, long-lived isotopes such as
U-238 and Th-232 produce high energy γ-rays well as neutrons via (α, n) reactions or
from spontaneous fission. Other isotopes such as 40K, which undergo single decays, can
also contribute to the ambient γ-ray flux. These particles can produce backgrounds in de-
tectors designed to directly detect DM. The common mitigation strategy for this type of
background radiation is shielding of sensitive detector volumes. Neutrons from radioactiv-
ity in cavern walls are effectively shielded by water or other low-A materials, while γ-rays
from the rock walls are shielded by high-Z materials such as steel or lead. In some cases,
the shielding itself may need to be carefully selected to be low radioactivity, especially if it
is situated close to the detector volumes.

As with other sources of background, particle transport simulations that use accurate
geometrical models of the lab environment can be used to assess the impact of these en-
vironmental backgrounds. Of particular concern is the possibility that there are poorly
shielded regions, for example due to the presence of conduits, pipes, feedthroughs etc.
Identifying such regions can help optimize a shielding configuration. In addition, cav-
ern backgrounds may be an important contribution to an overall background model, and
should therefore be well-characterized prior to data analysis. Typically, these types of sim-
ulations are challenging because there is a large flux of particles coming from the cavern,
and the probability of a given primary particle to produce a background event in the de-
tector is very small. It is therefore necessary to optimize the transport simulation to reduce
computational requirements. A common method is some form of Monte-Carlo sample bi-
asing technique, for example defining multiple stages of the simulation and multiplying
surviving particles at each stage to increase the effective number of primaries that are
simulated [377].

In conjunction with simulations of a specific detector arrangement, the γ-ray and neu-
tron flux needs to be understood to properly normalize background rates. One approach
is to take samples of the rock that makes up an underground cavern, and perform mate-
rial screening to directly measure concentrations of radioisotopes. Given the availability
of assay capability in the community, this is a relatively simple approach, however under-
ground rock formations can be made up of a number of different rock types and intrusions
that mean complete coverage of a cavern is difficult. An alternative approach is to directly
measure the the γ-ray flux, which has been successfully done at a number of underground
laboratories [378–382].

As DM detectors expand in size, the contribution of backgrounds from the underground
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environment should also increase and must be appropriately quantified and mitigated. Uti-
lization of additional shielding is one mitigation option, but there may be important space
considerations for existing underground caverns. The use of veto detectors to tag external
neutrons or γ-rays is another strategy to reduce the contribution of these backgrounds (see
Sec. 3.3.4).

5.5 Software Infrastructure

Leads: C. Jackson, S. Scorza

As the low background requirements of rare search event experiments become more
stringent and the detectors become larger and more complex, the material selection will
need significant quality control and quality assurance procedures. Next generation exper-
iments are likely to require hundreds or even thousands of assays to ensure that compo-
nents constructed over long periods of time and from different batches of material meet
the required standards. Therefore, a robust software infrastructure to track and triage
these large-scale assay programs is necessary. This software should:

• act as a record of measurements by individual collaborations, including both selected
and rejected materials, components and vendors

• interface assay results with simulations for background model building (for example,
the Background Explorer framework [383]) allows rapid analysis of impacts of a
material or component choice

• manage large and distributed assay programs effectively, tracking components across
the groups performing the assays

• share results across the community, allowing future experimental collaborations to
utilize previous experiments’ knowledge when choosing materials

Radiopurity.org was developed as a tool to aid tracking and sharing of results [384]
across the community. The codebase is available for experimental collaborations to use
and a public instance is maintained as a repository of assay measurements. There has
recently been an upgrade of this database with improved search options which is now
live [385] and there is a growing cross-community effort to develop this software fur-
ther and increase the number of entries in the public instance. Significant scope exist to
improve this tool for the community further, and some examples include tracking addi-
tional background sources (e.g. radon emanation), tracking measurement details (e.g.
energy spectra from High Purity Germanium counters), adding more useful sample details
(manufacturer, batches, material makeup, etc.) and using the tool to request and manage
distributed assay programs.
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charge-exchange reactions versus β decay in the A = 40 isoquintet, Phys. Rev. C 80,
055501 (2009).

[119] S. Agostinelli and others., Geant4—a simulation toolkit, Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 506, 250 (2003).

[120] G. Battistoni et al., Overview of the FLUKA code, Ann. Nuclear Energy 82, 10 (2015).

[121] AIP Conference proceedings (2007), presentation at G. Battistoni, F. Cerutti,
A. Fasso, A. Ferrari, S. Muraro, J. Ranft, S. Roesler and P. Sala, vol. 896, pp. 31–49.

[122] C. J. Werner et al., Mcnp users manual-code version 6.2, Los Alamos National Labo-
ratory, (2017).

[123] V. A. Kudryavtsev, N. J. C. Spooner, and J. E. McMillan, Simulations of muon-induced
neutron flux at large depths underground, Nucl. Instrum. Methods Phys. Res. A 505,
688 (2003).

56

https://doi.org/10.1146/annurev-astro-081811-125539
https://doi.org/10.1155/2013/351926
https://doi.org/10.1155/2013/351926
https://doi.org/10.1103/PhysRevD.102.112002
https://doi.org/10.1140/epjc/s10052-021-09514-w
https://doi.org/10.1140/epjc/s10052-021-09514-w
https://doi.org/10.1126/science.aao0990
https://doi.org/10.1126/science.aao0990
https://doi.org/10.1103/PhysRev.104.1466
https://doi.org/10.1103/PhysRevD.98.113010
https://doi.org/10.1103/PhysRevD.98.113010
https://doi.org/10.1103/PhysRevD.102.015030
https://doi.org/10.1103/PhysRevD.102.015030
https://doi.org/10.1103/PhysRevLett.124.181301
https://doi.org/10.1103/PhysRevC.80.055501
https://doi.org/10.1103/PhysRevC.80.055501
https://doi.org/https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.anucene.2014.11.007
https://mcnp.lanl.gov/pdf_files/la-ur-17-29981.pdf
https://mcnp.lanl.gov/pdf_files/la-ur-17-29981.pdf
https://doi.org/10.1016/S0168-9002(03)00983-5
https://doi.org/10.1016/S0168-9002(03)00983-5


Snowmass2021 Cosmic Frontier 1: Calibrations and Backgrounds

[124] D.-M. Mei and A. Hime, Muon-induced background study for underground laborato-
ries, Phys. Rev. D 73, 053004 (2006).

[125] OPERA Collaboration, Measurement of the atmospheric muon charge ratio
with the OPERA detector, Eur. Phys. J. C 67, 25 (2010).

[126] Borexino Collaboration, Cosmogenic Backgrounds in Borexino at 3800 m water-
equivalent depth, J. Cosmol. Astropart. Phys. 2013, 049 (2013).

[127] KamLAND Collaboration, Production of radioactive isotopes through cosmic muon
spallation in KamLAND, Phys. Rev. C 81, 025807 (2010).

[128] International Cosmic Ray Conference (1965), presentation at O. Ryajskaya and
G. Zatsepin, vol. 2, p. 987.

[129] N. Y. Agafonova and A. S. Malgin, Universal formula for the muon-induced neutron
yield, Phys. Rev. D 87, 113013 (2013).

[130] LVD Collaboration, The energy spectrum of neutrons produced by cosmic ray muons in
LVD, Bull. Russ. Acad. Sci. Phys. 73, 628 (2009).

[131] KARMEN Collaboration, Upper limits for neutrino oscillations νµ → νe from muon
decay at rest, Phys. Rev. D 65, 112001 (2002).

[132] C. Zhang and D.-M. Mei, Measuring muon-induced neutrons with liquid scintillation
detector at soudan mine, Phys. Rev. D 90, 122003 (2014).

[133] A. Empl and E. V. Hungerford, A FLUKA Study of β-delayed Neutron Emission for the
Ton-size DarkSide Dark Matter Detector, arXiv:1407.6628, (2014).

[134] DarkSide Collaboration, The veto system of the DarkSide-50 experiment, J. Instrum.
11, P03016 (2016).

[135] M. Berger, M. Inokuti, H. Andersen, and H. Bichsel, Icru report 49: stopping powers
and ranges for protons and alpha particles, Journal of the International Commission
on Radiation Units and Measurements, (1993).

[136] S. Seltzer, Stopping-Powers and Range Tables for Electrons, Protons, and Helium Ions,
NIST Standard Reference Database 124 (1993), URL http://www.nist.gov/pml/

data/star/index.cfm.

[137] J. F. Ziegler, Srim - the stopping and range of ions in matters, URL http://www.srim.

org.

[138] D. I. Thwaites, Bragg’s Rule of Stopping Power Additivity: A Compilation and Sum-
mary of Results, Radiat. Res. 95, 495 (1983).

[139] S. Westerdale and P. D. Meyers, Radiogenic neutron yield calculations for low-
background experiments, Nucl. Instrum. Methods Phys. Res. A 875, 57 (2017).

57

https://doi.org/10.1103/PhysRevD.73.053004
https://doi.org/10.1140/epjc/s10052-010-1284-8
https://doi.org/10.1088/1475-7516/2013/08/049
https://doi.org/10.1103/PhysRevC.81.025807
https://doi.org/10.1103/PhysRevD.87.113013
https://doi.org/10.3103/S1062873809050281
https://doi.org/10.1103/PhysRevD.65.112001
https://doi.org/10.1103/PhysRevD.90.122003
http://arxiv.org/abs/1407.6628
https://doi.org/10.1088/1748-0221/11/03/P03016
https://doi.org/10.1088/1748-0221/11/03/P03016
https://www.icru.org/report/stopping-power-and-ranges-for-protons-and-alpha-particles-report-49/
https://www.icru.org/report/stopping-power-and-ranges-for-protons-and-alpha-particles-report-49/
http://www.nist.gov/pml/data/star/index.cfm
http://www.nist.gov/pml/data/star/index.cfm
http://www.srim.org
http://www.srim.org
https://doi.org/10.2307/3576096
https://doi.org/10.1016/j.nima.2017.09.007


Snowmass2021 Cosmic Frontier 1: Calibrations and Backgrounds

[140] E. Mendoza, D. Cano-Ott, P. Romojaro, V. Alcayne, P. Garćıa Abia, V. Pesudo,
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