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Abstract

The threshold displacement energy in solid state detector materials varies from several
eV to ≲ 100 eV. If a stable or long lived defect is created as a result of a nuclear recoil
event, some part of the recoil energy is stored in the deformed lattice and is therefore
not observable in a phonon detector. Thus, an accurate model of this effect is neces-
sary for precise calibration of the recoil energy measurement in low threshold phonon
detectors. Furthermore, the sharpness of the defect creation threshold varies between
materials. For a hard material such as diamond, the sharp threshold will cause a sud-
den onset of the energy loss effect, resulting in a prominent peak in the observed recoil
spectrum just below the threshold displacement energy. We describe how this effect can
be used to discriminate between nuclear and electron recoils using just the measured
recoil spectrum.

1 Introduction

Direct detection of low mass dark matter requires detectors sensitive to recoil energies well
below the keV scale. Phonon-mediated detectors with O(eV) resolution are the most appro-
priate detectors for this purpose. Phonons are among the lowest energy quantum excitations
(compred to e.g. ionization and scintillation) that can be detected after particle interactions.
In addition to their excellent signal to noise, phonon-mediated detectors offer an interaction-
type independent (nuclear or electron recoil) energy measurement. Many groups have recently
achieved energy resolution within the O(eV) scale [1–3].

Recently several experiments [4–13] have observed a steeply rising event rate at low ener-
gies, Er ≲ 1000 eV. The origin of these events is currently unknown, and understanding their
physical character is a question of great interest for both the DM and coherent neutrino scat-
tering experiments [14]. Most of the anticipated background sources, such as photons or elec-
trons, would give rise to electron recoils. Therefore the identification of the nuclear/electron
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Figure 1: Energy loss, averaged over recoil direction, as a function of the recoil en-
ergy in silicon, germanium, sapphire and diamond. The figure has appeared before
in [20].

recoil character of these events would add an important piece of information towards under-
standing and mitigating this background.

Nuclear recoils at these energies can result in lattice defects, while electron recoils are not
expected to do so. The formation of defects stores a part of the recoil energy in the crystal,
resulting in a quenching of the measured energy in phonons. At higher recoil energy this
quenching factor becomes approximately constant and can be absorbed in the calibration of
the energy scale, but for recoil energies close to the threshold displacement energy the effect
can be highly nonlinear, affecting not just the overall energy calibration but also the shape of
the measured recoil spectrum [15, 16]. In diamond, the energy loss effect turns on sharply
at ≳ 30 eV. The affected recoil events are shifted towards lower enegy, resulting in a peak in
the observed spectrum around ∼30 eV, and a dip around ∼60 eV, compared to the underlying
true recoil spectrum. Gram scale diamond based detectors are expected to offer a resolution
that is superior to the existing technologies [17,18]. In the following we will describe how the
energy loss induced peak in the nuclear recoil spectrum in a diamond detector can be utilized
to test if the observed spectrum originates from nuclear recoils.

2 Energy loss

The energy stored in the crystal lattice as a function of the nuclear recoil direction and en-
ergy were obtained from molecular dynamics (MD) simulations, described in [16]. We have
simulated multiple materials, for which the numerical results can be obtained from online
repository1. The energy loss averaged over the recoil direction is shown in figure 1 for four
detector materials, namely silicon (Si), germanium (Ge), sapphire (Al2O3) and diamond (C).
The sharp, nonlinear threshold in diamond is evident in the figure, while sapphire shows al-
most linear behaviour throughout the energy range. Silicon and germanium feature nonlinear
threshold behaviour, but at lower energies compared to diamond, and with a much smaller
step in the stored energy. Therefore, the resulting effect on the observed spectrum should be
largest for diamond, and almost negligible for the other materials.

To obtain the measured recoil spectrum in a phonon measurement after the energy loss for
a given physical nuclear recoil spectrum, we perform a simulation as follows: first, the recoil
direction surface (unit sphere) is divided into solid angle bins corresponding to the directions
for which the MD simulations were performed as described in [16]. Each solid angle bin is

1https://github.com/sebsassi/elosssim
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3 IDENTIFYING NUCLEAR RECOILS

A α B β C
Nucleus (9.7± 25.7)× 109 0.77± 0.13 (1.58± 0.40)× 104 −1.44± 0.05 0± 0.19

SuperCDMS (1.41± 0.16)× 108 0.61± 0.006 (3.7± 4.1)× 104 −2.7± 0.3 0.18± 0.01
Edelweiss (1.46± 0.28)× 105 0.124± 0.003 (1.04± 0.55)× 105 −2.6± 0.1 0.011± 0.002

Table 1: Best fit values for the parametric model (2) for the three data sets. The
parameters A, B, C are in units of events/(eV g day).

then further divided into energy bins using 1 eV intervals, for which we obtain the event rate
from the given physical spectrum. This procedure results in a binned underlying event rate,
reflecting the energy deposited by nuclear scattering events. We then sample this underlying
event rate, and for each sampled event with recoil energy Er and recoil direction q̂ we find the
observed energy as

Eobs = Er − Eloss(Er, q̂) + Eσ, (1)

where Eloss(Er, q̂) is obtained from the MD simulations and Eσ is a random number drawn from
a Gaussian distribution with zero mean and standard deviation σ representing the energy
resolution of the detector, for which we use σ = 1 eV. The result after this sampling is the
binned observed recoil rate, which we then sum over the solid angle bins as the detector is not
capable of observing the recoil direction, to obtain the observed recoil spectrum dR/dEobs.

3 Identifying nuclear recoils

To show how the energy loss effect can be utilized to confirm that the observed spectrum
originates from nuclear recoils, we use as a template a three component fit to the low energy
excess spectrum, of the form

f (x) = Ae−αx + Bxβ + C , (2)

where x = Er/eV. We fit this template to three data sets from Nucleus 1g prototype [10],
SuperCDMS-CPD [19] and Edelweiss [7]. The best fit parameters are shown in table 1.

We use this fit function as the underlying event rate and apply the energy loss as shown in
equation (1), assuming isotropic recoil distribution. In the fit function the exponential compo-
nent is taken to describe trigger noise and therefore does not reflect true physical recoil events.
Thus the energy loss is not applied to this component. We also take the constant component to
represent electromagnetic background, resulting in electron recoils and therefore only apply
the energy loss to the power law component. However, the results are not very sensitive to
this choice.

The resulting event rates in diamond, sapphire, germanium and silicon are shown in figure
2. As expected, the spectrum in diamond contains a peak around 30 eV, followed by a dip
centered at ∼ 60 eV, clearly visible in the bottom inset of the top left panel in the figure,
showing the ratio of the event rate with/without the energy loss effect. In sapphire the energy
loss effect is insignificant, and for silicon and germanium the threshold is weaker, and located
at recoil energies below the range available for our data sets. Therefore there is no peak in
the spectrum for these materials, but the energy loss is seen as a slight shift of the spectrum
toward lower energy.

To quantify how the energy loss effect in diamond can be used to identify the nuclear recoil
origin of the spectrum, we have performed a likelihood ratio test for simulated data sets, using
the three best fit functions given in table 1 as the physical recoil rate. We obtain the required
number of events in a diamond detector in the event selection window [20-200] eV, using 1
eV bins, for a 3σ observation of the peak/dip feature, as described in more detail in [20]. We
find that unless the peak is masked by the exponential noise component, the feature can be
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Figure 2: Top left: The observed event rate in diamond for the underlying recoil
spectrum given by the power law component of the fit function (2). The blue lines
correspond to the best fit parameter values for Nucleus data, the green lines for Su-
perCDMS data and the purple lines for Edelweiss data. The solid curves show the
observed rate after the energy loss, and black dotted curves if the energy loss is not
simulated. The dashed curves show the exponential component of each fit. The
curve in the bottom inset shows the ratio of the rate with/without the energy loss
for the power law component. Top right: The same for a sapphire detector, using
Nucleus fit. The bottom row shows same results for germanium (left, Edelweiss fit)
and silicon (right, SuperCDMS fit). The figure has appeared before in [20].

observed with just 440 to 710 events in the selection window, depending slightly on the power
law index β of the fit parameters.

4 Conclusion

Nuclear recoils create lattice defects that store part of the recoil energy, resulting in quenching
of the observed energy in phonon based detectors. Close to threshold this effect is non-linear
and gives rise to a peak in the observed energy spectrum in a diamond detector. We have
shown that for a power law spectrum the presence of this peak can be used as an effective test
of the nuclear recoil origin of the events.

Funding information This work has been supported by the Academy of Finland project
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