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Abstract

The experimental detection of the CEvNS allows the investigation of neutrinos and
neutrino sources with all-flavor sensitivity. Given its large content in neutrons and
stability, Pb is a very appealing choice as target element. The presence of the radio-
isotope *!Pb (T, ;, ~22 yrs) makes natural Pb unsuitable for low-background, low-
energy event searches. This limitation can be overcome employing Pb of archaeo-
logical origin, where several half-lives of 2!°Pb have gone by. We present results
of a cryogenic measurement of a 15 g PbWO, crystal, grown with archaeological
Pb (older than ~2000 yrs) that achieved a sub-keV nuclear recoil detection thresh-
old. A ton-scale experiment employing such material, with a detection threshold for
nuclear recoils of just 1 keV would probe the entire Milky Way for SuperNovae,
with equal sensitivity for all neutrino flavors, allowing the study of the core of such
exceptional events.
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1 Introduction

Core-collapse supernovae (CC-SNe) are one of the most powerful phenomena
occurring in our Universe. These dramatic transients may mark the death of stars
heavier than 8 M and result in the formation of neutron stars or black holes [1].
SNe is a unique laboratory to investigate the properties of particles and matter
under extreme conditions, the formation of chemical elements, and the birth of
new stars. The understanding of the physics driving the Core-Collapse is there-
fore of great interest for particle physics and astrophysics [2]. The role of neutri-
nos in driving these events is of particular importance as they are key to trigger
the process and are messengers of the nuclear reactions that take place during the
explosion.

The recent discovery of coherent elastic neutrino-nucleus scattering [3] (CEVNS)
offers a new intriguing detection channel for SNe neutrinos. Driven by a Z-boson
exchange, CEVNS is a neutral current process and, as such, offers equal sensitivity to
all neutrino flavors. It is a low-energy scattering where an impinging neutrino with
energy of O(10MeV) transfers O(1keV) momentum to the recoiling nucleus [4]. The
appeal of this process as detection channel comes from the fact that at such low
energy, the momentum transfer is of the same order of the de Broglie wavelength of
the target nucleus and, therefore, the cross-section gets coherently enhanced. This
coherence enhancement scales with the number of neutrons squared and, in Pb,
results in a cross-section that is 3 orders of magnitude larger than the one of Inverse
Beta Decay (IBD) and 4 with respect to the one of Electron Scattering (ES), allow-
ing relatively small detectors to assess SNe emission properties with the same preci-
sion as one of the gigantic neutrino telescopes provided that they achieve a detection
threshold capable of assessing these low energy recoils [5].

2 Detection of SNe Neutrinos
2.1 The Coherent Neutrino-Nucleus Scattering
The cross-section for CEVNS can be derived within the Standard Model and it reads:

do _ Gy
dE; _ 8z(hc)

[4sin” 0y, = 1DZ +N]2<2 - E’;’?) F(@)I%, (1)
Gy is the Fermi coupling constant, 6, the Weinberg angle, Z and N the atomic and
neutron numbers of the target nucleus, my its mass, E the energy of the incoming
neutrino and Ej the recoil energy of the target. The term F(g) represents the distri-
bution of the weak charge within the nucleus at momentum transfer g = \/2Em,,.
From Eq. (1) we observe that large N and m,, favor the scattering. Heavy elements,
such as Pb, are therefore the most interesting ones to be used as target.
The average recoil energy Ej, can be derived from Eq. (1):
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We can estimate the average recoiling energy knowing that SNe neutrinos have ener-
gies O(10MeV), so that E, ~ lkeV.

The detection of O(1 keV) nuclear recoils is an experimental challenge that has
been tackled by direct dark matter searches in the last decades. Low-background
cryogenic particle detectors are the most promising technology due to their excel-
lent energy resolution, better than 100eV for a detector of mass 300g [6].

2.2 Cryogenic Detection of SNe Neutrinos

In the following, we investigate scintillating PbWO, crystals as target for SNe
neutrinos because of the presence of Pb that leverages the coherent enhancement
of the CEvNS cross-section and a crystalline form that offers good performance
in operation as a cryogenic detector. In addition, the elevated density of the mate-
rial allows for a relatively smaller detector when compared to other viable targets.

The total number of events induced in a detector with energy detection thresh-
old E,, and number of target nuclei N, can be written as:

&N,
Noo = [ d / s
—ZNT/dt/ f(E, t)—dE

where fi(E,f) is the neutrino flux on Earth for the ith flavor at the time . For
a CC-SN of 27 M, occurring at 10 kpc from Earth N,,, is 16.4 events per ton of
PbWO,. A target of 1.7 ton of such material would have the capability to probe the
entire Milky Way for SNe of that type [7].

The radioisotope 2!°Pb naturally present in Pb has an activity of several Bq/
kg, making the usage of natural Pb not suitable for the purpose of SNe neutrino
detection. In order to overcome this issue, we study the employment of Pb of
archaeological origin as target material, where several T, of 210pb have gone by
and the residual activity of this dangerous background is <715 uBg/kg, result-
ing in a count rate of 0.1 counts/keV/ton/10s for recoil energies in the range
1-30 keV [5]. We adopt this measuring unit for the detector exposure because
neutrino signals develop during the time scale of few seconds (about 10 s), and
the required detectors should have masses of the order of few tons (e.g. the RES-
NOVA detector mass will be 1.7 tons).

The operation of a PbWO, crystal as scintillating cryogenic particle detec-
tor offers the possibility of further background suppression by the simultaneous
measurement of scintillation light and deposited energy [8]. The utilization of
Transition Edge Sensors (TES) guarantees elevated sensitivity.

3)
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3 Operation of an Archaeological-Pb Containing PbWO, Crystal
with a Transition Edge Sensor

3.1 Experimental Set-up

A scintillating PbWO, crystal grown utilizing Pb of archaeological origin of mass
15.7 g has been equipped with a W Transition Edge Sensor (TES) of the type uti-
lized to instrument the light detectors of the CRESST experiment [9]. The depo-
sition of the W-film was done by magnetron sputtering [10]. No dedicated sensor
design optimization was performed. However a transition temperature of 19 mK
was obtained on the W-film, a value that matches the requirements for operating the
crystal as cryogenic particle detector. The crystal was produced by double crystal-
lization from deeply purified archaeological lead and high purity tungsten oxide by
Czochralski method at the Institute for Scintillation Materials of NASU (Ukraine).

The crystal is supported by a copper holder but not directly in contact with it. It is
pressed against four sapphire balls with a metallic clamp so that the contact surface
of the crystal with the thermal bath is minimized. On the surface of the holder fac-
ing the crystal a >>Fe radioactive source was glued. The rate of the source was about
50 mHz.

The detector was operated for 70 hours in a dilution refrigerator at Max-Planck-
Institut fiir Physik in Munich (see Fig. 1).

During operation, the TES was biased with a constant DC current of 1uA and
read-out by a DC-squid. The squid output was DC coupled to a 16-bit ADC and
written to disk by means of a hardware trigger DAQ. During the whole operation of
the detector, the TES operating point was constantly monitored and the detector’s
temperature adjusted accordingly so that the TES response was kept as constant as
possible during the measurement.

Thermal link

TES
Metallic clamp
/ PbWO, crystal

Sapphire balls

S5Fe source

/ Copper holder

Figure 1 (Color Figure Online) Picture of the detector (Left) and schematics of the experimental set-up
(Right). The detector is supported by a block of copper that provides the thermal coupling to the cryostat.
The crystal is pressed against four small sapphire balls to reduce the surface contact with the copper
holder. The TES is weakly coupled to the copper holder via thin gold wire with length of 1 cm. The TES
ohmic contacts and bond wires are made of Al. In between the crystal and the copper holder a *Fe radio-
active source is present
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Pulses resulting from particle interactions as well as randomly sampled empty
baselines have been acquired. The latter is used to determine the noise power spec-
trum, a key ingredient for the Optimum Filter in the later analysis.

3.2 Energy Calibration

The TES response to particle interactions was characterized by averaging a set of
pulses recorded from the detector. The range of selected amplitudes for the estima-
tion of the average pulse was such that they were in the linear response range of the
sensor. In addition, stability and quality cuts were applied to reject pile-up event,
artifacts and unstable periods. The resulting average pulse represents the detector’s
response in the linear region, free of read-out noise (Fig. 2 Left). The amplitude of
each pulse is determined by fitting the average pulse to its waveform and exploiting
the thermal model of [?] for the energy scaling of the average pulse.

In the amplitude spectrum, the K, line of the >*Mn is identified and its nominal
value (5.9 keV) used to calibrate the events (Fig. 2 Right). The nonlinearity of the
detector at such high-energies does not allow to resolve the K, and K, (at 6.5 keV)
emissions of the source.

3.3 Resolution and Threshold

The baseline resolution of the detector was calculated using the Optimum Filter
[11]. The transfer function of the filter is calculated from the average pulse power
spectrum and the noise power spectrum (Fig. 3 Left). The signal components get
re-weighted with their Signal-to-Noise (R/N) ratio at each frequency, so that the
filter’s output has the highest S/N ratio and, thus, the optimal resolution. The
waveform samples of the empty baseline at the output of the filter are Gaussian
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Figure 2 (Color Figure Online) (Left) Average pulse in operating point obtained from a list of selected
pulses in the linear region of the sensor. Due to the elevated count rate during the measurement, the
average pulse shows a tilted baseline, indicating that the baseline is not flat on the time-scale of a pulse.
(Right) Calibrated energy spectrum recorded over a raw time of 70 hours. The prominent peak at about
6 keV is from the >°Fe calibration source. The characteristic K, at 5.9 keV and K 5 at 6.5 keV cannot be
resolved to the worsening of the detector energy resolution as such high-energies (detector non-linearity)
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Figure 3 (Color Figure Online) Left Noise power spectrum of the average signal (Blue and of the noise
(Black). These two quantities are used to compute the Optimum Filter that offers the optimal weighting
of the signal frequency components to achieve the best S/N ratio. (Right) Distribution of the empty base-
lines samples at the output of the filter

distributed and we extract the baseline noise by fitting this distribution (Fig. 3
Right). We obtain a resolution of 6 = (60.3+4.1) eV.

The detection threshold for a cryogenic particle detector can be set at values
larger than o, as long as the number of triggers due to random noise oscillation
remains negligible compared to the sought-for signal. We conservatively estimate
the energy threshold as 5 - o, obtaining E,, = (301.5+20.5) eV, well below the
1 keV value discussed in Sect. 2.1.

4 Conclusions and Outlook

The next Galactic SN will be a precious occasion to shed light on the physics
powering SNe and a high statistics, time-resolved detection of this event is para-
mount. We showed that PbWO, crystals operated as cryogenic detectors are an
appealing option for the detection of SNe neutrinos. We also operated a crystal
of 15 g, grown with archaeological lead. This is a proof of principle for the RES-
NOVA technology.

In order to fully characterize the potential of cryogenic PbWO, detectors, dedi-
cated underground measurements are still necessary to assess the background
level. In addition, an optimization of the TES design is required in order to oper-
ate detectors with a larger active mass.

The datasets generated and analysed during the current study are available
from the corresponding author on reasonable request
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