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Array of 988 TeO2 crystals 
 19 towers suspended in a cylindrical structure (988 crystals)
 5x5x5 cm3 (750g each); 130Te: 34.1% natural isotope abundance

 Pulse tube refrigerator and cryostat: coldest m3 in the Universe ! [arXiv:1410.1560]
 Radio-purity techniques and high resolution: low backgrounds
 Joint venture between Italy (INFN) and US (DOE, NSF) at LNGS in Italy
 Data taking since 2017, now >3 ton-years of TeO2 exposure collected

CUORE
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750 kg TeO2  =>  206 kg 130Te

CUORE

May 31st, 2022 - Neutrino 2022 - I.Nutini (Milano Bicocca) 5

Low temperature and low vibrations  
TeO2 detectors to be operated as calorimeters at 
temperature ~10 mK 

• Multistage cryogen-free cryostat : Nested vessels at 
decreasing temperature 

5 Pulse Tube Cryocoolers 40W @ 40K, 1.2W @ 4K 
Custom 3He/4He DU 2mW @ 100mK, 4μW @ 10mK 

• Mechanical vibration isolation: Reduce energy 
dissipation by vibrations

Dell'Oro S. et al., Cryogenics 102, 9, (2019)
https://doi.org/10.1016/j.cryogenics.2019.06.011 

CUORE

LNGS
Low background  
• Deep underground location  
• Strict radio-purity controls 

on materials and assembly  
• Passive shields from 

external and cryostat 
radioactivity 

• Detector: high granularity 
and self-shielding

The CUORE challenge

Adams D. et al. (CUORE collaboration), Prog.Part.Nucl.Phys. 122 (2022) 103902, 
https://doi.org/10.1016/j.ppnp.2021.103902
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Exposure accumulation
CUORE goal: 3 ton・yr
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Next-generation bolometric ton-scale experiment at LNGS
Mission: Discover 0𝜈𝛽𝛽 if m𝛽𝛽 > 10 meV  (half-life in 100Mo > 1027 years)

• Baseline: 1500 enriched Li2MoO4 crystals (~240 kg of 100Mo)
• Demonstrated radio-purity, active background rejection
• Energy resolution ~5 keV
• Total background of <0.1 counts/(ton*kev*year)
• Phased deployment options up to 1 ton of 100Mo (CUPID-1T)

Based on CUORE cryogenic technologies and Scintillating Bolometer R&D by 
Lucifer/CUPID-0, LUMINEU, CUPID-Mo Thermal 
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Figure 1: (Left) Graphical schematic of a proposed CUPID crystal: as well as providing a bolometric
signal, light detectors would read out either scintillation or Cherenkov light in order to distinguish
the ↵ background from the �� signal. (Right) The observed spectrum in CUORE (black) and the
projected impact of removing the ↵ background (red). FIXME Can we overlay your ROI on this
figure?? Also, need better quality figs please.
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Figure 2: (Left) Projected contribution of different background event types to the ROI in the SNO+
liquid scintillator detector in the first year of data taking. Background is dominated by the directional
8B solar neutrinos, thus a directional detector such as THEIA can expect to reduce this background
dramatically and, thus, improve signal sensitivity. (Right) Projected sensitivity for CUPID and THEIA
experiments.
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Demonstrated 5 keV energy resolution 

•  < 5 keV resolution routinely achieved in our R&D runs.  

•  Obvious temperature dependence.  

•  CUORE’s new cryostat 
–  10 mK base temperature ! higher signal 

–  Independent suspension of the detector array from the 
dilution unit. ! smaller noise 
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R&D Runs: CCVR CUORE baseline 

TAUP Asilomar, Sept 11 2013 4 Ke Han (Berkeley Lab) for CUORE 

R. Artusa et al., Eur.Phys.J. C74, 3096 (2014)
pre-CDR: arXiv:1907.09376



CUPID Demonstrators and Prototypes
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Benjamin Schmidt for the CUPID-Mo Collaboration

TAUP 2019, Toyama - 9/11/2019

First data from the CUPID-Mo neutrinoless
double beta decay experiment

Benjamin Schmidt for the CUPID-Mo Collaboration

TAUP 2019, Toyama - 9/11/2019

First data from the CUPID-Mo neutrinoless
double beta decay experiment
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Fig. 8 Photograph of the CROSS detector array (left) together with top and bottom view showing respectively the upper part of wiring (right top)
and a Cu ring for confinement of the towers (right bottom).

Fig. 9 Drawing of a vacuum-tight container with a supporting structure
to suspend the CROSS array.

of the cryostat. Finally, an anti-radon box is installed around397

the lead shield and is continuously flushed with deradonized398

air (→ 1 mBq/m3 of Rn).399

A muon veto system surrounds the shielding. It is con-400

structed from 174 individual plastic scintillator modules, di-401

vided in 4 lateral sectors (112 modules), 4 bottom sectors (60402

modules) and a single top sector (2 modules). Given the rel-403

atively high muon flux in Hall B of LSC (→20 𝐿/m2/h) [55],404

it becomes essential to apply a strong muon rejection: any405

event in coincidence between an LD and any of the veto406

modules within a time window of 2 ms is excluded from407

the analysis. This allows us to reject →80% of muon-related408

events in the region of interest (ROI) with a →18% dead time409

[37].410

The data acquisition system of the CROSS facility is411

based on room-temperature low-noise voltage-sensitive DC412

electronics implemented with 24-bit ADC on 12-channel413

cards [56, 57]. The output voltage of the thermistors is ac-414

quired as a continuous data stream with a defined sampling415

frequency and stored on a hard disk. Data processing is done416

o!ine using Gatti-Manfredi optimum filtering [58]. A re-417

movable 232Th 𝑀 source, which can be inserted inside the418

Pb shield, is used to calibrate thermal detectors in the C2U419

setup.420

CUPID-Mo: 4 kg of enriched 
Li2MoO4 crystals
Operated 2019-2020 at LSM
1.48 kg×yr of 100Mo exposure

CROSS: 9 kg of enriched Li2MoO4 
crystals (5 kg of 100Mo) + 3.3 kg of 
enriched TeO2 (2.4 kg of 100Te). Open 
structure. Currently operating at LSC 

Benjamin Schmidt for the CUPID-Mo Collaboration

TAUP 2019, Toyama - 9/11/2019

First data from the CUPID-Mo neutrinoless
double beta decay experimentCROSS: experiment & data analysis 

CUPID Collaboration meeting, LNGS (Italy), 04/05/2026 

Denys Poda (IJCLab, CNRS/IN2P3, Université Paris-Saclay) 
 

on behalf of the CROSS Collaboration 



Measurements Relevant to 0𝜈𝛽𝛽 NMEs
• Closed-packed bolometric detectors: high statistics, low energy 

thresholds, high efficiency, some spatial segmentation 
• Measurements (possibly) relevant for NME calculations:
 Precision measurements of 2𝜈𝛽𝛽 half-life and spectral shape
 2𝜈𝛽𝛽 decays to excited states of the daughter nuclei
 Possibly 2𝜈𝛽𝛽 in multi-site events, sensitive to the energy distribution of 

individual electrons

5
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Measurement of 2𝜈𝛽𝛽 half-life in 100Mo in CUPID-Mo
• Precision measurement of half-

life and spectral shape
• High statistics, low background 
• Detailed background model fit 

with 41 sources at various 
locations in the detector
 238U, 232Th chains, 40K, 90Sr,  cosmogenic 

and neutron-induced backgrounds
 Constrain backgrounds by simultaneous 

fit to single- and multi-site, 𝛽/𝛾 and 𝛼 
spectra

 Signal efficiency constrained by the 
measured activity of a 56Co calibration 
source

6
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FIG. 1. Fit of the M1,ω/ε spectrum showing the main contri-
butions to the model and the residuals. The model describes
well the experimental data and the spectrum above → 500
keV is dominated by 2ωεε events.

TABLE I. Systematic uncertainties in the determination of
the 2ωεε decay rate and ϑ3,1. All uncertainties are assigned
either a Gaussian or asymmetric-Gaussian (for asymmetric
uncertainties) posterior distribution with the exception of the
90Sr+90Y where we assign a uniform distribution.

Systematic test Uncert. T1/2[%] Uncert. ϑ3,1 [%]

Source location 0.83 0.9
90Sr+90Y +1.0a ↑4.9a

Minimal model 0.24 7.7
Binning 0.37 1.4

Energy bias +0.11
→0.16

+3.5
→3.7

Bremsstrahlung +0.13
→0.22

+6.0
→6.8

MC statistics 0.11 1.4
E!ciency 1.2 -

Isotopic abundance 0.2 -
a Uniform distribution.

a p-value, or the probability of observing equal or larger
fluctuations of 0.54.

From the background model fit we extract the 2ωεε
decay rate. We consider systematic uncertainties related
to the number of reconstructed events and the e!ciency
and isotopic abundance conversion factors. We have per-
formed a series of tests varying the assumptions of our
background model to assess the dependence of T1/2 on
these choices. For each test a posterior distribution is as-
sumed for the systematic uncertainty based on the change
in the best fit value with respect to our reference fit. We
then compute a convolution of these distributions and
the posterior distribution from the fit to obtain the pos-
terior distribution considering all systematic uncertain-
ties. This can be considered a generalization of adding
in quadrature to non-Gaussian uncertainties.

First we perform tests to check the dependence of our
results on the ϑ radioactivity source location. We remove
far sources of Th/U radioactivity leading to a slightly
lower 2ωεε rate (→0.83%) and then close (10 mK) sources

of Th/U radioactivity leading to a higher rate (+0.22%).
In principle, this uncertainty is already marginalized over
in our analysis. However, our fit favours far sources of
radioactivity, possibly due to some other e”ects such as
pure ε decays, so we take a conservative approach consid-
ering an uncertainty of ±0.83% from the first test. This
is assigned a Gaussian posterior to account for the possi-
bility of even further sources than those included in our
model.
In our background model we include a source of

90Sr+90Y, consisting of two pure ε→ decays with Q-
values 546, 2276 keV and around 60 hrs delay. In partic-
ular, the 90Y anti-correlates to the 2ωεε, in our model
the activity is constrained as 179+36

→32 µBq/kg. Again this
uncertainty is in principle marginalized over already in
our analysis. However, since the convergence of this pa-
rameter is driven by events at low energy we repeat the
fit without the 90Sr+90Y contribution. We obtain a half-
life value +1.0% higher than the reference and we assign
a uniform posterior between the reference and this fit.
We next repeat the fit removing any contributions

where the smallest 68% interval contains zero activity,
which we call the minimal model. In our analysis, all
the contributions are assigned non-negative uniform pri-
ors therefore a large number of parameters could bias
the fit leading to a smaller 2ωεε rate. We find a small
shift of +0.24% in the 2ωεε decay rate for this fit. We
assign a Gaussian posterior distribution with 0.24% un-
certainty for this systematic. We also check that our fit
is not biased using our set of pseudo-experiments. The
distribution of obtained T1/2 is consistent with the fit to
data.
Next we perform fits varying the energy scale by ↑1

keV resulting in a 2ωεε decay rate shifted by +0.11
→0.16%

which we assign an asymetric-Gaussian posterior.
Our reference fit uses a variable binning described in

[36]. We repeat the fit using fixed binning of 1, 2, 10,
20 and 30 keV. The largest e”ect is for a binning of 2
keV where the rate is reduced by →0.37%. We take a
conservative approach considering a Gaussian posterior
with ±0.37% standard deviation.

To assess the dependence on the accuracy of the MC
simulations we generate simulations of 2ωεε decay where
we vary the Bremsstrahlung cross section by ±10%.
These lead to +0.13

→0.22% change in the 2ωεε rate, which
we assign an asymmetric-Gaussian posterior.

To account for the statistical uncertainty in the MC
simulations we perform a fit adding nuisance parameters
to the model as is done in [20]. This leads to a →0.11%
smaller 2ωεε rate, which we consider a systematic with
a Gaussian posterior.

The final systematic uncertainties are on selection ef-
ficiency and 100Mo abundance which are 1.2% and 0.2%
respectively and are assigned Gaussian posteriors. These
systematic uncertainties are summarized in Tab. I.

Computing the convolution of all systematic uncertain-
ties in Tab. I and converting to the decay rate we com-
pute the posterior distributions shown in Fig. 3 for both
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the statistical only uncertainty and the combined uncer-
tainty. From the central 68% credible interval we extract
a measurement of:

T 2ω
1/2 = (7.07 ± 0.02 (stat.) ± 0.11 (syst.)) → 1018 yr. (5)

With a relative uncertainty of ±1.6% this is one the most
precise determinations of a 2ωεε decay half-life. The
half-life is in agreement with our previous result obtained
with a much smaller exposure [22] and compatible with
one obtained using the SSD 2ωεε spectral shape model.

Next, we extract the values of the shape factors from
the fit. We find that the parameters ϑ3,1 and ϑ5,1 are
strongly anti-correlated (ϖ = ↑0.92 - see more details in
supplementary material). ϑ5,1/ϑ3,1 is poorly constrained
by our data with a best fit value of 1.6 and a 90% c.i. limit
of < 40. Within nuclear structure calculations the value
of ϑ5,1/ϑ3,1 can be calculated reliably since MGT→3 and
MGT→5 depend on contribution from low lying states.
The value of ϑ5,1/ϑ3,1 within pn-QRPA is 0.364 ↑ 0.368
depending on gA,e! and the nuclear potential. Within
the SSD hypothesis the value is 0.367 [16] and within the
ISM it is 0.349 [43, 44]. To reduce the degeneracy in our
model we perform a fit with a Gaussian prior on ϑ5,1/ϑ3,1
with a mean of the SSD prediction and a conservative
5% uncertainty.

From this fit we extract the value of ϑ3,1 to compare to
theoretical predictions. We consider the same systematic
uncertainties as for the half-life (also shown in Tab. I).
The largest e!ects are found to be from the MC Brem-
stralhlung cross section and the choice of parameters of
the model. The posterior distribution of this observable
both before and after convolution with the systematics
is shown in Fig. 2. From this posterior distribution we
extract a measurement:

ϑ3,1 = 0.45 ± 0.03 (stat.) ± 0.05 (syst.). (6)

We compare our measurement of ϑ3,1 to pn-QRPA theo-
retical predictions in the lower panel of Fig. 2. Within
pn-QRPA the gpp parameter (the strength of the particle-
particle interaction) is tuned using our measurement of
the half-life. Since the calculated values of ϑ3,1 depend on
gA,e!, our measurement of ϑ3,1 provides complimentary
information on gA,e!. We find the experimental value is
incompatible (↓ 8ϱ) with the prediction of the HSD hy-
pothesis of ϑ3,1 = 0, somewhat incompatible with that
from the ISM (↓ 2.1ϱ) but mostly compatible with that
from the SSD hypothesis (↓ 1.4ϱ) and the pn-QRPA
predictions if the value of gA,e! is moderately quenched
(> 0.8) or unquenched. We encourage computation of
ϑ3,1 and ϑ5,1 in additional theoretical frameworks such as
the interacting Boson model [45]. To extract a value for
gA,e! within the pn-QRPA framework, we sample from
the distribution of ϑ3,1 from our fit and for each sample we
extract the corresponding gA,e! values. Assigning equal
weights to the CD-Bonn and Argonne V-18 nuclear po-
tientals we extract a posterior distribution on gA,e! and
thus we extract a value:

gA,e!(pn-QRPA) = 1.0± 0.1 (stat.)± 0.2(syst). (7)

As mentioned previously an analysis of ϑ3,1 and the half-
life can be used to extract a measurement of gA,e! if
MGT→3 is known (see Eq. 4). Using the value of MGT→3

from the ISM [43, 44] and our fit we reconstruct:

gA,e!(ISM) = 1.11 ± 0.03 (stat.) ± 0.05 (syst.). (8)

The statistical uncertainty is obtained by sampling from
the Markov chain, therefore combining the uncertainties
on T1/2 and ϑ3,1, the systematic uncertainty is obtained
from the same tests as previously considered. This is the
first measurement of gA,e! from a spectral shape study
of 2ωεε decay.
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FIG. 2. Posterior distribution of ω3,1 both with and without
convolution with the systematic uncertainties (upper figure).
In the lower panel we compare to the pn-QRPA, ISM and
SSD theoretical values as a function of gA,e! for two potentials
(CD-Bonn and Argonne V18 - see supplementary material for
details).

In this letter we have reported a measurement of the
2ωεε decay half-life of 100Mo. Utilizing excellent back-
ground rejection an almost background free spectrum is
obtained which allows to obtain the most precise ever
measurement of a 2ωεε decay rate in this isotope. Spe-
cial attention was paid to the systematic uncertainties
a!ecting the result, particularly to the source location,
model choices and MC accuracy.
In addition, we obtained a first of its kind measure-

ment of a novel nuclear structure observable ϑ3,1 based
on an improved description of the 2ωεε decay process.
The value of this observable is found to be incompatible
with an HSD prediction, mildly incompatible with pre-
dictions from the ISM, but compatible with pn-QRPA

One of the most precise measurements of T1/2 in any isotope

CUPID-Mo, PRL 131, 162501 (2023)



CUPID-Mo Background Model
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Fig. 12 Background sources reconstructing the experimental M1,𝐿/𝑀 spectrum, grouped by source location. In blue, 2𝐿𝑀𝑀 is the dominant
contribution in [350–3000] keV. The most important contribution from the materials, below 3 MeV, are the cryostat and shields, shown in magenta.

Chain. We then use the distribution of 𝐿𝑁 for the full Markov
Chain to estimate the marginalised posterior distribution of
the background index. We perform this calculation for our
maximal model with all parameters, we therefore naturally
marginalise over all possible combinations of activities (for
example surface or bulk radio-purity) consistent with our
experimental data accounting for the systematic uncertainty
due to source localisation.

From this calculation we extract the marginalised poste-
rior of the background index shown in Fig. 13. This results
in a measurement (mode ± smallest 68% interval) of:

𝐿 = 2.7+0.7
−0.6 × 10−3counts/keV/kg/yr. (12)

or, in terms of the number of moles of isotope, moliso, and
energy resolution, ω𝑀FWHM:

B = 3.7+0.9
−0.8 × 10−3counts/ω𝑀FWHM/moliso/yr (13)

This is the lowest background index achieved in a bolometric
0𝑁𝑂𝑂 decay experiment.

Next we reconstruct the contributions to the experimental
background. We divide sources into five categories:

– Crystals U/Th;
– Pile-up;
– Reflectors;
– 10 mK sources;
– Cryostat and shields.

We emphasise that only the first three sources are relevant to
CUPID. In the CUPID baseline the reflective foil is removed
to improve background rejection. However, as it was noted
before Reflectors include all the elements directly facing the
crystals, PTFE, bonding wires, heaters. These elements will

remain in CUPID. The final two are caused by materials in the
EDELWEISS cryostat which is optimised for a dark matter
rather than 0𝑁𝑂𝑂 decay search. The posterior distributions of
background index from each source are shown in Fig. 14. We
derive the background index for each of the sources in the
same way as for the full posterior. We find that the crystals
give the smallest contribution, with a background index:

8.1+3.5
−2.5 × 10−5counts/keV/kg/yr. (14)

As shown in Fig. 14, the posterior probability for pile-up
allows us to set an upper limit for its background index,
< 1.4× 10−3 counts/keV/kg/yr (90% c.i.). This is potentially
the main background contribution, in particular due to the
low CUPID-Mo sampling frequency (500 Hz) and lack of
optimised cuts to remove pile-up. In CUPID, heat and light
signals will be exploited together with optimised algorithms
to remove pile-up events (see for example [63]). Figure 15
gives the background index extracted from Fig. 14 for each of
the grouped components. They are obtained from the mode
and the smallest 68.3% interval. For the pile-up the smallest
68.3% interval is compatible with zero, thus an upper limit
is presented.

7.4 Systematics

To check the stability of the model and the systematic un-
certainties, we perform a series of different fits. To take into
account the systematic uncertainty due to MC statistics, we

CUPID-Mo, EPJC 83, 675 (2023)



Measurement of the 2𝜈𝛽𝛽 Spectrum in 100Mo
• High statistics and low backgrounds allow constraints on the 

spectral shape of the 2𝜈𝛽𝛽 spectrum
 Sensitivity to the interplay between low- and high-energy excitations in the 2𝜈𝛽𝛽 

transitions 
 Taylor expansion of the energy spectrum in terms of spectral functions G(E) and “shape 

parameters”  sensitive to NME ratiosξ
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The phase- space factors are defined as

G2⌫
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m11
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⇥
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The products of nuclear matrix elements are given by
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By introducing two ratios of nuclear matrix elements,
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is expressed with single NME (M2⌫
GT�1) and two ratios

of nuclear matrix elements (⇠2⌫31 and ⇠2⌫51 ), which have to
be calculated by means of the nuclear structure theory,
four phase-space factors (G2⌫

0 , G2⌫
2 , G2⌫

22 and G2⌫
4 ), which

can be computed with a good accuracy, and the unknown
parameter ge↵A .

B. 0⌫��-decay rate

The inverse lifetime of the 0⌫�� decay is commonly
presented as a product of the total lepton number violat-
ing Majorana neutrino mass m�� , the phase-space factor

G0⌫ , nuclear matrix element M 00⌫(ge↵A ) and unquenched
axial-vector coupling constant gA (gA = 1.269) in fourth
power as follows [3]:

⇣
T 0⌫
1/2

⌘�1
=

����
m��

me

����
2

g4A

���M 00⌫(ge↵A )
���
2
G0⌫ , (20)

where

G0⌫ =
G4

�m
7
e

32⇡5R2 ln (2)

1

m5
e

⇥ (21)

Z Ei�Ef�me

me

F0(Zf , Ee1)pe1Ee1F0(Zf , Ee2)pe2Ee2dEe1

with Ee2 = Ei � Ef � Ee1 , pei =
p

E2
ei �m2

e (i=1,2).
The NME takes the form

M 00⌫(ge↵A ) =
R

2⇡2g2A
⇥

X

n

Z
eip·(x�y)

h0+f |J
µ†
L (x)|nihn|J†

Lµ(y)|0
+
i i

p(p+ En � Ei�Ef

2 )
d3p d3x d3y.

(22)

We note that the axial-vector ge↵A (p2) and induced pseu-
doscalar ge↵P (p2) form factors of nuclear hadron currents
Jµ† are “renormalized in nuclear medium”. The mag-
nitude and origin of this renormalization is the subject
of the analysis of many works, since it tends to increase
the 0⌫��-decay half-life in comparison with the case in
which this e↵ect is absent [22, 23].
In derivation of the 0⌫��-decay rate in Eq. (20) the

standard approximations were adopted: i) a factoriza-
tion of phase-space factor and nuclear matrix element
was achieved by approximation, in which electron wave
functions were replaced by their values at the nuclear ra-
dius R. ii) the dependence on lepton energies in energy
denominators of the 0⌫��-decay NME was neglected.
Here, we go beyond the approximation ii). The 0⌫��

nuclear matrix element contains a sum of two energy de-
nominators:

1

p0 + En � Ei + Ee1

+
1

p0 + En � Ei + Ee2

, (23)

where p = (p0, p) is the four-momentum transferred by
the Majorana neutrino (common for all neutrino mass
eigenstates, since the neutrino masses mi can be safely
neglected in p0 =

p
~p2 +m2

i ⇡ |~p| ⇠ 100MeV). By
taking advantage of the energy conservation Ei = Ef +
Ee1 +Ee2 (the e↵ect of nuclear recoil is disregarded) the
approximation was adopted as follows:
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with " = (Ee1�Ee2)/2. More accurate expression for the
0⌫��-decay half-life is achieved by taking into account
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functions were replaced by their values at the nuclear ra-
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for di!erent nuclear models. We also extract the first value for the e!ective axial vector coupling
constant obtained from a spectral shape study of 2ωεε decay.

For more than 20 years it has been known that
neutrinos have mass via measurements of neutrino
oscillations[1, 2]. This raises the question of the nature
of this mass. If the neutrino is its own antiparticle, a Ma-
jorana particle, then a decay mode of some nuclei would
become possible, neutrinoless double beta decay (0ωεε)
(see reviews [3–5]). This decay could be observed in nu-
clei for which single beta decay is energetically disallowed
(or disfavored by angular momentum). Two neutrons
would be transformed into two protons, with the emis-
sion of only two electrons. The observation of this decay
would have profound consequences for particle physics by
showing that the Lepton Number is not a fundamental
symmetry of nature and providing clear evidence of be-
yond Standard Model physics.

The measurement of the decay rate could also provide a
method to measure the e!ective neutrino mass [6]. Under
the light Majorana neutrino exchange mechanism the de-
cay rate would be related to the e!ective Majorana mass
→mωω↑ by:

1/T 0ε
1/2 = G0ε · g4A · |M0ε |2 · →mωω↑2/m2

e, (1)

where G0ε is the phase space factor, M0ε the nuclear
matrix element (NME), gA the e!ective axial-vector cou-
pling constant and me the electron mass. While G0ε can
be calculated almost exactly [7], the NME is the result
of complex many-body nuclear physics calculations (see
the review [8]) and is only known to a factor of a few.
To interpret the results of next-generation experiments
these calculations must be improved. In addition, it has
been observed that nuclear models often over-predict the
decay rate of ε→ and 2ωεε. To account for this gA can be
replaced with an e!ective value gA,e! [9–11]. Therefore
there is still a possibility the 0ωεε decay rate could be
much lower than expected for an unrenormalized value
of gA (1.27). This would have significant impact on
the discovery probability of next generation experiments
[12, 13]. To constrain this possibility new measurements
are needed.

Two neutrino double beta decay (2ωεε) conserves Lep-
ton Number and is allowed within the Standard Model.
It has been observed in a number of nuclei [14]. The
decay rate of 2ωεε decay can be described to a good
approximation as:

1/T 2ε
1/2 = G2ε · g4A · |M2ε |2, (2)

where G2ε is the phase space factor, M2ε is the NME.
Since 0ωεε and 2ωεε share the same initial and final
nuclear states, an accurate prediction of T 2ε

1/2 and there-
fore an accurate description of the nuclear structure, is a
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necessary condition to obtain reliable estimates of M0ε .
These measurements are often used to tune the parame-
ters of the nuclear models. However, they cannot alone
answer questions about the value of gA,e! since only the
product M2ε · g2A,e! is measured.
The 2ωεε decay spectrum is typically described using

two approximations, the single and higher state dom-
inance hypotheses (SSD/HSD) [15]. In these approxi-
mations, the decay is supposed to proceed via a single
intermediate 1+ state. For the HSD model this state is
an average higher energy state from the region of the
Gamow-Teller resonance, while for SSD it is the lowest
energy 1+ state.
The description of the 2ωεε decay spectrum was im-

proved in [16, 17]. In this approach, a Taylor expansion is
performed in terms of the Lepton energies. The di!eren-
tial decay rate relates to phase space factors and NMEs
as:

d”

dE
= g4A,e!|MGT→1|2

(dG0

dE
+ ϑ3,1

dG2

dE
(3)

+
1

3
ϑ23,1

dG22

dE
+
(1
3
ϑ23,1 + ϑ5,1

)dG4

dE

)
.

Here G0, G2, G22, G4 are the phase space factors for
di!erent terms in the Taylor expansion. ϑ3,1 =
MGT→3/MGT→1 and ϑ5,1 = MGT→5/MGT→1 are ratios of
NMEs. By fitting the energy distribution of electrons to
this model, constraints on ϑ3,1, ϑ5,1 can be obtained which
can be compared to theoretical predictions. MGT→3 and
MGT→5 are expected to be dominated by contributions
from lower-lying states due to the higher power of the
energy denominators so measurement of ϑ3,1,ϑ5,1 provide
complementary nuclear structure information to the half-
life. Within this model the HSD spectrum can be recov-
ered by fixing ϑ3,1, ϑ5,1 to zero, and the SSD approxima-
tion can be used to predict non-zero ϑ3,1, ϑ5,1 as in [16]. ϑ
values larger than the SSD values would indicate mutual
cancellation between lower and higher lying states.
As described in [16], a measurement of ϑ3,1 and the

half-life can be used to extract a value for gA,e! of:

g4A,e! =
T→1
1/2 ↓ ϑ23,1

M2
GT→3G

, (4)

where G = G0 + ϑ3,1G2 + ϑ23,1G22/3 + (ϑ23,1/3 + ϑ5,1)G4.
MGT→3 can be computed reliably within the *interacting
shell model (ISM) which describes accurately low lying
states of nuclei.
So far the analysis to extract the ϑ factors has only

been performed by the KamLAND-Zen experiment [18]
which established an upper bound on ϑ3,1 in 136Xe
decays, which is still compatible with both the ISM and
pn-QRPA calculations.
We compute 2ωεε NMEs MGT→1, MGT→3, and
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for di!erent nuclear models. We also extract the first value for the e!ective axial vector coupling
constant obtained from a spectral shape study of 2ωεε decay.
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neutrinos have mass via measurements of neutrino
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where G0ε is the phase space factor, M0ε the nuclear
matrix element (NME), gA the e!ective axial-vector cou-
pling constant and me the electron mass. While G0ε can
be calculated almost exactly [7], the NME is the result
of complex many-body nuclear physics calculations (see
the review [8]) and is only known to a factor of a few.
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been observed that nuclear models often over-predict the
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These measurements are often used to tune the parame-
ters of the nuclear models. However, they cannot alone
answer questions about the value of gA,e! since only the
product M2ε · g2A,e! is measured.
The 2ωεε decay spectrum is typically described using

two approximations, the single and higher state dom-
inance hypotheses (SSD/HSD) [15]. In these approxi-
mations, the decay is supposed to proceed via a single
intermediate 1+ state. For the HSD model this state is
an average higher energy state from the region of the
Gamow-Teller resonance, while for SSD it is the lowest
energy 1+ state.
The description of the 2ωεε decay spectrum was im-
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MGT→5 are expected to be dominated by contributions
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energy denominators so measurement of ϑ3,1,ϑ5,1 provide
complementary nuclear structure information to the half-
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ered by fixing ϑ3,1, ϑ5,1 to zero, and the SSD approxima-
tion can be used to predict non-zero ϑ3,1, ϑ5,1 as in [16]. ϑ
values larger than the SSD values would indicate mutual
cancellation between lower and higher lying states.
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where G = G0 + ϑ3,1G2 + ϑ23,1G22/3 + (ϑ23,1/3 + ϑ5,1)G4.
MGT→3 can be computed reliably within the *interacting
shell model (ISM) which describes accurately low lying
states of nuclei.
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been performed by the KamLAND-Zen experiment [18]
which established an upper bound on ϑ3,1 in 136Xe
decays, which is still compatible with both the ISM and
pn-QRPA calculations.
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FIG. 3. Posterior distribution on the inverse half-life (T1/2)
→1

for 2ωεε decay of 100Mo both for the statistical only uncer-
tainty and including all systematics.
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FIG. 4. Two-dimensional posterior distribution of ϑ3,1 vs ϑ5,1.
We observe a clear contribution from higher order terms and
a strong but nonlinear correlation between ϑ3,1 and ϑ5,1.

Appendix A: Supplementary material

1. QRPA theoretical predictions

Our pn-QRPA predictions were obtained considering
the same large model space (21 subshells of N = 05 os-
cillator shells) and mean fields as in [19]. The pairing
and residual interactions are derived from the same mod-
ern realistic nucleon-nucleon potentials, namely, from the
charge-dependent Bonn potential (CD-Bonn) and the
Argonne V18 potential. When solving the BCS pair-
ing equations the strength of pairing interactions are

slightly renormalized so that experimental pairing gaps
are correctly reproduced. The pn-QRPA equations con-
tain three renormalization adjustable parameters: gph
for the particle-hole interaction, gT=1

pp and gT=0
pp for the

isovector and isoscalar parts of the particle-particle in-
teraction. While gph = 1.0 is typically used [19], gT=1

pp is
fixed by the requirement that the 2ωεε Fermi matrix el-
ement vanishes, as it should. It was found gT=1

pp = 1.008
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FIG. 5. Posterior distribution on gA,e! base on the analysis
within the pn-QRPA and the ISM frameworks. For the pn-
QRPA analysis, the posterior features a sharp peak around
gA,e! → 0.55 due to the non linear relationship between gA,e!

and ϑ3,1.

(0.9330) for Argonne (CD-Bonn) potential. gT=0
pp is ad-

justed so that the half-life of the 2ωεε decay of 100Mo is
correctly reproduced to the value previously measured for
each considered value of ge!A . Unlike earlier QRPA cal-
culations of 2ωεε NMEs the Bardeen-Cooper-Schrie!er
(BCS) overlap of the initial and final vacua is taken into
account leading to a reduction by factor 0.87 [46]. ge!A =
0.8, 1.00 and 1.27 was reproduced with gT=0

pp = 0.817
(0.746), 0.837 (0.767) and 0.846 (0.776) for Argonne (CD-
Bonn) potential, respectively.

2. Posterior distributions

We provide for reference the posterior distribution on
the inverse half-life of 2ωεε (in Fig. 3), a two dimensional
posterior distributions showing the correlation between
the various observables of the spectral shape ϑ3,1 against
ϑ5,1 (in Fig. 4) and posterior distributions on gA,e! for
the analysis within the ISM and pn-QRPA (Fig. 5).
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the statistical only uncertainty and the combined uncer-
tainty. From the central 68% credible interval we extract
a measurement of:

T 2ω
1/2 = (7.07 ± 0.02 (stat.) ± 0.11 (syst.)) → 1018 yr. (5)

With a relative uncertainty of ±1.6% this is one the most
precise determinations of a 2ωεε decay half-life. The
half-life is in agreement with our previous result obtained
with a much smaller exposure [22] and compatible with
one obtained using the SSD 2ωεε spectral shape model.

Next, we extract the values of the shape factors from
the fit. We find that the parameters ϑ3,1 and ϑ5,1 are
strongly anti-correlated (ϖ = ↑0.92 - see more details in
supplementary material). ϑ5,1/ϑ3,1 is poorly constrained
by our data with a best fit value of 1.6 and a 90% c.i. limit
of < 40. Within nuclear structure calculations the value
of ϑ5,1/ϑ3,1 can be calculated reliably since MGT→3 and
MGT→5 depend on contribution from low lying states.
The value of ϑ5,1/ϑ3,1 within pn-QRPA is 0.364 ↑ 0.368
depending on gA,e! and the nuclear potential. Within
the SSD hypothesis the value is 0.367 [16] and within the
ISM it is 0.349 [43, 44]. To reduce the degeneracy in our
model we perform a fit with a Gaussian prior on ϑ5,1/ϑ3,1
with a mean of the SSD prediction and a conservative
5% uncertainty.

From this fit we extract the value of ϑ3,1 to compare to
theoretical predictions. We consider the same systematic
uncertainties as for the half-life (also shown in Tab. I).
The largest e!ects are found to be from the MC Brem-
stralhlung cross section and the choice of parameters of
the model. The posterior distribution of this observable
both before and after convolution with the systematics
is shown in Fig. 2. From this posterior distribution we
extract a measurement:

ϑ3,1 = 0.45 ± 0.03 (stat.) ± 0.05 (syst.). (6)

We compare our measurement of ϑ3,1 to pn-QRPA theo-
retical predictions in the lower panel of Fig. 2. Within
pn-QRPA the gpp parameter (the strength of the particle-
particle interaction) is tuned using our measurement of
the half-life. Since the calculated values of ϑ3,1 depend on
gA,e!, our measurement of ϑ3,1 provides complimentary
information on gA,e!. We find the experimental value is
incompatible (↓ 8ϱ) with the prediction of the HSD hy-
pothesis of ϑ3,1 = 0, somewhat incompatible with that
from the ISM (↓ 2.1ϱ) but mostly compatible with that
from the SSD hypothesis (↓ 1.4ϱ) and the pn-QRPA
predictions if the value of gA,e! is moderately quenched
(> 0.8) or unquenched. We encourage computation of
ϑ3,1 and ϑ5,1 in additional theoretical frameworks such as
the interacting Boson model [45]. To extract a value for
gA,e! within the pn-QRPA framework, we sample from
the distribution of ϑ3,1 from our fit and for each sample we
extract the corresponding gA,e! values. Assigning equal
weights to the CD-Bonn and Argonne V-18 nuclear po-
tientals we extract a posterior distribution on gA,e! and
thus we extract a value:

gA,e!(pn-QRPA) = 1.0± 0.1 (stat.)± 0.2(syst). (7)

As mentioned previously an analysis of ϑ3,1 and the half-
life can be used to extract a measurement of gA,e! if
MGT→3 is known (see Eq. 4). Using the value of MGT→3

from the ISM [43, 44] and our fit we reconstruct:

gA,e!(ISM) = 1.11 ± 0.03 (stat.) ± 0.05 (syst.). (8)

The statistical uncertainty is obtained by sampling from
the Markov chain, therefore combining the uncertainties
on T1/2 and ϑ3,1, the systematic uncertainty is obtained
from the same tests as previously considered. This is the
first measurement of gA,e! from a spectral shape study
of 2ωεε decay.
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FIG. 2. Posterior distribution of ω3,1 both with and without
convolution with the systematic uncertainties (upper figure).
In the lower panel we compare to the pn-QRPA, ISM and
SSD theoretical values as a function of gA,e! for two potentials
(CD-Bonn and Argonne V18 - see supplementary material for
details).

In this letter we have reported a measurement of the
2ωεε decay half-life of 100Mo. Utilizing excellent back-
ground rejection an almost background free spectrum is
obtained which allows to obtain the most precise ever
measurement of a 2ωεε decay rate in this isotope. Spe-
cial attention was paid to the systematic uncertainties
a!ecting the result, particularly to the source location,
model choices and MC accuracy.
In addition, we obtained a first of its kind measure-

ment of a novel nuclear structure observable ϑ3,1 based
on an improved description of the 2ωεε decay process.
The value of this observable is found to be incompatible
with an HSD prediction, mildly incompatible with pre-
dictions from the ISM, but compatible with pn-QRPA
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FIG. 3. Posterior distribution on the inverse half-life (T1/2)
→1

for 2ωεε decay of 100Mo both for the statistical only uncer-
tainty and including all systematics.
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FIG. 4. Two-dimensional posterior distribution of ϑ3,1 vs ϑ5,1.
We observe a clear contribution from higher order terms and
a strong but nonlinear correlation between ϑ3,1 and ϑ5,1.

Appendix A: Supplementary material

1. QRPA theoretical predictions

Our pn-QRPA predictions were obtained considering
the same large model space (21 subshells of N = 05 os-
cillator shells) and mean fields as in [19]. The pairing
and residual interactions are derived from the same mod-
ern realistic nucleon-nucleon potentials, namely, from the
charge-dependent Bonn potential (CD-Bonn) and the
Argonne V18 potential. When solving the BCS pair-
ing equations the strength of pairing interactions are

slightly renormalized so that experimental pairing gaps
are correctly reproduced. The pn-QRPA equations con-
tain three renormalization adjustable parameters: gph
for the particle-hole interaction, gT=1

pp and gT=0
pp for the

isovector and isoscalar parts of the particle-particle in-
teraction. While gph = 1.0 is typically used [19], gT=1

pp is
fixed by the requirement that the 2ωεε Fermi matrix el-
ement vanishes, as it should. It was found gT=1

pp = 1.008
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FIG. 5. Posterior distribution on gA,e! base on the analysis
within the pn-QRPA and the ISM frameworks. For the pn-
QRPA analysis, the posterior features a sharp peak around
gA,e! → 0.55 due to the non linear relationship between gA,e!

and ϑ3,1.

(0.9330) for Argonne (CD-Bonn) potential. gT=0
pp is ad-

justed so that the half-life of the 2ωεε decay of 100Mo is
correctly reproduced to the value previously measured for
each considered value of ge!A . Unlike earlier QRPA cal-
culations of 2ωεε NMEs the Bardeen-Cooper-Schrie!er
(BCS) overlap of the initial and final vacua is taken into
account leading to a reduction by factor 0.87 [46]. ge!A =
0.8, 1.00 and 1.27 was reproduced with gT=0

pp = 0.817
(0.746), 0.837 (0.767) and 0.846 (0.776) for Argonne (CD-
Bonn) potential, respectively.

2. Posterior distributions

We provide for reference the posterior distribution on
the inverse half-life of 2ωεε (in Fig. 3), a two dimensional
posterior distributions showing the correlation between
the various observables of the spectral shape ϑ3,1 against
ϑ5,1 (in Fig. 4) and posterior distributions on gA,e! for
the analysis within the ISM and pn-QRPA (Fig. 5).
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the statistical only uncertainty and the combined uncer-
tainty. From the central 68% credible interval we extract
a measurement of:

T 2ω
1/2 = (7.07 ± 0.02 (stat.) ± 0.11 (syst.)) → 1018 yr. (5)

With a relative uncertainty of ±1.6% this is one the most
precise determinations of a 2ωεε decay half-life. The
half-life is in agreement with our previous result obtained
with a much smaller exposure [22] and compatible with
one obtained using the SSD 2ωεε spectral shape model.

Next, we extract the values of the shape factors from
the fit. We find that the parameters ϑ3,1 and ϑ5,1 are
strongly anti-correlated (ϖ = ↑0.92 - see more details in
supplementary material). ϑ5,1/ϑ3,1 is poorly constrained
by our data with a best fit value of 1.6 and a 90% c.i. limit
of < 40. Within nuclear structure calculations the value
of ϑ5,1/ϑ3,1 can be calculated reliably since MGT→3 and
MGT→5 depend on contribution from low lying states.
The value of ϑ5,1/ϑ3,1 within pn-QRPA is 0.364 ↑ 0.368
depending on gA,e! and the nuclear potential. Within
the SSD hypothesis the value is 0.367 [16] and within the
ISM it is 0.349 [43, 44]. To reduce the degeneracy in our
model we perform a fit with a Gaussian prior on ϑ5,1/ϑ3,1
with a mean of the SSD prediction and a conservative
5% uncertainty.

From this fit we extract the value of ϑ3,1 to compare to
theoretical predictions. We consider the same systematic
uncertainties as for the half-life (also shown in Tab. I).
The largest e!ects are found to be from the MC Brem-
stralhlung cross section and the choice of parameters of
the model. The posterior distribution of this observable
both before and after convolution with the systematics
is shown in Fig. 2. From this posterior distribution we
extract a measurement:

ϑ3,1 = 0.45 ± 0.03 (stat.) ± 0.05 (syst.). (6)

We compare our measurement of ϑ3,1 to pn-QRPA theo-
retical predictions in the lower panel of Fig. 2. Within
pn-QRPA the gpp parameter (the strength of the particle-
particle interaction) is tuned using our measurement of
the half-life. Since the calculated values of ϑ3,1 depend on
gA,e!, our measurement of ϑ3,1 provides complimentary
information on gA,e!. We find the experimental value is
incompatible (↓ 8ϱ) with the prediction of the HSD hy-
pothesis of ϑ3,1 = 0, somewhat incompatible with that
from the ISM (↓ 2.1ϱ) but mostly compatible with that
from the SSD hypothesis (↓ 1.4ϱ) and the pn-QRPA
predictions if the value of gA,e! is moderately quenched
(> 0.8) or unquenched. We encourage computation of
ϑ3,1 and ϑ5,1 in additional theoretical frameworks such as
the interacting Boson model [45]. To extract a value for
gA,e! within the pn-QRPA framework, we sample from
the distribution of ϑ3,1 from our fit and for each sample we
extract the corresponding gA,e! values. Assigning equal
weights to the CD-Bonn and Argonne V-18 nuclear po-
tientals we extract a posterior distribution on gA,e! and
thus we extract a value:

gA,e!(pn-QRPA) = 1.0± 0.1 (stat.)± 0.2(syst). (7)

As mentioned previously an analysis of ϑ3,1 and the half-
life can be used to extract a measurement of gA,e! if
MGT→3 is known (see Eq. 4). Using the value of MGT→3

from the ISM [43, 44] and our fit we reconstruct:

gA,e!(ISM) = 1.11 ± 0.03 (stat.) ± 0.05 (syst.). (8)

The statistical uncertainty is obtained by sampling from
the Markov chain, therefore combining the uncertainties
on T1/2 and ϑ3,1, the systematic uncertainty is obtained
from the same tests as previously considered. This is the
first measurement of gA,e! from a spectral shape study
of 2ωεε decay.
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FIG. 2. Posterior distribution of ω3,1 both with and without
convolution with the systematic uncertainties (upper figure).
In the lower panel we compare to the pn-QRPA, ISM and
SSD theoretical values as a function of gA,e! for two potentials
(CD-Bonn and Argonne V18 - see supplementary material for
details).

In this letter we have reported a measurement of the
2ωεε decay half-life of 100Mo. Utilizing excellent back-
ground rejection an almost background free spectrum is
obtained which allows to obtain the most precise ever
measurement of a 2ωεε decay rate in this isotope. Spe-
cial attention was paid to the systematic uncertainties
a!ecting the result, particularly to the source location,
model choices and MC accuracy.
In addition, we obtained a first of its kind measure-

ment of a novel nuclear structure observable ϑ3,1 based
on an improved description of the 2ωεε decay process.
The value of this observable is found to be incompatible
with an HSD prediction, mildly incompatible with pre-
dictions from the ISM, but compatible with pn-QRPA

Inconsistent with HSD model, consistent with SSD (1.4𝜎), ISM [L. Coraggio et al., Phys. Rev. C 105, 034312
(2022)] prediction disfavored at 2.1𝜎 

3,1 and 5,1 highly correlated: fix the 
ratio to the prediction of each model

gA,eff constraint from the combination 
of half-life and 3,1 

ξ ξ

ξ
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for di!erent nuclear models. We also extract the first value for the e!ective axial vector coupling
constant obtained from a spectral shape study of 2ωεε decay.

For more than 20 years it has been known that
neutrinos have mass via measurements of neutrino
oscillations[1, 2]. This raises the question of the nature
of this mass. If the neutrino is its own antiparticle, a Ma-
jorana particle, then a decay mode of some nuclei would
become possible, neutrinoless double beta decay (0ωεε)
(see reviews [3–5]). This decay could be observed in nu-
clei for which single beta decay is energetically disallowed
(or disfavored by angular momentum). Two neutrons
would be transformed into two protons, with the emis-
sion of only two electrons. The observation of this decay
would have profound consequences for particle physics by
showing that the Lepton Number is not a fundamental
symmetry of nature and providing clear evidence of be-
yond Standard Model physics.

The measurement of the decay rate could also provide a
method to measure the e!ective neutrino mass [6]. Under
the light Majorana neutrino exchange mechanism the de-
cay rate would be related to the e!ective Majorana mass
→mωω↑ by:

1/T 0ε
1/2 = G0ε · g4A · |M0ε |2 · →mωω↑2/m2

e, (1)

where G0ε is the phase space factor, M0ε the nuclear
matrix element (NME), gA the e!ective axial-vector cou-
pling constant and me the electron mass. While G0ε can
be calculated almost exactly [7], the NME is the result
of complex many-body nuclear physics calculations (see
the review [8]) and is only known to a factor of a few.
To interpret the results of next-generation experiments
these calculations must be improved. In addition, it has
been observed that nuclear models often over-predict the
decay rate of ε→ and 2ωεε. To account for this gA can be
replaced with an e!ective value gA,e! [9–11]. Therefore
there is still a possibility the 0ωεε decay rate could be
much lower than expected for an unrenormalized value
of gA (1.27). This would have significant impact on
the discovery probability of next generation experiments
[12, 13]. To constrain this possibility new measurements
are needed.

Two neutrino double beta decay (2ωεε) conserves Lep-
ton Number and is allowed within the Standard Model.
It has been observed in a number of nuclei [14]. The
decay rate of 2ωεε decay can be described to a good
approximation as:

1/T 2ε
1/2 = G2ε · g4A · |M2ε |2, (2)

where G2ε is the phase space factor, M2ε is the NME.
Since 0ωεε and 2ωεε share the same initial and final
nuclear states, an accurate prediction of T 2ε

1/2 and there-
fore an accurate description of the nuclear structure, is a

→ toby.dixon@ijclab.in2p3.fr

necessary condition to obtain reliable estimates of M0ε .
These measurements are often used to tune the parame-
ters of the nuclear models. However, they cannot alone
answer questions about the value of gA,e! since only the
product M2ε · g2A,e! is measured.
The 2ωεε decay spectrum is typically described using

two approximations, the single and higher state dom-
inance hypotheses (SSD/HSD) [15]. In these approxi-
mations, the decay is supposed to proceed via a single
intermediate 1+ state. For the HSD model this state is
an average higher energy state from the region of the
Gamow-Teller resonance, while for SSD it is the lowest
energy 1+ state.
The description of the 2ωεε decay spectrum was im-

proved in [16, 17]. In this approach, a Taylor expansion is
performed in terms of the Lepton energies. The di!eren-
tial decay rate relates to phase space factors and NMEs
as:

d”

dE
= g4A,e!|MGT→1|2

(dG0

dE
+ ϑ3,1

dG2

dE
(3)

+
1

3
ϑ23,1

dG22

dE
+
(1
3
ϑ23,1 + ϑ5,1

)dG4

dE

)
.

Here G0, G2, G22, G4 are the phase space factors for
di!erent terms in the Taylor expansion. ϑ3,1 =
MGT→3/MGT→1 and ϑ5,1 = MGT→5/MGT→1 are ratios of
NMEs. By fitting the energy distribution of electrons to
this model, constraints on ϑ3,1, ϑ5,1 can be obtained which
can be compared to theoretical predictions. MGT→3 and
MGT→5 are expected to be dominated by contributions
from lower-lying states due to the higher power of the
energy denominators so measurement of ϑ3,1,ϑ5,1 provide
complementary nuclear structure information to the half-
life. Within this model the HSD spectrum can be recov-
ered by fixing ϑ3,1, ϑ5,1 to zero, and the SSD approxima-
tion can be used to predict non-zero ϑ3,1, ϑ5,1 as in [16]. ϑ
values larger than the SSD values would indicate mutual
cancellation between lower and higher lying states.
As described in [16], a measurement of ϑ3,1 and the

half-life can be used to extract a value for gA,e! of:

g4A,e! =
T→1
1/2 ↓ ϑ23,1

M2
GT→3G

, (4)

where G = G0 + ϑ3,1G2 + ϑ23,1G22/3 + (ϑ23,1/3 + ϑ5,1)G4.
MGT→3 can be computed reliably within the *interacting
shell model (ISM) which describes accurately low lying
states of nuclei.
So far the analysis to extract the ϑ factors has only

been performed by the KamLAND-Zen experiment [18]
which established an upper bound on ϑ3,1 in 136Xe
decays, which is still compatible with both the ISM and
pn-QRPA calculations.
We compute 2ωεε NMEs MGT→1, MGT→3, and
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FIG. 1. Best fit to the single-crystal-event energy spectrum
obtained by CUORE after 1038.4 kg yr of accumulated expo-
sure. The reconstructed histogram (orange) is overlayed to
the experimental data (blue). The individual 2ωεε contribu-
tion within the SSD model is represented by the green area,
while the overall background is shown in red. The lower panel
shows the di!erence between the data and the best-fit model
normalized to the statistical uncertainty overlaid to the 1ϑ,
2ϑ and 3ϑ bands.

tervals, etc.) and the analysis (energy thresholds, data
quality cuts, etc.), each dataset undergoes the complete
data-processing chain [13], and we compute the e!cien-
cies for each channel-dataset pair. At the same time,
individual channel-dataset pairs are excluded when it is
not possible for them to go through the whole analysis
chain, due to e. g. low-quality calibration or insu!cient
statistics to determine the peak lineshape. In order to
simulate a realistic CUORE-like set of data, 2ωεε and
background events are generated across all the channels
and datasets, and all the data-taking and analysis e!-
ciencies are included within the Monte Carlo (MC) pro-
cessing.

We selected the Single State Dominance (SSD, [14])
as the reference model for the 2ωεε decay. The SSD
model assumes that the lowest 1+ state of the interme-
diate nucleus provides the leading contribution to both
spectral shape and decay half-life. As an alternative,
we also examined the Higher State Dominance (HSD),
which instead predicts a significant contribution to the
intermediate nucleus from states higher than the lowest
1+. We obtain a reduced chi-square ϑ

2

red
= 1.47 (1339

d. o. f.) with the former model, while the latter yields
a ϑ

2

red
= 1.51. Figure 1 shows the optimized fit within

the SSD model to the CUORE single-crystal-event en-
ergy spectrum zoomed-in over the region 250–2700 keV,
thus highlighting the contribution from the 2ωεε decay.

We determine T
2ω
1/2 from the expression:

T
2ω
1/2 = ln 2

NA ϖTeO2 IA130Te

mTeO2

ϱ

N2ω
obs

, (1)

where NA is the Avogadro number, ϖTeO2 is the collected
TeO

2
exposure (1038.4 kg yr), IA130Te is the isotopic

abundance of 130Te (0.34167±0.00002, [15]), mTeO2 is the
molar mass of TeO

2
(159.6 gmol→1), ϱ is the probability

to observe a 2ωεε event in the analysis range and N
2ω
obs

is the number of observed 2ωεε decays as determined by
the fit. Since we adopted a Bayesian approach, the statis-
tical uncertainty associated with the measurement is en-
tirely estimated from the narrowest 68% interval around
the mode of the 2ωεε normalization posterior, and it is
O(0.5%). The contributions from IA130Te, mTeO2 , ϖTeO2 ,
and ϱ are negligible. Of these, ϱ is the dominant one at
O(0.01%).
We consider multiple sources of systematic uncertain-

ties that could impact the determination of T 2ω
1/2. First,

we benchmarked our model against the variation of the
energy range used for the fit. In particular, the low-
energy region of the spectrum is populated by multi-
ple featureless background components, making the re-
construction challenging and susceptible to biases due
to unidentified or mismodeled background sources. To
quantify the impact of this, we repeated the fit by vary-
ing the low-energy threshold within 200–300 keV in steps
of 25 keV.
We also tried di”erent sizes for the binning to assess

whether a specific choice could either reveal or hide signif-
icant spectral features. We included all the possible com-
binations of bin widths in [3, 5, 7] keV and [5, 10, 20] keV
for single-crystal and multi-crystal events, respectively.

In the background model, we assume that contami-
nants remain constant over time and are uniformly dis-
tributed within the simulated volumes. To test the valid-
ity of these assumptions, we performed di”erent fits by
organizing the CUORE datasets and channels into sev-
eral subsets. We defined di”erent groups of datasets or-
dering them both chronologically and randomly. Since
CUORE has shown to be sensitive to seasonal varia-
tions of environmental noise, which a”ects parameters
such as the energy resolution and the trigger thresh-
old [13], the datasets have also been organized based
on the data-taking period. To test the assumption of
uniform-contaminant distribution, we performed fits on
subsets of the detector, dividing it in even and odd chan-
nels, upper and lower floors and innermost versus outer-
most columns.

Furthermore, since the Bremsstrahlung cross-section
has been found to be a limiting factor for the MC accu-
racy [16, 17], we generated simulations of the 2ωεε decay
where the cross-section value is varied by ±10%.

To validate the robustness of the fit, we implemented
multiple consistency checks, although these were not in-
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TABLE I. Sources of systematic uncertainty a!ecting the
2ωεε half-life. The total value associated to the measure-
ment is computed as the sum in quadrature of the individual
contributions.

Source Uncertainty [%]

Energy threshold +0.146
→0

Binning +0.160
→0.068

Dataset +0.594
→0.594

Geometry +0.350
→0.350

Bremsstrahlung +0.160
→0.162

Total +0.740
→0.711

cluded in the computation of the systematic uncertain-
ties. The fit was repeated assigning flat uninformative
priors (except for the muon component, whose prior was
independently fixed using multi-crystal CUORE data
with simultaneous depositions in several crystals [12]) or
excluding background sources compatible with zero ac-
tivity. The results showed excellent agreement and were
consistent with the findings of the background model,
thus demonstrating that the optimization steps did not
influence the determination of T 2ω

1/2.

The possible presence of 90Sr, a pure ω-emitter pro-
duced during nuclear fallout, can impact the measure-
ment of T 2ω

1/2 due to its strong anti-correlation with the

2εωω. In this study, we found the activity of 90Sr to be
negligible by constraining it to that of 137Cs, a nuclide
produced alongside 90Sr in a known ratio [18, 19]. The
activity of 137Cs was estimated by its characteristic ϑ-ray
peak at 661.7 keV.

Table I summarizes the impact of the di!erent sources
of systematics. We assumed all these e!ects to be inde-
pendent and computed the overall uncertainty by sum-
ming in quadrature all the contributions.

The final result on the 2εωω half-life is:

T
2ω
1/2 =

(
9.32+0.05

→0.04 stat.
+0.07
→0.07 syst.

)
→ 1020 yr. (2)

This measurement represents a twofold improvement
in precision over the previous result by CUORE [5],
with a significant reduction in the systematic uncertain-
ties, mainly attributed to the upgraded data model and
the data-selection criteria specifically optimized for this
study. As a comparison, a summary of the past 2εωω
half-life measurements has been reported in Fig. 2: a
trend towards increasing values of T 2ω

1/2 is clearly visible.
This feature is not associated with a physical e!ect but
rather with the analysis. As statistics increase and data
models become more complex, previously neglected or
unknown sub-dominant background components are in-
cluded, in turn reducing the relative normalization of the
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T1/2(

130Te) [⇥ 1020 y]
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FIG. 2. Measurements of the 130Te half-life with the corre-
sponding exposure [20] [21] [22] [5] [12]. The error bands rep-
resent two types of uncertainty combinations: sum in quadra-
ture (blue) and linear sum (red) of the 68% statistical and sys-
tematic uncertainties. The trend towards increasing values of
T 2ω
1/2 is likely due to the improved modeling of the background

over time, where the introduction of additional contributions
reduces the normalization of 2ωεε.

2εωω contribution. Such an e!ect is more pronounced in
cases where the signal-to-background ratio is poor and
becomes less relevant as the data are better understood,
leading to an asymptotic-like behavior.
The SSD model is highly e!ective as it provides an

excellent fit to experimental data. However, within this
framework, the 2εωω shape is fixed a priori, and it is not
possible to extract su”cient information from the 2εωω
fit to support a data-driven refinement of nuclear mod-
els. A novel approach in this regard is represented by
the so-called improved formalism [11, 23]. The improved
formalism foresees a Taylor expansion over the lepton en-
ergies, which enables the calculation of sub-leading nu-
clear matrix elements (NMEs). Spectral shapes and rel-
ative strengths of the Taylor-expanded terms o!er valu-
able constraints on intermediate states and on the e!ec-
tive value of the axial coupling constant in the nuclear
medium g

e!

A
. The expression for T

2ω
1/2 within this model

takes the form:

[
T

2ω
1/2

]
→1 =

(
g
e!

A

)4 ∣∣M2ω
GT→1

∣∣2
{
G0 + ϖ31G2

+
1

3
(ϖ31)

2
G22 +

[
1

3
(ϖ31)

2 + ϖ51

]
G4

+
1

3
ϖ31ϖ51G42 +

2

3
ϖ31ϖ51G6

}
,

(3)

where GT stands for Gamow-Teller transition, G0, G2,
G22, G4, G42 and G6 are the phase space factors (PSFs),
M

2ω
GT→1

, M
2ω
GT→3

, and M
2ω
GT→5

are the NME expansion
terms, and we define the ratios ϖ31 ↑ M

2ω
GT→3

/M
2ω
GT→1

CUORE, PRL 135, 082501 (2025)
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5

and ω51 → M
2ω
GT→5

/M
2ω
GT→1

. ω31 and ω51 provide comple-
mentary insights into the decay, in particular regarding
the Gamow-Teller strength and structure of the inter-
mediate nucleus states, as M

2ω
GT→1

is sensitive to contri-
butions from high-lying states in the intermediate odd-
odd nucleus, while M2ω

GT→3
and M

2ω
GT→5

are primarily de-
termined by the lowest-energy ones. Concurrently, the
study of ω31 and ω51 also probes the HSD model, since
this requires ω31 = ω51 = 0.

By inverting Eq. (3), we can express g
e!

A
as a func-

tion of T 2ω
1/2, the PSFs, and M

2ω
GT→3

. The set of energy
spectra from the Taylor expansion terms can be fitted
to the 2εϑϑ signal in order to extract both leading and
higher-order contributions. The result can then be com-
pared with the predictions of various nuclear models.

In order to assess the accuracy and validity of theoret-
ical approximations over a broad range of atomic num-
bers, it is necessary to test the nuclear model descrip-
tions across di!erent isotopes. Experimental investiga-
tions have already been carried out on 136Xe [4] and on
100Mo [8]. We now present the first-ever shape studies
on the 2εϑϑ of 130Te. It is worth noting that, the lower
signal-to-background ratio in CUORE–approximately 0.5
compared to values O(10) in the other cases—is compen-
sated by the advanced background model and the sizable
collected statistics and thus provide similar level of sen-
sitivity to the 2εϑϑ shape.

We perform the fit using the same data selection
and technique presented before, but treating the 2εϑϑ
contribution as a linear combination of the improved-
formalism electron spectra. Each 2εϑϑ spectrum tem-
plate is weighted for the PSFs, fixed in the likelihood
as they can be precisely calculated, and for the normal-
ization factors, to which uninformative flat priors are as-
signed. The PSFs are computed using the screened exact
finite-size Coulomb wave function [24]. The NME tem-
plates are calculated by using the proton-neutron quasi-
particle random-phase approximation (pnQRPA, [25]).
In addition, we included radiative and atomic exchange
corrections for the emitted electrons, which a!ect both
the PSFs and the spectral shape. Even though the largest
impact of these corrections occurs below the fit thresh-
old, they also introduce a non-negligible measurable shift
for the maximum of the energy spectrum [24].

The overall fit returns a reduced chi-square ϖ2

red
= 1.48

(1337 d. o. f.), and the 2εϑϑ contribution is compatible
with the SSD shape within 1ϱ across the entire energy
range. This outcome supports the suitability of the SSD
model for 130Te and slightly favors it, likely due to the
lower number of parameters and the weaker correlations.
The half-life we obtain with the improved formalism is
consistent within 1ϱ with the value in Eq. (2). The dis-
crepancy could be treated as a systematic uncertainty
on the model, in which case we estimate an additional
contribution of ↑0.53%.

We find ω31 consistent with 0, namely ω31 = 0.01+0.31
→0.01,

FIG. 3. E!ective value of the axial coupling constant ge!A as a
function of M2ω

GT→3. The experimental fit mode is represented
by the blue line and the corresponding confidence intervals by
the dark blue (68% CI) and light blue (90% CI) bands. The
theoretical predictions from the shell models are identified
by the green and orange markers [27, 28], while those from
the pnQRPA model are indicated by the red lines, solid and
dashed corresponding to two di!erent two di!erent kinds of
short-range correlations [25].

and we can quote a 90% credibility interval (CI) limit
at 0.55. In contrast, ω51 = 1.46+0.33

→0.62 exhibits a non-zero
mode, meaning that the contribution due to the third-
order NME is dominant over the one of the second-order
NME (recall the definitions in Eq. (3)). The two pa-
rameters show an extremely high anti-correlation with
ς = ↑0.78, similarly to what had been previously found
in Ref. [8], where the anti-correlation e!ects were ad-
dressed by constraining the ratio r = ω51/ω31. We choose
to leave r free to vary, therefore showing results in the
most model-independent way possible, even though un-
certainties and degeneracies among the 2εϑϑ terms lead
to strong correlations. By applying Eq. (3) for each
Markov-chain MC step of the fit and for M

2ω
GT→3

in the
range 0–0.01, we obtain a posterior distribution for g

e!

A
,

from which we extract 68% CI and 90% CI. The over-
all result is illustrated in Fig. 3, together with predic-
tions from two nuclear models and the gA free-neutron
value of 1.269 [11]. The interacting shell model (ISM [26])
comprises two di!erent interactions, namely QX [27] and
GCN5082 [28], whose gA quenching is included in the
calculation of the NMEs, and it is fixed to 0.76 and 0.48,
respectively [29].

Figure 3 shows excellent agreement between the exper-
imental findings and the theoretical expectations. Our
value is consistent within 1ϱ with the theoretical predic-
tions: ω31(pnQRPA) ↓ 0.2 and ω31(ISM) ↓ 0.12. We
foresee a non-zero quenching for the axial coupling for

CUORE, PRL 135, 082501 (2025)
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• The only 2𝜈𝛽𝛽 transition to 0+ and 2+ 

excited state measured so far
• Precision measurement of half-life 

provides sensitivity to nuclear structure 
and quantitative cross-check of NME 
models

• Segmented bolometers allow detection of 
high-multiplicity events with high 
efficiency and purity
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I. INTRODUCTION

Two-neutrino double beta decay (2⌫��) is an allowed
Standard Model process which occurs in some even-even
nuclei for which single beta decays are energetically for-
bidden or heavily disfavored due to large changes in an-
gular momentum [1, 2]. These decays have been observed
to the 0+ ground states (0+

g.s.
) in eleven nuclei and to the

first zero-plus excited state (0+
1
) for two nuclei, 100Mo

and 150Nd [1–3]. In addition, if neutrinos are Majorana
particles then an additional decay mode becomes allowed:
neutrinoless double beta decay (0⌫��) [4–6]. Whereas
2⌫�� decay conserves lepton number, 0⌫�� decay would
violate this symmetry [4, 7, 8] and provide a possible path
to explain the predominance of matter over antimatter in
the universe [4, 8–11].

One of the most promising experimental techniques to
search for 0⌫�� decay are cryogenic calorimeters. These
detectors provide an excellent energy resolution, high de-
tection e�ciency and are scalable to tonne scale arrays,
such as the CUORE experiment (Cryogenic Underground
Observatory for Rare Events) [12]. The CUPID experi-
ment [13] (CUORE Upgrade with Particle IDentification)
is an upgrade for CUORE which will use a scintillating
bolometer technology to discriminate �/� and ↵ parti-
cles. CUPID-Mo [14] was a demonstrator experiment
for CUPID aiming to validate the technology of lithium
molybdate (LMO) scintillating calorimeters.

Multiple models exist to describe 0⌫�� decay [7, 8, 15–
21], however the minimal extension to the Standard
Model needed to explain 0⌫�� decay is the light Majo-
rana neutrino exchange mechanism [22], in which 0⌫��
decay is mediated by a Majorana neutrino. In this frame-
work, the decay rate of 0⌫�� decay is related to the ef-
fective Majorana neutrino mass hm��i (a weighted sum
of the three neutrino masses) by:

(T 0⌫
1/2)

�1 = G0⌫g
4

A|M0⌫ |
2
hm��i

2

m2
e

, (1)

where T
0⌫
1/2 is the 0⌫�� decay half-life, G0⌫ is the phase

space factor, M0⌫ is the nuclear matrix element (NME),
me is the electron mass and gA is the axial vector cou-
pling constant. The phase space factor G0⌫ can be com-
puted accurately, but the NME is the result of compli-
cated many-body nuclear physics calculations [23]. Sev-
eral models with di↵erent approximations are used, but
these only agree to within a factor of a few on the value
of the NME (cf. [24–27]). At present the upper limit
on the e↵ective Majorana mass, hm��i, ranges from 60
to 600 meV [8, 12, 28–30]. Despite its low exposure,
CUPID-Mo has set the most stringent limit on 0⌫�� de-
cay in 100Mo, with T

0⌫
1/2 > 1.8⇥1024 yr or hm��i < (0.28 –

0.49) eV [31].

For 2⌫�� decay, the half-life is related to the NME as:

FIG. 1: Transition scheme for the decay of 100Mo to
100Ru showing the double beta decays to the 0+

1
(1130.3

keV) and 2+
1
(539.5 keV) states. The decay to the 0+

1

state proceeds via the 2+
1
state with ⇠ 100%

probability, so both a 539.5 keV and 590.8 keV � are
emitted in every decay, while only the 539.5 keV � is
emitted in the double beta decay to the 2+

1
state.

(T 2⌫
1/2)

�1 = G2⌫ |M
e↵

2⌫ |
2
, (2)

where G2⌫ is the phase space factor and and M
e↵

2⌫ is the
dimensionless e↵ective nuclear matrix element including
the factor g

2

A, M
e↵

2
⌫ = g

2

A ⇥ M2⌫ [2]. Measurements
of T 2⌫

1/2 for both ground states (g.s.) and excited states

(e.s.) of a daughter nucleus provide experimental data
which can be used to validate the methods to calculate
the NME M2⌫ , and by extension, provide better confi-
dence in the calculation of M0⌫ .
Whilst the phase space, and therefore decay probabil-

ity, is lower for decays to e.s. compared to transitions to
the g.s., the presence of monochromatic �’s can lead to a
very clear detection signature. In the case of a positive
observation of 0⌫�� decay, measurements of the 0⌫��
decay to e.s. will be a useful tool to understand the de-
cay mechanism [3]. Additionally, whilst the 0⌫�� decay
to 0+

1
state is expected to be suppressed relative to the

decay to 0+
g.s.

state, it can still improve the overall sen-

sitivity to hm��i. Finally, a 2⌫�� decay to 2+
1

e.s. is
expected to be strongly suppressed by angular momen-
tum conservation. However, this mode is expected to be
much more likely in a framework with Bosonic neutri-
nos [32, 33] and can be used to test this model.

We can exploit the specific combination of energy de-
positions associated with these events to measure �� de-
cays to e.s. As shown in Figure 1, the two �’s are accom-
panied by one or more � particles. These have a much
longer range (⇠ 10 cm [34] for 1 MeV �) compared to �

�

(⇠ 2 mm [35]) in LMO. A �� e.s. event therefore has
a high probability to induce a multi-detector signature
with the �s escaping the detector where the decay took
place and being measured in neighboring detectors. The
additional information provided by these multi-detector
events allows us to significantly reduce the background

4

FIG. 2: CUPID-Mo experimental geometry showing (Left) the CUPID-Mo towers mounted in the EDELWEISS
cryostat and single detector module (Right) with LMO crystal, PTFE clamps, NTD thermistor, Si heater and Cu

holder. The Ge LD is seen through the LMO crystal.

being from an e.s. decay. For each category only the
energy variable containing the � (or two electrons - ��
for 0⌫�� decay) peak is fitted (the peak energy Ep). The
other energy variables are referred to as “projected out”
energies. This technique has the advantage that the de-
cay rate can be extracted as a set of one dimensional fits
to a peak over a background, which is a simple and robust
technique. We use this approach in our analysis, how-
ever we modify this technique by dividing up categories
based on their projected out energy variables. Since the
decays to di↵erent e.s. significantly overlap this allows
us to better discriminate between them. Furthermore, it
avoids integrating together regions with di↵erent back-
ground levels.

A. MC simulations

We use dedicated Monte Carlo (MC) simulations to
identify the most promising categories of events to in-
clude and optimize the associated energy cuts. The ob-
jective is to identify categories which possess a high sig-
nal to background ratio, to define the energy variable
to project onto, to select the energy boundaries for each
signal category, and to assess the containment e�ciency
therein. A Geant4 [51] model has been created which
implements the CUPID-Mo detector into the existing
EDELWEISS MC software package [52]. Special care is

taken to implement the detector structure as accurately
as possible, in particular accounting for the individual
dimensions of each LMO crystal, and the passive holder
material close to the detectors. We simulate both 2⌫��
decays and 0⌫�� decays to the 0+

1
and 2+

1
e.s.. This ac-

counts for the angular correlation between 540 keV and
591 keV �’s from the 0+

1
(0+

1
� 2+

1
� 0+

g.s
) cascade as [53]:

⇢(✓) = 1� 3 cos2 (✓) + 4 cos4 (✓). (4)

Here ⇢(✓) is the probability for �’s to be emitted at angle
✓ from each other. Particles are then propagated through
the experimental geometry using the Livermore low en-
ergy physics list [54], applicable down to very low energy
(250 eV). For the 2⌫�� decay to 0+

1
e.s. simulations are

performed using both the single state dominance (SSD)
and higher state dominance (HSD) models [55]. Cur-
rently, no experimental data favors one model over an-
other for the 0+

1
state, however the SSD model is strongly

favored for the ground state decay [56, 57] and so we use
it as our default. The di↵erence to the HSD model is
then treated as a systematic uncertainty. We combine
the MC simulations with inputs from experimental data
to reproduce the detector response of each individual de-
tector, accounting for:

• The energy threshold (set at 40 keV) [31];

• The multiplicity of events;
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FIG. 4: Monte Carlo simulated two-dimensional M2 energy distributions for decays to e.s.Top left: 2⌫�� decay to
0+
1
. Top Right: 2⌫�� decay to 2+

1
. Bottom Left: 0⌫�� decay to 0+

1
. Bottom Right: 0⌫�� decay to 2+

1
. We show red

boxes to highlight the M2 signal categories used in the analysis (see Tables I, II) and we label the associated
category numbers.

TABLE I: Categories for 2⌫�� decay to 0+
1
, 2+

1
e.s., these are given a name describing the multiplicity, peak energy

variable and then an index (if necessary to distinguish between categories). The table lists the energy cuts for the
variable that is projected out, while the projected energy range for each category is 500 – 650 keV. For every

category the �’s are either 540 or 591 keV.

Cat. Multiplicity Peak Variable Energy cuts Interpretation

0 2 E1 E2 2 [220, 410] � in E1, �� in E2

1 2 E1 E2 2 [410, 500] � in E1, �� in E2

2 2 E2 E1 2 [500, 890] � in E2, �� in E1

3 2 E2 E1 2 [890, 1190] � in E2, �� in E1

4 2 E2 E1 2 [1190, 1880] � in E2, �� in E1

5 3 E2 - � in E2, �� in E1, Compt. in E3

6 3 E2 + E3 E2 < 500 � in E2 + E3 (shared Compt.), �� in E1

ment e�ciency (events with E2 > 600 keV), that overlap
significantly with 2⌫�� decay (events with E2 ⇠ 500 –
650 keV, E1 < 1904 keV) or with 214Bi background, di-
agonal lines with energy summing to ⇠ 2400 keV. This
leads to 10 M2 0⌫�� decay categories which are most
easily interpreted geometrically (see the boxes in Figure
4).

As in 2⌫�� decay analysis we also consider M3 events

focusing on those where the electrons are contained in
E1. We choose four categories: For events with E1 ⇠

1904 keV, we split the data into E2 2 [500, 650] keV,
E2 + E3 2 [500, 650] keV or neither of these two. For
events with E1 ⇠ 2400 keV the background is expected
to be low so we just include one category. This procedure
leads to 17 experimental signatures as shown in Table II.
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FIG. 3: Distribution of multiplicities (MC simulation)
for each e.s. decay. Due to the small crystal array and
significant amount of non-sensitive holder material,

both decay modes to the (0+
1
, 2+

1
) state are dominated

by single crystals hits, (10 – 20%) of events cause energy
deposits in two crystals, and O(1%) in three or more.

• Energy resolution of each detector-dataset pair (en-
ergy dependent);

• Rejected periods of detector operations due to pe-
riods of cryogenic instability (i.e. due to environ-
mental disturbances);

• Scintillation light, light detector energy resolution,
and cuts based on the LDs (see Section IV);

In our MC simulations, we observe that most excited
states events are in M1�2 with a small contribution of
M3 (Figure 3). The large fraction ofM1 events is caused
by the significant volume of passive material (Cu hous-
ing) and a relatively small modular detector array. We
exclude M1 2⌫�� decay events as the continuous energy
spectrum of the �’s does not produce a peak to perform
a fit. For 0⌫�� decays, there are mono-energetic peaks in
M1, albeit with a high background. We therefore focus
on M2 events which have the highest sensitivity, and we
also include some categories of M3 events.

B. 2⌫�� decay categories

We first describe categories for 2⌫�� decay analysis.
For the analysis of M2 events the energies can be visual-
ized as two-dimensional histograms. We plot these two-
dimensional energy spectra for both e.s. decays (2⌫��
and 0⌫�� decay) to 0+

1
and 2+

1
e.s. in Figure 4. When

selecting categories of events to use in our analysis, we
require at least one peak to perform a fit. This selec-
tion is equivalent to looking for lines or points on the
two-dimensional plane.

For 2⌫�� decays in MC simulation we observe a very
clear signature of events where either E1 or E2 has a �

energy (either 539.5 or 590.8 keV) as shown in Figure
4 (top). These events can be interpreted as the �� be-
ing contained in one detector, giving rise to a continuous
distribution, and a � that is fully contained in a second
LMO detector. In the case of the decay to the 0+

1
state,

the second � either escapes the detector or is contained
in the crystal with the ��’s. We notice that the 2+

1
and

0+
1
decays (partially) overlap and the vertical/horizontal

lines cover a wide range of projected out (��) energies.
This motivates us to divide the observed signal distribu-
tion into five slices, two for the horizontal and three for
the vertical lines since the vertical lines cover a larger
range in energy. The boundaries of this categories are
defined to maximise the experimental sensitivity using
MC simulations as explained in Appendix A. This leads
to the energy categories highlighted in Figure 4 (top) and
listed in Table I (index 0 to 4).
To identify M3 categories we note that in MC simu-

lations generally the electrons carry the largest kinetic
energy and are thus likely to be contained in the E1 de-
tector due to the relatively low � energies. We hence
focus our search on events with �’s in the E2 and E3

variables. In particular, this leads to two categories, one
where the � energy is split between E2, E3 and another
where one � is fully contained in E2 with a Compton
scatter event in E3.
Combined with the M2 categories this leads to a to-

tal of 7 independent categories used for the 2⌫�� decay
analysis.

C. 0⌫�� decay categories

Unlike for 2⌫�� decay, in 0⌫�� decay the electrons
have a fixed total energy so we are also able to search
for a peak from the summed electron energy. Therefore
a di↵erent set of categories are necessary, however the
same strategy can be used. For M1 events we include
three categories corresponding to the �� and possibly
�’s being contained in the detector where the decay took
place. For M2 events, we show the two-dimensional dis-
tributions in Figure 4 (bottom two figures). We observe a
variety of features, vertical, horizontal diagonal lines and
points. Each of these require a di↵erent set of energy cuts
to contain the signal, as shown in Table II. These cuts
are carefully constructed to ensure that none of the cate-
gories overlap. Some categories feature a mono-energetic
peak in both energy variables, for these we still choose
one as the peak variable and use a range of ±10 keV for
the other, projected energy, much larger than the energy
resolution. We employ a similar strategy to the 2⌫�� de-
cay categories, dividing the horizontal lines, events with
a �� peak (1904, 2444, 2494 keV) in E1 and a Compton
scatter in E2, into 3 categories each to account for the
large changes in background level. This is not neces-
sary for other categories due to the low background, or
a small range in the projected out energy. We neglect
some possible categories which have very small contain-
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FIG. 4: Monte Carlo simulated two-dimensional M2 energy distributions for decays to e.s.Top left: 2⌫�� decay to
0+
1
. Top Right: 2⌫�� decay to 2+

1
. Bottom Left: 0⌫�� decay to 0+

1
. Bottom Right: 0⌫�� decay to 2+

1
. We show red

boxes to highlight the M2 signal categories used in the analysis (see Tables I, II) and we label the associated
category numbers.

TABLE I: Categories for 2⌫�� decay to 0+
1
, 2+

1
e.s., these are given a name describing the multiplicity, peak energy

variable and then an index (if necessary to distinguish between categories). The table lists the energy cuts for the
variable that is projected out, while the projected energy range for each category is 500 – 650 keV. For every

category the �’s are either 540 or 591 keV.

Cat. Multiplicity Peak Variable Energy cuts Interpretation

0 2 E1 E2 2 [220, 410] � in E1, �� in E2

1 2 E1 E2 2 [410, 500] � in E1, �� in E2

2 2 E2 E1 2 [500, 890] � in E2, �� in E1

3 2 E2 E1 2 [890, 1190] � in E2, �� in E1

4 2 E2 E1 2 [1190, 1880] � in E2, �� in E1

5 3 E2 - � in E2, �� in E1, Compt. in E3

6 3 E2 + E3 E2 < 500 � in E2 + E3 (shared Compt.), �� in E1

ment e�ciency (events with E2 > 600 keV), that overlap
significantly with 2⌫�� decay (events with E2 ⇠ 500 –
650 keV, E1 < 1904 keV) or with 214Bi background, di-
agonal lines with energy summing to ⇠ 2400 keV. This
leads to 10 M2 0⌫�� decay categories which are most
easily interpreted geometrically (see the boxes in Figure
4).

As in 2⌫�� decay analysis we also consider M3 events

focusing on those where the electrons are contained in
E1. We choose four categories: For events with E1 ⇠

1904 keV, we split the data into E2 2 [500, 650] keV,
E2 + E3 2 [500, 650] keV or neither of these two. For
events with E1 ⇠ 2400 keV the background is expected
to be low so we just include one category. This procedure
leads to 17 experimental signatures as shown in Table II.

2

I. INTRODUCTION

Two-neutrino double beta decay (2⌫��) is an allowed
Standard Model process which occurs in some even-even
nuclei for which single beta decays are energetically for-
bidden or heavily disfavored due to large changes in an-
gular momentum [1, 2]. These decays have been observed
to the 0+ ground states (0+

g.s.
) in eleven nuclei and to the

first zero-plus excited state (0+
1
) for two nuclei, 100Mo

and 150Nd [1–3]. In addition, if neutrinos are Majorana
particles then an additional decay mode becomes allowed:
neutrinoless double beta decay (0⌫��) [4–6]. Whereas
2⌫�� decay conserves lepton number, 0⌫�� decay would
violate this symmetry [4, 7, 8] and provide a possible path
to explain the predominance of matter over antimatter in
the universe [4, 8–11].

One of the most promising experimental techniques to
search for 0⌫�� decay are cryogenic calorimeters. These
detectors provide an excellent energy resolution, high de-
tection e�ciency and are scalable to tonne scale arrays,
such as the CUORE experiment (Cryogenic Underground
Observatory for Rare Events) [12]. The CUPID experi-
ment [13] (CUORE Upgrade with Particle IDentification)
is an upgrade for CUORE which will use a scintillating
bolometer technology to discriminate �/� and ↵ parti-
cles. CUPID-Mo [14] was a demonstrator experiment
for CUPID aiming to validate the technology of lithium
molybdate (LMO) scintillating calorimeters.

Multiple models exist to describe 0⌫�� decay [7, 8, 15–
21], however the minimal extension to the Standard
Model needed to explain 0⌫�� decay is the light Majo-
rana neutrino exchange mechanism [22], in which 0⌫��
decay is mediated by a Majorana neutrino. In this frame-
work, the decay rate of 0⌫�� decay is related to the ef-
fective Majorana neutrino mass hm��i (a weighted sum
of the three neutrino masses) by:

(T 0⌫
1/2)

�1 = G0⌫g
4

A|M0⌫ |
2
hm��i

2

m2
e

, (1)

where T
0⌫
1/2 is the 0⌫�� decay half-life, G0⌫ is the phase

space factor, M0⌫ is the nuclear matrix element (NME),
me is the electron mass and gA is the axial vector cou-
pling constant. The phase space factor G0⌫ can be com-
puted accurately, but the NME is the result of compli-
cated many-body nuclear physics calculations [23]. Sev-
eral models with di↵erent approximations are used, but
these only agree to within a factor of a few on the value
of the NME (cf. [24–27]). At present the upper limit
on the e↵ective Majorana mass, hm��i, ranges from 60
to 600 meV [8, 12, 28–30]. Despite its low exposure,
CUPID-Mo has set the most stringent limit on 0⌫�� de-
cay in 100Mo, with T

0⌫
1/2 > 1.8⇥1024 yr or hm��i < (0.28 –

0.49) eV [31].

For 2⌫�� decay, the half-life is related to the NME as:

FIG. 1: Transition scheme for the decay of 100Mo to
100Ru showing the double beta decays to the 0+

1
(1130.3

keV) and 2+
1
(539.5 keV) states. The decay to the 0+

1

state proceeds via the 2+
1
state with ⇠ 100%

probability, so both a 539.5 keV and 590.8 keV � are
emitted in every decay, while only the 539.5 keV � is
emitted in the double beta decay to the 2+

1
state.

(T 2⌫
1/2)

�1 = G2⌫ |M
e↵

2⌫ |
2
, (2)

where G2⌫ is the phase space factor and and M
e↵

2⌫ is the
dimensionless e↵ective nuclear matrix element including
the factor g

2

A, M
e↵

2
⌫ = g

2

A ⇥ M2⌫ [2]. Measurements
of T 2⌫

1/2 for both ground states (g.s.) and excited states

(e.s.) of a daughter nucleus provide experimental data
which can be used to validate the methods to calculate
the NME M2⌫ , and by extension, provide better confi-
dence in the calculation of M0⌫ .
Whilst the phase space, and therefore decay probabil-

ity, is lower for decays to e.s. compared to transitions to
the g.s., the presence of monochromatic �’s can lead to a
very clear detection signature. In the case of a positive
observation of 0⌫�� decay, measurements of the 0⌫��
decay to e.s. will be a useful tool to understand the de-
cay mechanism [3]. Additionally, whilst the 0⌫�� decay
to 0+

1
state is expected to be suppressed relative to the

decay to 0+
g.s.

state, it can still improve the overall sen-

sitivity to hm��i. Finally, a 2⌫�� decay to 2+
1

e.s. is
expected to be strongly suppressed by angular momen-
tum conservation. However, this mode is expected to be
much more likely in a framework with Bosonic neutri-
nos [32, 33] and can be used to test this model.

We can exploit the specific combination of energy de-
positions associated with these events to measure �� de-
cays to e.s. As shown in Figure 1, the two �’s are accom-
panied by one or more � particles. These have a much
longer range (⇠ 10 cm [34] for 1 MeV �) compared to �

�

(⇠ 2 mm [35]) in LMO. A �� e.s. event therefore has
a high probability to induce a multi-detector signature
with the �s escaping the detector where the decay took
place and being measured in neighboring detectors. The
additional information provided by these multi-detector
events allows us to significantly reduce the background

CUPID-Mo, Phys.Rev.C 107, 025503 (2023)
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(value�model)/error is shown in the upper figure.
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is used to compute amplitudes (both LD and LMO de-
tectors) [60]. Thermal gain stabilization and calibration
are performed using data collected with a Th/U calibra-
tion source. For each LMO detector we associate ”side-
channels”, as the LDs which face this crystal. For M1

data (3 0⌫�� decay categories) we use the same selection
cuts as in [31]: a principal component analysis (PCA)
based pulse shape discrimination (PSD) cut [61], a nor-
malized light distance cut, delayed coincidence (DC) cuts
to remove 222Rn, 228Th decay chain events and, muon
veto anti-coincidence.

However, for coincidence events (M > 1) it is ben-
eficial to modify several of these steps. Random coin-
cidences between non-causally related events (hereafter
accidentals) could provide a large possible background.
Similar to CUORE [58] and as described in [31] we ad-

just the time di↵erence of events to account for the char-
acteristic detector response based time o↵sets between
detector pairs. This allows us to reduce the time win-
dow used to define coincidences to 10ms (from 100 ms
in previous analyses [47]) and thus reduce the accidental
coincidence background.
In order to select a clean sample of higher multiplicity

e.s. candidate events, we make use of the dual read-
out and implement a light yield based cut for M > 1
events. Unlike the M1 analysis where this cut primarily
rejects ↵ backgrounds, it is designed here to tag and re-
ject events where an energetic electron escapes an LMO
crystal, punches through an LD, and is stopped in the
adjacent crystal within a tower. In addition, this cut
very e�ciently tags events from a 60Co contamination
identified on one of the LDs where the � particle typi-
cally leaves significant excess energy in the LD. Devel-
oping a light cut to remove these events is less straight-
forward than for M1 data, since a coincidence between
two vertically adjacent crystals is accompanied by scin-
tillation light signal that can be absorbed in the com-
mon, intermediate LD. For each event we compute the
expected scintillation light deposited on the LD based on
the values observed in M1 events (mainly 2⌫�� decays
to g.s.). This accounts for these multiple contributions
to light yield. We then normalize the light energies using
a conservative estimate of the LD resolution (�LD

i,s ) mea-
sured in high energy background data (M2 total energy
> 1500 keV) as:

ni,s =
E

LD

i,s � E
LD,exp

i,s

�
LD

i,s

, (6)

where i refers to the pulse index (one for E1 etc.), s is
the side channel (either 0 or 1), ELD

i,s is the measured LD

energy, while E
LD,exp

i,s is the expected LD energy for �/�

like event and �
LD

i,s is the predicted energy resolution of
the LD. We then place a cut of |ni,s| < 10 for each LD
and side channel in an M > 1 event. We place a cut
of �10 < ni,s < 3 for the LD with the 60Co contami-
nation. This contamination can also lead to background
events in other LMO detectors; to remove this we make
a global LD anti-coincidence cut. We remove any LMO
event (excluding those who directly face this LD) with
a trigger on this LD with LD energy > 5 keV within a
±5 ms window.
We also adjust the PCA based PSD cuts [31, 47] to

place a cut on the shape of each pulse in a higher multi-
plicity event. We require that each pulse has a normal-
ized PCA reconstruction error of less than 23 median ab-
solute deviations. This was optimized by comparing the
e�ciency ofM2 events "s, obtained from events summing
to the 40K 1461 keV peak and estimating the background
e�ciency, "b, in a side-band E2 2 (450 – 520) keV. This
sideband, which is only used in optimizing the PCA cut,
approximates the background for the dominant 2⌫�� de-
cay categories (2, 3 and 4) whilst not including any signal
peaks. We then maximize a figure of merit "s/

p
"b which

10

TABLE IV: E�ciency for analysis cuts, the energy independent e�ciencies are computed assuming the cut e�ciency
does not depend on energy. For the extrapolated e�ciency in M1 data at 3034 keV, we fit the e�ciency as a

function of energy to a first order polynomial and extrapolate this to 3034 keV, this is only relevant for the M1

signatures with 3034 keV energy.

Cut E�ciency Energy Independent [%] E�ciency Extrapolated [%] Method of Evaluation

Pileup 95.7± 1.0 - Noise events
Multiplicity 99.55± 0.07 - 210Po

LD Anti-coincidence 99.976± 0.017 - 210Po
Delayed coincidence 99.16± 0.01 - 210Po

Muon Veto 99.62± 0.07 - 210Po
Light Cut (M1) 99.4± 0.4 99.7± 0.8 Gamma Peaks (M1)
Light Cut M > 1 97.7± 1.8 - Gamma Peaks (M2)
PCA < 23 (M1) 99.2± 0.3 - Gamma Peaks (M1)
PCA < 9 (M1) 95.2± 0.5 94.3± 1.5 Gamma Peaks (M1)
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FIG. 7: Fit of the 2⌫�� decay category 3. The
experimental data are binned for visualization and we
show the best fit reproduction of our model and the

contributions from the signal peaks, background peaks
and the exponential background.

• nr,p are the number of background counts from
known � lines (a subset of 511, 583, 609, 2448 and
2505 keV) with index p and fp(E) is the model of
this spectral shape, a single Gaussian.

We show in Fig. 7 the fit of the 2⌫�� decay category 3
and the contribution from the exponential background,
signal and background peaks. Our likelihood function is:

log(L) =
NX

n=1

log (fr(n)(En)) (8)

+
CX

r=1

��r + nrlog(�r)� log(nr!)

+
BX

b=1

NbinX

i=1

��i + ni,b · log(�i,b)� log(ni,b!),

where the first sum is over the events in the experimen-
tal data (unbinned categories), r(n) is the category of

event n, C is the number of categories, �r is the total
predicted number of events in category r, while nr is the
observed number of events. The last sums are a binned
likelihood where the sum b runs over the B categories
which use a binned likelihood. These are the categories 0
and 1 for the 0⌫�� decay where a large number of events
make an unbinned fit computationally unfeasible. �i is
the expectation value for bin i and ni,b is the number
of events in experimental data. We use 0.5 keV bins for
these fits, much smaller than the energy resolution over
the full spectral range.
We use BAT to sample the full posterior distribution

of the parameters of interest ~✓ = (n
0
+
1
, n

2
+
1
) and nuisance

parameters ~⌫, which include all of the background com-
ponents (both the exponential/flat background and the
� peaks) and also parameters of systematic uncertainties
(see Section VI)

p(~✓,~⌫|D) =
P (D|~✓,~⌫)P (~✓,~⌫)

P (D)
, (9)

where D represents the data. We use uninformative (flat)
priors on all background model components and param-
eters of interest n2+/0+ . We define observables for the
decay rates of 0+

1
/2+

1
decay (�0+/2+)

�0+/2+ =
n0+/2+ ·W

"cont,0+/2+ · ⌘ ·Mt ·Na · 1000
, (10)

where W is the molecular mass for enriched Li2 100MoO4,
Na is the Avogadro constant, Mt is the exposure (in
kg ⇥ yr), ⌘ is the isotopic abundance of 100Mo and,
"cont,0+/2+ is the containment e�ciency for 0+

1
/2+

1
sig-

nal, i.e. the total probability a simulated event is in one
of the categories. The half-life is then given by ln (2)/�.
For each step of the Markov chains the values of �0+/2+

are stored and used to compute the marginalized pos-
terior distributions. We include all of our systematic
uncertainties as nuisance parameters in our analysis as
described in Section VI.
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FIG. 11: Posterior probability distributions for the decay rates, �2⌫ to 2+
1
state (top left) and 0+

1
state (top right).

The mode for 2+
1
decay is at zero rate and so we find no evidence for this decay and we extract the measurement of

0+
1
mode using the H(0+

1
+B) model. Bottom left/right are the posteriors of �0⌫ to 2+

1
and 0+

1
state respectively,

again showing no evidence of the decay.

this analysis which can be applied to future experiments
with large statistics. Our analysis described in Section
III does not reconstruct the �� spectral shape directly,
so we develop a procedure to extract this shape. For
simplicity this analysis is only applied to M2 data which
is the main contribution to the sensitivity.

We select all events that have either E1 or E2 in
the range [539.5 � 1.75, 539.5 + 1.75] keV and [590.8 �

1.75, 590.8 + 1.75] keV. This choice of the interval is the
FWHM energy resolution, roughly optimal for maximis-
ing the sensitivity S/

p
B. We note there is some ambigu-

ity in this selection when E1 ⇠ E2 (when the �� has the
same energy as the �) however the excellent CUPID-Mo
energy resolution makes this negligible. We then define
E��,540, E��,591 as the energy which does not contain the
peak for both 540 and 591 keV peaks respectively and we
construct histograms of these energies. This procedure is
applied to both the data, signal MC simulations, and to
the preliminary background model reconstruction of the
data.

To compare the SSD and HSD models we use a si-
multaneous binned Bayesian likelihood fit of the two ��

spectra. We use three components; background, 0+
1

sig-
nal and 2+

1
signal and 50 keV bins. Using the SSD model,

this fit reconstructs the half-life as:

T
2⌫!0

+
1

1/2 = (7.3± 1.0 (stat.))⇥ 1020 yr, (27)

T
2⌫!2

+
1

1/2 > 3.6⇥ 1021 yr. (28)

These are consistent with the values from Sections
VIIB,VIIB 1 and should be considered a cross check of
this more robust analysis which does not depend on the
quality of the background model. We show this fit re-
production in Fig. 12. Repeating the fit using MC sim-
ulations obtained with the HSD model, we extract the
evidence for both models p(D|SSD/HSD) and therefore
probabilities for the HSD or SSD models of:

p(SSD|D) = 0.51, p(HSD|D) = 0.49. (29)

This indicates that the CUPID-Mo data is not able to
di↵erentiate between the two models. However, this anal-
ysis provides a method which could be used to di↵erenti-
ate these two models in a future experiment with larger
statistics.
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FIG. 11: Posterior probability distributions for the decay rates, �2⌫ to 2+
1
state (top left) and 0+

1
state (top right).

The mode for 2+
1
decay is at zero rate and so we find no evidence for this decay and we extract the measurement of

0+
1
mode using the H(0+

1
+B) model. Bottom left/right are the posteriors of �0⌫ to 2+

1
and 0+

1
state respectively,

again showing no evidence of the decay.

this analysis which can be applied to future experiments
with large statistics. Our analysis described in Section
III does not reconstruct the �� spectral shape directly,
so we develop a procedure to extract this shape. For
simplicity this analysis is only applied to M2 data which
is the main contribution to the sensitivity.

We select all events that have either E1 or E2 in
the range [539.5 � 1.75, 539.5 + 1.75] keV and [590.8 �

1.75, 590.8 + 1.75] keV. This choice of the interval is the
FWHM energy resolution, roughly optimal for maximis-
ing the sensitivity S/

p
B. We note there is some ambigu-

ity in this selection when E1 ⇠ E2 (when the �� has the
same energy as the �) however the excellent CUPID-Mo
energy resolution makes this negligible. We then define
E��,540, E��,591 as the energy which does not contain the
peak for both 540 and 591 keV peaks respectively and we
construct histograms of these energies. This procedure is
applied to both the data, signal MC simulations, and to
the preliminary background model reconstruction of the
data.

To compare the SSD and HSD models we use a si-
multaneous binned Bayesian likelihood fit of the two ��

spectra. We use three components; background, 0+
1

sig-
nal and 2+

1
signal and 50 keV bins. Using the SSD model,

this fit reconstructs the half-life as:

T
2⌫!0

+
1

1/2 = (7.3± 1.0 (stat.))⇥ 1020 yr, (27)

T
2⌫!2

+
1

1/2 > 3.6⇥ 1021 yr. (28)

These are consistent with the values from Sections
VIIB,VIIB 1 and should be considered a cross check of
this more robust analysis which does not depend on the
quality of the background model. We show this fit re-
production in Fig. 12. Repeating the fit using MC sim-
ulations obtained with the HSD model, we extract the
evidence for both models p(D|SSD/HSD) and therefore
probabilities for the HSD or SSD models of:

p(SSD|D) = 0.51, p(HSD|D) = 0.49. (29)

This indicates that the CUPID-Mo data is not able to
di↵erentiate between the two models. However, this anal-
ysis provides a method which could be used to di↵erenti-
ate these two models in a future experiment with larger
statistics.
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FIG. 12: Plots showing the 2⌫�� decay to e.s. �� spectral shape for 540 keV peak (left) and 591 keV peak (right).
We overlay the best fit prediction. We find that in the region > 600 keV, the spectrum is dominated by 2⌫�� ! 0+

1
.

VIII. DISCUSSION

1. Matrix element for 2⌫�� decay to 0+1

From our measurement of 2⌫�� ! 0+
1
excited state we

can measure experimentally the nuclear matrix element
for this process based on:
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The phase space factor is given by (60.55 – 65.18) ⇥

10�21 1/yr depending on whether the HSD or SSD model
is used [65]. Therefore the matrix element (assuming the
SSD model) is given by:
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= 0.143± 0.008 (stat.+syst.).

We compare the theoretical predictions of dimension-
less M e↵

2⌫ = g
2

AM2⌫ calculated assuming and unquenched
value of gA = 1.27. These are 0.395, 0.595, 0.185
for the shell model [66], microscopic interacting Boson
model [67], and quasi-particle random phase approxi-
mation [68], respectively. This shows the decay rate is
quenched relative to theoretical predictions.

2. E↵ective Majorana neutrino mass, m��

The limits on 0⌫�� ! 0+
1
, despite the lower phase

space, can be used to set a limit on m�� . We use the
phase space factor (3.162⇥10�15 yr�1 from [65]) and the
NMEs from [66, 67] to obtain:

m�� < (11� 15) eV, (32)

depending on the NMEs used. Whilst this is still several
orders of magnitude above the constrains from the g.s.
decay this can be improved significantly in future for a
large experiment with minimized dead material.

3. Bosonic neutrinos

Double beta decays to J 6= 0 excited states can be
sensitive to a Bosonic contribution to the neutrino wave-
function [33]. In particular, under the SSD hypothesis,
the predicted half-lives for 2⌫�� to the 2+

1
e.s. are 2.4⇥

1022, 1.7 ⇥ 1023 yr for Bosonic and Fermionic neutrinos
respectively. The current limit of 4.4 ⇥ 1021 yr is still
below these predictions.

4. SSD vs HSD models

Both NEMO-3 and CUPID-Mo have demonstrated
that SSD hypothesis describes the experimental data
very well for the 2⌫�� to 0+

g.s.
decay in 100Mo [56, 57].

However, for the decay to 0+
1
state the mechanism (SSD

or HSD/closure approximation) is not known. CUPID-
Mo is only the second experiment to reconstruct the 2⌫��
to 0+

1
�� spectral shape. However, the present level

of statistics is insu�cient to distinguish the two modes.
The excellent energy resolution and low background rates
mean this will be possible in a future experiment. In this
paper, we demonstrate a method to quantify numerically
this and obtained the first result on the compatibility of
these two models with data.
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In this paper we have presented a new analysis of 0⌫��
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quenched relative to theoretical predictions.
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that SSD hypothesis describes the experimental data
very well for the 2⌫�� to 0+
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The excellent energy resolution and low background rates
mean this will be possible in a future experiment. In this
paper, we demonstrate a method to quantify numerically
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these two models with data.
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VIII. DISCUSSION

1. Matrix element for 2⌫�� decay to 0+1

From our measurement of 2⌫�� ! 0+
1
excited state we

can measure experimentally the nuclear matrix element
for this process based on:
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The phase space factor is given by (60.55 – 65.18) ⇥

10�21 1/yr depending on whether the HSD or SSD model
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SSD model) is given by:

M
e↵

2⌫!0
+
1
=

s
�

(ln (2) ·G)
±

1

2
p

ln (2)G

��
p
�

(31)

= 0.143± 0.008 (stat.+syst.).

We compare the theoretical predictions of dimension-
less M e↵
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AM2⌫ calculated assuming and unquenched
value of gA = 1.27. These are 0.395, 0.595, 0.185
for the shell model [66], microscopic interacting Boson
model [67], and quasi-particle random phase approxi-
mation [68], respectively. This shows the decay rate is
quenched relative to theoretical predictions.

2. E↵ective Majorana neutrino mass, m��

The limits on 0⌫�� ! 0+
1
, despite the lower phase

space, can be used to set a limit on m�� . We use the
phase space factor (3.162⇥10�15 yr�1 from [65]) and the
NMEs from [66, 67] to obtain:

m�� < (11� 15) eV, (32)

depending on the NMEs used. Whilst this is still several
orders of magnitude above the constrains from the g.s.
decay this can be improved significantly in future for a
large experiment with minimized dead material.

3. Bosonic neutrinos

Double beta decays to J 6= 0 excited states can be
sensitive to a Bosonic contribution to the neutrino wave-
function [33]. In particular, under the SSD hypothesis,
the predicted half-lives for 2⌫�� to the 2+

1
e.s. are 2.4⇥

1022, 1.7 ⇥ 1023 yr for Bosonic and Fermionic neutrinos
respectively. The current limit of 4.4 ⇥ 1021 yr is still
below these predictions.

4. SSD vs HSD models

Both NEMO-3 and CUPID-Mo have demonstrated
that SSD hypothesis describes the experimental data
very well for the 2⌫�� to 0+

g.s.
decay in 100Mo [56, 57].

However, for the decay to 0+
1
state the mechanism (SSD

or HSD/closure approximation) is not known. CUPID-
Mo is only the second experiment to reconstruct the 2⌫��
to 0+

1
�� spectral shape. However, the present level

of statistics is insu�cient to distinguish the two modes.
The excellent energy resolution and low background rates
mean this will be possible in a future experiment. In this
paper, we demonstrate a method to quantify numerically
this and obtained the first result on the compatibility of
these two models with data.

IX. CONCLUSION

In this paper we have presented a new analysis of 0⌫��
and 2⌫�� transitions of 100Mo to the first two (2+

1
/0+

1
)

excited states of 100Ru using the full exposure of CUPID-
Mo. This analysis exploits the information available for
a source equals detector experiment, where both � and

�’s can be measured. A measurement of 100Mo T
2⌫!0

+
1

1/2

16

was obtained:

T
2⌫!0

+
1

1/2 = (7.5± 0.8 (stat.) +0.4
�0.3 (syst.))⇥ 1020 yr. (33)

For the other three decay modes, no evidence was found
and we extract the limits:

T
2⌫!2

+
1

1/2 > 4.4⇥ 1021 yr (90% c.i.), (34)

T
0⌫!0

+
1

1/2 > 1.2⇥ 1023 yr (90% c.i.), (35)

T
0⌫!2

+
1

1/2 > 2.1⇥ 1023 yr (90% c.i.). (36)

These are the leading limits on these processes. The sen-
sitivity was limited by the small size of the array and
large amount of dead material which results in a low con-
tainment e�ciency. Future experiments such as CUPID
[13] or CROSS [69] will feature a more tightly packed ar-
ray, much lower amounts of dead material, and a much
larger exposure. This will lead to a significantly improved
sensitivity with a precision measurement of 2⌫�� decay
to 0+

1
state, distinction between the SSD and HSD mech-

anisms of the decay and the possibility to measure the
2⌫�� decay to 2+

1
state.
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No shape sensitivity (yet) to distinguish NME models 
But the models should be able to predict the matrix element / half-life
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Introduction: CUORE  and CUPID Experiment
• The Cryogenic Underground Observatory for Rare Events (CUORE) 

is an experiment searching for 0νββ in a ton-scale detector with 19 
towers of 988 TeO2 crystals (206 kg 130Te) at ~ 10 mK, located at the 
Gran Sasso National Laboratory in Italy.  

• From simulation, ~88% of the signal events deposit energy in one 
single crystal (M1). ~5-6% register as dual-site (M2) events.

• CUORE Upgrade with Particle IDentification (CUPID) is a next- 
generation experiment searching for 0νββ and other rare events  
with Li2100MoO4 scintillating calorimeters using CUORE cryostat. 

• With light detector (LD), CUPID can reject most alpha background. 
• M1 background index (BI): 10-4 cts•keV-1•kg-1•yr-1 (ckky) 
• Discovery sensitivity in 100Mo 0νββ half-life: 1027 yr. 

CUORE M2 Search with 1 ton-yr Data CUPID M2 Sensitivity Analysis
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0νbb

Schematics of M2LD0
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Schematics of M2LD1, M1LD1

Schematic of a CUORE calorimeter

Rendering of the CUORE cryostat 
Reference: Cryogenics 102 (2019) 9-21

Emin

Emax

0νbb

Schematic of a CUORE 
Multiplicity-2 (M2) event

Particle Identification with Light Yielda CUPID scintillating calorimeter

• Events can deposit energy in 
LD through ionization. 

• Denote event types: MXLDY 
[X: number of crystal hits,  
Y: number of LD hits]

M2LD0
• Main backgrounds in M2LD0 are: 

• Radioactive background from surrounding materials. 
• Coincident 2νββ background in adjacent crystals. 

• Based on simulation, selections designed: 
• Delayed Coincidence: reject beta/gamma from decay chains. 
• Topological Selection: require neighboring crystals. 
• Alpha Rejection: using light yield to reject alphas. 
• Energy-asymmetry Selection: reject 2νββ by selecting asymmetric 

M2 energy sharing.

M1LD1, M2LD1
• Material BIs in M1LD1/M2LD1: 

O(10-6  ckky) (<1 ROI event/10 yr). 
• BI can be further suppressed by 

energy selection .  
• If LDs are well-calibrated at MeV 

level, M1LD1 and M2LD1 can be 
potential pseudo background free 
channels for 0νββ search.

• Current analysis uses CUORE 1 ton-yr background model data 
release: 15 datasets, 1038.4 kg•yr TeO2  exposure.

Template Fit

• Fit the observed M2 
events using MC-derived 
templates for 0νββ, 60Co, 
238U, 232Th, and all other 
background sources. 

• Background template 
normalizations use weak 
C U O R E b a c k g ro u n d 
model (BM) priors. 

• Reference fit gives 0νββ 
count =  events.  

• Toy-MC injection study 
corrects fit bias: 0νββ 
count =  events.

11.7+8.7
−6.8

15.3+8.6
−6.7

Systematics and 
Preliminary Result

Other CUORE 
CUPID Posters

CUPID Preliminary

CUPID Signal Simulation
Event Type No Cuts In ROI*

M1LD0 82.2% 72.7%
M2LD0 9.6% 6.0%
M1LD1 2.1% 1.3%
M2LD1 2.3% 1.6%
M3LD0 2.4% 1.3%
Other 1.4% 0.6%
Total 100.0% 83.5%

*ROI:  Q=3034  4 keV±
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parameters, BM statistics,  
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extracted 0νββ rate posterior.
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Table 3
Merged component event counts derived from JAGS-scaled Monte Carlo simu-
lations. The three most prominent sources within each category are listed.
Component (Top Sources) Sources Expected Events % Total
60Co 4 1904 62.3%
CuNOSV 1865
TeO2 20
S600mK 19
238U 28 342 11.2%
CuNOSV Surf 105
TopPb 89
S10mK Surf 53
232Th 18 641 21.0%
RomanPb 231
S600mK 205
CuNOSV Surf 114
Other 34 127 4.1%
Muons 88
TeO2 110mAg 39

Rotation and Smoothing
The diagonal orientation of the M2 ROI creates binning artifacts at the boundaries 
due to partially included bins. To mitigate this effect, the primary crystal energies (𝐸1, 𝐸2) are transformed via a 45° rotation into orthogonal 𝑢 and 𝑣 coordinates:𝑢 ≡ 𝐸1 + 𝐸2√2 , 𝑣 ≡ 𝐸1 − 𝐸2√2 (35)

Figure 29: Background and signal components projected on the u-axis.
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Figure 30: Background and signal components projected on the v-axis.
To prevent sampling failures driven by zero-density bins, the merged background 
histograms undergo a single pass of a 5 × 5 smoothing kernel (‘k5b’) via the ROOT 
TH2D.Smooth() algorithm prior to integration. The kernel weight matrix is detailed in 
Figure 31.0𝜈𝛽𝛽 Cutoff
Approximately 10% of dual-site 0𝜈𝛽𝛽 events do not deposit their full energy within 
the adjacent detectors, generating a low-energy tail (< 2510 keV) that can bias the 
likelihood estimation if the background in this region is modeled imperfectly. To 
evaluate and mitigate this bias, progressive energy thresholds are tested to exclude the 
low-energy continuum:

1. No threshold (100% boundary efficiency).
2. 𝑢 < 1740 keV: Excludes the generic flat continuum region (98.6% efficiency).

0 1 2 1 0
1 2 4 2 1
2 4 8 4 2
1 2 4 2 1
0 1 2 1 0

Figure 31:  Left: rotated background and signal components in the ROI.
Right: 5x5 smoothing kernel weights (‘k5b’).

87

Energy sum [keV/sqrt(2)]

Energy difference [keV/sqrt(2)]

10-30% of events contained in multiple crystals 
Opportunity for coincidence analysis to reduce backgrounds 
Sensitivity to event topology in case of discovery
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Introduction: CUORE  and CUPID Experiment
• The Cryogenic Underground Observatory for Rare Events (CUORE) 

is an experiment searching for 0νββ in a ton-scale detector with 19 
towers of 988 TeO2 crystals (206 kg 130Te) at ~ 10 mK, located at the 
Gran Sasso National Laboratory in Italy.  

• From simulation, ~88% of the signal events deposit energy in one 
single crystal (M1). ~5-6% register as dual-site (M2) events.

• CUORE Upgrade with Particle IDentification (CUPID) is a next- 
generation experiment searching for 0νββ and other rare events  
with Li2100MoO4 scintillating calorimeters using CUORE cryostat. 

• With light detector (LD), CUPID can reject most alpha background. 
• M1 background index (BI): 10-4 cts•keV-1•kg-1•yr-1 (ckky) 
• Discovery sensitivity in 100Mo 0νββ half-life: 1027 yr. 

CUORE M2 Search with 1 ton-yr Data CUPID M2 Sensitivity Analysis
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Particle Identification with Light Yielda CUPID scintillating calorimeter

• Events can deposit energy in 
LD through ionization. 

• Denote event types: MXLDY 
[X: number of crystal hits,  
Y: number of LD hits]

M2LD0
• Main backgrounds in M2LD0 are: 

• Radioactive background from surrounding materials. 
• Coincident 2νββ background in adjacent crystals. 

• Based on simulation, selections designed: 
• Delayed Coincidence: reject beta/gamma from decay chains. 
• Topological Selection: require neighboring crystals. 
• Alpha Rejection: using light yield to reject alphas. 
• Energy-asymmetry Selection: reject 2νββ by selecting asymmetric 

M2 energy sharing.

M1LD1, M2LD1
• Material BIs in M1LD1/M2LD1: 

O(10-6  ckky) (<1 ROI event/10 yr). 
• BI can be further suppressed by 

energy selection .  
• If LDs are well-calibrated at MeV 

level, M1LD1 and M2LD1 can be 
potential pseudo background free 
channels for 0νββ search.

• Current analysis uses CUORE 1 ton-yr background model data 
release: 15 datasets, 1038.4 kg•yr TeO2  exposure.

Template Fit

• Fit the observed M2 
events using MC-derived 
templates for 0νββ, 60Co, 
238U, 232Th, and all other 
background sources. 

• Background template 
normalizations use weak 
C U O R E b a c k g ro u n d 
model (BM) priors. 

• Reference fit gives 0νββ 
count =  events.  

• Toy-MC injection study 
corrects fit bias: 0νββ 
count =  events.

11.7+8.7
−6.8

15.3+8.6
−6.7

Systematics and 
Preliminary Result

Other CUORE 
CUPID Posters

CUPID Preliminary

CUPID Signal Simulation
Event Type No Cuts In ROI*

M1LD0 82.2% 72.7%
M2LD0 9.6% 6.0%
M1LD1 2.1% 1.3%
M2LD1 2.3% 1.6%
M3LD0 2.4% 1.3%
Other 1.4% 0.6%
Total 100.0% 83.5%

*ROI:  Q=3034  4 keV±
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M2LD0 0.51 0.73
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10.16 18.58

* From CUPID baseline design
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0νββ tail cutoff

90% C.I. on 130Te 0νββ half-life: 
1024 yr.T0ν

1/2 > 1.1 ×

Fitted 0νββ rate: 
Γ0ν = 3.5+1.9

−1.8 × 10−25 yr−1
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214Bi 60Co

0νββ

Uncertainties from lineshape 
parameters, BM statistics,  
60Co shift selection etc. are 
propagated by smearing the 
extracted 0νββ rate posterior.

[Reference: Phys. Rev. D 110, 052003 (2024)]
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• Material BIs in M1LD1/M2LD1: 
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• BI can be further suppressed by 
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• If LDs are well-calibrated at MeV 

level, M1LD1 and M2LD1 can be 
potential pseudo background free 
channels for 0νββ search.

• Current analysis uses CUORE 1 ton-yr background model data 
release: 15 datasets, 1038.4 kg•yr TeO2  exposure.

Template Fit

• Fit the observed M2 
events using MC-derived 
templates for 0νββ, 60Co, 
238U, 232Th, and all other 
background sources. 

• Background template 
normalizations use weak 
C U O R E b a c k g ro u n d 
model (BM) priors. 

• Reference fit gives 0νββ 
count =  events.  

• Toy-MC injection study 
corrects fit bias: 0νββ 
count =  events.
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• Events can deposit energy in 
LD through ionization. 

• Denote event types: MXLDY 
[X: number of crystal hits,  
Y: number of LD hits]

M2LD0
• Main backgrounds in M2LD0 are: 

• Radioactive background from surrounding materials. 
• Coincident 2νββ background in adjacent crystals. 

• Based on simulation, selections designed: 
• Delayed Coincidence: reject beta/gamma from decay chains. 
• Topological Selection: require neighboring crystals. 
• Alpha Rejection: using light yield to reject alphas. 
• Energy-asymmetry Selection: reject 2νββ by selecting asymmetric 

M2 energy sharing.

M1LD1, M2LD1
• Material BIs in M1LD1/M2LD1: 

O(10-6  ckky) (<1 ROI event/10 yr). 
• BI can be further suppressed by 
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• If LDs are well-calibrated at MeV 

level, M1LD1 and M2LD1 can be 
potential pseudo background free 
channels for 0νββ search.

• Current analysis uses CUORE 1 ton-yr background model data 
release: 15 datasets, 1038.4 kg•yr TeO2  exposure.

Template Fit

• Fit the observed M2 
events using MC-derived 
templates for 0νββ, 60Co, 
238U, 232Th, and all other 
background sources. 

• Background template 
normalizations use weak 
C U O R E b a c k g ro u n d 
model (BM) priors. 

• Reference fit gives 0νββ 
count =  events.  

• Toy-MC injection study 
corrects fit bias: 0νββ 
count =  events.
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Introduction: CUORE  and CUPID Experiment
• The Cryogenic Underground Observatory for Rare Events (CUORE) 

is an experiment searching for 0νββ in a ton-scale detector with 19 
towers of 988 TeO2 crystals (206 kg 130Te) at ~ 10 mK, located at the 
Gran Sasso National Laboratory in Italy.  

• From simulation, ~88% of the signal events deposit energy in one 
single crystal (M1). ~5-6% register as dual-site (M2) events.

• CUORE Upgrade with Particle IDentification (CUPID) is a next- 
generation experiment searching for 0νββ and other rare events  
with Li2100MoO4 scintillating calorimeters using CUORE cryostat. 

• With light detector (LD), CUPID can reject most alpha background. 
• M1 background index (BI): 10-4 cts•keV-1•kg-1•yr-1 (ckky) 
• Discovery sensitivity in 100Mo 0νββ half-life: 1027 yr. 

CUORE M2 Search with 1 ton-yr Data CUPID M2 Sensitivity Analysis
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Particle Identification with Light Yielda CUPID scintillating calorimeter

• Events can deposit energy in 
LD through ionization. 

• Denote event types: MXLDY 
[X: number of crystal hits,  
Y: number of LD hits]

M2LD0
• Main backgrounds in M2LD0 are: 

• Radioactive background from surrounding materials. 
• Coincident 2νββ background in adjacent crystals. 

• Based on simulation, selections designed: 
• Delayed Coincidence: reject beta/gamma from decay chains. 
• Topological Selection: require neighboring crystals. 
• Alpha Rejection: using light yield to reject alphas. 
• Energy-asymmetry Selection: reject 2νββ by selecting asymmetric 

M2 energy sharing.

M1LD1, M2LD1
• Material BIs in M1LD1/M2LD1: 

O(10-6  ckky) (<1 ROI event/10 yr). 
• BI can be further suppressed by 

energy selection .  
• If LDs are well-calibrated at MeV 

level, M1LD1 and M2LD1 can be 
potential pseudo background free 
channels for 0νββ search.

• Current analysis uses CUORE 1 ton-yr background model data 
release: 15 datasets, 1038.4 kg•yr TeO2  exposure.

Template Fit

• Fit the observed M2 
events using MC-derived 
templates for 0νββ, 60Co, 
238U, 232Th, and all other 
background sources. 

• Background template 
normalizations use weak 
C U O R E b a c k g ro u n d 
model (BM) priors. 

• Reference fit gives 0νββ 
count =  events.  

• Toy-MC injection study 
corrects fit bias: 0νββ 
count =  events.

11.7+8.7
−6.8

15.3+8.6
−6.7

Systematics and 
Preliminary Result

Other CUORE 
CUPID Posters

CUPID Preliminary

CUPID Signal Simulation
Event Type No Cuts In ROI*

M1LD0 82.2% 72.7%
M2LD0 9.6% 6.0%
M1LD1 2.1% 1.3%
M2LD1 2.3% 1.6%
M3LD0 2.4% 1.3%
Other 1.4% 0.6%
Total 100.0% 83.5%

*ROI:  Q=3034  4 keV±
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Type 
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(3σ) [1026 yr]

Exclusion 
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M1LD0
+M2LD

0

10.16 18.58

* From CUPID baseline design
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1024 yr.T0ν

1/2 > 1.1 ×

Fitted 0νββ rate: 
Γ0ν = 3.5+1.9
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Uncertainties from lineshape 
parameters, BM statistics,  
60Co shift selection etc. are 
propagated by smearing the 
extracted 0νββ rate posterior.
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remove 60Co-dominated 
gamma bands 

Remove 
symmetric 

energy 
sharing

CUORE Preliminary
• Reference fit allows 60Co 

template shift of +1 keV/MeV. 
• Final signal efficiency after 

M2+analysis cuts: 3.55%

CUORE Preliminary

CUPID event topologies



Holy Grail: Quantum (Phonon) TPC
• Normal ordering scale experiment will require 

zero background at ton scale 
 Not possible with passive techniques
 Requires topological reconstruction (single-site vs 

multi-site events), position fiducialization, active 
veto for external 𝛾s  

 While keeping excellent energy resolution
 Phonon TPC: position-sensitive bolometers
 Prototypes: DEMETER, CERES (Berkeley), OPOSSUM 

(LNGS)
 External 𝛾 veto: BINGO

• Topological information may provide 
sensitivity to models (0𝜈𝛽𝛽 and 2𝜈𝛽𝛽)
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Event Topology 
DEMETER, CERES, OPOSSUM
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Quantum TPC Concept

Image from D. C. Hurley, J. P. Wolfe, and K. A. McCarthy. Phys. Rev. 
B 33, 4189 (1986)

Phonon intensity induced by laser on TeO2 at 1.6 K .  
320 (a) to 600 ns (c). Measured using SNSPDs.

• Basic concept: cryogenic calorimeters; measure arrival of ballistic phonons; 
triangulation/topology reconstruction using timing and position information 

• Speed of sound in solids: 4-5 km/sec 
• <1𝜇sec time resolution → 5mm or better position resolution 
• Additional information on directionality from Cherenkov photons 
• Requires quantum sensors: TES/QET, MKID, SNSPD 
• Multiple sensors and segmentation for position sensitivity  

• CPD sensor developed at UCB (𝜎(t)<2𝜇sec) [APL 118, 022601 (2021)] 
• Goal of this LDRD: demonstration of energy, time resolution, and position 

reconstruction in bolometers; advance sensor technology 
• Applications of QIS and ML: future sources of additional funding

E. Hansen, Y. Kim (UCB)
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(a) A 2-D cartoon cross-section of a 1-D crystal depicting the CERES conceptual procedure.
The blue-bordered rectangle represents the crystal; the black squares are the thermal sensors
(NTD, TES, etc.); the purple squiggles are the incident radiation at a discrete location xN

along the crystal surface.

(b) CAD assembly of the CERES jig, including the base,
the PTFE corner pieces, the fastening towers, the harp,

and a dummy 2D crystal.

(c) Photo of the CERES jig with a 1D crystal mounted
to the experimental plate of the cryostat. Three optical
fibers, secured with copper tape to the harp, point at the
crystal surface. They are labeled OF1-3 with colors and
line styles corresponding to later plots. Additionally,

both NTDs are circled and labeled in black.

FIG. 1: Overview of the CERES setup: (a) conceptual cartoon, (b) CAD model of the jig, and (c) photograph of the
assembled jig.

These heaters have a di!erent phonon spectrum with re-
spect to particle events, and for devices of this scale,
would contribute non-negligibly to the overall heat ca-
pacity of the system.

To enhance phonon collection, the sensors are placed
closer to the site of energy deposition than the PTFE
weak thermal links. CERES is primarily designed for the
use of NTD sensors and Transition Edge Sensors (TES)
[7] to convert the phonon signal to electric. One can
then use the timing of the pulses to inform position re-
construction. Given the size of our crystals and the speed
of sound in TeO2, we expect to see timing di!erences in
the pulses on the order of 10 µs. The amplitude can be
used to reconstruct the relative energy sharing between
sensors, which may also be position dependent consider-
ing e!ects due to both sensor and thermal link distance
relative to energy deposition.

In the current design, we use a 255 nm UV LED as the
radiation source with an energy above the TeO2 band gap
so as to excite electron-hole pairs. The LED light is pro-
duced at room temperature and coupled to a single-ended
optical fiber routed through the cryostat and fastened to

copper pillars at each stage to ensure proper thermaliza-
tion before the light is deposited onto the crystal surface.

One challenging aspect of this experimental design is
optimizing the radiative scan of the position. Moving
the LED source with traditional motors is infeasible at
the required temperatures due to the high heat load, and
while there are commercial motors rated for cryogenic
use, the price encourages creative workarounds. In this
design, the optical fibers can be secured above the crystal
by insertion of a copper harp piece with multiple slots, al-
lowing for high configurability while maintaining precise
localization of the radiation.

The experimental jig used to hold the crystal wafers
was an 8 cm → 8 cm square copper piece with six holes
drilled along the edge of each side to mount the harp.
The wafers rest on PTFE corner pieces and are secured
by a “tower” mechanism, in which copper towers with
an arm hanging over the corners of the wafer hold nylon
screws that clamp the wafer to the PTFE corners. The
full set of pieces designed for the jig can be seen in Figure
1b, and an example of the design in use can be seen in
Figure 1c.
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CERES: E. Brandani et al., in preparation



Detour: 𝜇-→e+ Conversion in Nucleus
• Transition

 Incoherent conversion (2p→2n): no coherent enhancement
 Large momentum transfer: transition to ground or excited state 

of the nucleus
  Ground state branching fraction estimated to be ~41%
  Most dominant excited state is a broad Giant Dipole Resonance  

•  Previous best measurement: SINDRUM-II
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that can cause backgrounds and the extinction monitor detects scattered protons 
from the stopping target to monitor the fraction of out-of-time beam. 

• Design and construct a facility to house the Mu2e detector and the associated 
infrastructure (see Figure 1.2). This includes an underground detector enclosure 
and a surface building to house necessary equipment and infrastructure that can be 
accessed while beam is being delivered to the detector. 

Figure 1.1. The Mu2e Detector.  The cosmic ray veto that surrounds the Detector Solenoid is not 
shown. 

Figure 1.2. Depiction of the above-grade portion of the Mu2e facility.   

Mu2e is integrated into Fermilab’s overall science program that includes many 
experiments that use the same machines and facilities, though often in different ways.  
Because of the overlapping needs of several experimental programs, the scope of work 
described above will be accomplished through a variety of mechanisms.  The NOvA and 
g-2 experiments both require upgrades to the Recycler Ring that will be used by Mu2e. 
Infrastructure required by both Mu2e and g-2 will be funded as common Accelerator 
Improvement Projects (AIPs) and General Plant Projects (GPPs). These common projects 
will be managed by Fermilab to ensure completion on a time scale consistent with the 
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Figure 3: The Mu2e Detector [2]. The cosmic ray veto that surrounds the Detector Solenoid is not
shown.

electronics and data acquisition tools by scientific personnel, are o↵ project and to be supported by
base grants to the members of the collaboration. This separation of project and scientific support
is consistent with the execution strategies for most modern experiments in particle physics.

1.2 Muon to positron conversion

In addition to the lepton-flavor violating process, Mu2e apparatus can be used to look for a charge-
changing, lepton-number violating conversion process µ� + A(Z,N) ! e+ + A(Z � 2, N + 2).
Fundamentally, this process is similar to neutrinoless double beta decay (0⌫��): A(Z,N) !
2e�A(Z + 2, N � 2). Both processes can proceed through the exchange of a virtual, massive Majo-
rana neutrino [12]. Unlike 0⌫��, which involves coupling of the massive neutrinos to the electron
and depends on the e↵ective Majorana mass m�� = |

P
i miU2

ei|, the muon-to-positron conversion
is sensitive to the lepton couplings between the second and first generations, and depends on a
di↵erent linear combination of the neutrino masses: mµe = |

P
i miUeiUµi|. Here mi are the values

of the neutrino mass eigenstates, and U is the corresponding neutrino mixing matrix. Thus, the
two processes measure a complementary set of parameters. Observation of both processes would
provide information on the otherwise inaccessible Majorana phases in U . While it is di�cult to
reach the sensitivity of the modern 0⌫�� experiments to Majorana neutrino exchange in muon-
to-positron conversion, should the lepton number be violated by a new physics mechanism other
than massive Majorana neutrinos, the two processes may sample a completely independent set of
couplings. Therefore, searches for lepton number violation (LNV) outside of the first generation
are important in their own right.

The physics sensitivity for the measurement of the µ ! e+ conversion has been studied less
extensively than the corresponding case of the µ� ! e� conversion, or 0⌫��. Recent reviews [12,13]
consider various models of new physics and point out the need for both phenomenological studies
of this process, as well as a detailed estimate of the sensitivity for the next generation of muon
conversion experiments.

The current best limit on muon-to-positron conversion comes from the SINDRUM experiment
at PSI [14]:

Rµe+ ⌘
�(µ� + 48Ti! e+ + 48CaGS)
�(µ� + 48Ti! ⌫µ + 48Sc⇤)

< 1.7⇥ 10�12 (@90% C.L.)
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Motivation cont.
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• Because  involves flavor diagonal terms, 
and neutrinoless  involves flavor off-
diagonal terms, it is unlikely for both rates to 
vanish if LNV is allowed and dominated by 
neutrino exchange … thus the search for 
neutrinoless  conversion 
compliments searches for 


• Searching for neutrinoless  
conversion allows Mu2e to go beyond being a 
single search experiment, increasing its 
scientific impact and potential to probe new 
physics beyond the Standard Model

0μνν
β− → e+

β− → e+
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0μννβ− → e+
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Diagram: M. Stortini



𝜇-→e+ Conversion: Complementarity
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μ--e+	
conv.	

LNV-Alterna2ves:	
μ--μ+	conversion	
K+							π+μ-μ-	

LFV-Alterna2ves:	
μ							e+γ	
μ							3e	

0νββ	 μ--e-
conv.	

Figure 2: Schematic illustration of the profound role of µ�– e+ conversion.

some connection between µ and e, which is absent for 0⌫��.

Experimentally, both types of bound muon conversion are two-step processes. First, a

µ� is captured in an atomic shell of higher principle quantum number, n ⇡ 10, before it

quickly de-excites to the 1s ground state. The emission of the corresponding de-excitation

photons (in case of muonic atoms this will be more than 100 keV in energy) serves as

indicator for a shell capture. In case of Al (100% of Al-27), which will be used in the

next generation of experiments the 2p ! 1s transition with the emission of a 346.8 keV

photon with 79.7(6)% intensity will serve as signal. After that the muon either decays in

orbit (DIO), experiences a standard muon capture with the emission of a neutrino, or it

undergoes µ– e conversion in which it is captured by the nucleus and reemits a positron

or electron. Assuming only coherent conversion – which means that both initial and final

state nucleus are in ground state – the positron/electron created is fast, and it escapes the

final-state atom. The positron/electron energy is then given by E = mµ�Bµ�Erec, with

mµ being the muon mass, Bµ the binding energy of the 1s-state in the muonic atom, and

Erec the nuclear recoil energy. The last two terms are small compared to the muon mass

so that, in the exemplary case of Al-27, the expected energy of the electron is 104.97 MeV.

While µ�– e� conversion is dominated by its coherent conversion [44], this may be very

di↵erent for the CLNFV µ�– e+ conversion, where several states can be excited and the

resulting positrons will therefore have a more involved spectrum [22]. Past measurements

of µ�– e+ conversion [20–25], the last one being SINDRUM II [26], assumed that this

process is completely mediated through the giant dipole resonance (GDR). SINDRUM II

used a Ti target and assumed a Breit-Wigner shape to fit the GDR with 20 MeV excita-

tion energy and 20 MeV width. In the case of Al-27, which is the muon capture target

for both future experiments COMET [40] and Mu2e [42], much better data exist and,

using the EXFOR database [45], the GDR can be fitted by a Breit-Wigner shape with

7

K. Zuber et al.

Complementarity between LFV and LNV measurements
Complementarity between nuclear (DBD) and particle physics (Mu2e) measurements
Complementarity between nuclear calculations (nuclear matrix elements)
“No-lose theorem” [Dery, Gori, Grossman, Ligeti, JHEP 10, 100 (2024)]
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FIG. 3. The allowed ranges of (a) mee, mµe, and mµµ for normal ordering, for the central values

of the three mixing angles and two mass-squared di!erences in Table I. In (b) we show the allowed

ranges of mee +mµe for the central values of these five parameters, and varying them by 1ω or 2ω.

of the mixing angles in the “w/o SK-ATM” fit in the PDG [3] in Table I, the regions of
mω for which mee and mµe can vanish do not overlap. The fact that mee and mµe cannot
simultaneously vanish means that, at least in principle, one can determine the nature of the
neutrino mass, even if mee is zero. While the required mµe sensitivity is many orders of
magnitude beyond that of any proposed experiment for µ→

→ e+ conversion, this provides,
in principle, a no-lose theorem for determining the nature of neutrino mass. Allowing for the
variations of the mixing angles by 2ω of their present uncertainties, the regions of vanishing
mee and mµe start to overlap. This is shown in the right plot in Fig. 3, where the allowed
range for the sum, mee +mµe, is plotted. We find,

mee +mµe >

{
7↑ 10→4 eV , central values ,

2↑ 10→4 eV , within 1ω ranges ,
(35)

where in the second line we varied independently all parameters in Table I within their
respective 1ω ranges. Varying them by 2ω, mee +mµe can vanish. The existence or absence
of this overlap region will also be impacted by future constraints on the CP violating phase
ε, and on the lightest neutrino mass, mω. In any case, this adds to the motivations to
determine the mixing parameters more precisely.

For completeness, Fig. 3 (a) also shows the allowed range for mµµ, and Fig. 4 shows the
corresponding plot for mεe, mεµ, and mεε . For normal ordering, neither mεµ nor mεε can
vanish simultaneously with mee. The prospects for experimentally probing these elements
of the mϑϖ matrix are, however, even more remote than for mµe.
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Mu2e @ Fermilab 
Charge-symmetric spectrometer: will be able to search for both 𝜇-→e- and 𝜇-→e+ ! 
Also sensitivity to radiative muon capture (RMC) process, through both e+ and 𝛾 detection 
Detector ready to go, expect first beam in 2027 !

~25 meters end-to-end

08/28/2014 Yury Kolomensky, Mu2e 

Mu2e @ FNAL
V. Lobashev, MELC 1992:

45

• Production: Magnetic bottle traps π’s, 
which decay into accepted µ’s

protons

• Transport: S-curve 
eliminates backgrounds 
and sign-selects

• Detector: 
Stopping Target, 
Tracking and 
CalorimeterNot shown: Cosmic Ray Veto, Extinction Monitor



Radiative Muon Capture
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Mar 2025 - Mu2e Collaboration MeetingM. Stortini

RMC background

15

• Has been modeled using the closure approximation, 
where it is assumed that the sum of the nuclear final 
states can be approximated with a single nuclear 
transition using the mean excitation energy. 


• The photon energy spectrum with this approximation 
takes the form:


•  


• where ,  and  is the 
endpoint of the photon spectrum 

dn
dx

= e2

μ
k2

max

m2ν
(1 − β) → (1 − 2x + 2x2) → x → (1 − x)2

x = Eα /kmax β = (N − Z)/A kmax

https://arxiv.org/pdf/2110.07093

Radiative muon capture  
𝜇- + (Z, N) → 𝜈𝜇 + 𝛾 + (Z-1,N+1) → 𝜈𝜇 + e+e- + (Z-1,N+1) is the 
dominant background in 𝜇-→e+ searches 
Strongly depends on nuclear structure: RMC transitions to the ground 
state, excited states, or with neutron or proton emission 

No predictions so far and scarcely any data ! — could use theory help 

RMC endpoint spectrum on 27Al will be measured by Mu2e within a 
week of data taking: opportunity to test nuclear models in a light 
nucleus  

Also data (PSI) exists for Al, Si, Ca, Mo, Sn, Pb [M. Stortini, Ph.D. 
thesis, Yale, 2026; A. Trumic, UC Berkeley]

TRIUMF RMC data cont.

Fit TRIUMF RMC spectra with the phase space approximation (PSA)
→ For all target nuclei, only the two highest-endpoint knockout channels contribute significantly
→ Included a flat background component

PSA fit to Al data over the full energy range using the published detector response model (left);
log scale (right)
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M. Stortini, very preliminary



Yury Kolomensky, E158 Results 

Transverse Asymmetries in Parity Violation Experiments
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€ 

AT ≡
2π

σ↑ +σ↓

d(σ↑ −σ↓)
dφ

∝ S
→

e• (k
→

e× k'
→

e )

Beam-Normal Asymmetry in elastic electron-nucleus scattering

☞ Electron beam polarized transverse to beam direction

Interference between one- and two-photon exchange

)( ppmO
s
mA e

T ≈∝
α

e

N N* N

Potentially sensitive to nuclear structure
Purely EM process, vector couplings, no gA quenching 
Momentum transfer of O(100 MeV): relevant for NLDBD ?



Yury Kolomensky, E158 Results 

PREX/CREX Puzzle
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FIG. 1. Measured asymmetries, corrected for beam fluctu-
ations and sign-corrected for slow helicity reversals, demon-
strating consistency over 4 configurations. Data from the left
(right) HRS is shown with filled (open) symbols, while circles
(squares) represent the half-wave �/2 plate in (out) configu-
ration.

(position, angle, and energy) are varied independently
over the phase-space of possible beam jitter. The system
was operated several times per hour using air-core steer-
ing coils and an accelerating cavity to modulate the en-
ergy. Beam monitors in Hall A provided measurements
of the beam parameters during these modulation peri-
ods as well as during normal running. The second uses
a linear regression of sensitivity slopes measured during
normal running, which were consistent with those deter-
mined with the modulation data.

The measured asymmetry Ameas = Araw � Abeam av-
erages for all targets are shown separately for each spec-
trometer in Fig. 1, after sign correcting for the half-wave
(�/2) plate reversals. The asymmetries are statistically
similar in magnitude but opposite in sign for scattering
to the left or the right, as expected. We therefore average
the asymmetry di↵erence between the left- and right-arm
detectors (the double-di↵erence asymmetry) for window
pairs in the final analysis.

We note that the dominant source of beam noise arose
from position fluctuations in the horizontal direction,
which change the acceptance of the spectrometers in op-
posite directions. Noise in the beam energy or current
largely cancels in the double-di↵erence asymmetry. The
corrections, typically comparable in magnitude to the re-
spective statistical uncertainties in Ameas, were extracted
from the beam modulation data. Based on the under-
standing of the correction techniques developed in the
larger APV data sets, a conservative estimate of 5% un-
certainty is assigned on individual corrections for each
beam parameter.

The corrected asymmetry, Acorr, takes into account the
contributions from each background process, i, and is

given by

Acorr =
Ameas �

P
fiAi

1�
P

fi
, (2)

where fi is the rate fraction of the process, and Ai

is the asymmetry of that process. The fractional rate
(RC/(RPb +RC)) from the carbon in the diamond back-
ing of the 208Pb target was estimated via simulation and
found to be 0.063 ± 0.006 at 0.95 GeV and 0.38 ± 0.06 at
2.18 GeV. The 40Ca contribution to the 48Ca measure-
ment (at 2.18 GeV) was estimated to be R40Ca/(R48Ca+
R40Ca) = 0.0831 ± 0.0017. Other impurities in the 48Ca
target were below 0.05% atomic percent and were ne-
glected.

The kinematic distributions of the HRS acceptance
were obtained in dedicated low beam-current measure-
ments where individual particles were tracked using Ver-
tical Drift Chambers [30] located near the focal plane.
The average four-momentum transfer hQ2i was deter-
mined to an accuracy of < 1%. The hQ2i di↵erences
between left and right arm were approximately 0.5% and
2.5% for the PREX-2 and CREX configurations respec-
tively. The average of the left and right Q2 values for
each target are shown in Table I. These data also yielded
a small hcos�i correction since the spectrometer accep-
tance is not confined to the horizontal plane; it varies
slightly depending on the scattered flux distribution of
each target. While the experimental setup and HRS
momentum resolution ensured that the acceptance from
inelastic scattering was negligible for 0.95 GeV data, a
more careful analysis was required for 2.18 GeV data,
where the largest accepted contamination (1.3%) came
for the 40Ca 3� state. The BNSSA associated with the
inelastic events was assumed to be the same as for elastic
events [23] and was assigned 100% uncertainty.

Ebeam (GeV) Target h✓labi (deg) hQ2i (GeV2) hcos�i
0.95 12C 4.87 0.0066 0.967
0.95 40Ca 4.81 0.0065 0.964
0.95 208Pb 4.69 0.0062 0.966

2.18 12C 4.77 0.033 0.969
2.18 40Ca 4.55 0.030 0.970
2.18 48Ca 4.53 0.030 0.970
2.18 208Pb 4.60 0.031 0.969

TABLE I. An measurement kinematics.

For the 0.95 GeV data, the transverse beam polariza-
tion was determined to be Pn = 89.7 ± 0.8% using ded-
icated Møller polarimeter longitudinal polarization mea-
surements. For the 2.18 GeV data, both Compton and
Møller polarimeters were operational and yielded con-
sistent results; the combined result obtained was Pn =
86.8 ± 0.7%. Using these beam polarizations we finally

5

obtain An as:

An =
Acorr

Pnhcos�i
. (3)

Ebeam 0.95 GeV 2.18 GeV
Target 12C 40Ca 208Pb 12C 40Ca 48Ca 208Pb

Afalse 0.03 0.05 0.08 0.04 0.06 0.10 0.03
Polarization 0.06 0.05 <0.01 0.08 0.08 0.08 <0.01
Non-linearity 0.03 0.03 <0.01 0.05 0.05 0.05 0.01

Tgt. impurities <0.01 <0.01 0.04 <0.01 <0.01 0.10 0.80
Inelastic <0.01 <0.01 <0.01 0.08 0.15 0.08 <0.01

Tot. Syst. 0.07 0.08 0.09 0.13 0.18 0.19 0.75
Statistical 0.38 0.34 0.16 1.05 1.10 1.09 3.15

Tot. Unc. 0.39 0.34 0.18 1.05 1.11 1.11 3.23

TABLE II. An measurement uncertainty contributions in
units of 10�6 (ppm).

A contribution from non-linear response of the PMT
for each quartz detector was bounded to be < 0.5% in
bench tests. A summary of the main contributions to the
uncertainties for the various targets is shown in Table II.
The statistical uncertainties typically dominate and the
systematic uncertainties are well under 1 ppm.

Ebeam Target An (ppm) AZ20
avg (ppm) An�AZ20

avg

uncert(GeV)

0.95 12C �6.3± 0.4
�6.1± 0.3

�
�6.2± 0.2

0.95 40Ca

0.95 208Pb 0.4± 0.2 21 �

2.18 12C �9.7± 1.1
�10.0± 1.1
�9.4± 1.1

9
=

;
�9.7± 0.62.18 40Ca

2.18 48Ca

2.18 208Pb 0.6± 3.2 3.2 �

TABLE III. An results for the four nuclei along with the cor-
responding total uncertainties (statistical and systematic un-
certainties combined in quadrature).

Our final results are shown in Table III. They are also
displayed in Fig. 2, with theoretical prediction [26] curves
overlaid. It can be seen that the data are consistent with
the previously published PREX results (open symbols)
[20]. Of particular note is that, at each beam energy,
measurements on multiple nuclei with Z  20 are consis-
tent with each other within quoted uncertainties. Using
a simple average on all but the 208Pb measurement we
observe that the measured An for 208Pb at 0.95 GeV is
di↵erent by 21 standard deviations. Following a similar
procedure for 2.18 GeV data we obtain 3.2 standard de-
viations. Measurements to date support this simple aver-
aging procedure provided that the three conditions men-
tioned earlier are satisfied, namely, high incident beam
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FIG. 2. An measurements from PREX-2, PREX (open cir-
cle and triangle, previously published [20]) and CREX, at
beam energies of 0.95 GeV, 1.06 GeV and 2.18 GeV respec-
tively. The solid lines show theoretical calculations from [26]
at 0.95 GeV and 2.18 GeV together with their respective one
sigma uncertainty bands. The color of each band represents
the calculation for the same color data point. Overlapping
points are o↵set slightly in Q to make them visible.

energy, very forward scattering angle, and clean separa-
tion of inelastic scattered electrons. It is worth noting
that the 4He data published by the HAPPEX collabo-
ration [20] taken at 2.75 GeV beam energy, scaled byp
Q2 to the same kinematics as our 2.18 GeV data, is

consistent with the average presented in Table III.

The original PREX data challenged the community to
explain an asymmetry for 208Pb which is an order of
magnitude smaller than for other nuclei and theoretical
expectations. We have now shown that this e↵ect oc-
curs over a range of beam energies and Q2, likely ruling
out an explanation based on the location of a di↵ractive
minimum. A recent calculation has, for the first time,
included both e↵ects of Coulomb distortion and excited
intermediate states [26]. While the resulting prediction
moved closer than previous calculations to the 2.18 GeV
208Pb An measurement, the disagreement remains stark
at 0.95 GeV - a firm indication that further theoretical
investigation is warranted.

It is especially di�cult to explain the small An(208Pb)
given our new results showing good agreement for Z =
20 nuclei. A theoretical correction is required that not
only yields An(208Pb) ⇡ 0 for a significant range of Q
while being small for Z  20 nuclei but also goes beyond
dynamics included in the calculations of ref. [26].

One such possible radiative correction is a vertex cor-
rection to the nucleus: a Feynman diagram where a vir-
tual photon connects the initial and final state legs of the
nucleus. Such a correction would naively be of the order
Z2↵ since it contains an additional photon coupling to a
charge Z nucleus, compared to the leading TPE diagram.
For Pb this is very large, Z2↵ = 49.1. This correction to

Pb-208 result not currently understood
Potential interference between couplings to different excited states ? 
Opportunity to bench-mark NME models ? 
Additional measurements foreseen @ MAMI, MESA



Conclusions

- Spectroscopic measurements of 2𝜈𝛽𝛽 and other processes can be sensitive to nuclear 
models

- Opportunities to benchmark, tune, and possibly qualify models for the purposes of 
selecting 0𝜈𝛽𝛽 NMEs

→ Looking forward to discussing developments here ! 

Thanks to CUORE, CUPID, CUPID-Mo, Mu2e, E158, MOLLER collaborators 
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