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Bologna I-40127,Italy.
32CMCC Foundation – Euro-Mediterranean Center on Climate Change, Viale Carlo Berti

Pichat 6/2, Bologna, 40127, Italy.
33University of Ferrara, Department of Physics and Earth Science, Via Saragat 1, Ferrara,

Italy.
34Istituto Nazionale di Fisica Nucleare – Sezione di Perugia, Perugia, 06123, Italy.

35Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Nazionale Terremoti - Sede
di L’Aquila, L’Aquila, 67100, Italy.

2



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

*Corresponding author(s). E-mail(s): cuore-spokesperson@lngs.infn.it;

Abstract

Vibrations from experimental setups and the environment are a persistent source of noise for low-
temperature calorimeters searching for rare events, including neutrinoless double beta (0νββ) decay or
dark matter interactions. Such noise can significantly limit experimental sensitivity to the physics case
under investigation. Here we report the detection of marine microseismic vibrations using mK-scale
calorimeters. This study employs a multi-device analysis correlating data from CUORE, the leading
experiment in the search for 0νββ decay with mK-scale calorimeters, and the Copernicus Earth
Observation program, revealing the seasonal impact of Mediterranean Sea activity on CUORE’s energy
thresholds, resolution, and sensitivity over four years. The detection of marine microseisms underscores
the need to address faint environmental noise in ultra-sensitive experiments. Understanding how such
noise couples to the detector and developing mitigation strategies is essential for next-generation
experiments. We demonstrate one such strategy: a noise decorrelation algorithm implemented in
CUORE using auxiliary sensors, which reduces vibrational noise and improves detector performance.
Enhancing sensitivity to 0νββ decay and to rare events with low-energy signatures requires identifying
unresolved noise sources, advancing noise reduction methods, and improving vibration suppression
systems, all of which inform the design of next-generation rare event experiments.

1 Introduction1

Low-temperature calorimeters operated at the2

mK-scale are widely employed for rare physics3

event searches and for precision measurements.4

Their broad selection of materials, sizes, and read-5

out technologies makes them highly suited for a6

wide range of scientific endeavors, including dark7

matter and neutrinoless double beta (0νββ) decay8

searches, supernova neutrinos detection through9

coherent elastic neutrino-nucleus scattering, direct10

measurements of neutrino masses, and β decay11

shape studies [1, 2]. 0νββ decay [3] is a hypothet-12

ical rare nuclear process whose discovery would13

provide insights into physics beyond the Standard14

Model and into some of the most outstanding15

mysteries of our Universe. It would establish the16

nature of neutrinos as Majorana particles, mean-17

ing that, uniquely among all known fundamental18

fermions, they would be indistinguishable from 19

their own antiparticles [4]. Moreover, it would 20

provide the first evidence of a process violating 21

lepton number conservation. Such processes have 22

the potential to explain the matter-antimatter 23

asymmetry in the Universe via baryogenesis [5]. 24

An energy deposition in a low-temperature 25

calorimeter generates phonon excitations, result- 26

ing in a measurable increase of the detector 27

temperature, which is then converted into an elec- 28

tric signal by means of a thermal sensor [6]. The 29

CUORE experiment [7], located at Laboratori 30

Nazionali del Gran Sasso (LNGS) of the Istituto 31

Nazionale di Fisica Nucleare (INFN), in Italy, 32

searches for 0νββ decay in 130Te [8], by deploying 33

a tonne-scale array of low-temperature calorime- 34

ters operated at the mK-scale. CUORE consists 35

of an array of 988 natTeO2 crystals (5×5×5 cm3, 36
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750 g), read out by high-impedance germa-37

nium Neutron Transmutation Doped (Ge-NTD)38

thermistors and operated as low-temperature39

calorimeters at ≃ 10 mK (see Fig. 1). Such tech-40

nology allows one to achieve cutting-edge energy41

resolutions (≃0.3% FWHM at ∼2.5 MeV, the typ-42

ical scale of ββ decay Q-value) and radio-purity43

levels, as well as to deploy active masses up to the44

tonne-scale. CUORE has been in operation since45

2017, reaching an outstanding duty cycle (> 90%46

since 2019) for a tonne-scale experiment operating47

at mK temperature, and acquiring > 2 tonne·yr48

exposure of TeO2, the highest ever achieved for49

130Te [9].50

Several noise sources, including extrinsic vibra-51

tions and electronic interference, can affect52

the performance of low-temperature calorimeters53

operated at the mK-scale. In fact, intermittent54

power deposition (e.g., due to vibrations) of ∼1–55

10 fW can result in transient noise signals in56

the calorimeters. If this excess noise is not time-57

invariant, it can worsen the energy resolution58

of the detectors, as the matched filtering tech-59

nique only produces the optimal energy resolution60

in the case of a linear, time-invariant system61

[10]. In CUORE, the high-impedance calorimeters62

are highly sensitive to noise perturbations with63

frequencies up to several hundred Hz, and max-64

imally sensitive in the sub-Hz regime, where the65

thermal signal band lies. Since each detector is66

read out via gold wires bonded to copper strips67

Fig. 1: The CUORE experiment. The active
volume of the CUORE experiment, consisting
of 988 low-temperature calorimeters organized in
19 towers of 13 floors, each of them hosting 4
detectors.

deposited on PEN bands running along the detec- 68

tor frame, oscillations transmitted through the 69

read-out wires can induce an excess of noise in the 70

detectors via capacitive pick-up. 71

Vibrational noise from the cryogenic system, 72

anthropogenic activities, and the environment 73

(e.g., microseismic activity, earthquakes, and sea 74

swell motion) plays a crucial role in defining 75

the performance of low-temperature calorimeters. 76

Therefore, such detectors must implement vari- 77

ous strategies to mitigate vibrational noise. The 78

CUORE detector array is hosted within a custom 79

3He – 4He dilution cryostat and is suspended by 80

means of a mechanical decoupling system. This 81
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system is designed to mitigate the impact of vibra-82

tions from both the external environment and the83

cryogenic infrastructure required to operate the84

detectors at ≃10 mK [7, 11]. Additionally, a noise85

cancellation technique has been developed to sup-86

press vibrational noise at harmonics of 1.4 Hz87

induced by the operation of the pulse tube (PT)88

cryocoolers of the CUORE cryostat [12]. This89

ensures enhanced temperature stability (∆T
T <1%90

at 10 mK) and the mitigation of low-frequency91

vibrations induced in the detectors.92

We present the detection of marine micro-93

seisms through low-temperature calorimeters. By94

correlating data from the Copernicus Earth95

Observation space program, from seismometers96

installed at LNGS, and from CUORE low-97

temperature calorimeters, we identify the con-98

tribution to the CUORE energy resolution from99

marine microseismic vibrations. We assess a cor-100

relation between the seasonal modulation of the101

Mediterranean Sea activity and the induced mod-102

ulation of the energy resolution of CUORE detec-103

tors, while also estimating the corresponding104

impact on the experimental sensitivity to the105

search for 0νββ decay.106

We then present a denoising algorithm, which107

combines data from low-temperature calorimeters108

and auxiliary devices, including accelerometers109

and a seismometer, for vibrational noise reduction.110

The implementation of the denoising algorithm,111

in synergy with various passive and active noise112

reduction techniques, allows the CUORE detec- 113

tors to reach previously unattained levels of noise. 114

2 Results 115

2.1 Detecting marine microseisms 116

with CUORE 117

The noise reduction achieved via passive and 118

active noise cancellation techniques makes 119

CUORE highly sensitive to subtle sources of 120

environmental vibrations [13], which would oth- 121

erwise be subdominant. The motion of sea swells 122

is known to be a faint and everlasting source of 123

microseismic vibrations in the sub-Hz domain, 124

capable of propagating from seas and oceans to 125

the mainland [14–17]. However, its impact on the 126

performance of cryogenic experiments dedicated 127

to rare event searches had yet to be investigated. 128

Located approximately 50 km and 150 km from 129

the Adriatic and Tyrrhenian coastlines of the 130

Italian Peninsula, respectively, LNGS is affected 131

by the subtle microseismic activity induced by 132

the Mediterranean Sea. 133

We report the outcomes of a multi-device 134

correlation analysis involving: 135

1. Copernicus Marine Environment Monitoring 136

Service (CMEMS), namely the marine com- 137

ponent of Copernicus, the European Union 138

space programme for Earth Observation [18, 139

19], providing state-of-the-art marine data at 140

global and regional scale; 141
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2. seismometers installed near the CUORE142

infrastructure and ≃130 m away, at the oppo-143

site side of the LNGS underground facility;144

3. CUORE low-temperature calorimeters.145

With respect to the preliminary investiga-146

tion presented in [20], the analysis framework147

presented here accounts for the entire CUORE148

array of low-temperature calorimeters, and for149

four years of steady data acquisition. We show150

that variations in the microseismic activity of the151

Mediterranean Sea induce a sizeable effect on the152

performance of the whole CUORE array in terms153

of the detectors’ low-energy thresholds and energy154

resolution. We highlight such correlations both on155

the time scale of the outbreak of Mediterranean156

storms (≃1-2 weeks) and over years, thus assessing157

seasonal patterns.158

Fig. 2(b) shows the comparison between the159

time profile of the summed sea wave amplitude160

(VHM0) in the Adriatic and Tyrrhenian Seas161

and the time profile of the seismic activity at162

the LNGS underground facility, both measured163

during a storm outbreak (see picture from Coper-164

nicus in Fig. 2(a)). The high correlation between165

them highlights that the (micro)seismic activity166

at LNGS increases during the outbreak of storms167

in the Mediterranean region. The characteristic168

sub-Hz frequencies of microseismic vibrations fall169

within the signal band of the CUORE detec-170

tors, therefore contributing to their noise [20].171

Fig. 2(c) shows the linear correlation between the 172

Mediterranean sea activity IS and the baseline res- 173

olution FWHMbaseline of CUORE detectors. We 174

define the sea activity as the time integral of 175

the summed sea wave amplitude in the Adriatic 176

and Tyrrhenian Seas, while the baseline resolu- 177

tion of a low-temperature calorimeter is defined 178

as the energy resolution at zero released energy. 179

Since it quantifies the contribution to the total 180

energy resolution due solely to noise fluctuations, 181

the baseline resolution is a measure of the overall 182

noise level of the system. 183

The correlation chain between marine, seis- 184

mic, and calorimetric data implies that the excess 185

of microseismic activity during storm outbreaks, 186

with typical durations of ≃1-2 weeks, can induce 187

a sizable worsening in the energy resolution of 188

detectors operating at the mK-scale (up to ≃40% 189

during the storms reported in Fig. 2). We highlight 190

the role of seismic data acquired underground at 191

LNGS as the bridge allowing us to directly corre- 192

late marine data from CMEMS and calorimetric 193

data from CUORE, as shown in Fig. 2. 194

2.2 Seasonal modulation of the 195

CUORE performance 196

The stable data-taking of CUORE since 2019 197

offers the unique opportunity to unveil the inter- 198

play between low-temperature calorimeters and 199

environmental phenomena over many years. It is 200
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Fig. 2:Correlations between marine, seismic, and calorimetric data. a) Picture of a storm engulf-
ing Western Europe on 2nd November 2023 (courtesy of Copernicus Earth observation space program
[19]). b) Time evolutions of the summed sea wave amplitude (VHM0) in the Adriatic and Tyrrhenian
Seas, and of the seismic activity at LNGS, during the storm outbreak. The Pearson correlation coefficient
between the two time profiles is reported in the legend. c) Linear correlation between the Mediterranean
sea activity IS (Eq. 3) and the average CUORE baseline resolution FWHMbaseline during the storm out-
break. Each data point accounts for ≃12 h of Copernicus and CUORE data. The systematic uncertainty
on IS is estimated as the sea activity during the first and last hour of each ≃12 h long time period,
accounting for the time mismatch between the beginning/end of each set of Copernicus data, available
with a time resolution of 1 h, and of CUORE data. The average baseline resolution is evaluated on detec-
tors hosted in the upper five floors of CUORE towers, as representative of the most sensitive detectors
to variations in microseismic noise. The corresponding uncertainty is estimated as the mean value uncer-
tainty. The solid line represents the linear fit to the data, while the best-fit parameters are reported in
the legend.

well assessed that the Mediterranean Sea activ-201

ity modulates seasonally due to more frequent202

and intense storms occurring during winter com-203

pared to summer [21]. Consequently, the intensity204

of the induced microseismic noise is also season-205

dependent. By extending our investigation over206

many years, we assess a seasonal modulation of207

the detectors’ low-energy threshold and energy208

resolution at the 2615 keV 208Tl γ-ray peak, 209

being crucial parameters defining, respectively, 210

the experimental sensitivity to rare events with 211

low-energy experimental signatures and to 0νββ 212

decay. 213

The baseline resolution of a low-temperature 214

calorimeter directly determines its low-energy 215

threshold, namely the minimum energy deposition 216
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which can be discriminated from noise fluctuations217

of the baseline. After evaluating the threshold218

of each CUORE low-temperature calorimeter, we219

define the low-energy mass exposure as the total220

active mass of detectors achieving a threshold221

lower than 10 keV. Such a threshold is a base222

requirement to search for rare events with exper-223

imental signatures in the low-energy part of the224

spectrum [22, 23]. Fig. 3 shows the comparison225

between the Mediterranean Sea wave amplitude226

and the low-energy mass exposure over four years,227

from January 2019 to April 2023. The sea wave228

amplitude is averaged over every 2 months; this229

time resolution allows us to scan the seasonal vari-230

ations of the Mediterranean Sea while washing231

out transient storms, so that average seasonal pat-232

terns can emerge. The low-energy mass exposure233

of the entire CUORE detector array is evaluated234

over similar periods after applying the analysis235

procedure described in reference [24].236

CUORE’s low-energy mass exposure shows an237

annual modulation with a phase opposite to that238

of the Mediterranean Sea wave amplitude vari-239

ations (see Table 1). The higher Mediterranean240

Sea activity in the winter months worsens the241

CUORE detectors’ thresholds, resulting in a lower242

mass exposure below 10 keV. The number of243

detectors achieving a threshold lower than 10 keV244

drops from ≃76% of the total during the summer245

minimum microseismic activity to ≃48% dur-246

ing the winter maximum activity. We estimate247
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Fig. 3: Modulation of CUORE low-energy
exposure driven by the Mediterranean Sea
activity. Seasonal modulations of the Mediter-
ranean Sea wave amplitude (VHM0) and of the
mass exposure below 10 keV (M10 keV) of the
entire CUORE detector array. The time axis starts
on January 1st 2019. The error bars along the
time axis represent the time intervals over which
VHM0 and the CUORE exposure are evaluated.
Continuous lines represent the outcome of a simul-
taneous fit procedure. Vertical dashed lines refer
to summer (orange) and winter (purple) solstices.
In July 2021 (30th month), the base temperature
of CUORE was changed from 11.8 mK to 15.0 mK.

a maximum summer-to-winter variation in the 248

low-energy mass exposure of ≃165 kg when the 249

CUORE detectors are operated at 11.8 mK, and 250

of ≃110 kg when they are operated at 15.0 mK, 251

corresponding to a 40.0% and 27.2% variation in 252

the average mass exposure. 253

Fig. 4 shows the comparison between the 254

Mediterranean Sea wave amplitude and the energy 255

resolution at the 2615 keV 208Tl γ-ray peak 256

from January 2019 to April 2023. The 208Tl 257

FWHM energy resolution of the entire CUORE 258

detector array is evaluated after applying the 259

analysis procedure described in reference [25]. 260
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CUORE’s 208Tl energy resolution exhibits a sea-261

sonal modulation characterized by an in-phase262

yearly periodicity consistent with the variations263

of the Mediterranean Sea wave amplitude, with264

minima observed in summer and maxima in win-265

ter. Indeed, the higher activity of the Mediter-266

ranean Sea in winter compared to summer wors-267

ens the detector’s energy resolution. Near the268

region of interest for 0νββ decay searches in 130Te269

(Qββ=2527.5 keV), the variation in CUORE’s270

energy resolution over the seasons exceeds 1 keV.271

Finally, the average energy resolution aligns with272

the value extrapolated from the CUORE cumula-273

tive time-integrated analysis [9].274

The worsening of CUORE’s energy resolu-275

tion due to microseismic activity translates into276

a reduction of its sensitivity to 0νββ decay for a277

given experimental exposure. In order to estimate278

the loss in 0νββ decay sensitivity due to micro-279

seismic noise, we compare the actual CUORE280

sensitivity S0ν , accounting for a seasonally mod-281

ulated energy resolution, with the sensitivity S0ν
S282

that would be achieved if CUORE’s energy resolu-283

tion were constant and equal to the one measured284

at the summer minimum sea activity (see Fig. 5).285

The latter case is the closest data-driven approxi-286

mation of the ideal scenario of CUORE being fully287

decoupled from microseismic vibrations.288
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Fig. 4: Modulation of CUORE energy res-
olution driven by the Mediterranean Sea
activity. Seasonal modulations of the Mediter-
ranean Sea wave amplitude (VHM0) and of the
energy resolution of the entire CUORE detector
array at 208Tl γ-ray peak. The time axis starts on
January 1st 2019. The error bars along the time
axis represent the time intervals over which VHM0
and the CUORE energy resolution are averaged.
Continuous lines represent the outcome of a simul-
taneous fit procedure. Vertical dashed lines refer
to summer (orange) and winter (purple) solstices.
In July 2021 (30th month), the base temperature
of CUORE was changed from 11.8 mK to 15.0 mK.
The fit procedure does not differentiate between
the energy resolutions measured before and after
the temperature change, given that the energy res-
olution of CUORE is not dominated by thermal
effects.

The estimated sensitivity loss between these

two scenarios is:

S0ν
S − S0ν

S0ν
≳ 4.3% (1)

This result underscores the critical importance 289

of mitigating microseismic effects to unlock 290

CUORE’s full potential for year-round sensitivity 291

to 0νββ decay and potential other rare events. 292
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2.3 Denoising technique in CUORE293

CUORE is equipped with various auxiliary devices294

(seismometers, accelerometers, and microphones)295

positioned at several external points of the cryo-296

genic and mechanical suspension infrastructure.297

These devices enable monitoring of the response298

of the experimental infrastructure to vibrations.299

The role of seismometers is crucial thanks to their300

sensitivity to vibrations in the sub-Hz domain,301

including marine microseismic vibrations, which302

lie within the CUORE signal band.303

Leveraging the correlation between the noise304

measured by the auxiliary instruments and the305

response of the low-temperature calorimeters, we306

recently developed a denoising algorithm that can307

be implemented during post-processing of the data308

[26]. The denoising procedure enhances the noise309

stability over time by constructing the denoising310

correlation function on a daily basis, and lowers 311

the trigger thresholds for enhanced sensitivity to 312

experimental signatures in the low-energy portion 313

of the energy spectrum [9]. This approach has been 314

previously tested on ≃24 h of data from a sin- 315

gle persistently noisy CUORE calorimeter, and it 316

proved effective in significantly reducing the vibra- 317

tional noise [26]. However, its efficacy had yet to 318

be demonstrated on the entire CUORE detector 319

array and over longer time scales. 320

Here we show the effect of the denoising algo- 321

rithm on the full CUORE detector array over 322

a reference two-month period, during which the 323

vibrational noise in the immediate surroundings 324

of the experimental infrastructure was measured 325

by one seismometer, two accelerometers, and two 326

microphones. We selected this period because the 327

seismometer was installed at a later time with 328

respect to the other auxiliary devices. The seis- 329

mometer has the highest sensitivity to the sub-Hz 330

vibrational noise correlated with the sea activity, 331

given its sensitivity band (∼0.1-50 Hz) and sen- 332

sitivity (≃400 V/(m/s)). The accelerometers are 333

characterized by the same frequency band (∼0.1- 334

50 Hz), but a lower sensitivity (≃1 V/(m/s2)), 335

while the microphones feature a sensitivity band 336

roughly equivalent to the range of human hearing 337

(∼20 Hz–20 kHz). 338

We perform two parallel analyses to evaluate 339

the performance of the denoising technique. In the 340

first analysis, the data are processed directly in 341
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Fig. 6: Impact of the denoising algorithm on the whole CUORE detector. Average noise
power spectrum (ANPS) averaged over all CUORE detectors before (blue) and after (orange) applying
the denoising algorithm. The denoising reduces the total noise power, primarily mitigating harmonics of
1.4 Hz associated with PT noise and sub-Hz peaks correlated with sea wave activity.

their raw form, without implementing the denois-342

ing algorithm. In the second analysis, the denois-343

ing algorithm is applied as the initial step in the344

data processing pipeline.345

Fig. 6 shows the average noise power spec-346

trum (ANPS) averaged over all detectors before347

and after the denoising is applied. The algorithm348

reduces the total noise power by 74%, with the349

vast majority of the reduction occurring at har-350

monics of 1.4 Hz, where the PT noise dominates.351

For instance, the 1.4 Hz noise peak is reduced by352

more than 12 decibels. The noise power in the353

frequency interval [0.1, 1] Hz is reduced by 56%.354

The highest relative noise reduction in this region355

occurs at the 0.6 Hz and 0.9 Hz peaks, which are356

correlated with the sea wave activity [20].357

CUORE applies an optimum filter (OF) tech-

nique [10, 25] to reconstruct the amplitude of the

thermal signals; this approach is effective in filter-

ing away time-independent noise components. In

contrast, the denoising algorithm suppresses both

time-independent and transient noise by predict-

ing the detector response to mechanical vibrations

using the auxiliary device signals. We quantify the

impact of the denoising technique on the detec-

tor resolution by evaluating the expected baseline

amplitude resolution after applying the OF:

σA =

[
T

n−1∑
i=1

|s[fi]|2

N [fi]

]−1/2

(2)

where σA is the expected amplitude resolution 358

(std. dev.) of the detector after applying the OF, 359

s[f ] is the average pulse (i.e., the signal template) 360

with amplitude 1, N [f ] is the ANPS, and T is 361

the duration of the average pulse and the noise 362
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window. The sum is performed over all n fre-363

quency bins except the DC component. Note that364

the amplitude resolution is proportional to the365

baseline energy resolution of the given detector,366

but the constant of proportionality is detector-367

dependent.368
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Fig. 7: Amplitude resolutions before and
after denoising. Distribution of amplitude reso-
lutions σA for CUORE detectors before denoising
(blue) and after denoising (orange). The average
amplitude resolution improves by 11.9%, and the
median resolution improves by 11.8%.

Fig. 7 shows the distribution of expected369

amplitude resolutions for each detector in CUORE370

before and after applying the denoising. The371

denoising technique improves the baseline reso-372

lution in 94% of the analyzed detectors for a373

mean improvement of 11.9%, respectively. Since374

the baseline resolution is directly proportional375

to the detector’s energy threshold, the denoising376

technique lowers the threshold of 94% of channels377

as well. The benefits of such improvements include378

the possibility of reducing the background at379

Qββ , thanks to the improvement in tagging time- 380

coincident events, and of increasing the sensitivity 381

to physics processes with low-energy signatures. 382

3 Discussion 383

We have demonstrated that the CUORE exper- 384

iment is sensitive to the sub-Hz microseismic 385

vibrations induced by the everlasting activity of 386

the Mediterranean Sea. We assess and quantify the 387

impact of microseismic noise on crucial parame- 388

ters for low-temperature calorimeters operated at 389

the mK scale, namely their energy resolutions and 390

thresholds. The seasonal variation of the Mediter- 391

ranean Sea activity reflects into a seasonal mod- 392

ulation of the CUORE energy resolution, which 393

affects the experimental sensitivity to 0νββ decay. 394

Such a correlation between subtle environmental 395

phenomena and CUORE performance represents 396

proof of the cutting-edge performance achievable 397

with low-temperature calorimeters. 398

The assessment of the interplay between 399

microseismic phenomena and low-temperature 400

calorimeters highlights the need for improvements 401

in noise reduction algorithms. In this regard, we 402

demonstrated the benefits of a denoising algo- 403

rithm that mitigates the residual vibrational noise 404

affecting the CUORE detectors, improving the 405

baseline stability and resolution, thereby enhanc- 406

ing the sensitivity to rare processes with experi- 407

mental signatures in the low-energy range of the 408
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spectrum. Moreover, this denoising technique can409

potentially be implemented in any experiment410

that requires the mitigation of vibrational noise.411

The identification of previously unresolved412

sources of noise, the improvement of noise413

reduction algorithms, and further developments414

in vibration suppression systems could guide415

the design of next-generation experiments with416

enhanced sensitivity to rare events, including417

CUPID, a next-generation tonne-scale experiment418

for 0νββ decay searches with mK-calorimeters419

[27].420

4 Methods421

4.1 Copernicus Marine Environment422

Monitoring Service423

CMEMS data are based on satellites and in-424

situ data and on numerical models [28, 29] of425

the marine and atmospheric environments. The426

spectral significant wave height (VHM0) is the427

average of the highest one-third of wave heights,428

historically defined to correspond to the intuitive429

visual measure of the wave height by seafarers.430

CMEMS data are available with a time resolu-431

tion of 1 h and a spatial resolution of ≃4.6 km. In432

this work we focus on two domains in the Adriatic433

([41.5, 46.0]◦N × [12.6, 19.6]◦E) and Tyrrhenian434

([38.0, 42.5]◦N × [9.7, 14.2]◦E) Seas, over which435

we evaluate the hourly average VHM0 value. The436

definition of different sea domains does not affect 437

the estimation of the average VHM0 [20]. 438

In this analysis, we define the sea activity IS

as:

IS =

∫ tf

ti

[VHM0A(t) + VHM0T (t)] dt (3)

where the labels A and T refer respectively to the 439

Adriatic and Tyrrhenian Seas, and [ti, tf ] are time 440

periods of ≃12 h. 441

4.2 Interpolation procedure for 442

seasonal modulations 443

The solid lines in Figs. 3 and 4 represent the

outcome of a combined fit procedure of CMEMS

and CUORE data. The fit procedure is performed

through the BAT (Bayesian Analysis Toolkit)

software [30]. We define a Gaussian likelihood,

which approximates the statistics of the two vari-

ables, whose mean value µ(t) is defined by a

sinusoidal function, describing their seasonal vari-

ations over time:

µ(t) = A sin

(
2π

T
t+ ϕ

)
+ C (4)

The oscillation period T is defined as a com- 444

mon fit parameter for both CMEMS and CUORE 445

data, while the oscillation amplitude A and the 446

average value C are independent degrees of free- 447

dom. The phase ϕ is also defined as a common fit 448
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parameter between CMEMS and CUORE data.449

Consequently, we introduced a fixed phase shift450

of π to the modulation of the low-energy mass451

exposure, in order to account for its counter-phase452

pattern with respect to the modulation of the sea453

wave amplitude (Fig. 3). The outcomes of the454

maximum-likelihood fit procedures are reported455

in Tab. 1, where the uncertainties on fit parame-456

ters are defined as the 1σ confidence level of the457

marginalized posteriors.458

The energy resolution of CUORE at Qββ is

estimated using a scaling function describing the

detector resolution over the whole energy range of

CUORE, spanning from keV to MeV scale [9, 25].

By scaling the energy resolution at 208Tl peak

during the different seasons, the corresponding

resolutions at Qββ can be evaluated. The relative

seasonal variation of the energy resolution at Qββ

is found to be:

FWHMW (Qββ)− FWHMS(Qββ)

FWHMS(Qββ)
≃ 20% (5)

where W and S index winter and summer, respec-459

tively.460

The energy resolution is a crucial parame-

ter defining the experimental sensitivity to 0νββ

decay, whose signature is a mono-energetic peak in

the summed energy spectrum of the two emitted

electrons at the decay Q-value (Qββ). The sensi-

tivity S0ν of a background-limited experiment is

described by the figure of merit [31]:

S0ν ∝

√
M · T

⟨FWHM(T)⟩ ·B
(6)

where M is the active mass of the 0νββ candidate

isotope, T is the measurement time, ⟨FWHM(T)⟩

is the time-averaged energy resolution at Qββ and

B is the background index around it. The time-

averaged energy resolution is defined as:

⟨FWHM(T)⟩ = 1

T

∫ T

0

FWHM(t)dt (7)

where FWHM(t) is the seasonally-modulated 461

energy resolution in Fig. 4. 462

4.3 The denoising technique 463

We apply the denoising algorithm indepen- 464

dently on each CUORE detector, exploiting differ- 465

ent auxiliary devices as inputs. In particular, for 466

the analysis reported in this paper, we employed 467

a triaxially mounted set of three accelerometers, 468

one seismometer, and two microphones. The fre- 469

quency range of the seismometer spans from < 0.1 470

Hz to ∼100 Hz, that of the accelerometers spans 471

from 0.1 Hz to 200 Hz, and that of the micro- 472

phones spans from 20 Hz to 20 kHz. Therefore, 473

the array of auxiliary devices covers the entire fre- 474

quency range of physics signals in the CUORE 475

calorimeters. In addition to the auxiliary device 476
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VHM0 M10 keV @ 11.8 mK M10 keV @ 15.0 mK FWHM(208Tl)

A (0.63 ± 0.05) m (82.2 ± 10.6) kg (54.8 ± 9.6) kg (0.61 ± 0.09) keV

T (11.8 ± 0.2) months

ϕ 1.2 ± 0.2 (1.2 + π) ± 0.2 1.2 ± 0.2

C (1.65 ± 0.04) m (411.3 ± 6.8) kg (402.5 ± 6.8) kg (7.34 ± 0.10) keV

χ2
red 1.39

Table 1: Seasonal modulation parameters for: Mediterranean Sea wave amplitude (VHM0); CUORE
mass exposure below 10 keV (M10 keV); CUORE FWHM energy resolution at 208Tl(2615 keV) γ peak.The
reduced χ2 is also reported as a metric of the goodness of fit.

Fig. 8: A schematic of the denoising algorithm. a) The transfer functions from input devices to
a CUORE calorimeter are constructed from many noise events by means of Eqs. 8 through 11. b) Once
the transfer functions are constructed, they are convolved with the input device signals. The results are
summed to produce a predicted calorimeter noise waveform, which is then subtracted from the original
waveform. The difference is the denoised waveform.

signals, we also consider their squares to account477

for non-linear effects expected in the noise.478

During physics runs, the trigger rate is suf-479

ficiently low to identify multiple 50-second time480

windows during which no pulses are present (noise481

events), utilized for building the denoising trans-482

fer function. The transfer functions are built in the483

frequency domain using the following expressions:484

Gyy[f ] =
2

T
⟨Y ∗[f ]Y [f ]⟩ (8)

Gxiy[f ] =
2

T
⟨X∗

i [f ]Y [f ]⟩ (9)

Gxixj
[f ] =

2

T
⟨X∗

i [f ]Xj [f ]⟩ (10)

Here T is the 50-second window length, Xi

is the Fourier transform of the i-th input signal,
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and Y is the Fourier transform of the detector.

The expectation values are taken over the sets of

noise events. At each frequency, Gyy is the value

of the ANPS of the detector signal, Gxiy is a vec-

tor of cross-spectral densities of the output with

each input, and Gxixj
is a matrix of the cross-

spectral densities of the inputs. The on-diagonal

terms Gxixi
comprise the ANPS of the input sig-

nals. After averaging over all noise events, the

transfer functions from the inputs to the detector

are given by [26]:

Hxiy = G−1
xixj

Gxjy (11)

These transfer functions are then applied to485

the input devices to produce the predicted detec-486

tor noise Yp. Subtracting Yp from Y gives the487

denoised detector signal. A schematic of the algo-488

rithm is shown in Fig. 8.489

The data acquired during calibration periods490

exhibit an event rate 10 times higher than that of491

the physics runs, resulting in an insufficient num-492

ber of noise events to construct reliable transfer493

functions. These data are denoised by averaging494

the transfer functions from multiple temporally495

proximate physics runs.496

The denoising technique reduces the total

noise power in 99.8% of the detectors. The aver-

age relative noise power across all detectors after

denoising is evaluated as:

1

Ndet

Ndet∑
i=1

∑
f N

′
i [f ]∆f∑

f Ni[f ]∆f
= 0.262 (12)

where Ndet is the number of detectors for which an 497

ANPS can be constructed, N ′
i [f ] is the denoised 498

ANPS of the i-th detector, Ni[f ] is the original 499

ANPS of the i-th detector, and ∆f = 0.1 Hz is the 500

frequency resolution of the ANPS. We thus find 501

that the average noise power across all detectors 502

is reduced by 74%. This algorithm also helps to 503

mitigate the effects of the sea waves by removing 504

roughly half of the noise power at sub-Hz fre- 505

quencies. Consistently denoising the CUORE data 506

using a combination of seismometers, accelerom- 507

eters, and microphones could therefore help to 508

offset the seasonally varying effect of the sea waves 509

on the sensitivity to (0νββ) decay. 510

Finally, it is important to highlight that 511

denoising has the greatest impact on the low- 512

energy region of the spectrum. As in many other 513

experiments, CUORE models the energy resolu- 514

tion of each detector as: 515

σ(E) =
√

σ2(0) + f(E) (13)

where f(E) is a monotonically increasing function 516

of energy with f(0) = 0 [25]. The specific form of 517

f can vary between experiments and even between 518

analyses. The denoising algorithm improves only 519

the baseline resolution, σ(0), so its effect is most 520
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significant at low energies, where f(E) contributes521

the least. As a result, denoising is expected to522

provide the most benefit for low-energy analy-523

ses in CUORE, such as searches for dark matter524

interactions and other rare processes [32]. How-525

ever, even in high-energy searches such as those526

for 0νββ decay, denoising provides an advantage527

by enabling lower energy thresholds, which in turn528

improves the ability to reject events in coinci-529

dence with low-energy signals, resulting in lower530

backgrounds.531
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Low-temperature calorimeters used in rare-event searches are often limited in 1 
sensitivity by noise, especially at low energies. Here, the authors show that CUORE 2 
can detect microseismic vibrations from the Mediterranean Sea and that a denoising 3 
algorithm reduces this noise, improving detector resolution and rare-event sensitivity. 4 


