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Abstract We present the first continuous operation in a sur-
face lab of BULLKID, a detector for searches of light Dark
Matter and precision measurements of the coherent and elas-
tic neutrino-nucleus scattering. The detector consists of an
array of 60 cubic silicon particle absorbers of 0.34 g each,
sensed by cryogenic kinetic inductance detectors. The data
presented focusses on one of the central elements of the array
and on its surrounding elements used as veto. The energy
spectrum resulting from an exposure of 39 h to ambient back-
grounds, obtained without radiation shields, is flat at the level
of (2.0+0.1 stat.£0.2 syst.) x 10° counts/keV kg days down
to the energy threshold of 160 &£ 13 eV. The data analysis
demonstrates the unique capability of rejecting backgrounds
generated from interactions in other sites of the array, stem-
ming from the segmented and monolithic structure of the
detector.

1 Introduction

Particle-physics experiments searching for weak or rare sig-
nals, such as the interaction of dark matter particles with
ordinary matter [1] or the neutrino coherent and elastic scat-
tering off atomic nuclei (CEvNS) [2, 3], need to be sensitive to
small energy deposits with high target masses and negligible
backgrounds. Experiments using cryogenic particle detec-
tors, thanks to their high sensitivity to small energy deposi-
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tions, are particularly suited to measure the sub-keV nuclear
recoils following the scattering of dark matter particles with
light mass [4], below 1 GeV/c? [5-7], or the scattering of
low-energy neutrinos produced by nuclear reactors [8,9].

One of the challenges in cryogenic experiments con-
sists in deploying large targets. Masses from fractions of
grams [10, 11] or grams [12] to tens of grams [6,13, 14] have
been deployed so far, while masses of 1kg or larger would
allow to explore a much more significant space of the param-
eters. In the dark matter case they would enable sensitivities
down to the background from solar neutrinos [15], while in
the CEvNS case they would allow percent precisions on the
measurement of the cross-section, enabling searches for new
physics [16-20].

Controlling the background is also proving to be a chal-
lenge. Even if radiation shields are adopted to mitigate
the effects of environmental radioactivity, non-understood
excess events populate the energy spectrum close to thresh-
old (for a comprehensive summary see Ref. [21]). Hypothe-
ses on the origin of these events point to solid state effects
producing phonons mimicking the signals of particle inter-
actions, such as mechanical stresses induced by the detector
holders and lattice relaxations after cool down, or phonon
signals generated by high-energy particle interactions in the
inert materials in contact with the detector.

BULLKID [22] is a new type of particle detector com-
posed of an array of cryogenic sensors, designed to be scal-
able to high masses and to feature low-background thanks to
the absence of inert material in contact with the single ele-
ments and to the high segmentation. In this paper we present
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the first continuous operation in the Laboratory of Cryogenic
Detectors at Sapienza University and the measurement of
the ambient background from 160 eV up to 1.2 keV. After
describing the detector and the experimental apparatus, we
will describe the data analysis procedure, which introduces
new methods to efficiently reduce the background. Finally
we will interpret the measured energy spectrum and envision
the prospects for next experiments.

2 Experimental setup

BULLKID is an array of 60 silicon dice of 5.4 x 5.4 x 5 mm?>
and 0.34 g each, acting as particle absorbers and sensed by
kinetic inductance detectors (KIDs), microwave resonators
exploiting the kinetic inductance of superconductors [23].
The dice are carved out of a single crystal, 3” in diameter
and 5mm thick, in order to obtain a monolithic structure.
The carvings leave intact a 0.5 mm thick common disk that
acts as both the holding structure of the dice and as substrate
for the aluminum lithography of the KIDs (Fig. 1, top and
bottom-left). KIDs are read in parallel, with a single feedline
serving the entire array. The resulting device avoids the use of
individual holding structures of the elements, which makes
it a fully active particle detector. This, complemented with
the high-segmentation, has been intended to provide addi-
tional background identification capabilities with respect to
the state of the art, which consists in the use of independent
array elements with individual and passive holders.

When particles interact in a silicon die their energy is con-
verted to athermal phonons that scatter inside the crystalline
lattice until part of them reach the KID interface where they
are absorbed. The absorption of phonons induces a frequency
shift of the resonator proportional to the energy released [24—
26]. In order to sense the signal, the resonator is biased at
the resonant frequency f and the wave transmitted past the
resonator is recorded with a heterodyne readout. Frequency
shifts A fo cause proportional variations to the phase of the
transmitted wave, A¢ ~ 40 A fy/fo, where Q is the quality
factor of the resonator.

Figure 1 (bottom-right) shows the array map with the mea-
sured Q-factor of each KID, with a median value of 1.5 x 10°
and a 68% dispersion of +0.7 x 10°. In order to improve the
uniformity of the response and to ease the combined analysis
of different elements, the dispersion is reduced by a factor of
2 with respect to the first operation of the device in Ref. [22]
(see Appendix A for technical details).

When phonons are generated in a die, part of them is
absorbed by the KID coupled to it (main), while the rest leaks
through the common disk in nearby dice and is absorbed by
the respective KIDs (sides). With respect to the energy mea-
sured in the main die, (14 £ 3)% of energy was measured on
average in each of the side KIDs in the vertical and horizontal
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Fig. 1 Top: BULLKID array: carved silicon wafer of 3" diameter and
5Smm thickness. A square grid of grooves creates 64 dice of 5.4 x 5.4 x
5 mm?, and leaves intact a 0.5 mm thick common disk, which hosts the
lithography of the KID phonon sensors; Bottom-left: The array installed
in the copper holder and held by Teflon supports. The electrical feedline
runs through all the KIDs for parallel readout; Bottom-right: Quality

Gy

factor Q of each KID resonator in the array. The elements labelled as “x
are missing (see Appendix A). The elements in the red-dashed contour
are used in this work for the analysis of the energy spectrum, with the
central die being the unit of interest (main) and the eight surrounding
dice used as veto (sides)

directions and (541)% in those in the diagonal direction [22].
This effect is in principle unwanted, since it reduces the sig-
nal height in the main KID and thus its sensitivity. However
it can be exploited to determine whether or not an event orig-
inates in the central die by comparing the signal amplitude
of the main KID with that of the side KIDs.

For operation the array is installed in a copper holder by
means of Teflon supports clamping the crystal in the periph-
eral region of the wafer, where there are no dice (Fig. 1,
bottom-left). The holder is placed inside a shielding pot in
aluminum, copper and Cryophy® [27], providing protection
from thermal radiation and external magnetic fields, and then
is anchored to the coldest point of a dry 3He/*He dilution
refrigerator with base temperature of 20 mK.

The readout is performed with an input coaxial line, run-
ning through the cryostat from the outside down to the device
and attenuated at cryogenic temperature to reduce the noise
temperature of the system, and with an output coaxial line
from the device to the outside, amplified by a HEMT low-
noise amplifier thermalized at the 4 K stage of the cryostat.
The microwaves to excite the KID resonators are generated
and read back at room temperature by a commercial Ettus
X300 board [28] operated with an open-source firmware [29]
customized for the needs of the experiment.
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Fig. 2 Top: Typical phase pulse recorded by the main KID (35) fol-
lowing a ~ 200 eV energy release in the corresponding die (black) and
the same waveform after application of the matched filter (red); Bottom:
Distribution of noise samples after matched filtering during the whole
duration of the data taking. The RMS is 1.24 mrad and corresponds to
27 eV

For the individual energy calibration, optical fibers excited
at room temperature by a 400 nm LED lamp shine controlled
photon bursts to the die, on the face opposite to the KIDs [30].
The systematic error associated to the energy calibration has
been evaluated to be 8% by comparing the results of indepen-
dent scans performed at the beginning and at the end of the
data taking. The LED system is also used to provide a signal
proxy to measure the phonon leakage across dice and to scan
the detector response at lower energies for the evaluation of
the trigger and analysis cuts efficiencies.

For this work we selected one of the 3 x 3 clusters of KIDs
with the most uniform Q factor, KID 35 with its eight sides
(see red contour in Fig. 1, bottom-right), which features a
baseline resolution op = 27 £ 2 eV.

During data taking the nine elements are acquired simulta-
neously, with the trigger running on the central element. The
incoming data stream is filtered online using a matched fil-
ter [31,32]. Candidate signals are acquired when data exceed
a threshold of 40¢ (see a sample signal of ~ 200 eV in Fig. 2,
top). Noise samples are acquired at regular intervals in order
to monitor the stability of the detector and did not show sig-
nificant variation during the 40h of data taking (Fig. 2, bot-
tom). Every hour the readout was stopped and restarted with
100s dead time, yielding a net exposure of 39h.

Atthe end of the data taking we performed a measurement
of 30 min with the trigger running on the negative side of the
data stream (reverse triggered data). This allows the study of

the distribution of noise fluctuations mimicking real signals
and to estimate the contribution of noise false positives to the
energy spectrum close to threshold.

3 Data analysis and results

For the assessment of the energy spectrum we are interested
in evaluating the signal amplitude, which is proportional to
the energy released in the central die, in selecting events orig-
inating in the central die and in discarding those originating
elsewhere.

The triggered data are reprocessed offline with the
matched filter and the signal amplitude is estimated as the
maximum of the filtered waveform. The first event selection
is made on the shape of the pulses on the main KID, by com-
paring it with the template signal shape estimated from LED
pulses. We define the following parameter, which follows a
x? distribution with 1 degree of freedom:

2
[Si — ai - Sy |
Jg -(1 +lll-2) —2a; - R(i — ipax)

2
Xi =

ey

where S; is the filtered waveform at a generic sample i, i 4y
the sample corresponding to the maximum of the waveform,
a;i = Sl.T / Sif . Is the unitary profile of the filtered template

signal ST, R is the noise autocorrelation after filtering and o
is the noise standard deviation of the main KID. We choose
to evaluate Xiz at fixed distance from i, , in two points, cor-
responding to the half maximum of the filtered template on
the left ( XI%) and on the right ( XI%) of the pulse maximum,
respectively (see the distribution of the variable for all events
and for LED events in Fig. 3, top). We choose to select events
with X% g < 3. From the combination of the two distribu-
tions, the selection is expected to keep 84 % of the signal, not
taking into account correlations or nonlinearities.

The second level of event selection is the veto of events
not originating in the central die. This is based on the analysis
of the signal amplitude in side KIDs, which is evaluated in
time coincidence with the maximum on the main KID'. For
energy releases in the central die, the ratio of the amplitude
of the nth side pulse, A, relative to the amplitude of the main
pulse, A, is estimated by shining pulses of LED light on the
central die. By averaging hundreds of pulses we estimate this
ratioasr, = (A,/A). To disentangle events in the central die
from those originating in other dice, we define the following
variable:

Y = _An— A )

2 1 2.2
90, T 70+ 9

1 No appreciable time delay is observed in the propagation of phonons
between adjacent dice.
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Fig. 3 Top: X12e as a function of energy in the main KID on all events
(black) and on LED pulses (red colorscale). Events with xf, g < 3are
kept; middle: 1, calculated from the amplitude of side 36 in Fig. 1,
as a function of the energy in the main KID, after applying the cut on
X,%, r- Events with [y | < 2 are kept (same color coding of top panel);

bottom: Trigger efficiency (gray), xiﬁ gand ¢y g cutsefficiency (blue)
and total efficiency (red) computed on LED pulses. The region above
1.2 keV is excluded from the analysis (see discussion in the text)

where o9 (00,,) is the noise standard deviation of the main
(nth) KID. This variable follows a standard normal distri-
bution for events in the central die while its mean will be
greater than zero for events in other dice (see the distribu-
tion of i, calculated from KID 36, for all events and for
LED events in Fig. 3, middle). We choose to apply a cut
[¥1,....8] < 2.0 which, from the combination of the 8 distri-
butions, is expected to keep the 69% of the signal, not taking
account correlations or nonlinearities (sample signals on the
nine KIDs before and after the application of cuts are reported
in Appendix B for the interested reader).

The trigger and cut efficiencies are evaluated on the LED
scan at energies of 140, 160, 210, 260, 550, 1100 and 2200

@ Springer

eV (Fig. 3, bottom). The trigger shows a plateau efficiency of
83%, with a sharp cutoff while approaching the selected 4oy
threshold of 110 eV. The efficiency of analysis cuts slightly
decreases from threshold to higher energies because of non-
linearities of the response of the KIDs. The combination of
trigger and analysis efficiencies result in a constant efficiency
of (32 £ 2) % from threshold up to ~1.2 keV. We restrict
the analysis to this region of the energy spectrum. Higher
energies in any case would not be of interest for searches of
light Dark Matter and of CEvNS at nuclear reactors.

Figure 4 (top) shows the energy spectrum without cuts,
after the application of the pulse shape cuts and after the veto.
The pulse shape cut reduces the event rate by more than two
orders of magnitude in the middle of the spectrum, but is
less effective at low energies. The additional application of
the veto cut further reduces the rate while approaching the
threshold.

Figure 4 (bottom) shows the resulting spectral density after
including exposure and efficiencies. The high counting rate
above the trigger threshold is interpreted as due to noise false
positives, as indicated by the energy spectrum of the reverse
triggered data, which was derived following the same analy-
sis procedure of standard data (see Appendix C for details).
Since the reverse triggered data were acquired one day after
the end of the data acquisition, the noise oy was not exactly
the same, instead being consistently 10% larger. This caused
an increase of the rate with respect to the normal data stream
acquired before.

By restricting the analysis from an analysis threshold of
160 eV (corresponding to 60¢) to 1.2 keV, the spectrum is
flat at a level of (2.0 & 0.1) x 10° counts/keV kg days (see
the fit with a constant and the residuals in Fig. 4, bottom).
The uncertainty on the energy scale end on the cut and trigger
efficiencies contribute a systematic error amounting to 0.2 x
10° counts/keV kg days.

One may observe that the counting rate before cuts is sev-
eral orders of magnitude higher than after cuts, which appears
unnatural. This is a consequence of the central die being sen-
sitive also to the leakage signal from interactions in the rest
of the wafer, increasing the counting rate. Interactions hap-
pening anywhere in the wafer are seen as ‘quenched’ by a
KID sensor and populate the lower energies of its spectrum
increasing the spectral density. This “background amplifica-
tion” at lower energies however does not represent a problem
as long as leaking phonons can be efficiently tagged as shown
in this work.

4 Conclusion and perspectives
We presented 39 h of continuous operation in a surface lab of

the BULLKID array of cryogenic detectors and we measured
the ambient background at energies below 1.2 keV. Results
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Fig. 4 Top: Energy spectrum after 39h of exposure of a single 0.34 g
die to ambient backgrounds before cuts (gray), after application of cuts
on the pulse shape variables Xz and XI% (blue) and after the additional
application of cuts on all the coincidence variables 1 g (red). Bottom:
Energy spectral density with all cuts applied (red dots) and superim-
posed spectrum of the reverse triggered data (black dots). The rise below
160 eV follows that estimated from reverse triggered data (noise false-
positive spectrum) and is excluded from the final analysis. The spectrum
above 160 eV is flat with a density of 2.040.1 x 10° counts/keV kg day

show that it is possible to veto interactions not happening
in the array element under examination down to the energy
threshold of 160413 eV. The presence of these events, which
without vetoing would pollute the energy spectrum, is due to
phonon cross-talk. In our device this effect is favored by the
presence of the common disk connecting the array elements
but, thanks to the fully active structure, it can be identified and
rejected. The spectrum obtained is flat, without the presence
of events in excess unlike other experiments which already
show a deviation from flatness at these energies (see Ref. [21]
and Appendix D). In this work the analysis was limited to
an element of the array and to its 8 surrounding elements
used as veto, but the presented technique could be even more
enforced by the readout of the entire array of 60 elements.

This work represents only a first step towards background
reduction. Given the operation on surface and given the
absence of shields against ambient radioactivity, it is not pos-
sible to state whether the excess events seen by other exper-
iments operated in lower background environments will still
not be present.

Next steps include to repeat this experiment in a shielded
environment, yet to be identified, and to scale-up on the mass
in view of a new GeV/sub-GeV/c?> Dark Matter or CEvNS
experiment. Our plan is to produce tens of BULLKID detec-
tors, equal or larger than the one presented in this work, and
to stack them to reach a total mass exceeding 0.5 kg. One of
the advantages of this configuration would be a fully active
volume of the stack, allowing for further background rejec-
tion by applying the same “fiducialization” techniques as
Dark Matter experiments using liquid scintillators [33,34] or
single-site event discrimination techniques as in Double-f
decay experiments [35,36].
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Appendix A: Uniformity of quality factors

The quality factor Q of a superconducting resonator depends
on the coupling (Q.) and internal (Q;) quality factors as
o= QC_1 + Qi_l. In this work Q. is set by design to 1.5 x
103, while Q; depends on the quality of the aluminum film
and on internal dissipation [37]. Thanks to the high quality
of the production, Q; was found to be in excess of 1 million,

implying that Q >~ Q..
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Fig. 5 Top: Detail of the air-bridges connecting the two ground planes
of the CPW in order to improve uniformity of the coupling quality
factor Q.. The air-bridges are repeated every 6 mm, in correspondence
of each groove in the wafer. Bottom left: Distribution of the Q factor
before applying the air bridges. Bottom right: Distribution of the Q
factor after applying the air bridges

The feedline of the array is a coplanar wave guide (CPW),
where the signal runs in a central wire faced to lateral ground
planes. However, the propagation in the CPW of a slot mode
alters the coupling at different positions along the line. A
way to correct for this issue consist in performing several
bondings along the feedline between the two ground planes
(also called air-bridges), in order to fix their potential and to
prevent the occurrence of the slot mode [38].

We applied air-bridges in correspondence of each ele-
ment of the array. Figure5 (top) shows the details of the
air-bridges that were applied to the same device character-
ized in Ref. [22]. The left and right bottom panels shows the
distribution of Q before (Ref. [22]) and after (this work) the
modification. The 68% dispersion improves from 1.3 x 10°
t0 0.7 x 10°.

Appendix B: Sample pulses on the nine KIDs

The shape cuts x,%’ r in Eq. (1) are similar to those employed
in other experiments, e.g. CUORE [39] and NUCLEUS [12],
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Fig. 6 Top: Event passing the cuts on X%, g Vvariables and rejected by

the cut on the v g variables; Bottom: Event kept by the cuts on Xf R
and ¥ g variables

and efficiently identify pulses with shape different from the
template if the signal to noise ratio (SNR) is sufficiently high.
However, since pulse shape variables are evaluated includ-
ing waveform samples with signal to noise ratio lower than
the maximum, which is a proxy for the energy, their iden-
tification capability degrades rapidly while approaching the
energy threshold.

Figure 6 (top) shows a pulse of 500 eV which passes the
x% g cuts in the main KID (35), as its shape results compat-
ible with that of a template at the given SNR. Looking at the
side KIDs, however, it is clear that the event did not originate
in KID 35, possibly in KID 42 or in a KID in even lower rows,
while KID 35 is seeing the leaking phonons. When applying
the cuts on the i1 g variables which include the amplitude
of side KIDs (Eq. 2), events like the one in the top panel are
rejected while only events like the one in the bottom panel
are retained.
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Appendix C: Reverse trigger spectra

The reverse triggered data are processed following the same
procedure of standard data. In the analysis a minus sign is
applied to the (negatively triggered) data stream in order to
use the same algorithms. The definition of the XI% rand ¥y g
is the same. ’

Figure 7 shows the spectrum before cuts, after the applica-
tion of the cuts on the X%, g Variables and after the application
of the cuts on the 1| g variables. Given the small duration
of the data taking, limited to only 30 min, the statistics after
cuts is poor. The energy threshold for the analysis of standard
data is set at 160 eV. It is however clear that the exponential
tail of the noise Gaussian can extend even to higher energies.
More statistics of reverse triggered data will be acquired in
the future, in order to better understand this source of back-
ground.

Appendix D: Comparison with other experiments

Figure 8 shows the spectrum presented in this work compared
to other experiments in the field. It has to be stressed that
experiments took data in different conditions: NUCLEUS

9 — NUCLEUS 1g prototype SuperCDMS CPD

10 — CRESST-IT DetA — BULLKID surface
2 10° — EDELWEISS RED20  — MINER Sapphire
S 107
.&D 106
% 105
22 10
E 10* P‘
g 3
g 10 le

102

ol it

[l m
0 0.2 0.4 0.6 0.8 1 12

Total Energy Deposition [keV]

Fig. 8 Comparison of the BULLKID’s spectrum presented in this work
with other experiments of the field (see text). The data are taken from the
public repository maintained by the organizers of the EXCESS work-
shop and plotted with their tool (see Ref. 15 in Ref. [21])

1g was on surface like BULLKID but with an >3Fe source
which might add background close to threshold; EDEL-
WEISS RED20 and MINER used a lead shield which reduced
the flat background by 2 orders of magnitude, and CRESST
data were taken underground at Gran Sasso Laboratories in
Italy with shielding.
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