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’Cause what about all these children? And what about
all their parents?

[. . . ]
And what about all their wishes wrapped up in garland
roses?

[. . . ]
What about all these children? And all their children’s
children?
And why am I even wonderin’ that today?
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Abstract

Neutrinoless double-beta decay (0νββ) is today regarded as the only experimentally viable probe
of the nature of neutrinos. This hypothetical second-order weak nuclear process violates lepton-
number conservation through the net creation of matter particles (a pair of electrons). Observing
it would shed light on the origin of the matter–antimatter asymmetry in the Universe while estab-
lishing the Majorana nature of neutrinos.

CUPID is a next-generation experiment that will search for 0νββ of 100Mo with scintillating cryo-
genic calorimeters. Operating 1596 isotopically enriched Li2100MoO4 crystals with dual heat–light
readout, it aims to reach the sensitivity required to explore the inverted-hierarchy region. The high
Q-value of 100Mo places the region of interest in an energy range free of most β/γ backgrounds, while
particle identification through the scintillation channel suppresses degraded α events. Achieving
this sensitivity imposes stringent requirements on every detector element. The Li2100MoO4 crystals
are the core component: they must deliver excellent calorimetric performance, high light yield, and
ultra-high bulk and surface radiopurity. CUPID has tasked the Shanghai Institute of Ceramics
(SICCAS) with large-scale production; however, because Li2MoO4 lacks an established industrial
growth chain, SICCAS must develop a reliable, reproducible process that minimizes costly isotope
losses while preserving radiopurity at every stage–objectives that are inherently in tension with one
another.

CUPID and SICCAS are addressing these challenges in a pre-production phase focused on op-
timizing crystal growth. In this phase, SICCAS produces both natural and enriched crystals to
tune growth parameters and requires CUPID to measure them for feedback on the achieved quality.
In parallel, CUPID must develop a crystal-validation protocol—CUPID Crystal Validation Runs
(CCVR)—that will be required to verify batch-by-batch compliance once full-scale production be-
gins. Measurements on the pre-production crystals provide the ideal setting: CUPID can build and
refine the CCVR protocol while performing the very measurements that SICCAS requires. This
phase is called pre-CCVR.

This dissertation is situated at the early stage of pre-production, detailing my contributions to
CUPID in the areas of crystal procurement and validation. I collaborated with SICCAS to docu-
ment the complete growth process, from raw materials to finished crystals, so CUPID can establish
a shared technical framework and common vocabulary with its producer for correlating growth
parameters with detector performance. This knowledge will also serve as the basis for CUPID to
develop a radiopurity control strategy that SICCAS will apply across the entire production chain.
I then conducted two pre-CCVR campaigns: the first established reference performance using crys-
tals from a previous supplier (Nikolaev Institute of Inorganic Chemistry); the second characterized
the first natural Li2MoO4 batch grown by SICCAS, focusing on calorimetric and scintillation per-
formance. Radiopurity was also assessed, though no strict targets were applied for this growth.
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In parallel, I developed a reproducible strategy to assess calorimetric performance, encompassing
working-point optimization, signal-noise characterization, and resolution metrics. This procedure
will guide future pre-CCVR runs and, ultimately, the CCVRs during large-scale production to
ensure consistent detector quality.

In addition to developing crystal validation and production procedures, this dissertation in-
vestigates the scintillation properties of Li2MoO4. Scintillation is the cornerstone of CUPID’s
particle-identification capability, yet Li2MoO4 emits only modest light. The second part of this
work therefore examines how this limitation can be better understood and mitigated by studying
the influence of defects and impurities in pre-production crystals on light yield, and by exploring
the use of reflective Al coatings to enhance light collection without introducing passive materials,
assessing their impact on calorimetric performance.
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Chapter 1

Implications of Observing a
Matter-Creating Process

Since its postulation, the neutrino has played a central role in particle physics, cosmology, and our
understanding of the universe. Initially proposed to account for the shape of the β-decay spectrum,
it has proven to be a particle with far-reaching implications, challenging physicists since its theoriza-
tion. For decades, researchers have developed theories and conducted experiments to characterize
its properties. Yet, despite extensive efforts, many aspects of the neutrino remain mysterious.

Oscillation experiments have shown that neutrinos possess mass, contradicting the Standard
Model, which treats them as massless. This discovery raises the basic question of how that mass is
generated. Direct kinematic probes, such as beta-decay endpoint measurements, can determine the
absolute mass scale but provide only limited information. Among indirect approaches, the search
for neutrinoless double-beta decay is especially powerful. This hypothetical second-order nuclear
transition converts energy into matter without producing antimatter. Detecting it would confirm
lepton-number violation and, within specific theoretical frameworks, reveal the Majorana nature
of neutrinos while constraining their effective mass. Finding such a process would point to new
physics capable of explaining the matter-antimatter asymmetry observed in the Universe.

This chapter briefly introduces massive-neutrino physics, reviews the experiments that built our
current understanding, and highlights the importance of neutrinoless double-beta decay in current
particle-physics research.

1.1 The Neutrino and the β Decay

Postulation
In the early 1900s, studies on radioactivity led many scientists to investigate the properties of γ
and β-rays. As early as 1899, before the experimental discovery of the atomic nucleus in 1911,
Rutherford noticed that β-rays exhibited the same characteristics as electrons (e−) [1]. A signif-
icant milestone in the history of weak interactions was reached in 1914 when Chadwick observed
a continuous energy spectrum for the emitted electron in β-rays [2] with several monoenergetic
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1.1 The Neutrino and the β Decay

lines superimposed on it. A few years later, the monochromatic peaks were correctly attributed
to an internal-conversion process associated with γ transitions [3], leaving the open problem of
interpreting the continuous component in the e− spectrum. Indeed, using modern notation, if we
think about β-decay as a two-body process of the following form:

(A,Z)→ (A,Z+1) + e−

then conservation of energy and momentum implies that the two final-state particles should be
emitted back-to-back with equal and opposite momenta. In the absence of energy losses outside the
active volumes of the detector, this would result in a monochromatic energy line for the emitted
electron. This prediction conflicted with the measurements of Ellis and Wooster, who in 1927
measured the total energy released in the decay of Radium E (210Bi) using a calorimeter [4] and
observed a continuous spectrum, adding strength to the Chadwick results of 1914.

Although some physicists initially proposed that the law of energy conservation might be violated
in subatomic processes such as β decay [1], Pauli suggested in 1930 that an additional, highly
penetrating neutral particle might be present in the final state. This would imply that the decay
is a three-body process, thereby preserving energy conservation while explaining the continuous
spectrum. Building on Pauli’s hypothesis, Fermi proposed a theoretical framework for β decay in
1934. He suggested that a neutron within the nucleus could transform into a proton while emitting
an electron and a spin-1/2 neutral particle, which he named the “neutrino” [5].

Discovery
We now know that in the case of a β− decay the emitted particle is an electron anti-neutrino (ν̄e)
and the β decay can be written as:

(A,Z)→ (A,Z+1) + e− + ν̄e (1.1)

Although Fermi’s theory was highly successful in describing β decay, direct detection of the
neutrino was necessary to confirm its validity. Using his theory, it is possible to compute the
cross-section for a process of the form:

ν̄e + p→ n + e+, (1.2)

known as inverse β decay. The predicted cross section for this reaction is extremely small
(σ ∼ 10−44 cm2), making experimental detection very challenging. To enhance the interaction rate,
both an intense flux of antineutrinos and a detector with a large active volume are required.

In 1956, Cowan and Reines used the intense antineutrino flux from the Savannah River nuclear
power plant in the United States to search for the reaction described in Eq. 1.2, which has a clear
experimental signature [6]. They observed a rate of ∼ 3 interactions per hour when the reactor was
operating and a significantly lower rate when it was shut down. From these measurements, it was
possible to estimate the interaction cross-section, which was found to be in agreement with the
theoretical prediction based on Fermi’s theory.

So, after nearly 40 years, the puzzle of the continuous energy spectrum in β decay was finally
resolved, and the existence of the neutrino had to be included in the theoretical description of weak
interactions, an advancement which contributed to the development of the Standard Model as we
know it today.

2



1.2 The Standard Model Neutrino

1.2 The Standard Model Neutrino
In the Standard Model, the neutrino is a massless fermion described by Weyl spinors. This is in
contrast with the solid experimental evidence for neutrino oscillations, which implies a nonzero
mass (this will be discussed in Sec. 1.3). This section gives a brief overview of the Standard Model
detailing the role of the neutrino and introducing its properties.

1.2.1 The Standard Model
The Standard Model of particle physics (SM) is a quantum field gauge theory based on the symme-
try group SU(3)c ×SU(2)L ×U(1)Y. It represents our most accurate and comprehensive description
of elementary particles and their interactions [7]. The SU(2)L ×U(1)Y subgroup unifies electromag-
netism and weak interactions within the Glashow–Weinberg–Salam model, forming the electroweak
sector of the SM [8]. The SU(3)c component corresponds to Quantum Chromodynamics (QCD)
[9], the gauge theory describing the strong interaction.

It is possible to categorize the particle content of the SM into fermions (spin-1/2 spinorial
fields) and bosons (scalar fields for spin-0 particles and vector fields for spin-1 particles). In the
theory, particles are quantized excitations of their corresponding fields, with bosons mediating the
interactions. At this stage, it is important to note that the SM is formulated as a quantum field
theory consistent with quantum mechanics and special relativity, thus assuming a flat spacetime.
As a consequence, gravity (general relativity) is not included, which is generally considered one of
the main weaknesses of the theory [10].

The Higgs mechanism [11] explains how the electroweak symmetry group SU(2)L × U(1)Y is
spontaneously broken into U(1)em [8]. One important consequence of the spontaneous symmetry
breaking of SU(2)L×U(1)Y is that the spin-1 gauge bosons are reorganized into one massless photon
(A), which mediates the electromagnetic interaction U(1)em, and three massive bosons: W+, W−,
and Z0 [8]. A significant consequence of this mechanism is that the electric charge, gauge coupling
constants, and the masses of the W and Z bosons are related by the weak mixing angle θW in
specific mathematical relations. These predictions had been tested with high accuracy at LEP [12,
13].

Another relevant prediction of the theory is that the only scalar (spin-0) field in the theory, the
Higgs field, acquires a vacuum expectation value (VEV) through spontaneous symmetry breaking.
Quantum fluctuations around this VEV appear as the physical, massive Higgs boson. In 2012, the
ATLAS and CMS experiments at the LHC confirmed this prediction by observing the Higgs boson
and measuring its mass [14, 15].

Couplings to the Higgs field not only generate mass for the gauge bosons but also for the
fermions except the neutrinos, which remain massless in the SM. To understand why, it is necessary
to introduce the concept of chirality.

1.2.2 Parity, helicity and chirality
Parity

In the first half of the last century, physicists were convinced that the laws of nature were invariant
under a parity transformation. In 1956, Lee and Yang questioned this principle in weak interactions
[16]. Shortly after, Wu designed an experiment to test parity violation in β-decays [17]. Thanks
to the technological progress achieved in those years, Wu was able to cool down at the ∼ mK level
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1.2 The Standard Model Neutrino

some 60Co nuclei using the adiabatic demagnetization technique. At such temperatures, the thermal
agitation is so low that the 60Co nuclei can keep their spin aligned to the magnetic field lines, fixing
a preferential direction for the experiment. 60Co undergoes β-decay transitioning into an excited
state of Nickel (60Ni∗∗) that has one unit less of nuclear spin. The conservation of total angular
momentum implies that the spin of both produced (spin-1/2) fermions are aligned to the same
direction of the 60Co spin, which is fixed by the orientation of the magnetic field. The conservation
of linear momentum imposes that the daughters e− and ν̄e are emitted back-to-back. Under parity
transformation, being a pseudo-vector, the spin does not change sign. On the contrary, the linear
momenta of the products, being a vector, flips under parity, reversing their direction of emission
with respect to the spin. Thus, for a given orientation of the 60Co spin, if the weak interaction
conserves parity, then the two cases (e− emitted in the same direction of the spin or in the opposite
direction) should be equally likely. What Wu observed using a β counter was that electrons were
emitted preferentially in the direction opposite to the orientation of the spin of the 60Co, resulting
in a β asymmetry. This means that β-decay violates parity, or, in other words, our universe has a
preference for a defined handedness, a concept that can be better understood introducing helicity.

Helicity of the neutrino

If we define the helicity as the normalized projection of the spin S⃗ along the momentum p⃗:

H = S⃗ ⋅ p⃗∣p⃗∣

it is easy to see that H changes sign under parity, and particles with spin (anti-)parallel to the
momentum have H = +1/2 (H = −1/2). Commonly, particles with H = −1/2 (H = +1/2) are called
left-handed (right-handed), although this can be misleading as this terminology is also used for
referring to the chiral states, introduced later. If the neutrino is massless, it is impossible to find a
reference frame where p⃗ is reversed or in which p⃗ = 0 (rest frame); therefore, a massless neutrino has
a defined helicity state. Landau [18], Lee and Yang [19], and Salam [20] independently concluded
that such massless neutrinos would have a determined and opposite helicity with respect to anti-
neutrinos [21]. Shortly after Wu experimentally verified the parity violation, another important
step in the comprehension of the neutrino was made when Goldhaber came up with a clever idea to
measure the helicity for ultra-relativistic neutrinos [22]. He used a decay chain involving 132Eu, in
which a neutrino and a photon having the same helicity are emitted. By measuring the helicty of the
photon he demonstrated that only left-handed neutrinos (neutrinos with H = −1/2) are produced
in the weak interaction, confirming that parity violation in weak interactions is maximal. Taking
the words from Ref. [23]: if neutrinos are supposed to be massless, helicity distinguishes them from
antineutrinos.

Chirality

All these experimental pieces of evidence helped to conclude that weak interactions have a vector-
minus-axial (V-A) structure. Using the Dirac notation, it is possible to introduce the concept of
chirality as the eigenvalue of the Dirac matrix γ5. Being a Lorentz-invariant operator, contrary
to helicity, chirality is always defined: left-handed particles have an eigenvalue of -1, while right-
handed particles have an eigenvalue of +1. This is often a source of confusion, as the terminology
introduced earlier for helicity is the same, although the two concepts are different. Indeed, chirality
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1.2 The Standard Model Neutrino

is always defined, and it coincides with helicity only for massless fermions. If the fermion is massive,
a defined chirality state can be thought of as a superposition of left- and right-handed helicity states.
In particular, if we consider an ultra-relativistic left chiral state, this will be mainly a left-handed
helicity state, with a small right-handed helicity component O(m/E). The γ5 matrix is used to
introduce the left-chiral projector PL = (1 − γ5)/2 that, when applied to a generic fermion ψ,
extracts the left handed component: PLψ = ψL. The V-A structure for weak interactions involves
vertices in which a matrix γµ(1 − γ5)/2 is inserted between the spinor and the adjoint spinor [24].
Having introduced the left-chirality projector, it is easy to see that a direct consequence of the
V-A structure is that, taking the words from Ref. [24] the weak charged current acts only on the
left-handed part of particle wavefunctions and the right-handed part of antiparticle wavefunctions.
If not specified otherwise, in the following discussion the handedness will refer to the chirality and
not to the helicity.

1.2.3 The masses of the fermions
Having introduced the concept of chirality, it is possible to express the fermion content of the SM
as follows [26]:

{(ui
di
)
rgb,L

, (ui)rgb,R , (di)rgb,R , (
νi
ℓi
)
L
, (ℓi)R}

i=1,2,3

(1.3)

where i = 1,2,3 indicates the three generations of fermions observed in nature: up-type quarks
ui = (u, c, t), down-type quarks di = (d, s, b), charged leptons ℓi = (e, µ, τ), and neutral leptons
νi = (νe, νµ, ντ), the latter more commonly called neutrino flavors. {r,g,b} are the charges of the
SU(3)C symmetry, and L and R are used to indicate defined handedness chirality states.

In this framework, the fermions are organized into a left-handed doublet under SU(2)L, par-
ticipating in weak interactions, and a right-handed singlet under SU(2)L, that does not take part
to the charged-current weak interactions, as shown in Table 1.1. This not only explains the re-
sults of the Wu and Goldhaber experiments but is also the deeper theoretical reason why parity is

Figure 1.1: Helicity of the 15 matter particles (in the
ultra-relativistic limit) in each SM family. The arrow
indicates the momentum direction. Reprinted from
Ref. [25].

Symbol Multiplicity Y L B

SU(3)c SU(2)L

qL doublet 3 2 +1/6 0 1
3

uR singlet 3 1 +2/3 0 1
3

dR singlet 3 1 −1/3 0 1
3

ℓL doublet 1 2 −1/2 1 0

eR singlet 1 1 −1 1 0

Table 1.1: SM fermions. Hypercharge
is assigned according to Q = T3L + Y .
L and B are the lepton and the baryon
numbers. Adapted from Ref. [25].
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1.2 The Standard Model Neutrino

maximally violated in weak interactions. If we now focus on the leptons, we notice that there are
no right-handed neutral fields in the model, as illustrated schematically in Fig. 1.1. This captures
a key property of the neutrinos: after decades of experimental research we have never detected a
neutrino with right-handed chirality (or an anti-neutrino with left-handed chirality). The absence of
right-handed neutral leptons in the SM leaves neutrinos without any gauge-invariant mechanism for
acquiring mass, a point that will be clarified in the following discussion. By contrast, right-handed
singlets do exist for the charged leptons, enabling a gauge-invariant term in the SM Lagrangian
that generates their masses.
Before continuing, it’s worth to notice that electromagnetism couples with the same electric charge
to both chiralities of a four-component charged Dirac fermion, ψ = ψL +ψR; hence, the electromag-
netic interaction is vector-like and conserves parity, showing no preference for handedness.
Returning to the matter at hand, the presence of right-handed charged leptons allows the SM to
include a SU(2)L ×U(1)Y gauge-invariant term that couples the Higgs doublet ϕT = (ϕ0, ϕ−) to the
charged-lepton fields [27]:

−LYukawa = gi(
νi
ℓi
)
L
ϕ∗(ℓi)R + h.c. (1.4)

where i = e, µ, τ labels the three generations and gi are the Yukawa couplings, free parameters of the
theory (analogous Yukawa terms can be written for the quarks, but the present discussion, being
focused on the neutrino, is restricted to leptons).

After spontaneous symmetry breaking the neutral Higgs component acquires the vacuum expec-
tation value ⟨ϕ0⟩ = v/

√
2, with v = (

√
2GF)−1/2 ≃ 246 GeV, where GF is the Fermi Constant. Equa-

tion (1.4) then becomes
−LYukawa = gi

v√
2
ℓ̄iℓi

or, defining mi = giv/
√
2,

−LYukawa =miℓ̄iℓi =mi(ℓ̄i,Lℓi,R + ℓ̄i,Rℓi,L) (1.5)

For a more concrete example, we can focus on the electron. Its Yukawa term reads [28]:

−Le
Yukawa = ge

v√
2
(ēLeR + ēReL) =me(ēLeR + ēReL)

where we can identify me = gev/
√
2 as the mass of the electron.

Equation (1.5) explicitly reveals that fermion masses arise as Dirac terms of the form −mψ̄ψ.
Such terms cannot be written directly in the unbroken SM Lagrangian because they would violate
SU(2)L invariance. By contrast, the Yukawa operator in Eq. (1.4) is invariant under SU(2)L and only
generates mass after symmetry breaking. Equation (1.5) also shows that mass terms always couple
fields of opposite chirality [27]; since there are no right-handed neutral leptons in the theory, SM
neutrinos are massless. Observations of nonzero neutrino masses, therefore, point unambiguously
to physics beyond the SM.

The neutrino mass puzzle

Neutrino oscillations, which are briefly introduced in Sec. 1.3.1, prove unequivocally that at least
two neutrino states have nonzero mass, contradicting the SM. This observation compels us to extend
the SM to accommodate neutrino masses.
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1.3 Massive Neutrinos

One possibility would be to simply introduce one right-handed neutrino singlet Ni,R per gener-
ation, augmenting the fermion content in Eq. (1.3). Since Ni,R is an SU(2)L singlet, it is possible
to introduce a gauge-invariant Yukawa interaction analogous to Eq. (1.4); after electroweak sym-
metry breaking, this term generates Dirac masses for the neutrinos just like it happens for the
other charged fermions [29]. In this case the Weyl spinors Ni,R constitute genuinely new degrees of
freedom that would pair to the left-handed neutrino to form a four-component Dirac fermion.

A somehow more intriguing option is that the right-handed component is not an independent
field but the charge-conjugate of the left-handed neutrino itself. In that case, the neutrino is a
Majorana fermion, and the corresponding mass term is called Majorana mass.

These two possibilities (Dirac or Majorana fermions), together with neutrino oscillations, will
be the topic of Sec. 1.3, which discusses the physics of massive neutrinos.

1.2.4 Accidental global symmetries in the Standard Model
One interesting feature of the Standard Model is the presence of several accidental global (non-local)
symmetries. These are symmetries that emerge automatically in the SM, without being imposed
a priori [21]. The conservation laws associated with these symmetries are: the baryon number B,
the three lepton numbers Le, Lµ, Lτ , and any linear combination such as the total lepton number
L = Le+Lµ+Lτ . Some of these symmetries are anomalous, meaning that they are respected only at
the leading (perturbative) order. This means that we can find processes described by higher-order
perturbative expansions that violate their associated conservation laws, such as it happens for B+L
[30, 31, 32].

After accounting for the anomalies, the SM retains the following exact (anomaly-free) global
symmetries [21]:

B −L Le −Lµ Lµ −Lτ (1.6)

and any linear combination of these.
Neutrino oscillations, briefly reviewed in Sec. 1.3.1, break Le − Lµ and Lµ − Lτ by mixing the

flavor eigenstates, thereby exposing a limitation of the SM and leaving B − L as the sole residual
global symmetry. To date, no laboratory process violating B − L has been observed; the only
indirect evidence is the cosmological excess of matter over antimatter (see Section 1.5.2). As the
authors of Ref. [21] emphasize, if B − L is conserved, one can unambiguously distinguish matter
from antimatter, in agreement with the SM predictions; if it is violated, we would expect to see
matter/anti-matter transitions. Being the only neutral fermion, a transition of the type ν → ν̄ is
particularly appealing, placing the neutrino at center stage in any test of this symmetry, as better
explained in Sec. 1.5.

1.3 Massive Neutrinos
As introduced in Sec. 1.2, the neutrino played a central role in formulating the Standard Model.
Yet, it is the same neutrino that now exposes the theory’s limitations. Over time, a series of
experimental anomalies converged toward a coherent picture: neutrinos oscillate between flavours,
proving that they have nonzero mass and violating two of the global accidental exact symmetries of
the SM. This section focuses on the physics of massive neutrinos mentioning both the experimental
observables and the theoretical implications of a non-vanishing ν mass.
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1.3 Massive Neutrinos

1.3.1 Neutrino oscillations
I oscillate...

The first evidence for neutrino oscillations came from measurements of the solar neutrino flux
at the Homestake mine (now part of the Sanford Underground Research Facility). The detector
observed solar neutrinos through the 37Cl(νe, e−)37Ar reaction and detected only about ∼ 1

3
[33] of

the expected flux [34]. Other radiochemical [35, 36] and water-Cherenkov [37] experiments later
confirmed the same anomaly. Bruno Pontecorvo had already suggested in the late 1950s that
neutrinos might oscillate between flavors in vacuum [38, 39], which could be a possible solution
to this “solar neutrino puzzle". Initial skepticism was laid to rest in 2001 by the results from the
SNO heavy-water Cherenkov detector, which was sensitive to all neutrino flavors and, therefore,
was able to confirm that the total neutrino flux was meeting the expectations, with only around ∼ 1

3
of the total flux to be attributed to the electron flavor νe [40]. Several other experiments confirmed
neutrino oscillations from non-solar sources, such as KamLAND for reactor anti-neutrinos [41] and
Super-Kamiokande for atmospheric neutrinos [42], providing further support for the existence of
neutrino oscillations.

Today, neutrino oscillation experiments play a central role in the effort to understand and
characterize neutrino physics, as outlined in the next section.

...thus I have a mass

The theory of neutrino oscillations in vacuum was formulated by Maki, Nakagawa, and Sakata [43]
and by Pontecorvo [44] in the 1960s, concurrently with the development of the SM. It describes a
process in which, during propagation, a neutrino oscillates between its generational counterparts.
This phenomenon arises naturally from basic quantum mechanical considerations [45], provided
that neutrinos possess nonzero mass and that the mass eigenstates (propagation eigenstates) are
not equivalent to their flavor eigenstates (weak interaction “production” or “detection” eigenstates).
In other words, there is mixing between the flavor eigenstates (νe, νµ, ντ ) and the mass eigenstates
(ν1, ν2, ν3), with each neutrino mass state being a superposition of all three flavors. This mixing is
described by the 3×3 complex Pontecorvo-Maki-Nakagawa-Sakata matrix (UPMNS), which unitarily
transforms between the two bases via the matrix product:

∣να⟩ = ∑
i=1,2,3

Uαi
PMNS ∣νi⟩ , ∣νi⟩ = ∑

α=e,µ,τ

U∗αiPMNS ∣να⟩

In general, 3 × 3 unitary matrices have nine free parameters: three of these can be interpreted as
rotation angles (commonly denoted as θ12, θ23, θ13), while the remaining six correspond to complex
phases. One of these is the CP-violating phase (δCP), which is responsible for CP violation in
the leptonic sector. The other five are relative phases that do not affect neutrino oscillations. If
neutrinos are Dirac particles, all of these five phases can be absorbed into the definitions of the
neutrino states. If, on the other hand, neutrinos are Majorana particles, two of these phases,
α1 and α2—known as Majorana phases—cannot be “rotated away". The PMNS matrix can be
parametrized using the following conventional form [46]:

UPMNS =
⎛
⎜
⎝

1 0 0
0 c23 s23
0 −s23 c23

⎞
⎟
⎠
⋅
⎛
⎜
⎝

c13 0 s13e
−iδCP

0 1 0
−s13eiδCP 0 c13

⎞
⎟
⎠
⋅
⎛
⎜
⎝

c12 s12 0
−s12 c12 0
0 0 1

⎞
⎟
⎠
⋅
⎛
⎜
⎝

eiα1 0 0
0 eiα2 0
0 0 1

⎞
⎟
⎠

(1.7)

8



1.3 Massive Neutrinos

where sij = sin(θij) and cij = cos(θij). For now, the matrix containing the Majorana phases can be
ignored, as these phases do not affect neutrino oscillations [47, 48, 49]. However, these Majorana
phases are highly relevant for understanding the fundamental nature of neutrinos and arise because,
for a Majorana particle, the right-handed component is not independent of the left-handed one; this
reduced freedom to re-phase the neutrino fields prevents those two phases from being rotated away.
This possibility and its implications will be explored in more detail in Sec. 1.3.3 and Sec. 1.5.3.

Having introduced UPMNS, using natural units (h̵ = c = 1), we can express the time evolution of
the neutrino of a given flavor α as [50]:

∣να(t)⟩ = ∑
i=1,2,3

U∗αie
−iEit ∣νi⟩

where Ei =
√
p2i +m2

i . The probability of finding neutrino of flavor α having oscillated into another
flavor β after a given time can then be calculated by taking the modulus square of the projection:

Pα→β = ∣⟨νβ ∣να(t)⟩∣
2 = ∣∑

i

UβiU
∗
αi e

−iEit∣
2

Assuming that the neutrino is ultra-relativistic and using natural units (t = L), this can be expanded
as Ei ∼ p + m2

i

2E
(using E ≃ p) obtaining [50]:

Pα→β(L,E) = δαβ − 4∑
i<j

R [UαiU
∗
βiU

∗
αj Uβj] sin2(

∆m2
jiL

4E
)

+ 2∑
i<j

I [UαiU
∗
βiU

∗
αj Uβj] sin(

∆m2
jiL

2E
)

(1.8)

What oscillations reveal about the SM and the neutrinos

Equation (1.8) provides the transition probability between any two flavours α, β. The cases where
α = β are referred to as “disappearance", while those with α ≠ β are called “appearance". Notably,
the case α = µ and β = e describes the neutrino oscillation νµ → νe, observed for example by T2K
[51] and NOvA [52]. This transition violates by two units the exact global accidental symmetry of
the SM, Le − Lµ, introduced in Eq. (1.6): ∆(Le − Lµ) = 2 [23]. Similarly, the appearance of tau
neutrinos (νµ → ντ ), observed for example by OPERA [53] and Super-Kamiokande [54], violates
Lµ −Lτ by two units: ∆(Lµ −Lτ) = 2 [23].

One extremely relevant consequence of Eq. (1.8) is that the transition probability depends only
on the differences of the squares of the masses of the mass eigenstates, ∆mij ∶= m2

i −m2
j . This

means that oscillation experiments cannot determine the absolute mass scale of neutrinos and are
sensitive only to the mass splittings. Moreover, the Majorana phases do not affect the transition
probability, and oscillation experiments cannot provide any information about them [47, 48, 49].

1.3.2 Experimental measurement of the oscillation parameters
Oscillation experiment data can be used to perform global fits that allow the oscillation parameters
to be measured with unprecedented accuracy [46], demonstrating that we have now entered the
precision era of neutrino physics.
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4

FIG. 1. Probability of finding the ↵ neutrino flavor in the i-th neutrino mass eigenstate as the CP-violating phase, �CP, is
varied. Inspired by Ref. [17].

FIG. 2. The sum of the neutrino masses
P

m⌫ as a function of the mass of the lightest neutrino, m1 (m3) for the normal
(inverted) ordering, in red (blue) respectively. The (indistinguishable) width of the lines represents the present 3� uncertainties
in the neutrino mass splittings from the global fit to neutrino oscillation data [7]. The horizontal bands illustrate two distinct
95% Confidence Level (CL) limits on

P
m⌫ from cosmology, see the text for details.

where the lightest neutrino mass eigenstate corresponds to m1 (m3) in the normal (inverted) ordering. Using the
best-fit values for the neutrino mass splittings in Table I one finds that

P
m⌫ & 0.06 eV in normal ordering, whileP

m⌫ & 0.10 eV in inverted ordering. Figure 2 illustrates the values of
P

m⌫ as a function of the lightest neutrino
mass for the two possible ordering schemes. We also show the two representative bounds on the sum of the neutrino
masses from cosmology (discussed later in section IV) which is currently providing the strongest limits on

P
m⌫ thanks

to the fact that neutrinos a↵ect both the evolution of the cosmological background and perturbation quantities (see
e.g. the excellent detailed reviews of Refs. [18–22]).

The state-of-knowledge of cosmological observations [23] points to a flat Universe whose mass-energy density includes
5% of ordinary matter (baryons), 22% non-baryonic dark matter, and that is dominated by the dark energy, identified

Figure 1.2: The two possible neutrino mass orderings. In the normal ordering (NO), the mass
hierarchy is m1 < m2 < m3, while in the inverted ordering (IO), it is m3 < m1 < m2. The colors
represent the probability of observing a specific mass eigenstate within a given flavor eigenstate.
The curved portions of the colored regions show how these probabilities vary as δCP changes from
0 to 2π. Reprinted from Ref. [55].

From Eq. (1.8), we can deduce that the sensitivity of a given experiment depends on the proba-

bility “angle" ∝ ∆m2
ijL

E
. This has profound implications for the parameters to which an oscillation

experiment is sensitive. In fact, for a given ∆m2
ij , if L/E becomes too small, the appearance (disap-

pearance) probability approaches zero (one), making it impossible to observe any oscillation effect.
Conversely, if L/E becomes too large, the oscillations occur so rapidly that an experiment cannot
effectively resolve the differences between the three mass states. For this reason, different exper-
iments will be maximally sensitive to certain oscillation parameters and less sensitive to others,
depending on the energy spectrum and the distance L from their neutrino source(s). For example,
solar neutrino experiments detect electron neutrinos produced in fusion reactions within the Sun
and are maximally sensitive to ∆m2

12 and θ12. By exploiting matter effects inside the Sun (MSW
effect [56, 57]), it is possible to determine that ∆m2

21 =m2
2 −m2

1 is positive and much smaller than
∣∆m2

31∣. The sign of ∆m2
31 is still unknown. This implies that there are two non-equivalent orderings

for the neutrino mass: the normal ordering (NO), with m1 < m2 < m3, and the inverted ordering
(IO), with m3 <m1 <m2. The two orderings are illustrated in Fig. 1.2. In particular, adopting the
same conventions as in Ref. [46], we can define:

∆m2
3ℓ with { ℓ = 1 for ∆m2

3ℓ > 0 ∶ normal ordering (NO),
ℓ = 2 for ∆m2

3ℓ < 0 ∶ inverted ordering (IO).

Adopting this convention, we can express the three mass states as a function of the mass of the
lightest neutrino state mlightest and the two mass splittings:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

NO: m1 =mlightest, m2 =
√
m2

lightest +∆m2
21, m3 =

√
m2

lightest +∆m2
3ℓ,

IO: m3 =mlightest, m2 =
√
m2

lightest −∆m2
3ℓ, m1 =

√
m2

lightest −∆m2
3ℓ −∆m2

21,
(1.9)

The most recent global fit has been performed in two versions: a baseline analysis that uses all public
data with independently reproducible likelihoods, and an extended analysis that also incorporates
the most recent atmospheric-neutrino likelihood released by Super-Kamiokande [46]. The results of
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1.3 Massive Neutrinos

Table 1.2: Best–fit points (bfp), 1σ errors, and 3σ ranges for the oscillation parameters determined
by the global fit on the most recent oscillation data excluding Super-Kamiokande atmospheric data.
Note the opposite sign of ∆m2

3ℓ in the two hierarchies and the contrasting behaviour of the CP
phase: for normal ordering δCP is close to the CP-conserving value 180○, whereas for inverted
ordering it moves toward the maximally CP-violating point 270○. Also observe that the 3σ interval
for θ23 still spans the maximal-mixing value 45○. Table adapted from [46].

Normal Ordering Inverted Ordering

Parameter bfp ±1σ 3σ range bfp ±1σ 3σ range

θ12 [○] 33.68+0.73−0.70 31.63 → 35.95 33.68+0.73−0.70 31.63 → 35.95

θ23 [○] 48.5+0.7−0.9 41.0 → 50.5 48.6+0.7−0.9 41.4 → 50.6

θ13 [○] 8.52+0.11−0.11 8.18 → 8.87 8.58+0.11−0.11 8.24 → 8.91

δCP [○] 177+19−20 96 → 422 285+25−28 201 → 348

∆m2
21/10−5 [eV2] 7.49+0.19−0.19 6.92 → 8.05 7.49+0.19−0.19 6.92 → 8.05

∆m2
3ℓ/10−3 [eV

2] +2.534+0.025−0.023 +2.463 → +2.606 −2.510+0.024−0.025 −2.584 → −2.438

the fit for the first case are shown in Table 1.2. The values of the oscillation parameters for each
mass ordering still present some ambiguities:

• The mixing angle θ23 suffers from octant ambiguity: both octants are compatible with the
data, and the 3σ precision remains about 20%; values close to 45○ are not excluded.

• Leptonic phase δCP: For NO, the preferred values lie close to the CP-conserving point
δCP ∼ 180○; for IO, the preference shifts to δCP ∼ 270○, corresponding to nearly maximal CP
violation and making CP-conserving values less compatible with the data.

• Mass ordering: In the baseline fit, tensions between appearance and disappearance data
leave normal and inverted orderings equally plausible. Adding the Super-Kamiokande data
introduces a mild preference for NO, but the evidence remains inconclusive.

Forthcoming experiments, including the recently-launched JUNO (which just began data-taking)
[58] and the planned Hyper-Kamiokande [59] and DUNE [60], should achieve the precision needed to
resolve the mass-ordering ambiguity and tighten the remaining gaps in our oscillation picture. How-
ever, oscillation measurements alone cannot determine the absolute neutrino mass scale or reveal
whether neutrinos are Dirac or Majorana particles; addressing these questions requires dedicated
non-oscillation experiments.

1.3.3 Explaining a nonzero neutrino mass
Section 1.2.3 introduced how the mass of the fermions is generated through Yukawa couplings in the
SM after spontaneous symmetry breaking. Lacking a right-handed neutral lepton, the SM does not
allow the addition of SU(2)L invariant Yukawa terms for the neutrino in the unbroken Lagrangian.
This leaves the neutrino without a mass, in contrast with the experimental evidence from neutrino
oscillations.
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1.3 Massive Neutrinos

Dirac mass terms

A straightforward way to give neutrinos a mass is to introduce one right-handed neutrino for each
generation and couple them through a Yukawa interaction similar to the one in Eq. (1.4) that gives
mass to the other fermions. After symmetry breaking, such a term would generate a neutrino mass
term of the form [29]:

−Lm = (mD)αβ ναL νβR + h.c. (1.10)

where mD = hν ⟨H0⟩ and ⟨H0⟩ = v/
√
2, with v having the value introduced in Sec. 1.2.3. One

can diagonalize the matrix (mD)αβ and unitarily transform the flavor eigenstates to the mass
eigenstates. In the mass basis, one can introduce the Dirac neutrino field:

νi ∶= νiL + νiR

where i is an index representing a particular mass eigenstate. By doing so, Eq. (1.10) can be
expressed as:

−Lm = ∑
i

miν̄iνi

In this way, each neutrino mass eigenstate νi has four degrees of freedom: left- and right-handed
neutrino and antineutrino chiralities, similarly to the other charged fermions. Such a Dirac mass
term preserves the global lepton number symmetry corresponding to a U(1) phase transformation
νj → eiθνj [29].

With the current bounds on the absolute neutrino mass scale (which will be discussed in Sec-
tion 1.3.4), we would obtain Yukawa couplings of order ∼ 10−13–10−12. These are extremely small
compared to those of the other fermions, which range from that of the electron ∼ 10−6 to that of the
top quark ∼ 1. One option is that these coupling constants simply span across thirteen orders of
magnitude. However, the community generally agrees that such fine-tuning of the Yukawa couplings
would be rather unnatural.

Majorana mass terms

Given a spinor ψ, one can introduce the conjugate spinor ψC using the charge conjugation matrix
C: ψC = Cψ̄⊺. If this spinor is that of a charged fermion obeying the Dirac equation in the presence
of an electromagnetic field, the spinor ψC obeys the Dirac equation with opposite charge and the
same mass. For this reason, ψC is called the antiparticle field. Recalling the definition of the
chiral projector given in Sec. 1.2.2, one can show that (ψL)c = (PLψ)c = PRψ

c = (ψc)R [29]. The
conjugation operation, therefore, also flips chirality for a given spinor component. The field ψL
and its conjugate (ψL)c contain the same two degrees of freedom, corresponding to the left-handed
particle and the right-handed antiparticle. With this formalism, it is possible to introduce the
Majorana field:

χ = ψL + eiθ(ψL)c

If we take the conjugate field χc, we see that a Majorana field coincides with the original field χ
up to an overall phase factor, called Majorana phase1: χc = (ψL)c + e−iθψL = e−iθχ [27]. One can
show that a generic fermion with four degrees of freedom (such as the electron) can be described
by its two chiral components (ψL, ψR) but also by two independent Majorana fields (χ1, χ2) with

1The Majorana phases do not affect neutrino oscillation probabilities. However, they play a significant role in the
effective Majorana mass introduced in Sec. 1.5.3.
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χ1 = ψL + (ψL)c and χ2 = ψR + (ψR)c [29]. This four-component description would also apply
to neutrinos if their masses were of the Dirac type. On the other hand, if neutrinos were Dirac
and massless, the right- and left-handed components would be completely independent (due to
the absence of mass terms coupling opposite chiralities). Given the chiral (V-A) nature of weak
interactions (which only couple to left-handed components), one logical possibility would be to
simply omit the right-handed component from the theory, as mentioned in Sec. 1.2.3, since it would
not participate in any interaction.

With the formalism introduced so far, for a neutral fermion, one could consider the possibility
of using just two degrees of freedom to write a mass term. This idea was suggested initially by
Majorana2 in 1937 [61]. Considering the antiparticle field for the neutrino (νL)c, which is a right-
handed field for the reasons mentioned earlier, we can introduce by hand a mass term of the form
[29]:

−LM =
1

2
m [νL(νL)c + (νL)cνL] .

Such a mass term couples fields of opposite chirality, making the left-handed and right-handed
components no longer independent of one another. In contrast to the Dirac mass term introduced
earlier, this term does not preserve any U(1) phase symmetry and explicitly violates lepton number
conservation [29]. This violation has profound and far-reaching implications, as it would enable
matter-creating processes such as A

ZX →A
Z+2 X

′+2e− (commonly known as neutrinoless double-beta
decay), which will be discussed in Sec. 1.4.
One can introduce the Majorana neutrino field:

ν ∶= νL + (νL)c

which under conjugation transforms into itself: νc = ν. With this field, the mass term becomes [29]:

−LM =
m

2
νν̄ (1.11)

In this way, a mass term is introduced into the theory by construction. This is quite different
from the case of Dirac terms, where the masses arise naturally via the Higgs mechanism after
spontaneous symmetry breaking. Various extensions of the SM contain mechanisms that predict
Majorana mass terms. One simple model is the so-called “see-saw" mechanism, which can naturally
explain the smallness of neutrino masses compared to those of the other fermions.

Neutrino mass mechanisms

Some beyond Standard Model frameworks foresee an additional SU(2) singlet, referred to as NR.
Using this right-handed singlet, the most general mass term that can be added to the Lagrangian
involving νL and NR is of the form [29]:

−LM =
1

2
(νL (NR)c)(

mT mD

m⊺D M
)((νL)

c

NR
) + h.c. (1.12)

The matrix introduced in this Lagrangian is referred to as the mass matrix, and different neu-
trino mass mechanisms emerge depending on the choice of this matrix. For example, choosing

2Majorana proposed this in a paper titled Symmetric theory of the electron and positron [61], which aimed to
eliminate the negative energy states arising from the Dirac equation.
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1.3 Massive Neutrinos

mT =M = 0 corresponds to Dirac neutrinos, while nonzero entries for mT or M lead to Majo-
rana mass terms (making the neutrinos Majorana particles). One common choice is the so-called
Type-I see-saw model, where mT = 0 and M ≫ mD. In this case, the matrix in Eq. (1.12) may
be block-diagonalized3 to yield effective Majorana masses. After diagonalization, one obtains the
mass eigenstates, which are two Majorana fields with masses mlight ≃m2

D/M and mheavy ≃M [29].
This means that the light neutrino masses are suppressed by the large Majorana mass scale M .
Hence, the smallness of the known neutrino masses is elegantly explained by the largeness of M ,
a mechanism after which the model is called “see-saw". In particular, if we consider a Yukawa
coupling of the neutrinos such that mD is at the electroweak scale O(100 GeV), then a 10 meV
light neutrino corresponds to a heavy mass scale of order 1015 GeV. Such energy scales are close to
those of Grand Unification Theories (GUTs), such as SO(10) [29]. Other mass mechanisms, such
as Type-II see-saw and double see-saw, are also possible, as detailed in Ref. [62].

1.3.4 Experimental probes to the neutrino mass scale
As explained in Sec. 1.3.1, oscillation data fix only the mass splittings and leave the absolute neu-
trino mass scale yet to be determined. To complete the picture, we need complementary approaches,
which can be categorized into two main groups. Direct methods aim to determine the mass kine-
matically and are model-independent, while indirect methods extract it from model-dependent
observables. Direct measurements are the gold standard but are technically challenging because of
the smallness of the neutrino mass.

Direct measurements

Using our knowledge of β-decay or other equivalently well-understood processes such as electron
capture or inverse β-decay, it is possible to measure the energy of the charged particles in the final
state of these reactions to infer the mass of the neutrino. In fact, if we consider, for example,
β-decay, expressed in Eq. (1.1), in a simplified4 model, we can express the differential electron
spectrum as proportional to [27]:

dN

dEe
∝ peEe(Q −Ee)

√
(Q −Ee)2 −m2

ν̄e
, (1.13)

where pe, Ee, and me are, respectively, the momentum, energy, and mass of the emitted electron,
and Q-value is the total available energy in the decay. From Eq. (1.7), we know that ν̄e is a
superposition of three different mass eigenstates, so if we measure the energy spectrum, we would
expect to observe three kinks near its endpoint. However, with the current technological capabilities,
present-generation experiments do not have sufficient sensitivity to resolve such fine structure, and
only a single physical observable, called mβ , which captures the overall effect, is considered:

mβ ∶=
√
∑

i=1,2,3

∣Uei
PMNS∣

2
m2

i (1.14)

As one can see, the presence of a nonzero mβ substituted for mν̄e in Eq. (1.13) has the effect
of deforming the spectrum near its endpoint. In particular, the endpoint in the case of massless

3If we introduce one singlet neutrino per flavor, the mass matrix is 6×6, with the entries in Eq. (1.12) being 3×3.
4There are several effects not taken into account in this formula, such as the Coulomb interaction between the

emitted electron and the daughter nucleus. These effects are included in experiments aiming to measure the neutrino
mass but are irrelevant to this discussion.
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1.3 Massive Neutrinos

neutrinos will be at Q with a finite slope, while in the case of mβ > 0 it will be at (Q −mβ) with
an infinite slope. It should be noted that, given the smallness of mβ , this is a very small effect,
making this measurement extremely challenging. However, this technique has the advantage that it
relies only on the conservation of energy and momentum, making it model-independent and highly
reliable.

KATRIN is the world-leading experiment in direct mass measurement and performs precision
spectroscopy of the β-decay spectrum of tritium to measure mβ . Its latest analysis, based on a
statistics of 36 million electrons collected in 259 measurement days, resulted in an upper limit
mβ < 0.45 eV at 90% confidence level [63]. It is worth noting that from oscillation experiments, we
know that at least two neutrino mass states are nonzero due to the splittings, and from global fits,
we have estimates for the mixing angles. It is, therefore, possible to set lower limits on mβ from
oscillation data. Combining the results of global fits on oscillation data with KATRIN yields, at
95% confidence level [46]:

0.00085 eV ≤mβ ≤ 0.4 eV for NO, 0.048 eV ≤mβ ≤ 0.4 eV for IO (1.15)

EcHO [64] and HOLMES [65] use electron capture of 163Ho instead of β-decay, an idea originally
proposed in 1982 [66]. The products of the process are an electron neutrino and 163Dy in an excited
state. Using cryogenic microcalorimeters, one measures the total de-excitation energy of 163Dy,
whose endpoint is at (Q−mβ). This technique is still in the R&D phase and is not yet competitive
with KATRIN.

Indirect measurements

Limits from cosmology Cosmological observations offer an indirect but powerful way to
probe neutrino masses. In fact, every particle species influenced how galaxies and large-scale struc-
tures formed and evolved over time. In particular, neutrinos with nonzero masses slightly suppress
the clustering of matter on small scales, because massive neutrinos move quickly enough to escape
gravitational wells, smoothing out density fluctuations.

By carefully comparing the predicted distributions of galaxies and large-scale structure to ob-
servations from surveys such as DESI [67], it is possible to search for these subtle effects to set
limits on the sum of neutrino masses:

∑mν ∶=m1 +m2 +m3. (1.16)

Currently, no definitive evidence of neutrino mass effects has been observed, resulting in upper
limits on ∑mν typically ranging from about 0.04 to 0.3 eV [46, 68, 69]. However, these limits
rely on assumptions built into cosmological models, emphasizing the importance of direct model-
independent laboratory measurements.

It is worth mentioning that neutrino oscillation data and limits from KATRIN can also be used
to infer lower and upper limits for the variable ∑mν . Combining the most recent results yields, at
95% confidence level [46]:

0.058 eV ≤ ∑mν ≤ 1.2 eV for NO, 0.098 eV ≤ ∑mν ≤ 1.2 eV for IO (1.17)

This makes it clear that setting limits on ∑mν using direct detection strategies has the additional
advantage that, if such results were to come into tension with predictions from cosmological limits,
this could help to discriminate between different cosmological models.
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1.4 Neutrinoless Double-Beta Decay

Neutrinoless double-beta decay A complementary model-dependent probe is neutrinoless
double-beta decay (0νββ), a second-order hypothetical weak nuclear process whose rate depends
indirectly on the absolute neutrino mass scale. The following sections introduce the underlying
physics of neutrinoless double-beta decay and explores its profound implications.

1.4 Neutrinoless Double-Beta Decay
This section introduces neutrinoless double-beta decay while Sec. 1.5 addresses the far-reaching
implications of its experimental observation.

1.4.1 Double-beta decay
14

of 163Ho [123–125], which have the potential to go below
the eV in sensitivity.

E. Theoretical understanding

Theorists have not been very successful in anticipating
the discoveries on neutrino masses obtained by means of
oscillations. The discussion within gauge models clarified
that it is possible or even likely to have neutrino masses in
gauge models (compare with Sec. II D). However, a large
part of the theoretical community focused for a long time
on models such as “minimal SU(5)”, where the neutrino
masses are zero, emphasizing the interest in proton decay
search rather than in neutrino mass search. On top of
that, we had many models that aimed to predict e. g., the
correct solar neutrino solution or the size of ✓13 before
the measurements, but none of them were particularly
convincing. More specifically, a lot of attention was given
to the “small mixing angle solution” and the “very small
✓13 scenario”, that are now excluded from the data.

Moreover, it is not easy to justify the theoretical posi-
tion where neutrino masses are not considered along the
masses of other fermions. This remark alone explains
the di�culty of the theoretical enterprise that theorists
have to face. For the reasons commented in Sec. II D, the
SO(10) models are quite attractive to address a discus-
sion of neutrino masses. However, even considering this
specific class of well-motivated Grand Unified groups, it
remains di�cult to claim that we have a complete and
convincing formulation of the theory. In particular, this
holds for the arbitrariness in the choice of the representa-
tions (especially that of the Higgs bosons), for the large
number of unknown parameters (especially the scalar po-
tential), for the possible role of non-renormalizable oper-
ators, for the uncertainties in the assumption concerning
low scale supersymmetry, for the lack of experimental
tests, etc. . Note that, incidentally, preliminary investiga-
tions on the size of m�� in SO(10) did not provide a clear
evidence for a significant lower bound [126]. Anyway,
even the case of an exactly null e↵ective Majorana mass
does not increase the symmetry of the Lagrangian, and
thus does not forbid the 0⌫��, as remarked in Ref. [127].

Here, we just consider one specific theoretical scheme,
for illustration purposes. This should not be considered
a full fledged theory, but rather it attempts to account
for the theoretical uncertainties in the predictions. The
hierarchy of the masses and of the mixing angles has sug-
gested the hypothesis that the elements of the Yukawa
couplings and thus of the mass matrices are subject to
some selection rule. The possibility of a U(1) selection
rule has been proposed in Ref. [128] and, since then, it
has become very popular.

Immediately after the first strong evidences of atmo-
spheric neutrino oscillations (1998) specific realizations
for neutrinos have been discussed in various works (see
Ref. [129] for references). These correspond to the neu-

ββ- ββ+

ββ-

N,Z even

N,Z odd

Z Z+2Z-2 Z-1 Z+1

Even Mass
Number

Atomic Number

N
uc
le
ar

M
as
s

Z Z+2Z-2

β-

Suppressed ~1021

Z-1 Z+1

Odd Mass
Number

Atomic Number

N
uc
le
ar

M
as
s

β+

ββ+

FIG. 9. Nuclear mass as a function of the atomic number Z
in the case of an isobar candidate with A even (left) and A
odd (right).

trino mass matrix

Mneutrino = m ⇥ diag(", 1, 1) C diag(", 1, 1) (40)

where the flavor structure is dictated by a diagonal ma-
trix that acts only on the electronic flavor and suppresses
the matrix elements Meµ, Me⌧ and Mee (twice). The di-
mensionful parameter (the overall mass scale) is given by

� ⌘
p

�m2
atm ⇡ 50 meV. We thus have a matrix of co-

e�cients C with elements C``0 = O(1) that are usually
treated as random numbers of the order of 1 in the ab-
sence of a theory. A choice of " that suggested values
of ✓12 and ✓13 in the correct region (before their mea-

surement) is " = ✓C or
p

mµ/m⌧ [129]. Within these
assumptions, the matrix element in which we are inter-
ested is

m�� =
��m "2 O(1)

�� ⇡ (2 � 4) meV. (41)

Finally, we note that the SM renormalization of the ele-
ments of the neutrino mass matrix is multiplicative. The
e↵ect of renormalization is therefore particularly small
for m�� (see e. g. Eq. (17) of Ref. [130] and the discus-
sion therein). In other words, the value m�� = 0 (or
values close to this one) should be regarded as a stable
point of the renormalization flow.

Let us conclude repeating that, anyway, there are
many reasons to consider the theoretical expectations
with detachment, and the above theoretical scheme is not
an exception to this rule. It is very important to keep in
mind this fact in order to properly assess the value of the
search for the 0⌫�� and to proceed accordingly in the
investigations.

V. THE ROLE OF NUCLEAR PHYSICS

0⌫�� is first of all a nuclear process. Therefore, the
transition has to be described properly, taking into ac-
count the relevant aspects that concern nuclear structure
and dynamics. In particular, it is a second order nuclear

(a)

investigations, it seems reasonable to consider this hypothesis
as the reference one.

IV. NUCLEAR PHYSICS THEORY AND IMPLICATIONS

Most atomic nuclei are unstable because of the weak
interaction. Their decay is accompanied by the emission or
capture of electrons [known as β decay or electron capture
(EC), respectively] and leads to a final nuclidemore bound than
the initial one andwith the same number of nucleons. In β decay
a neutron turns into a proton, while the opposite occurs in EC,
so electric charge is conserved. In addition, either neutrinos
(in EC) or antineutrinos (in β decay) are emitted to conserve
energy, momentum, and lepton number. In a nucleus, β decay
can also turn a proton into a neutron, but this is disfavored
with respect to EC because a positron needs to be produced,
thus reducing the available energy: Qβþ ¼ QEC − 2me.
When dominant first-order weak processes occur, second-

order ββ decay or double EC (ECEC) are in practice
impossible to observe due to the small coupling associated
with the weak interaction. For some selected nuclei, however,
2νββ decay and ECEC dominate, for instance, when first-
order decays are energetically forbidden while second-order
channels are not. The attractive nuclear pairing interaction
brings additional binding to nuclei with even numbers of
protons and neutrons, so some even-even nuclei are more
bound than their odd-odd neighbors, but less bound than their
even-even second neighbors. Figure 6 illustrates this by
showing the mass excess for isobars with A ¼ 76 nucleons.
Alternatively, β decays can be suppressed because of a large
mismatch in total angular momentum between the initial and
final nuclei, so the β- and 2νββ-decay rates are comparable
(Alanssari et al., 2016). In these special cases, ββ decay or
ECEC can be measured. The nucleus decays into a more
bound system with two more protons and two fewer neutrons,
or vice versa, emitting or capturing at the same time two
electrons and the corresponding (anti)neutrinos. Such mea-
surements demand experiments sensitive to half-life values as
long as T2νββ

1=2 > 1018 yr (Barabash, 2020).

The nuclear transition underlying 2νββ decay and ECEC
can be thought of as proceeding via virtual transitions to
excited states of the intermediate odd-odd nucleus, and many-
body methods can be used to compute the corresponding
NMEs, albeit with some uncertainty. The case of 0νββ decay
is fundamentally different in two essential ways. First, the
mediating mechanism results in significant momentum trans-
fer between the two nucleons involved in the decay. While
2νββ decay and ECEC are restricted to a subset of the
intermediate nuclear states with angular momentum parity
1þ, the high momentum transfer in 0νββ makes all inter-
mediate states accessible. Second, although it is the case for
light-neutrino exchange, the mediating mechanism is not
required to couple to the nucleons via weak interaction
vertices, and thus in general the process is not always a
second-order weak process. A more generic framework is thus
required to compute 0νββ-decay rates.
In this section, we first summarize in Sec. IV.A the 0νββ-

decay rate as given by an effective field theory (EFT) that
exploits the separation of scales between particle (BSM),
hadron, and nuclear structure scales. Section IV.B presents
expressions for the NMEs for 0νββ decay mediated by the
exchange of “light” and “heavy” particles with respect to the
typical momentum transfer p ¼ jpj ∼ 200 MeV, including
the recently recognized short-range contribution to light-
neutrino exchange. Section IV.C discusses current NME
calculations, while Sec. IV.D is devoted to the so-called gA
quenching puzzle that could affect NME predictions.
Additional nuclear observables that test calculations and
can provide information about the values of the NMEs are
outlined in Sec. IV.E.
The content of Secs. IV.A, IV.C.1, IV.C.2 and IV.D is

targeted to both nonexperts and experts, while Sec. IV.B,
the rest of Sec. IV.C, and Sec. IV.E cover somewhat more
technical aspects.

A. 0νββ-decay rate in effective field theory

0νββ decay is necessarily triggered by BSM physics. As
discussed in Sec. III, the experimentally best-motivated and
most studied mechanism is the exchange of the known light
neutrinos (if they are Majorana particles) corresponding to
Fig. 7. This scenario predicts a 0νββ-decay rate that depends
only on the mass of the lightest neutrino and the neutrino mass
ordering, in addition to a NME. Nonetheless, in general any
BSM extension that violates lepton number leads to 0νββ
decay. Because BSM models are typically defined at higher
energy-momentum scales than the electroweak scale

FIG. 6. Mass excess Δ ¼ ðmA − AÞu for isobars with mass mA
and mass number A ¼ 76, where u is the atomic mass unit. Even-
even (odd-odd) nuclei lie on the bottom (top) curve.

FIG. 7. Diagram representing the long-range light-neutrino-
exchange contribution to 0νββ decay.
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Figure 1.3: (a) Average nucleon binding energy as a function of atomic number. Odd nuclei lie on
a single parabola, and due to the weak interaction structure, second-order processes like 2νββ are
strongly suppressed compared to single β-decay. In contrast, spin-coupling effects split even nuclei
into two parabolas: lower mass for even-even nuclei and higher for odd-odd nuclei. In such cases,
single β-decay may be energetically forbidden, making the second-order transition the dominant
decay mode. Reprinted from Ref. [25]; (b) Mass excess ∆ = (mA −A)u for isobars with mass mA

and mass number A = 76, where u is the atomic mass unit. For 76Ge the β-decay is forbidden,
leaving 2νββ as the leading decay channel. Reprinted from Ref. [21].

Double-beta decay (2νββ) is a second-order, weakly mediated nuclear transition of the form:

A
ZX Ð→A

Z+2 X
′ + 2e− + 2ν̄e (1.18)

which is allowed within the Standard Model. This decay was first proposed by Maria Goeppert-
Mayer in 1935, who provided an early estimate of its half-life as T 2ν

1
2

≳ 1017 years [70], using the Fermi
theory of β-decay introduced in Sec. 1.1. Being a second-order weak process, this decay channel
is highly suppressed compared to ordinary β-decay, making its observation extremely challenging.
However, certain nuclei exist for which β-decay (or electron capture) is energetically forbidden. For
these nuclei 2νββ becomes the dominant decay channel. This process has been observed for many
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Isotope Daughter Qββ (keV) fnat (%)
48Ca 48Ti 4267.98(32) 0.187(21)
76Ge 76Se 2039.061(7) 7.75(12)
82Se 82Kr 2997.9(3) 8.82(15)
96Zr 96Mo 3356.097(86) 2.80(2)
100Mo 100Ru 3034.40(17) 9.744(65)

Isotope Daughter Qββ (keV) fnat (%)
116Cd 116Sn 2813.50(13) 7.512(54)
130Te 130Xe 2527.518(13) 34.08(62)
136Xe 136Ba 2457.83(37) 8.857(72)
150Nd 150Sm 3371.38(20) 5.638(28)

Table 1.3: Qββ and natural abundance fnat for isotopes currently being pursued by leading 0νββ-
decay experiments. Isotopic abundances from [73]. Table adapted from Ref. [21].

isotopes with half-lives in the range of 1018 to 1021 yr [71].
In particular, this situation arises in even-even nuclei, like the ones listed in Table 1.3. In such nuclei,
the pairing among nucleons increases the nuclear binding energy and thus reduces the nuclear mass.
According to Eq. (1.1), a β-decay would convert a neutron into a proton, transforming the even-even
nucleus into one with an odd number of protons and neutrons. This would reduce pairing, lower
the binding energy, and raise the mass, making the β-decay energetically forbidden. In contrast,
2νββ transforms the nucleus into another even-even one, preserving pairing effects and lowering
the mass, thus becoming the only allowed decay mode. This is shown in Fig. 1.3, with a numeric
example for 76Ge, which is one of the most studied isotope in this context.

It is important to emphasize that 2νββ is a nuclear transition, in which the entire nucleus
participates, strongly influencing the process’s half-life. Theoretically predicting this half-life re-
quires nuclear many-body models to compute the nuclear matrix elements (NME), which encode
the complex nuclear dynamics and incorporate models of the nucleus and inter-nucleon correlations.

1.4.2 0νββ

Furry, in 1939, combined Majorana’s theory of neutrinos with the double-beta decay process intro-
duced by Goeppert-Mayer and conceived an alternative version of double-beta decay in which no
neutrinos are emitted in the final state:

A
ZX Ð→A

Z+2 X
′ + 2e− (1.19)

This hypothetical nuclear transition became known as neutrinoless double-beta decay (0νββ) and
violates both lepton number conservation andB−L symmetry by two units. In 1960, the first explicit
discussion of 0νββ as a lepton-number-violating process connected to the mass and Majorana nature
of the neutrino was published [72]. Today, a large international experimental effort is dedicated
to the search for this process, as its observation would have far-reaching implications, which are
discussed in Sec. 1.5. A simplified Feynman diagram of neutrinoless double-beta decay is shown
in Fig. 1.4a. As in 2νββ, this is a nuclear transition involving the entire nucleus, with its half-life
strongly dependent on nuclear matrix elements (NMEs). The role of NMEs, particularly in the
search for 0νββ, will be discussed further in Sec. 2.1.

It should be noted that if this process exists, its half-life is expected to exceed that of 2νββ by
several orders of magnitude, making its detection extremely challenging. Despite its extreme rarity,
0νββ has a distinctive experimental signature: by conservation of energy and momentum, the total
energy of the two emitted electrons equals the Q-value of the transition (Qββ), producing a sharp
peak in their summed energy spectrum, as illustrated in Fig. 1.4b. The experimental strategies and
challenges involved in detecting this signature are the focus of Chapter 2.
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(a)

values are much longer than the age of the Universe, the
expected signal rate is homogeneous in time for the entire
duration of an experiment. 0νββ decay is a three-body process
with a final state composed of the nuclear recoil plus the two
emitted electrons. Since the electron mass is orders of
magnitude smaller than that of the daughter nucleus, the
nuclear recoil energy is negligible (< 0.1 keV), and the sum
of the electron energies is practically equivalent to the
available energy, i.e., to Qββ. The daughter nucleus can be
produced either in its ground state or in some excited state and
can then relax down to its ground state emitting γ rays.
In principle, the measurable quantities in 0νββ decay are the

kinetic energies and momenta of the emitted electrons, as well
as the position and time of the decay. Additionally, any γ ray
emitted in 0νββ decay to excited states can be measured, and
the daughter nucleus can be tagged via atomic or molecular
means as well.
For all isotopes, 0νββ decay competes with its 2νββ-decay

mode, a five-body decay with two electrons and two anti-
neutrinos emitted. The antineutrinos escape undetected;
hence, the sum energy of the two electrons is ≤ Qββ. The
electron momenta in the two modes vary statistically, and the
daughter nucleus and any γ ray emitted by the daughter
deexcitation are common between the 0νββ- and 2νββ-decay
modes. Thus, measurement of the sum electron energy is a
necessary condition for discovery: the 0νββ decay will feature
a peak at Qββ and the 2νββ-decay mode will feature a
continuum from zero to Qββ (Fig. 12). In a high-resolution
experiment free of other background sources, an energy
measurement is also a sufficient condition for discovery.
The measurement of energy is optimal if the candidate

isotope is part of the detector itself. This condition simulta-
neously maximizes the detection efficiency (by optimizing
containment) while minimizing any energy loss, providing a
clear signature for the signal as a 0νββ-decay peak over the
background, with shape governed by the energy resolution
function of the detector. The resolution function is charac-
terized by its full width at half maximum (FWHM), which is
given by 2

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
σ for a Gaussian resolution function of

width σ, but can also be used to characterize and compare
less ideal detector responses. A 0νββ-decay event recon-
structs atQββ for those nuclei within the active volume of the
detector with a fully calibrated nonzero energy response,
and for those events whose ejecta are fully contained within
the active volume.
In many detectors, the measurement of energy is accom-

panied by identification of the time and sometimes also the

position of the energy deposition within the detector. These
observables further improve the 0νββ-decay signal identifi-
cation by discriminating correlated or time-varying back-
grounds as well as background contributions with spatial
distributions distinct from that of the parent isotope. For large
monolithic detectors with strong self-shielding, the discrimi-
nation of external backgrounds can be captured with a fiducial
volume cut that removes high-background regions near the
detector edges that do not contribute to the sensitivity.
Particle tracking allows one to independently measure the

single electron momenta and directions, and consequently
also their angular correlation. Precise tracking of electrons
with MeV-scale energies, including the measurement of the
decay location, is achievable only in low-pressure gaseous
detectors or highly pixelated solid detectors at present: here
we refer to pressures ∼1 bar as low, and ∼10–20 bars as high.
For the former, the quest to maximize the isotope mass
motivates the use of composite detectors with solid sources
sandwiched between gaseous tracking detectors. Pixelated
detectors, on the other hand, require small surface-to-volume
ratios. In either case, the passage of the decay electrons
through passive material near the detection medium induces
an unavoidable energy loss and distorts the expectedQββ peak
in the sum energy spectrum. In monolithic solid or liquid
detectors the electrons emitted in 0νββ decay scatter multiple
times within a few mm3 before being absorbed, making
precise tracking of the decay electrons and identification of
the decay vertex impractical. In high-pressure gas detectors a
0νββ-decay event will feature two electron tracks of several-
centimeters length originating from the same unknown loca-
tion. The single electron momenta and angular correlation
cannot be measured unambiguously, but the single electron
energies can be estimated.
The presence of the final-state nucleus at the event vertex

is a nearly unique feature of ββ decays. The first exper-
imental discovery of 2νββ decay was made using geochemi-
cal methods in which trace levels of ββ-decay daughters
were detected in materials containing the parent isotope
(Inghram and Reynolds, 1950). The tagging of deexcitation
gammas in the final state can provide such identification in
real time but requires the phase-space-suppressed decay
to an excited state of the daughter nucleus. Nevertheless,
such excited state decays have been observed in a number of
ββ nuclei (Belli et al., 2020), and for some nuclei 2νββ
decay has been probed unambiguously only via excited
state decays such as 110Pd and 102Pd (Lehnert et al., 2016).
Modern efforts to perform real-time tagging of the daughter
nucleus in its ground state are based on its atomic features,
as first proposed by Moe (1991), and are advantageous if
the background reduction outweighs the 0νββ-decay signal
loss due to the tagging inefficiency. If methods can be
developed to perform this tagging with high efficiency, with
sufficient resolution such a search would be effectively
background free.

1. Detector concepts

Figure 13 shows the three detector concepts used to
search for 0νββ decay: solid-state detectors with an
embedded source, monolithic liquid or gas detectors with

FIG. 12. Theoretical spectra of 2νββ and 0νββ decays with 1.5%
energy resolution (FWHM) and arbitrary normalization.
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Figure 1.4: (a) One possible simple diagram representing 0νββ which schematically highlights the
role of nuclear physics in the transition. Reprinted from Ref. [45]; (b) Theoretical spectra of 2νββ
and 0νββ decays with 1.5% energy resolution (FWHM) and arbitrary normalization. Reprinted
from Ref. [21].

1.5 The Relevance of 0νββ Searches
The observation of neutrinoless double-beta decay provides a unique research opportunity, as it
would simultaneously address numerous fundamental questions.

1.5.1 What distinguishes matter from antimatter?
From the theoretical formalism introduced in Sec. 1.2.3 and in Sec. 1.3.3 several considerations
naturally arise.

Within the SM, the chiral (V–A) structure of weak interactions indicates that in processes such
as β+-decay, neutrinos in the final state are strictly left-handed. For a massless neutrino (as it is in
the SM) chirality and helicity coincide. Thus, SM neutrinos would always have LH helicity, clearly
distinguishing it from an antineutrinos emitted in β−-decay, which would have RH helicity. Hence,
in the SM helicity is as a good quantum number to distinguish neutrinos from antineutrinos.

However, the scenario changes dramatically when considering the results from neutrino oscil-
lation experiments, which prove that neutrinos have nonzero mass: not only is the SM unable
to explain these masses as it does for other fermions, but the distinction between neutrinos and
antineutrinos also becomes problematic after spontaneous symmetry breaking5. In fact, for a mas-
sive neutrino, it is always possible to find a reference frame in which it is at rest. In this rest
frame, neutrinos and antineutrinos have zero momentum, and consequently, zero helicity. In the
absence of other quantum numbers, neutrinos and antineutrinos would differ solely by their spin
orientation. However, rotational symmetry (or, equivalently, the freedom to arbitrarily choose the
coordinate axes in the rest frame) implies that neutrinos and antineutrinos are indistinguishable.
Taking the words from Ref. [21]: the structure of the Standard Model, together with the hypothesis
that neutrinos have mass, suggests that the neutrino and the antineutrino are the same particle in
the rest frame. To preserve the possibility of distinguishing neutrinos from antineutrinos, one could
introduce an additional quantum number, such as lepton number L. In the rest frame, this would

5Hypercharge, which neutrinos possess, is broken spontaneously.
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imply the existence of another distinct neutral particle characterized by the opposite value of this
quantum number, thus enabling a Dirac mass term as the one in Eq. (1.10). However, this quantum
number would have to be addedd coercively to the theory. On the other hand, one may accept
that, for massive neutrinos, only a single neutrino state exists in the rest frame, making neutrinos
absolutely neutral particles (with respect to all quantum numbers). Consequently, lepton number
L would not be conserved. Since baryon number B is not involved in this discussion, the violation
of L would imply a corresponding violation of B −L.

This discussion clearly demonstrates how B−L is fundamentally linked to the nature of the neu-
trino, making experimental tests of this symmetry a top priority in contemporary particle physics.
0νββ is a process which has ∆B = 0 and ∆L = 2 and, having a clear experimental signature, it is a
precious tool to test B −L.

In this respect, another important consideration must be made. In fact, a direct consequence of
B − L violation, is that 0νββ is a process in which energy is converted only into matter particles,
without the creation of any antimatter particle. This is radically different from β or 2νββ decays,
in which the net amount of particles and antiparticles remains unchanged.

1.5.2 Matter-antimatter asymmetry and a matter-creating process
Cosmological observations provide robust experimental evidence that the universe consists almost
exclusively of baryons, with only an insignificant amount of antibaryons [74, 75]. This phenomenon,
known as “matter-antimatter asymmetry”, has been debated for many years. In 1967 Sakharov
formulated three conditions that a model must satisfy to account for this baryon excess [76]:

• violation of B;

• violation of C and CP;

• interactions taking place out of thermal equilibrium.

Given the success of the SM in describing particle physics, it is natural to examine whether
it fulfills these Sakharov conditions. Such an examination is nontrivial because some of the SM’s
global symmetries are anomalous (see Sec. 1.2.4). However, these anomalies are far too suppressed
to generate the observed asymmetry [77], so the SM remains unable to explain the baryon excess.

Observation of a B − L violating process such as 0νββ would signal physics beyond the SM
capable of explaining the matter-antimatter asymmetry observed in the universe [78].

1.5.3 What can 0νββ tell us about neutrinos?
The search for 0νββ addresses the question introduced in Sec. 1.3.3: are the right-handed compo-
nents of neutrinos new degrees of freedom (Dirac fermions), or are they related to the degrees of
freedom of antineutrinos (Majorana fermions)? In the case of Majorana fermions, the mass term
presented in Eq. (1.11) breaks the phase symmetry and consequently the number symmetry, lead-
ing to lepton-number violation and enabling processes like 0νββ to occur. Extrapolating from the
argument presented in Sec. 1.5.1, in a simplified picture one could imagine that the lepton-number-
violating process enabling 0νββ arises due to the nonzero neutrino mass, which implies the neutrino
is not in a pure helicity state. As discussed in Sec. 1.2.2, the amount of "wrong" helicity in the
neutrino field is O(m/E), strongly suppressing the rate of this process.
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Although this is a very naïve way of looking at the process described by the Feynman diagram
shown in Fig. 1.4a, this argument clearly highlights the connection among (i) the neutrino mass,
(ii) the rate of 0νββ, and (iii) the Majorana nature of neutrinos. Although this topic is a matter of
speculation [25, 79, 80, 81, 82], the community tends to agree that the observation of a non-null rate
of 0νββ would imply that neutrinos are Majorana particles. However, given the model-dependent
nature of these arguments, a few points have to be made clear. Firstly, non-observation of 0νββ
would not imply that neutrinos are Dirac fermions. Secondly, an observation of 0νββ could be
related to the nonzero neutrino masses very indirectly. Indeed, even if an observation is made, it
can’t be assumed that it comes solely from the Majorana mass term as other processes (or even a
combination of them) could be responsible for the decay. A detection of 0νββ would therefore open
the much more challenging problem of experimentally testing what is the underlying mechanism
mediating the process [82, 83]. After all, there are no neutrinos in the final state, and the diagram
shown in Fig. 1.4a is just one of the many possible realizations of it.

With these caveats in mind, one can adopt several working assumptions, the most relevant being
that the dominant mechanism for 0νββ is the exchange of light Majorana neutrinos, whose dia-
gram is shown in Fig. 1.4a [23] (sometimes called light Majorana-neutrino exchange). Under these
hypothesis one can show that the decay amplitude, and therefore the expected rate, is proportional
to a quantity known as the effective Majorana mass, defined as [46, 21]:

mββ ∶= ∣
3

∑
i=1

∣U2
ei∣ eiϕimi∣ = ∣m1c

2
13c

2
12e

2i(α1−δCP) +m2c
2
13s

2
12e

2i(α2−δCP) +m3s
2
13∣ (1.20)

Here Uei are the elements of the PMNS matrix, ϕi are the Majorana phases, and the right hand
term is written explicitly in terms of the PMNS parameters defined in Eq. (1.7). The quantities
mi are the three neutrino mass eigenvalues; this model assumes only the three standard neutrino
states. Since this formula depends on the Majorana phases, a precise measurement of the 0νββ
rate, combined with independent information on the absolute neutrino mass scale, could in some
situations constrain or even fix one or both CP-violating Majorana phases [84].

By inserting into Eq. (1.20) the expressions for m1, m2, and m3 from Eq. (1.9), one can rewrite
mββ in terms of mlightest and the two mass splittings ∆m21 and ∆m3ℓ. Doing this puts into even
more clear evidence that, within this framework, the parameters space of neutrino oscillations is
connected to the one of neutrinoless double-beta decay. In particular, under these assumptions, a
measurement of the rate of 0νββ would fix the value of mlightest, providing an indirect measurement
of the neutrino mass scale, as anticipated in Sec. 1.3.4.

Quantitatively, the global analysis on the oscillation data can be combined with the bounds
from KATRIN to give, at 95% CL [46]:

0 ≤mββ ≤ 0.41 eV for NO, 0.015 eV ≤mββ ≤ 0.41 eV for IO. (1.21)

The limits expressed in Eq. (1.15) and Eq.(1.17), together with those in Eq. (1.21), define the
allowed regions in the parameter space spanned by mlightest, mβ , mββ , and ∑mν . The regions
obtained from global fits to oscillation data are displayed in Fig. 1.5. Neutrinoless double-beta
decay experiments, which set model-dependent indirect limits on mββ , can further shrink these
regions. To date, no experiment has observed 0νββ. Nonetheless, measurements have set lower
limits on its half-life, which, in this framework, translate into upper limits on mββ as shown in
Fig. 2.1. This will be better discussed in Sec. 2.1.

Figure 1.5 shows that, for IO, a nonzero lower bound exists for mββ , whereas in the NO case
no such bound appears. Consequently, if a future 0νββ experiment were to establish an upper
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Figure 1.5: Allowed regions obtained by projecting the results of the global analysis of oscillation
data over mββ and (a) mβ as in Eq. (1.14); (b) ∑mν as in Eq. (1.16); (c) mlightest as in Eq. (1.9).
Colored areas (grey lines) are obtained with (without) the inclusion of the KATRIN bound. Upper
bounds on mββ shrink the allowed regions horizontally from the top of these plot. Upper bounds
on ∑mν from cosmology can also shrink the allowed regions. Adapted from [46].

limit on mββ below the IO-allowed band, it would (indirectly) demonstrate normal ordering even
in the absence of a detection of 0νββ. It is worth noting, however, that forthcoming oscillation
experiments like JUNO are expected to determine the mass ordering independently in the coming
years [58]. In addition, if neutrinos follow NO, specific combinations of the Majorana phases could
suppress mββ to extremely small values, potentially making 0νββ practically impossible to detect.
Certain theoretical frameworks predict values for these parameters [85]; therefore, systematically
excluding larger portions of this space provides valuable guidance for model building even prior
to the experimental observation of 0νββ. Taken together, these considerations demonstrate the
exceptional informative power provided by the experimental searches for this process.

Given the extremely small values possible for mββ , the amplitude of 0νββ is expected to be
tiny. For this reason, one might look at other processes to test the nature of the neutrino, such as
interactions involving non-relativistic neutrinos. However, the community largely agrees that, for
now, only searches for 0νββ are experimentally practical. This has also been shown in very recent
studies [86].

In summary, detecting a matter-creating process such as 0νββ would greatly deepen our un-
derstanding of neutrinos, physics beyond the Standard Model, and why the Universe is formed by
matter. Its observation would prove that B − L is violated and, under some assumptions, offer
information on whether neutrinos are Majorana particles, on the absolute neutrino mass scale and
ordering, and on the CP-violating Majorana phases. 0νββ is the only practical laboratory probe
capable of addressing these foundational questions simultaneously. For these reasons, the search
for 0νββ remains one of the highest worldwide priorities in particle physics today [87, 88, 89].
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Chapter 2

Searching for 0νββ with Cryogenic
Calorimeters: from CUORE to
CUPID

The far-reaching implications of discovering neutrinoless double-beta decay (0νββ) have motivated
a broad international experimental programme. Present-generation experiments, based on several
detector technologies, already set stringent lower limits on the half-life of many candidate isotopes,
and the next-generation ones are designed to improve those limits by at least an order of magnitude.

Among the available techniques, the one based on cryogenic calorimeters has emerged as es-
pecially promising. The CUORE experiment currently holds the most stringent half-life limit for
130Te. Its multi-year operation of a tonne-scale array at ∼15 mK has demonstrated the long-term
stability, excellent energy resolution, and low backgrounds attainable with this method.

CUPID will extend this approach. It targets the 0νββ decay of 100Mo using scintillating cryo-
genic Li2MoO4 crystals with a dual-channel readout that will allow it to have CUORE-level energy
resolution while providing event-by-event particle identification, reducing backgrounds in the region
of interest. In addition, 100Mo offers a Q-value above the natural radioactivity end-point and bene-
fits from favourable nuclear phase space factor, enhancing sensitivity to the effective Majorana mass.

This chapter reviews the current status of 0νββ searches, explains the advantages and challenges
of scintillating cryogenic calorimeters, and contextualizes CUPID within a broader experimental
program.

2.1 Experimental Sensitivity to the Effective Majorana Mass
Assuming that 0νββ is driven by the light–Majorana-neutrino exchange mechanism introduced in
Sec. 1.5.3, the decay rate is proportional to the effective Majorana mass mββ defined in Eq. (1.20)
[25]. Consequently, for a given half-life one can compute the corresponding value of mββ . Although
this conversion is model-dependent, it enables a direct comparison of the discovery reach of exper-
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iments using different isotopes. As recalled in Sec. 1.4, neutrinoless double-beta decay is a nuclear
transition, so the entire nucleus influences the rate, which can be written as follows [25]:

1

T 0ν
1/2

= G0ν ∣M∣2
m2

ββ

m2
e

(2.1)

where G0ν is the phase-space factor, M the nuclear matrix element (NME), and me the electron
mass. Hence, a measurement of T 0ν

1/2 can be converted (indirectly) into a value of mββ . Conversely,
if 0νββ is not observed, the experimental lower limit on the half-life translates into an upper bound
on mββ according to [25]:

mββ ≤
me

M
√
G0ν T 0ν

1/2

(2.2)

Equation (2.2) shows that both the NME and the phase-space factor are crucial. Although G0ν

can vary a lot among the candidate isotopes (listed in Tab. 1.3) [90], its uncertainty is only about
7 % [91]. NMEs, on the other hand, are difficult to calculate accurately and represent the largest
source of uncertainty when deriving bounds on mββ .

Nuclear matrix elements

Because 0νββ and 2νββ occur in nuclei with many protons and neutrons, calculating NMEs re-
quires solving a demanding many-body problem. Current theoretical approaches differ by up to a
factor of three, indicating that important underlying physics is still missing in these models [95].
Moreover, reliably estimating the associated uncertainties is itself challenging. A common practice
is, therefore, to evaluate Eq. (2.2) using the largest and smallestM values available, thereby giving

conceivable future searches. If neutrinos are Majorana par-
ticles, data onmββ will indirectly also constrain mβ and Σ, and
vice versa, creating an interesting interplay among future
experiments.
The most stringent constraints on mβ come from the

KATRIN experiment, which was designed to kinematically
measure the mass of the electron antineutrino with sub-eV
precision, by reconstructing the energy distribution of the
electrons emitted in tritium β decays close to the end point.
In the next few years, KATRIN will push the exploration of
mβ values from the current limit of 0.8 (Aker et al., 2022)
down to 0.2 eV (Aker et al., 2019). Any measurement of mβ

in this range would be incompatible with the existing limits
on 0νββ decay unless neutrinos are Dirac particles. In the
Majorana neutrino scenario, it hints at nonstandard neutrino
models (and cosmological models) and/or alternative 0νββ-
decay mechanisms.
Cosmological data are strongly sensitive to the neutrino

radiation density and the neutrino masses, which affect
both big-bang nucleosynthesis and the large-scale structure
of the Universe, inducing characteristic signatures in the
relative abundance of elements and the cosmic microwave
background–baryon acoustic oscillation (BAO) power spec-
tra. These effects have been covered in several reviews
(Dolgov, 2002; Patterson, 2015; Archidiacono et al., 2017;
Lattanzi and Gerbino, 2018). Neutrino constraints coming
from cosmology are relatively robust, even though they are
not as direct as those from laboratory experiments, and need
to rely on the standard model for cosmology, called Λ cold
dark matter (ΛCDM). The current bound on the sum of the
neutrino masses is Σ < 120 meV (Aghanim et al., 2020b). It
stems from the combination of large-scale structure mea-
surements due to Planck with other measurements at small
scales, including lensing and BAO data. There are other
sensitive data, such as measurements of the Lyman-alpha
forest. Their inclusion helps to break some degeneracies,
typically yielding stronger constraints on Σ (Palanque-
Delabrouille et al., 2020; Di Valentino, Gariazzo, and

Mena, 2021). The analysis is also relatively robust against
standard modifications of ΛCDM.
The next surveys, for instance, DESI and EUCLID, aim at

measuring Σ with an accuracy of 20 meV (Font-Ribera et al.,
2014; Kitching, Heavens, and Das, 2015). This measurement
will have important implications for 0νββ decay. To begin,
the lowest value of Σ is bounded by the measurement of the
neutrino mass squared differences. This minimum value is
Σ > 59 meV for normal ordering and Σ > 100 meV for
inverted ordering, assuming the central values of the neutrino
oscillation parameters (Zyla et al., 2020). This means that the
next surveys are guaranteed to resolve a value for Σ consistent
with these limits if the ΛCDM paradigm is valid and
consistent with standard-model physics. Further, measure-
ment of Σ below 100 meV would disfavor the inverted-
ordering hypothesis, as pointed out by Dell’Oro et al. (2015).
Moreover, any measurement of Σ would naturally set a lower
bound on mββ, even in the case of normal ordering. This is
already qualitatively visible in Fig. 4, but a proper estimation
needs to take into account all uncertainties on the oscillation
parameters and the anticipated 20 meV accuracy of the
measurement on Σ. Figure 5 shows the dependence of the
lower bound on mββ on the true unknown value of Σ, obtained
by propagating all uncertainties via random sampling. Should
the value of the neutrino mass sum be just below the current
limits, mββ would be bounded to be larger than 10 meV, a
value testable by the coming 0νββ-decay experiments, assum-
ing favorable NME calculations.
We close this section with a remark concerning the normal

mass ordering parameter space. Although vanishing mββ

values are possible from a mathematical and empirical point
of view, the question of whether or not this is plausible is
much more subtle. Figure 4 shows the maximum allowed
parameter space on bilogarithmic scales. This choice under-
emphasizes the value of the observational progress and
stresses somewhat artificially the role of the lowest values
of the masses. In the future, a linear or even bilinear scale
might be appropriate; indeed, some experiments have begun
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FIG. 4. Maximally allowed parameter space for mββ as a function of mlight, mβ, and Σ assuming the central value of the neutrino
oscillation parameters (Zyla et al., 2020). The orange and green areas show the parameter space allowed assuming normal and inverted
ordering, respectively. The shaded areas indicate the regions already excluded by 0νββ-decay experiments (Gando et al., 2016) and
cosmological observations (Aghanim et al., 2020b); the vertical lines in the middle panel correspond to the KATRIN limit (Aker et al.,
2022) and sensitivity (Aker et al., 2019).
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Figure 2.1: Colored bands show the maximally allowed parameter space for mββ as a function of
mlightest as defined in Eq. (1.9), mβ as in Eq. (1.14), and ∑mν as in Eq. (1.16) assuming the central
value of the neutrino oscillation parameters in IO (teal) and NO (orange). Vertical lines in the
middle panel mark the regions excluded by the KATRIN limit (gray area) [92] and sensitivity [93],
while the vertical gray band in the right panel show cosmological constraints [74]. The horizontal
gray band denotes the region ruled out by the 2016 KamLAND-Zen 0νββ data assuming the smallest
and the largest NME [94]. Reprinted from Ref. [21].
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a plausible range for mββ .
With this procedure, one can map existing half-life limits onto the allowed regions shown in Fig. 1.5
to further shrink the permitted values by introducing exclusion regions as shown in Fig. 2.1. Al-
though model-dependent, these bounds already surpass those derived from global fits on oscillation
data combined with KATRIN results (reported in Eq. (1.21)). For instance, the current best limit,
T 0ν
1/2 > 3.8 × 1026 yr (90 % C.L.) from KamLAND-Zen [96], corresponds to mββ < 28–122 meV, even

tighter than the range shown in Fig. 2.1, which was obtained with the 2016 data [94]. Even for the
worse (smallest) NME, the resulting upper limit of 0.122 eV is more than three times stronger than
the global-fit bound of 0.41 eV quoted in Eq. (1.21).

2.2 Experimental Search for 0νββ

Equation (2.1) provides a model-dependent connection between the half-life of neutrinoless double-
beta decay, T 0ν

1/2, and the effective Majorana mass mββ . The real experimental challenge is to
measure T 0ν

1/2 directly or, in the absence of a signal, to set a lower bound on it. Although the
decay is expected to be exceptionally rare, its signature is very clear: the sum of energies of the
two emitted electrons must equal the Q-value of the transition Qββ , as shown in Fig. 1.4b. In
practice, every experimental approach that one could thinks of boils down to looking for a narrow,
monochromatic peak at Qββ in the total electron-energy spectrum.

Many detector technologies have been developed to achieve this goal, yet their sensitivities can
all be expressed through the same core experimental quantities. This section introduces these
shared parameters and shows how they determine the achievable limits (or, eventually, the first
measurement) of T 0ν

1/2.

2.2.1 Experimental sensitivity to 0νββ

From the law of radioactive decay it is easy to show that, if Nββ nuclei are observed for a total live
time T with a detector whose total efficiency for the two-electron signal is ϵ, then, in the lucky case
nββ events are identified as 0νββ, the half-life is [25]

T 0ν
1/2 = ln 2 ⋅ T ⋅ ϵ ⋅

Nββ

nββ
(2.3)

If every quantity except nββ is known with negligible uncertainty, the only error on T 0ν
1/2 arises from

the Poisson fluctuations of the event count.
When no 0νββ candidates are observed, it is convenient to define a detector factor of merit, or

sensitivity S0ν . This is the half-life corresponding to the largest signal that could be hidden by
background fluctuations at a chosen confidence level (CL). Despite several simple approximations,
the most important being that the background counts grows linearly with time and detector mass,
the sensitivity is can be used to compare present and future experiments on the basis of common
experimental parameters [90]. At 68% C.L. the sensitivity is [97]:

S0ν = TBack.Fluct.
1/2 = ln 2Nββ ϵ

T

nB
= ln 2 × xη ϵNA

A

√
M T

B∆
(nB =

√
M T B∆ at 68% C.L.) (2.4)

Where, for an experiment that studies a ββ isotope embedded in a material of molecular mass A
containing x atoms of that isotope per molecule,
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• Nββ , ϵ, and T are as defined in Eq. (2.3); NA is Avogadro’s number;

• B is the background index (BI), i.e. the background rate per unit energy and detector mass
in the region near Qββ , commonly called the region of interest (ROI);

• M is the detector mass;

• ∆ is the FWHM energy resolution in the ROI;

• η is the isotopic abundance of the ββ nuclei under study, equal to the natural abundance fnat
of Table 1.3 or higher if isotopic enrichment strategies are used.

Equation (2.4) shows that, for a fixed mass and observation time, a detector with lower background,
better energy resolution, or higher enrichment reaches an enhanced sensitivity. Defining the exposure
MT , the sensitivity scales as the square root of the exposure in the finite-background regime.

If an experiment operates background-free in the ROI, namely MT∆B ≲ 1, then, at 68% C.L.,
its sensitivity becomes [97]:

S0ν
ZB = ln 2Nββ ϵ

T

nB
= ln 2 × xη ϵNA

A

M T

1.14
(nB = 1.14 at 68% C.L.) (2.5)

In this zero-background (ZB) regime the sensitivity increases linearly with exposure and no longer
depends explicitly on ∆, although maintaining good resolution remains essential, since the experi-
ment re-enters the finite-background regime once MT∆B exceeds unity.

Finally, combining Eqs. (2.4) and (2.5) with Eq. (2.2) gives the dependence of the effective
Majorana-mass reach on exposure:

mββ ≤
⎧⎪⎪⎨⎪⎪⎩

∝ (MT )−1/2 zero background,

∝ (MT )−1/4 finite background.

Thus, in the finite-background case, improving the mββ sensitivity by a factor of two requires
increasing the exposure by a factor of 16. Minimizing backgrounds is therefore crucial, as every
reduction moves an experiment closer to the zero-background regime, where sensitivity grows much
faster with exposure and discovery potential is maximized. Not only it is crucial to keep the
backgrounds as low as possible, but also to measure it with high precision, ensuring that background-
related uncertainties are completely negligible, as they can translate into an uncertanty on the
half-life.

2.2.2 Current and future experimental approaches
Current- and next-generation experiments employ multiple complementary technologies to search
for 0νββ decay.

Experiments using different isotopes and detector technologies are actively pursued to maximize
the discovery potential for 0νββ decay. Prominent technologies include semiconductor detectors
(HPGe), liquid xenon TPCs, high-pressure xenon gas TPCs, large-scale liquid-scintillator detec-
tors, and cryogenic calorimeters [21]. HPGe diodes typically provide excellent energy resolution
and proven scalability but limit the search of the process to 76Ge. Xenon TPCs benefit from high-
purity operation and effective event reconstruction capabilities, whereas large-scale liquid scintillator
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DUNE, and HyperKamiokande, with the requisite sensitivity
to establish the neutrino mass ordering. These unknowns lead
to uncertainties in the mββ value.
Assuming that neutrino masses follow the normal ordering,

any half-life value beyond the current upper limits is allowed.
However, for the inverted-ordering case, the half-life has a
lower bound corresponding to mββ ¼ 18.4� 1.3 meV.
Figure 28 shows the mββ sensitivity of future 0νββ-decay
experiments. The proposed experimental endeavor will fully
test the inverted-ordering parameter space, guaranteeing a
discovery if this is the true scenario and offering interesting
discovery opportunities that also assume normal ordering. In
fact, since the current best bounds onmββ are ∼160–180 meV,
assuming the least favorable NMEs, reaching 18.4 meV
means probing 80%–90% of the currently allowed range
for normal ordering.
Note that the parameter space for mββ might not be

equiprobable. A theoretical prejudice for normal-ordered
masses and vanishing m1 would prefer smaller values of
mββ, for example. New symmetries predicting specific values
for the Majorana phases or the existence of new particles such
as sterile neutrinos could favor other corners of the parameter
space, or even reduce or open it. In addition, Bayesian
analyses assuming flat priors on the Majorana phases and a
log-flat prior on Σ favor mββ values close to the current
constraints, providing interesting prospects for the field
regardless of the mass ordering.

3. Impact of nuclear physics

How likely a discovery is in the next decade strongly
depends on systematic uncertainties on NME calculations. A
broad effort to reduce uncertainties is ongoing within the
nuclear theory community.

Ab initio approaches offer a promising avenue: by incor-
porating wider nuclear correlations and currents, measured
β-decay rates can now be reproduced without the “quenching”
required by previous studies, i.e., an ad hoc reduction of
calculated matrix elements. The first ab initio matrix elements
for 0νββ-decay nuclei, which were supported by studies in
lighter systems, indicate a mild suppression by tens of percent
with respect to the lower values in Table I. This suggests
that current 0νββ-decay rate predictions may have to be
reduced, but only moderately. Efforts are under way to
improve the quality of the results, to include missing
momentum-dependent operators (a key difference between
β and 0νββ decay), and to extend them to heavier nuclei.
The recently recognized short-range term can contribute

significantly to the NME. A first ab initio study in 48Ca
suggests that including this physics increases the NME by
about 40% percent. A similar enhancement has been found in
heavier 0νββ-decay nuclei with the NSM and the QRPA.
Lattice QCD studies are under way to test whether this
claimed enhancement is robust. If so, the impact of the
new term may balance the longer half-life values anticipated
due to the inclusion of the “quenching” physics.
Even if these systematic contributions to NMEs were

fully resolved, discrepancies would remain between results
obtained with different many-body methods. Tests against
nuclear structure data can gauge the quality of each calcu-
lation. In addition, novel measurements of nuclear observables
correlated with 0νββ-decay NMEs such as second-order
Gamow-Teller or electromagnetic transitions can provide
insights on each method’s strengths and weaknesses.

D. What else can be discovered by 0νββ-decay experiments?

The unprecedented combination of ultralow-background,
high-exposure, high-energy-resolution, and multivariate

FIG. 28. Discovery sensitivities of current- and next-generation 0νββ-decay experiments for exchange dominated by effective
operators of dimension 5, i.e., the light-neutrino exchange. Values ofmββ larger than the marked values are tested at higher C.L. The gray
band indicates the range of mββ values for inverted-ordered neutrino masses and vanishing values of the lightest neutrino mass. The
minimum value of mββ for the IO and its 1σ, 2σ, and 3σ uncertainty bands are indicated by the black, green, orange, and yellow bands,
respectively. The red band between 8 and 10 meV indicates a future goal for 0νββ-decay experiments motivated by theoretical and
experimental considerations; see the discussion in Sec. III.D.4.
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Figure 2.2: Discovery sensitivities of current- and next-generation 0νββ-decay experiments under
the light-neutrino–exchange hypothesis. The coloured vertical bars illustrate the spread that arises
when different NMEs are used, as discussed in Sec. 2.1. Values ofmββ above the indicated thresholds
are probed at higher confidence levels. The grey band marks the range of mββ expected for an
inverted mass ordering with a vanishing lightest mass, while the minimum IO value and its 1σ, 2σ,
and 3σ uncertainty intervals are shown by the black, green, orange, and yellow bands, respectively.
Adapted from Ref. [21].

detectors leverage their significant mass but pay the price of a lower energy resolution. Cryogenic
calorimeters, especially when coupled with scintillation readouts (scintillating cryogenic calorime-
ters), offer excellent energy resolution and particle identification capabilities, enabling highly effec-
tive background suppression. Each of these technologies involves distinct challenges and opportu-
nities regarding isotope enrichment, radiopurity, detector scalability, and operational complexity
[21]. Figure 2.2 shows the discovery sensitivities of current- and next-generation 0νββ-decay exper-
iments. The vertical colored bars illustrate the significant spread resulting from different nuclear
matrix element calculations (discussed in Sec. 2.1). Scintillating cryogenic calorimeters, in particu-
lar, aim at achieving sensitivity deep into the inverted-ordering neutrino-mass regime, highlighting
their prominent role within the future landscape of 0νββ-decay searches.

The most stringent constraint to date is set by KamLAND-Zen, which reports a limit of T 0ν
1/2 >

3.8 × 1026 yr (90% C.L.) [96]. This bound translates into an effective Majorana mass constraint of
mββ < 28–122meV, depending on the adopted nuclear matrix element.

2.3 Cryogenic Calorimeters for 0νββ Searches
Cryogenic calorimeters are devices that provide all the requirements expressed by Eq. (2.4). This
section outlines the working principle of this technology explaining how it can be effectively used
to set competitive limits on 0νββ and mββ as it is done by the CUORE experiment. Scintillating
cryogenic calorimeters are devices that benefit of all the same advantages demonstrared by CUORE
with the added benefit of being able to further reduce backgrounds in the ROI by exploiting
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scintillation light to perform particle identification. These devices will be introduced in the following
section.

2.3.1 Cryogenic calorimeters
Over a century ago, Marie and Pierre Curie, together with Albert Laborde, showed that radium’s
radioactive decay releases measurable heat [98, 99], establishing that ionizing radiation inevitably
warms any material it traverses. At ordinary temperatures, however, the temperature increase from
a single particle’s interaction is far too small to register. In 1984, E. Fiorini and T. O. Niinikoski
recognized1 that this difficulty could be overcome by cooling the absorber until its heat capacity
became exceptionally low; under such conditions, even the minuscule heat released by one single
particle could be detected [102]. Their insight launched the field of low-temperature detectors and
opened a new avenue for excellent energy resolution spectrometry.

Working principle

A cryogenic calorimeter consists of a dielectric and diamagnetic absorber crystal instrumented with
a thermal (phonon) sensor. Figure 2.3a presents an idealised schematic of such device. In practice
the crystal is mechanically supported, thermally linked to the bath, and equipped with sensors and
heaters, elements whose purpose will be detailed later; Fig. 2.3b shows the CUORE implementation,
typical of cryogenic setups yet not the only possible realisation. Ideally the system behaves as a
perfect calorimeter: when a particle deposits an energy E, the absorber temperature increases by

∆T = E

C
, (2.6)

where C is the absorber’s heat capacity. An accurate measurement of ∆T with the thermal sensor
therefore yields the deposited energy E. For the temperature rise to be measurable with high preci-
sion, ∆T must be sufficiently large; hence the absorber should have a very small heat capacity. This
requirement is met by operating dielectric or diamagnetic crystals at temperatures of 10–100 mK.
In the Debye regime [105], the heat capacity of such materials is

C(T ) ≃ 12π4

5
NkB (

T

θD
)
3

= 1944
m

M
( T
θD
)
3

JK−1 (T ≪ θD), (2.7)

where θD is the Debye temperature, N the number of atoms, m the absorber mass, M the molar
mass, and kB Boltzmann’s constant. Cooling the crystal to ∼10 mK reduces C to a level at which
energy deposits from a few hundreds of eV up to several MeV yield detectable temperature pulses.

Equation (2.7) shows a key strength of cryogenic calorimeters: as long as the absorber possesses
a sufficiently high θD, its exact chemical composition is not critical. This gives wide freedom in
choosing the absorber crystal, making these detector extremely versatile in many fields of particle
physics2. For 0νββ searches, any isotope in Table 1.3 can, in principle, be used if a stable, good-
quality radiopure crystal containing that isotope can be produced. The same freedom allows to

1Early hints that cryogenic calorimetry could be used as a particle detector appeared in 1974, even earlier than
the idea published by Fiorini, when T. O. Niinikoski and F. Udo suggested measuring the minute heating produced
by a neutrino beam traversing matter [100]. A second milestone was a 1982 communication by G. V. Mikelmacher,
B. S. Neganov, and V. N. Trofimov, which outlined how emerging cryogenic techniques might register extremely
small energy releases through the resulting temperature rise [101].

2For example, scintillating cryogenic calorimeters have been proposed to detect astrophysical neutrinos [106] and
to search for dark matter [107, 108]. A reveiw of suitable materials and their uses is given in Ref. [109].
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also other background radiation, for example, γ and α particles from 
residual radioactive contaminants or cosmic ray muons.

CUORE is protected by several means against backgrounds that can 
mimic a 0νββ decay. It is located underground at the Laboratori Nazionali 
del Gran Sasso (LNGS) of INFN, Italy, under a rock overburden equivalent 
to approximately 3,600 m of water, which shields from hadronic cosmic 
rays and reduces the muon flux by six orders of magnitude. Environmen-
tal γ backgrounds are suppressed by a 30-cm layer of low-radioactivity 
lead above the detector (Fig. 1), a 6-cm-thick lateral and bottom shield 
of 210Pb-depleted ancient lead recovered from a Roman shipwreck20 
(Extended Data Fig. 2), and a 25-cm-thick lead shield outside the cryostat. 
Environmental neutrons are suppressed by a 20-cm layer of polyethylene 
and a thin layer of boric acid outside the external lead shield. Finally, 
radioactive contaminants in the crystals and in the adjacent structures 
are minimized by careful screening of material for radio-purity and use 
of high-efficiency cleaning procedures and manipulation protocols21.

Cryogenic innovation and performance
Dilution refrigerator technology was originally proposed in the 1950s22 
and underwent considerable development in the 1980s driven also by 
the application of cryogenic calorimeters for single-particle detec-
tion23. Gradually, experimental volumes of the order of tens of litres 
capable of hosting cold masses of up to 60 kg at 10 mK temperature24 
were achieved. Ultimately, detectors were limited by the capacity, duty 
cycle and radio-purity of commercial or near-commercial cryogenic 
systems. In the context of this history, the CUORE cryostat represents 
a major advance in cryogenic technology, reaching an experimen-
tal volume of approximately 1 m3 and a cold mass of 1.5 t (detectors, 

holders, shields) at 10 mK, which corresponds to a 20-fold improvement 
in experimental volume and target mass compared to the previous 
state of the art at this temperature scale. Prior to CUORE, the ultimate 
temperature for comparable target masses was in the resonant-mass 
gravitational antenna community at 65 mK23.

The CUORE detector is hosted in a multistage cryogen-free cry-
ostat25 (Fig. 1), equipped with five pulse tube cryocoolers that avoid 
pre-cooling with a liquid helium bath, thus enabling a high duty cycle.  
A custom-designed dilution unit with a double condensing line for 
redundancy provides more than 4 μW cooling power at 10 mK. The cry-
ostat is uniquely designed to provide the necessary i) cooling power and 
temperature stability over a time scale of years, ii) very low radioactivity 
environment, and iii) extremely low-vibration conditions. As shown in 
Fig. 2a, b, CUORE became operational in 2017, with the initial period 
mostly devoted to characterization and optimization campaigns. Since 
2019, the data-taking has proceeded smoothly with a duty cycle of 
approximately 90%. Figure 2d shows that the temperature stability 
achieved is at the level of 0.2% (±3σ range) over a period in excess of 
one year. Such a stability is important to achieve a uniform response 
of all detectors over time. The CUORE calorimeters are sensitive to 
thermal signals and feature an intrinsic thermal fluctuation limit of 
approximately 0.5 keV, so any process inducing heat dissipation equal 
to or greater than 0.5 keV degrades the energy resolution. Mechanical 
vibrations can be transferred to the inner components and produce 
heat through friction. To minimize the impact of vibrational noise, 
the calorimeter array is mechanically decoupled from the cryostat by 
a custom suspension system. Vibrations induced by the pulse tubes 
at the 1.4-Hz operational frequency and its harmonics are particularly 
relevant. In CUORE, we actively tune the pulse tube relative phases for 
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Fig. 1 | The CUORE detector. a, Rendering of the six-stage cryostat, with the 
pulse tubes and dilution unit, the internal low-radioactivity modern and Roman 
lead shields, and the array of 988 TeO2 crystals (light blue). b, The detector after 
installation. The plastic ring was used during assembly for radon protection.  
c, One of the calorimeters instrumented with an NTD Ge thermistor which 

measures the temperature increase induced by absorbed radiation. The Si 
heater is used to inject pulses for thermal gain stabilization. The 
polytetrafluoroethylene (PTFE) supports and the gold wires instrumenting the 
NTD and the heater provide the thermal link between the crystal and the heat 
bath, that is, the Cu frames24.

(b)

Figure 2.3: (a) Idealised sketch of a cryogenic calorimeter: a 0νββ decay occurs within the ab-
sorber crystal, and the two emitted electrons deposit their energy as heat, which is sensed by the
thermal sensor. Reprinted from Ref. [103]. (b) Real-world implementation: the crystal (TeO2) is
mechanically supported (Cu frames and PFTE supports) and instrumented with thermistors (Ge
NTD), heaters (Si heater), and read-out wiring; the photograph shows a CUORE detector module.
Reprinted from Ref. [104].

pick compounds that provide secondary detection channels; for example, if a scintillating material
is chosen, the light emitted by the absorber crystal can be used to perform particle identification
and reduce backgrounds in the ROI. This idea will be introduced in Sec. 2.4.1 and discussed further
in later chapters. Table 2.1 lists Debye temperatures for the absorber materials considered in this
thesis, together with their corresponding heat capacities and expected ∆T values.

Material ΘD [K] M [ g
mol
] C [MeV

K
] ∆T [ mK

MeV
]

TeO2 232 ± 7 [110] 159.6 1217.7 ∼ 0.8
Li2MoO4 316.15 [111] 173.82 441.8 ∼ 2.2

Table 2.1: Values for Debye temperature, heat capacity and temperature increase for 1 MeV of
deposited energy in a 200g crystal typically used for 0νββ searches kept at 10 mK. The values of
the thermal capacities reported in this table are evaluated using Eq. (2.7) under the approximation
of considering only the lattice contributions (Debye law).

Converting the energy deposited by a single particle into a measurable heat pulse

Equation (2.6) describes an ideal, perfectly isolated calorimeter subjected to an instantaneous
energy deposit. In a practical detector, such as the one shown in Fig. 2.3b, the absorber is weakly
coupled to a thermal bath maintained at the base temperature Tb ∼ 10 mK. After a particle
interaction, the absorber warms up according to Eq. (2.6) and then relaxes back to Tb on a time
scale dependent on its heat capacity C and the thermal conductance G of the link to the bath. The
resulting signal is a transient temperature pulse (see Fig. 2.4a) whose amplitude is proportional to
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Figure 1. Simplified block diagram for CUORE thermal model. The crystal is modeled as a single object
with heat capacity 𝐶 coupled to the heat-sink (with constant temperature 𝑇0) through the PTFE support.
When there is an energy deposition 𝐸0 the heat flows through the PTFE support (𝐺1, 𝐺2) and/or the NTD
gold wires (𝐺4) and eventually to the heat-sink.

2.1 Electrical and Thermal Circuit

Each CUORE readout channel consists of a TeO2 crystal, an NTD-Ge thermistor for temperature
readout, a silicon-based heater for thermal gain stabilization, and several PTFE spacers for isolating
the crystal from the heat-sink. The NTD-Ge thermistors have a dimension of 3.0 × 2.9 × 0.9 mm3

(𝐿 ×𝑊 ×𝐻) [24]. Figure 1 provides a qualitative description of the energy deposition process: the
temperature of the crystal rises and so does the temperature of the thermistor system. The small
heat capacity of the thermistor ensures that it closely follows the crystal temperature. In a few
seconds, deposited energy flows out of the system through the thermal paths from the detector to
the heat sink (the PTFE support and/or the NTD gold wires).

We start from a common readout circuit for thermal detectors as shown in Figure 2, where the
bias resistor, together with a biasing voltage, determines the operational resistance of the detector.
The bias resistor should be large compared to the thermistor so that the biasing circuit acts as a quasi-
constant current source. In the case of extra energy deposition, the thermistor’s resistance decreases
as its temperature increases. In this approximation, the current through the thermistor is held
constant, and the thermistor’s self-heating power decreases along with the decrease in resistance,
thus forming a negative thermal feedback that tends to stabilize the system. Realisitically, in
such systems, the parasitic capacitance is also seen as a load, inserting possible instabilities at the
frequency where the modulus of its impedance is equal to the thermistor impedance.

Additionally, the readout circuit, positioned outside the cryostat at 300K, holds some residual
cable capacitance. The parasitic capacitance was measured and determined [25, 26] to be 𝐶p ≈
500 pF between the detector cold stages at 10 mK and the front-end (FE) board. Therefore, we add
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Figure 2.4: (a) Block diagram of a typical thermal model for a detector configuration similar to that
in Fig. 2.3b. E0 is the energy deposited by particle interactions, Gi are thermal conductances, C
is the thermal capacity of the crystal and Tb is the heat sink temperature. This simplified network
specifically describes CUORE and is reprinted from Ref. [112]. (b) Typical pulse from a cryogenic
calorimeter employing a Ge-NTD sensor; the example shown is taken from a CUORE TeO2 crystal,
and its time profile can be naïvely modeled by the thermal network in panel (a); the pulse height
is proportional to the energy E0 deposited in the crystal.

the deposited energy and inversely proportional to C, while its decay time is scales as C/G. Thus
a small heat capacity and a weak thermal link guarantee that the full energy release is converted
into the the amplitude of the pulse. A small heat capacity also maximises the pulse amplitude for
a given energy release. An accurate measurement of the amplitudes of the pulses provides excellent
energy resolution spectroscopy.

The discussion so far has been deliberately naïve, treating the detector as a single heat-capacity
element weakly coupled to a heat sink. A more realistic picture must include every physical com-
ponent of the detector and the conductances linking them: absorber crystal, thermistor, copper
frames, polytetrafluoroethylene (PTFE) supports, and their interfaces, readout wiring, and so on.
Figure 2.4b shows such a network for the CUORE module shown in Fig. 2.3b; although still ide-
alised, it already captures the dominant heat-flow paths. Nonetheless, even this extended network
still remains a simplified representation. A complete model must track all significant heat capacities
and conductances, embed the thermistor bias and read-out circuitry, and incorporate the temper-
ature dependence of both C(T ) and the Gi(T ), whose variation introduces non-linearities into the
time evolution of the pulse and, possibly, on its amplitude [112].

A read-out electronic chain is also required to transform the thermistor’s temperature variation
into the voltage pulse shown in Fig. 2.4a. This electronics not only enables signal acquisition
but also couples back to the sensor, so the detector must be described with a more comprehensive
electro-thermal model [113, 114] that treats the detector (absorber and thermistor) and the read-out
electronics as a whole.

A typical CUORE thermal pulse height is about 100 µK/MeV [115] (close to the order-of-
magnitude value estimate reported in Table 2.1, naïvely derived from Eq. (2.7)). The thermistor
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converts this thermal pulse into a voltage pulse that has a typical amplitude of 100 µV/MeV [116].
This signal is then amplified by the front-end electronics [117] to give a pulse similar to the one
shown in Fig. 2.4a. Typical CUORE pulses have rise and decay times of roughly 0.1 s and 1 s,
respectively [115] and a frequency bandwidth extending up to 20 Hz [116].

Read-out electronics: converting a O(100 µK) heat pulse into a measurable signal

The previous sections illustrated, using a CUORE module as a reference, how a thermal pulse arises
in a cryogenic macrocalorimeter. The same principles applies to other cryogenic detector classes like
microcalorimeters, which chiefly differ in absorber mass, thermal coupling, and in the thermal sensor
chosen to read out the pulse. The discussion that follows remains focused on macrocalorimeters,
which are suitable detectors to perform competitive 0νββ searches.

Thermal sensor The sensor type largely sets the read-out scheme and pulse characteristics.
The most common types of sensors include: Transition-Edge Sensors (TES) [118], Metallic Magnetic
Calorimeters (MMC) [119], Kinetic Inductance Detectors (KID) [120], and Neutron-Transmutation-
Doped Si or Ge wafers (NTD). These sensors present different features that makes them suitable
for different applications. The choice of the sensor therefore depends on the experiment’s energy
range, event rate, and construction constraints. For example, TES sensors require a complex micro-
fabrication sequence and are normally deposited directly on the absorber; if the crystal cannot
withstand those steps, the TES must be built on a separate support that is then thermally coupled
to the absorber [121], adding complexity to both the thermal model (and the understanding of the
detector’s response) and the assembly of experiments based on large detector arrays. TES and
MMC are low-impedance (≤ 0.1 Ω) devices and therefore need dedicated cryogenic based read-out
electronics. NTD thermistors, by contrast, have high impedance, in the range O(0.1–1 GΩ) at
Tb ∼ 15 mK, and can be read with simpler room-temperature electronics described in the following.
The trade-off is slower response and a slightly poorer energy threshold.
All the measurements discussed in this work are performed using Ge-NTDs, which are the same
type of sensor used for the CUORE and CUPID experiments (introduced in Sec. 2.3.3 and Sec. 2.4).
For this reason, in the following discussion, only NTD sensors are considered.

Neutron-Transmutation-Doped Si or Ge wafers (NTD) A Si or Ge crystal behaves as
an insulator at millikelvin temperatures. Neutron-transmutation doping (performed in nuclear reac-
tors) introduces a very uniform distribution impurities. There exists a critical dopant concentration
Nc for which a transition from insulator to conductor occurs. For dopant concentration N ≃ Nc,
i.e. near the transition regime, the material resistivity strongly depends on the temperature. At
low temperatures conduction occurs through electrons transitioning between impurity sites without
passing through the conduction band via the hopping mechanism [122]. When temperatures are
extremely low and the doping concentration is slightly below a critical density Nc the device is
described by variable-range hopping [123], and its resistivity can be described by the following law:

ρ(T ) = ρ0 e
√

T0/T

For a sensor of length l and cross section A

R(T ) = ρ(T ) l
A
= R0 e

√
T0/T (2.8)
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where R0 is a factor that depends on the dopant concentration and the device geometry. Eq. (2.8)
shows that the device’s resistance is a very steep function of the temperature, nearly exponential,
and is able to convert a O(10–100µK) pulse into a big resistance change, which can be measured
as a voltage drop if the sensor is biased with a constant current. If compared to MMC and TES,
the NTD is intrinsically slower, with response times of the order of O(ms).

Biasing and read-out circuit When a constant current I flows through the NTD, any
variation in its resistance produces a corresponding change in the voltage across the device:

VNTD(T ) = IRNTD(T ) (2.9)

with T denoting the temperature and RNTD(T ) is given by Eq. (2.8) [124]. A convenient way to
exploit this relation is to employ a two-wire circuit that simultaneously biases and reads out the
thermistor. Driving the series combination of the NTD and a load resistor RL ≫ RNTD with a low-
noise voltage power supply fixes the current I (limited by RL), keeping it nearly constant for small
variations of RNTD. The corresponding scheme is depicted in Fig. 2.5. A temperature variation,
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Figure 2: [Left] Scheme of the biasing circuit for the thermistor readout. [Right] Simplified
scheme of a thermal detector. The absorber and the NTD thermistor are modeled as a system
weakly coupled to the heat sink, via both the PTFE and the gold wires (Au) conductances.
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Figure 3: Load curve (I-V) of an NTD thermistor [blue dots/line], an analytical representation
of the static behavior. Superimposed to the former curve, there is the plot of the variation of
pulse amplitude A for increasing bias current for the same injected energy [red dots]; this is
an example of the dynamic behavior of an NTD thermistor.
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For signal pulses, the relationship between the maximum voltage variation
(or pulse amplitude), A, and the energy deposition resulting in a temperature
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This dependence holds if the thermistor logarithmic sensitivity [31] is used to107

correlate resistance and temperature variations. Eq. 5 shows that, for a ref-108
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Figure 2.5: Biasing and readout circuit for an NTD thermistor. The load resistor RL is selected
so that RL ≫ RNTD, keeping the current nearly constant at I ≃ Vbias/RL even when RNTD varies.
Reprinted from Ref. [124].

such as the thermal pulse generated by a particle interaction, first alters the resistance via Eq. (2.8)
and then is converted into a time-dependent voltage signal measured across the thermistor according
to Eq. (2.9). The time evolution of the waveform V (t) is shaped not only by this conversion but
also by the transfer functions of the readout circuitry and by several noise sources acting in different
frequency bands. These noise contributions are examined in the next section.

Electro-thermal feedback and detector’s working point Equation (2.9) implies that, for
a given temperature change, the voltage signal scales with the bias current. Raising I therefore looks
like a trivial way to amplify amplitude and, if there are noise sources that do not grow concurrently,
the signal-to-noise ratio (SNR) also increases, potentially improving the energy resolution. This
strategy, however, works only up to a certain biasing current because the NTD always dissipates
Joule power according to:

P (T ) = I2RNTD(T ) (2.10)
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which feeds back on the detector response. If the dissipated power becomes comparable with the
thermal conductance G linking the thermistor to the heat sink, the NTD warms above the bath
temperature Tb [124]:

T = Tb +
P

G

A higher T reduces the NTD resistance and, consequently, the signal amplitude.
This phenomenon is called electro-thermal feedback : for P ≪ G, the NTD temperature tracks the

bath closely (T ≈ T0), and the signal amplitude initially grows linearly with I through Eq. (2.9).
Once the current exceeds a critical value (called inversion), self-heating raises T , the resistance
RNTD decreases, and, since according to Eq. (2.9) the signal amplitude is proportional to RNTD,
the height of the voltage pulses also begins to decline. At the same time, Eq. (2.10) shows that
the dissipated power decreases with RNTD, giving rise to a non-trivial interplay between current,
self-heating, and resistance.
The effects of electro-thermal feedback can be seen in the I −V characteristic as well as in the R−P
curve. Figure 2.6a displays a representative I −V load curve for an NTD thermistor mounted on an
absorber, together with the amplitude of a monochromatic thermal pulses injected in the absorber
plotted as a function of VNTD. The derivative of the inverse of the I − V curve is called dynamic
resistance (Rdyn = dV /dI). For small bias currents the response is linear: as I increases, VNTD rises
proportionally and the device behaves like a conventional resistor (RNTD = Rdyn); this operational
domain is referred to as the ohmic region. When the current becomes large enough to heat the
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perature variation that is converted to a voltage pulse by the NTD thermistor103

and its biasing circuit. The amplitude of the voltage signal depends on the spe-104

cific detector configuration and biasing circuit. In CUORE, it has an amplitude105

of ⇠ 100 – 400 µV/MeV and requires amplification.106

For signal pulses, the relationship between the maximum voltage variation
(or pulse amplitude), A, and the energy deposition resulting in a temperature
variation, �T , is:

A / �T

T
VNTD (5)

This dependence holds if the thermistor logarithmic sensitivity [31] is used to107

correlate resistance and temperature variations. Eq. 5 shows that, for a ref-108

5

(a)

cidentally, we deduce that the lower injected power used to bias the thermistor530

corresponds to a minimum bias current of a few pA; this proves that the ampli-531

fier di↵erential input current of a few tens of fA (see sec. 3.1) has a completely532

negligible e↵ect.533

To inspect the temperature dependence of the dynamic behavior of the de-534

tectors, we evaluated, for each temperature, the distribution of the SNR at the535

optimal WP for the CUORE detectors. Each point in fig. 11[right] corresponds536

to the average of this distribution at a given temperature, while the vertical537

bar represents the standard deviation of the mean. In particular, in the fig-538

ure the SNR is evaluated using the higher pulser amplitude (at ⇠ 3.5 MeV)539

and the filtered noise level N. We observed that in the measured energy and540

temperature ranges, the SNR improves for lower temperatures. We ascribed541

this behavior to the larger absorber internal gain for lower temperatures, which542

over-compensates the increase in the noise level due to larger NTD thermistor543

resistance values. The absorber internal gain, in the case of cryogenic calorime-544

ters, is considered the conversion factor from deposited energy to the amplitude545

of the thermal pulse. The absorber gain is inversely proportional to the heat546

capacity C, with C / T 3 in dielectric materials such as TeO2. Therefore, a547

lower heat capacity C, obtained for lower base temperatures, leads to a larger548

signal amplitude for a fixed energy release.549

From this study, it was possible to identify the best operating temperature550

of the CUORE setup. A more detailed discussion on the CUORE temperature551

studies and detector thermal response optimization will be part of a future work.552
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Figure 11: [Left] R-P curves of one CUORE NTD thermistor for several values of base tem-
perature, from 11 mK to 27 mK. The superimposed dashed lines are graphical interpolations
of the data points for each temperature. [Right] Variation of the average SNR evaluated over
a subset of detectors for several values of base temperature.

5. Conclusions553

A dedicated procedure for performing automatic load curve measurements554

on a large number of cryogenic calorimeters read by NTD thermistors has been555

developed. The specific algorithm analyzes the load curve data and identifies556

the optimal bias voltage (optimal WP) for each NTD thermistor. Furthermore,557

the addition of the information related to the pulse shape dependence with558

the applied bias constitutes an upgrade of the standard approach of choosing559

19

(b)

Figure 2.6: (a) Blue line: the I-V characteristic of the same NTD. At low bias the device behaves
linearly (ohmic); the point where the slope diverges is the inversion. Red points: amplitude of
monochromatic pulses injected in the calorimeter as a function of VNTD; after the inversion, the
signal drops as consequence of the reduction of RNTD. Both curves clearly show the effects caused
by electro-thermal feedback. (b) R−P curve for CUORE NTDs at heat sink temperatures Tb from
11 mK to 27 mK; when the current increases, the power dissipated by the NTD (horizontal axis)
start to have a non-negligible self heating effect, reducing RNTD (vertical axis). The value of the
resistance in the low power limit is called Rbase. Both adapted from Ref. [124].
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thermistor appreciably, its resistance drops and VNTD starts to decrease. The point where the slope
of the I−V curve diverges (Rdyn → 0) is called the inversion. If the bias current is increased further,
the detector moves into the overbias regime. Beyond the inversion, the concurrent reductions in
VNTD and RNTD cause the signal amplitude to decline, clearly showing the influence of electro-
thermal feedback on detector performance.
The value of the biasing voltage Vbias and the load resistor RL fix a biasing current I which sets
the NTD in one of the operating regions described above. The choice of Vbias and RL for a given
heat sink temperature Tb is called Working Point (WP).
Figure 2.6b shows the resistance RNTD as a function of the dissipated power P for a CUORE
NTD thermistor (R0 ≈ 1.0 - 1.5 Ω, T0 ≈ 4.0 - 5.0 K) measured at several bath temperatures Tb
[124]. In the low-power limit (ohmic region) the thermistor is in thermal equilibrium with the bath,
so T ≃ Tb. For a given NTD (with given R0, T0), the corresponding resistance, called the base
resistance Rbase, depends only on Tb through Eq. (2.8). Rbase can therefore serve as a proxy for the
heat sink temperature. Increasing the bias current raises the power, which heats the thermistor and
drives its resistance downward. Each working point (which could be chosen in the ohmic region,
near the inversion, or in overbias), has a corresponding NTD resistance. The value of RNTD at the
WP is called working resistance and is indicated with RWP.
The preceding discussion makes it evident that the choice of the WP strongly affects the signal
amplitude, with Fig. 2.6a indicating that the highest gain occurs close to the inversion. The figure of
merit that ultimately governs both energy resolution and threshold, however, is the Signal-to-Noise
Ratio (SNR), and not just the signal amplitude. Because the frequency response of the read-out
chain changes in a nontrivial way across different WPs, each noise source is filtered differently, and
their combined impact on the SNR cannot be inferred from the signal amplitude alone. For this
reason, it is always important to perform dedicated working point optimization measurements when
operating cryogenic calorimeters.

Signal amplification and digitization Typical pulses obtained with the circuit of Fig. 2.5
exhibit amplitudes of order O(10-100 µV/keV). This quantity, which expresses the pulse amplitude
per unit deposited energy and is usually reported in µV/keV or nV/keV, will be referred to as
intrinsic gain or sensitivity3 in the following sections. Signals this small are readily obscured by
noise; the main noise sources will be discussed in the next section. To keep their impact negligible,
the signal must be amplified before it meets any subsequent noise-producing stage.

Figure 2.7 shows a simplified front-end chain for an NTD-based cryogenic calorimeter [117]. The
thermistor voltage is carried to room temperature through cryostat wiring and enters a low-noise
differential voltage pre-amplifier with a selected pair of Junction Field Effect Transistors (JFETs)
at the inputs. A secondary stage, realised with a programmable-gain amplifier (PGA), provides
additional adjustable gain. After amplification, pulse amplitudes of order O(0.1-1 mV/keV) are
obtained. The amplified signal then passes through an anti-aliasing low-pass Bessel filter and is
digitised by the analog-to-digital converter (ADC) boards of the data-acquisition (DAQ) system,
which record the waveforms for offline analysis. The ADCs sampling frequency is typically chosen
between 1 and 4 kHz. All the measurements described in Chapter 4 have been aquired with an
ADC having 18-bit resolution while the ones described in Chapter 6 have been acquired with 24-bit
ADC resolution. The PGA gain is chosen so that the quantisation noise is negligible compared
with the intrinsic detector noise. Except for the anti-aliasing filter, all further shaping and filtering

3Not to be confused with the sensitivity S0ν introduced in Sec. 2.2.1.
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Figure 2.7: Typical front-end (FE) and back-end electronics of NTD equipped cryogenic calorime-
ters. ZL is ≈ RL/2. Cp denotes the parasitic capacitance of the leads that connect the room-
temperature front-end back-plane to the NTD thermistor inside the crystal; this capacitance often
has non-negligible effects and modifies the overall transfer function, effectively introducing an initial
shaping stage in the signal chain. The pulser and the heater may be used to inject monochromatic
pulses that emulate energy release of particles and can be used for many purposes, including build-
ing plots like the one shown in Fig. 2.6a. Adapted from Ref. [125].

are performed digitally on the stored data. This front-end electronics is employed for all studies of
NTD-equipped cryogenic calorimeters presented in the following chapters.

Noise sources

Detectors that rely on ionisation or scintillation convert the deposited energy into a countable
number of charge carriers or photons. Because the creation of a single carrier requires a few eV, the
Poissonian fluctuations in that number are relatively large and set an intrinsic limit on the energy
resolution. Cryogenic calorimeters, which measure the temperature rise of the absorber instead of
counting carriers, are not subject to this specific limitation. In practice, though, macrocalorimeters
instrumented with NTD thermistors must contend with several additional noise mechanisms, which
are detailed in the following.

Intrinsic noise When energy is deposited in a thermal–equilibrium calorimeter, it first pro-
duces a population of athermal phonons whose energies are much larger than kBT . These phonons
lose energy by scattering from lattice sites and electrons, eventually converting into a larger num-
ber of lower–energy phonons. Once this thermalisation is complete, the absorber reaches a new
equilibrium at a slightly higher temperature and the phonon spectrum becomes thermal again.

During the entire process the thermometer contains, on average, only a fraction β of the total
energy, and this fraction can fluctuate. If the thermal link between thermometer and absorber
is strong4, the thermometer effectively samples the phonon distribution many times [126]. Under
these conditions the dominant limitation on energy resolution arises from random heat flow through

4That is, the time required for the whole system to reach equilibrium is shorter than the signal–formation time.
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the weak link to the bath. One can regard these fluctuations as
√
N variations in the number of

thermal phonons, each with energy kBT .
The corresponding intrinsic limit, known as thermodynamic fluctuation noise (TFN), is [127]

∆E =
√
kBT 2C (2.11)

where T is the absorber temperature and C its heat capacity. Thermalization effects, the detec-
tor’s transfer function bandwith, and other non-idealities can already augment the intrinsic energy
resolution, which can be expressed as [128]:

∆E = ξ
√

kBTb
2C (2.12)

where Tb is the temperature of the heat sink, C = C(Tb) is the capacity of the detector at Tb, and
ξ is an adimentional factor, typically between 1.5 and 2.0, which contains the information about
the sensor, the thermal link, and the temperature dependence of C(T ). ξ can be made smaller in
electrothermal-feedback devices [126, 128].
The intrinsic TFN limit is extremely small. For example, a 1 mg Si crystal operated at 50 mK would,
in principle, achieve a resolution below 1 eV, two orders of magnitude better than state-of-the-art
Si(Li) detectors [129]. In practice, macro-calorimeters fall short of this ideal. CUORE, whose
TeO2 absorbers weigh 750 g each, attains a full-width-half-maximum (FWHM) energy resolution
of (7.310 ± 0.024) keV at Qββ [116], roughly one order of magnitude above the TFN estimate of
O(100 eV). This degradation has both intrinsic origins, and extrinsic contributions (which usually
dominate) such as Johnson–Nyquist noise and microphonic vibrations; the latter are discussed in
this section.

• Radiative losses [127]. Ionisation produced by the interaction can recombine emitting pho-
tons that escape the crystal, removing energy and adding

√
N fluctuations. This is expecially

true in scintillating cryogenic calorimeters (introduced in Sec. 2.4.1), in which the absorber
crystal emits scintillation light.

• Metastable states and thermalisation noise [127, 130]. The energy released by the
interaction can create long-lived excitations (e.g., permanent deformations in the crystal’s
lattice) reducing the measurable amount of energy. Fluctuations in the energy that goes into
long-lived metastable states can impact the energy resolution.

• Early-stage phonon effects [127, 130]. Athermal phonons may leak out through mechanical
supports broadening the observed spectrum.

Extrinsic noise Cryogenic calorimeters are usually subject to noise from various electrical
and mechanical noise sources.

• Johnson–Nyquist noise. Thermal agitation of charge carriers in a conductor produces
white noise with spectral density e2n = 4kBTR, where kB is Boltzmann’s constant, T is the
temperature, and R is the conductor’s resistance. Examining the read-out circuit in Fig. 2.5,
two distinct Johnson–Nyquist contributions are evident:

1. Series noise generated by the NTD thermistor itself.
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2. Parallel noise from the load resistors, which operate at room temperature and therefore
dominate. The current fluctuations they introduce are i2n = 4kBT /RL, which naturally
translate into voltage fluctuations across the NTD: e2n = R2

NTDi
2
n.

The total Johnson–Nyquist voltage noise is the quadratic sum of these two terms:

V 2
Johnson = 4kBTbRNTD + 4kBT

R2
NTD

RL
≈ 4kBT

R2
NTD

RL
(2.13)

Because the NTD operates at Tb ≃ 15 mK, the first term is usually negligible and it has always
been ignored in the measurements presented in the following chapters. The load resistors RL,
on the other hand, are at room-temperature (T ∼ 300 K) and their Johnson-Nyquist noise
cannot be ignored.

• Preamplifier noise. The preamplifier contributes with both parallel and series noise. All
the measurements described in the following chapters were acquired with the front-end elec-
tronics described in Refs. [131, 132, 117], which employs ultra-low-noise JFET amplifiers.
Their white series noise is approximately 3.2–3.3 nV/

√
Hz, while the 1/f component reaches

about 7.8 nV/
√
Hz at 1 Hz.

The combined contributions of preamplifier noise and Johnson–Nyquist noise define an irre-
ducible lower bound on the system’s white noise. In the following chapters, this bound will
be referred to as the noise floor, given by

Noise Floor =
√
V 2

Johnson + V 2
pre (2.14)

where V 2
pre denotes the white component of the preamplifier noise, referred to its input. The

noise floor is typically reported as a voltage noise spectral density with units V/
√
Hz.

• Electromagnetic pick-up noise: Stray fields and poor grounding around the sensor can
inject sharp spikes or momentarily shift its bias, producing brief jumps in the output volt-
age. Encasing the front-end electronics in a Faraday shield largely blocks these external
fields. Using tightly twisted pairs of wires can also reduce this effect. Some residual electrical
interference noise might still be present even when all these mitigation strategies are used.

• Mechanical vibrations of the cryostat can cause microphonic noise in the cables. The
wires change their mutual and ground capacitances, so the charge sensed by the read-out
stage fluctuates. Using very short leads, tightly twisted pairs, and clamping them firmly to
the cryostat structure helps to suppress this problem. Another consequence of vibrations is
in the mechanical coupling with the absorber crystals: the vibrations reaching them dissipate
energy as heat and mimic genuine thermal pulses whose bandwith is overlapped to the one of
the signal. The exact level depends on the cryostat design and detector mounting, but it can
be lessened by mechanically isolating the detector–cryostat assembly from external supports.
Even with all these mitigation strategies in place, mechanical vibrations and microphonic
noise can still have an impact on the detector’s energy resolution.

All of the noise sources listed above act before the first amplifier, so they directly degrade the SNR
and, by extension, the energy resolution and threshold. Noise generated after the amplification
stage is negligible when referred back to the preamplifier input and can therefore be disregarded.
Finally, the chosen WP sets the system’s transfer function; adjusting it can selectively enhance or
suppress particular noise contributions.
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2.3.2 Advantages and limitations of cryogenic calorimeters
Section 2.3.1 presents the operating principles of NTD-equipped cryogenic macrocalorimeters; the
features described therein demonstrate that the intrinsic properties of these detectors render them
particularly suitable for 0νββ searches. The following list shows that many of the requirements
dictated by the detector factor of merit S0ν introduced in Eq. 2.4 are met:

• Excellent energy resolution: Even when all the noise sources described in Sec. 2.3.1 are
taken into account, various experiments and demonstrators have proven that these devices
can have relative FWHM energy resolutions ∆E/E of the order of O(0.1%) at Qββ [109],
comparable to HPGe diodes.

• Source =detector configuration: The ββ isotope is embedded in the absorber, giving
typically high detection efficiencies.

• Scalability and exposure: Long-term stable operation of an array of approximately 1000
crystals cooled by a single dilution refrigerator has been demonstrated by the CUORE exper-
iment [116, 104], achieving raw TeO2 exposures at the tonne scale.

• Broad choice of absorber materials: Any compound that can be grown as a good quality,
stable, radiopure, dielectric and diamagnetic crystal, such as TeO2, Li2MoO4, can in principle
serve as an absorber. This versatility offers several advantages:

– A material containing atoms whose corresponding 0νββ candidate isotope have large
natural abundance, for example 130Te (see Table 1.3), can be chosen, reducing enrichment
requirements.

– Crystals containing isotopes endowed with favourable nuclear matrix elements can be
selected to maximise sensitivity to mββ .

– If a scintillating compound is employed, the different light yield for α and β/γ interac-
tions5 permits efficient α-background discrimination in the ROI if a secondary detection
channel to measure scintillation light is included in the detector’s design.

• Low detection threshold and linear response: The CUORE experiment has shown
that a large array of cryogenic calorimeters can be used to perform analysis in a wide energy
range, from keV to MeV, thereby demonstrating the versatility of this technique for rare-event
searches [134]. A 0νββ cryogenic calorimeter apparatus can thus operate as a multi-purpose
detector.

Experiments based on other technologies can benefit from topology reconstruction to reduce back-
grounds. Experiments based on external sources can be designed to have tracking-capabilities that
will be essential to study the properties and the physics of the 0νββ in case of discovery. With
respect to these experiments, cryogenic calorimeters show the following limitations:

• No event-topology reconstruction: Large arrays of cryogenic calorimeters register just
a single energy deposit per crystal, in contrast with gaseous time-projection chambers that
reconstruct event topology. As a result, multi-site γ-induced backgrounds can be reduced
only through inter-crystal anti-coincidence, a technique that affords limited rejection power.

5The light quenching of α particles is described by Birks’ empirical law [133]. It arises from local saturation of
excitations along the dense α track due to its larger stopping power relative to β/γ.
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• Slow signals and pile-up: As Fig. 2.4a shows, pulses have rise times of order 0.1 s. This
slow characteristic time implies that pile-up may be a concern. In particular, isotopes with
comparatively short T 2ν

1/2, such as 100Mo, could suffer from 2νββ pile-up unless dedicated
rejection techniques are implemented.

• Crystal-growth challenges: Germanium lends itself to ultra-high-purity single-crystal
growth because several intrinsic material properties and mature processing steps act in con-
cert; HPGe detectors therefore rely on a well-industrialised technology. For cryogenic calorime-
ters the challenge is greater: each absorber compound must be developed with a bespoke
growth protocol, and stringent radiopurity targets must be met at every chemical and ther-
mal step, factors that lengthen schedules and inflate costs when large arrays are planned. The
high price of isotopically enriched raw materials implies that the production yield must be
high, raising complexity and reducing manufacturing speed. If the absorber crystal is hygro-
scopic or mechanically fragile it must be handled in inert-atmosphere and surface treatment
may require customized steps that can add further complexity.

The tonne-scale CUORE experiment demonstrates that cryogenic calorimeters constitute an effec-
tive technology for 0νββ searches taking advantage of many of the features described above.

2.3.3 The CUORE experiment
The Cryogenic Underground Observatory for Rare Events (CUORE) is an experiment located at the
Laboratori Nazionali del Gran Sasso (LNGS), an underground laboratory in central Italy. Its main
goal is the search for 0νββ of 130Te [104]. 130Te has a relatively high natural isotopic abundance,
around 34% (see Table 1.3) and Qββ = 2526.97(23) keV [136], which falls between the 208Tl 2615
keV γ line (the end-point of natural γ radiation) and its compton shoulder, in an energy region
which is relatively free from most environmental γ backgrounds.

The detector is constituted by 988 TeO2 cubic crystals, each with dimensions 5 × 5 × 5 cm3

arranged into 19 independent towers each having 13 floors with 4 crystals per floor. The absorber
mass totals 742 kg, corresponding to 206 kg of 130Te. Each crystal is instrumented with a Ge-NTD
thermistor and constitutes an independent cryogenic calorimeter; its operating principle and the
associated electronic readout system are described in detail in Sec. 2.3.1. A silicon heater on each
absorber injects periodic, monochromatic pulses that emulate the energy released by particle inter-
actions and can be used to stabilise for intrinsic gain changes due to temperature drifts throughout
data-taking. A photograph of a CUORE Ge-NTD equipped TeO2 calorimeter is shown in Fig. 2.3b.
Each crystal is supported by polytetrafluoroethylene (PTFE) holders that keep it in place in the
copper structure. The towers are anchored to the mixing chamber (MC) of a custom cryogen-
free low-noise dilution cryostat that maintains a base temperature of ∼ 15 mK [137]. The copper
structure holding the crystals is thermalized to the MC and also serves as a heat sink; the TeO2
crystals are thermally coupled to the bath according to the thermal model depicted in Fig. 2.4b. A
rendering of the CUORE experiment is shown in Fig. 2.8.

An overburden of ∼ 1300 m of rock provided by the Gran Sasso mountain suppresses the surface
muon flux by ∼ 6 orders of magnitude [138]. Additional passive shielding encloses the cryostat:
multiple external and internal shields with an almost 4π coverage attenuate environmental γ back-
grounds and neutrons [139, 137]. The inner shield is mostly made of ancient Roman lead, which
is depleted in 210Pb [140]. The main background in the ROI originates from degraded α parti-
cles emitted by trace contaminants in copper surfaces facing the calorimeters or on the surface of
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(a)

800 mK or still, 50 mK or heat exchanger (HEX) and
10 mK or mixing chamber (MC). Inside the cryostat, two
lead shields protect the detector from the external radio-
activity: the inner lead shield (ILS) is suspended between
the 4 K and the still stages and provides shielding both
laterally as well as from below. The top lead (TL) is
positioned below the MC plate and provides shielding
from the cryogenic apparatus above. Outside the cryostat,
the room temperature external lead shield (ELS) and a
neutron shield (made of polyethylene and a layer of boric
acid) provide additional shielding from the side and
from below.
To minimize background in the experiment, radio-pure

materials were selected through dedicated assay cam-
paigns [12]. Ultracleaning treatments were developed and
applied to the corresponding material [13] to mitigate
background induced from residual α decays on critical
surfaces. Furthermore, storage and handling protocols
were implemented to minimize recontamination during
assembly, installation and commissioning of the detector
array [14,15].
CUORE began taking data in April 2017 and, to date,

more than 2 t yr of TeO2 exposure have been collected [16].
The data collection is organized into datasets, which we
define as accumulations of about 1 – 2 months of so-called
physics runs sandwiched between a few days of calibration

runs. The physics runs are used for the 0νββ search and
other studies, including modeling the background sources.
The set of data considered for this work corresponds to
about a half of the collected exposure, specifically
1038.4 kg yr, and is the same exposure previously analyzed
to search for 0νββ decay in 2022 [17].
For each detector, we acquire and save a continuous

data stream. We trigger thermal pulses by means of the
optimum trigger, a trigger algorithm based on the opti-
mum filter (OF [18]), that allows to maximize the signal-
to-noise ratio in the frequency domain. We then define
10-s time windows (which include 3-s pretrigger) around
the triggered pulse and we apply the OF to compute the
pulse amplitude. We correct for gain fluctuations caused
by temperature drifts of the system by continuously
monitoring the detector response to heater pulses [19].
More specifically, we inject onto the crystals fixed-energy
reference pulses every 300 s, and in each run and for each
detector we construct the distribution of the tagged pulser
events in the amplitude vs baseline space—the baseline is
computed as the average value of the pretrigger and acts
as a proxy for the crystal’s temperature. We then fit this
distribution to determine the detector gain, for which we
correct by applying a rotation to the physical pulses. The
stabilized pulse amplitudes are converted to energy values
by using dedicated calibration data. We use multiple γ

FIG. 1. Left: rendering of the CUORE cryostat and detector as implemented in the Monte Carlo simulation; the actual length scale is
reported as a reference. On the left, the different thermal stages are reported; on the right, the volumes are presented as grouped in the
Monte Carlo, together with the material they are made of. The TeO2 crystals are depicted in white, the NOSV copper components in red,
the OFE copper in orange, the TL in blue, the ILS in gray and the 300K stainless steel in light gray. Right: detailed view of a CUORE
tower, where all the different components are showed in different colors: TeO2 crystals in white, NOSV-copper frames in red, PTFE
supports in yellow, NOSV-copper wire trays in green, and NOSV-copper wire pads in blue.
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(b)

Figure 2.8: The CUORE experiment and its infrastructure. (a) Photorealistic rendering of the
whole experiment, including the support structure and external shields (Lightmap Creative S.r.l.).
(b) Rendering of the cryostat (top) and one tower (bottom) as implemented in the Monte Carlo
simulation used to build the background model. Only the cryostat rendering (top) is drawn to the
indicated length scale. Reprinted from Ref. [135].
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(b)

Figure 2.9: (a) CUORE exposure up to June 2024. The analysis of the first tonne⋅yr data set
is reported in Ref. [103], whereas the results obtained with the complete 2 tonne⋅yr exposure are
presented in Ref. [116]. The difference between the raw exposure accumulation (blue) and the
published data in the corresponding time period (yellow,orange) arises from data-quality cuts that
reject occasional thermal instabilities of the detectors. (b) Distribution of CUORE running time
among physics data, calibration runs, and maintenance over the same period.

the ctystals themself. This contribution is mitigated by dedicated cleaning procedures and strict
radiopurity controls on the crystals and nearby structures [141, 142, 143].

Current results from CUORE

CUORE is the first tonne-scale experiment based on cryogenic calorimeters able to set competitive
limits on T 0ν

1/2 and mββ . With over 5 years of stable operation it has already collected and analyzed
a raw TeO2 exposure of MT = 2039 kg ⋅yr. CUORE is nearing the end of its data taking and plans
to continue until reaching 3 tonne ⋅ yr which corresponds to around 1 tonne ⋅ yr of 130Te exposure.

Data taking The CUORE data taking intervals background and calibration measurements
with routine maintainance operations on the cryostat. Each dataset contains roughly one week
of calibration using external 232Th and 60Co sources, followed by ∼ 1.5 months of background
measurement. The background data contribute to the total exposure and form the sample employed
in the search for 0νββ decay. Since 2019 CUORE has maintained a duty cycle above 90 %,
confirming that a large-scale array of cryogenic calorimeters operated at ∼ 15 mK can run stably
over multi-year periods [116]. The CUORE accumulated exposure is shown in Figure 2.9a and its
duty cycle in Figure 2.9b.

Analysis pipeline The data collected by each calorimeter is digitized with the readout scheme
shown in Fig. 2.7. After triggering the data [144], the analysis proceeds by denoising [145] and opti-
mally filtering the waveforms [146], after which various data-quality selections are applied to reject
spurious events [147]. Pulse shape discrimination (PSD) removes pulses with irregular temporal
profiles that may correspond to misreconstructed or spurious events, improving energy resolution
and sensitivity. In addition, an anti-coincidence (AC) cut rejects events depositing more than 40 keV
in more than one crystal within a 5 ms window, suppressing background from multi-Compton γ
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Event selection
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Fig. 7. The CUORE energy spectrum after each selection cut. Physics spectrum for 2039.0 kg·yr of
TeO2 exposure. We separately show the effects of the basic quality (base) cuts, the anti-coincidence (AC)
cut, and the pulse shape discrimination (PSD) cut. The most prominent ω and ε peaks in the spectrum
are labeled with their radioactive background source. A red line identifies Qωω for 130Te and the shaded
region shows the ROI.

Detector response evaluation at Qωω

The detector response function of a monoenergetic peak is modeled empirically after the high-statistics

2615 keV 208Tl photopeak in calibration data as the superposition of three Gaussians that share the

same width but have different amplitudes and slightly shifted peak positions (Eq. 5). In the model, the

AL,R < 1 parameters tune the amplitudes of the sub-peaks with respect to the main peak, whereas the

aL < 1 and aR > 1 parameters tune the positions of the means of the sub-peaks with respect to the main

peak.

fcal(E; µ, ϑ, AL, AR, aL, aR)
.
=

G(E; µ, ϑ) + ALG(E; aLµ, ϑ) + ARG(E; aRµ, ϑ)

1 + AL + AR
(5)

where G(E; µ, ϑ) is a normalized Gaussian distribution with mean µ and standard deviation ϑ. Thus, the

normalized response function of each calorimeter in each dataset is completely defined by 6 parameters:

µ, ϑ, AL,R, aL,R. We include other components to properly model the energy spectrum near 2615 keV:

a multi-Compton scatter contribution; an X-ray escape peak, corresponding to a 2615 keV ω-ray deposit

followed by the escape of one of the 27 – 31 keV Te X-rays; an X-ray coincidence peak, corresponding

to a 2615 keV ω ray fully absorbed at the same time as a Te X-ray emitted from a nearby crystal; a

coincidence peak at 2687 keV resulting from the simultaneous absorption of 2615 keV and 583 keV ω

23

Figure 2.10: CUORE total energy spectrum after successive stages of event selection obtained from
an exposure of 2039.0 kg ⋅ yr of TeO2. Spectra after the basic quality (base), anti-coincidence (AC),
and pulse-shape discrimination (PSD) cuts are shown separately. A red vertical line marks Qββ for
130Te, while the shaded band indicates the ROI. Reprinted from Ref. [116].

interactions and surface radioactivity. The total spectrum obtained after each of these cuts is shown
in Fig. 2.10.

Results The most recent results are obtained from a total exposure of 2039.0 kg ⋅ yr of TeO2,
corresponding to an effective exposure of 567.0 kg ⋅ yr of 130Te used in the 0νββ analysis [116].
A region of interest (ROI) with sufficient statistics to fit backgrounds is chosen around Qββ in
the range [2465,2575] keV. The main background contributions in the ROI consists of a nearly flat
component from degraded surface α particles, a 2505.7 keV sum peak originating from the coincident
absorption of the two γ rays emitted by 60Co, and a sub-dominant contribution from multi-Compton
scattering of the 2615 keV 208Tl γ rays. The fitting model therefore includes a Gaussian line at
Qββ , a dataset dependent flat background, and a time-dependent Gaussian for the 60Co peak. The
detector response is modeled using the 2615 keV 208Tl γ line. The knowledge of the detector response
allows to define priors for the signal amplitude and resolution. The FWHM energy resolution of the
detector, obtained with an exposure-weighted harmonic mean, is (7.540 ± 0.024) keV at the 2615
keV calibration peak, corresponding to ∼ 0.3 % relative resolution. Several strategies are used to
compute the overall signal efficiency, given by the product of containment and cuts efficiencies. Its
value and its associated systematic uncertainties are treated as nuisance parameters. The number
of events above background is used to search for 0νββ. No excess compatible with 0νββ decay is
observed. The Bayesian analysis yields a lower limit on the half-life [116]:

T 0ν
1/2 > 3.5 × 1025 yr (2.15)

at 90% confidence interval. The best-fit result is plotted in Fig. 2.11a.
Under the assumptions made in Sec.2.1 the half-life limit can be converted into an upper bound on
the effective Majorana mass. Consequently an upper limit of:

mββ < 70–250 meV (2.16)
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2.3 Cryogenic Calorimeters for 0νββ Searches

is obtained, where the interval reflects the spread of current nuclear matrix-element calculations.
Figure 2.11b presents this result on the (mββ ,mlightest) plane defined in Sec. 1.5.3.
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Fig. 4. Fit to the ROI spectrum. The best-fit curve (purple) and the best-fit curve with the 0ωεε decay
rate fixed to the 90% C.I. limit (dashed green) to the spectrum (yellow) in the ROI after all selection cuts.

We observe no statistically significant evidence of 0ωεε decay and report a best-fit decay rate of

!̂0ω = 4.5+6.9
→4.5 (stat.+syst.) → 10→27 yr→1 and set a limit on the decay rate of !0ω

1/2 > 1.8 → 10→26 yr→1

at 90% credibility interval (C.I.) corresponding to a decay half-life limit of T 0ω
1/2 > 3.8 → 1025 yr (90%

C.I.) (Fig. 9). We also perform a frequentist fit and using the Rolke method [49], set a half-life limit of

T 0ω
1/2 > 3.7 → 1025 yr at 90% confidence level (C.L.) (Fig. 10), which is compatible with the Bayesian fit

result. Using the background-only hypothesis to fit the ROI, we obtain a background index (BI) for each

dataset (Fig. 11) with an exposure-weighted mean of (1.42 ± 0.02) counts keV→1kg→1yr→1. We use the

BIs to extract a median exclusion sensitivity of 4.4 → 1025 yr (90% C.I.) (Fig. 12) [44]. Compared to

this value, the probability of obtaining a stronger limit is 67%.

The simplest model that is commonly used to compare 0ωεε decay search results across isotopes

is the light-neutrino exchange model [11] from which we extract an effective Majorana neutrino mass

(mεε). Thus, we place a limit of mεε < 70 – 240 meV, where the spread comes from the range of

different nuclear model parameters currently available in the literature [50, 51, 52, 53, 54, 55, 56, 57, 58].

The CUORE limit, along with the most stringent mεε constraints obtained with other isotopes are shown

in Fig. 5.
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Fig. 5. Limits on mωω. The allowed parameter space as a function of the lightest neutrino mass in the
case of inverted (normal) ordering is shown in green (purple). The lighter shaded areas correspond to the
3ϑ uncertainties on the oscillation parameters [11]. The yellow band corresponds to the limit obtained
from this analysis. Limits obtained from 76Ge [59], 82Se [16], 100Mo [17], 136Xe [60] are also shown.

Impact

CUORE has demonstrated over 5 years stable operation of an array of 988 cryogenic calorimeters and

will continue taking data until reaching 3 tonne·yr (↑1 tonne·yr) analyzed TeO2

(130Te
)

exposure. With

our current analyzed exposure of 2039.0 kg·yr, we have demonstrated an efficient analysis framework

for processing the continuous data stream of ↑1000 cryogenic calorimeters reaching ↑4 years total

livetime. Furthermore, the limit we extracted is the most stringent on the 0ωεε decay half-life of 130Te.

The instrumentation and the analysis infrastructure developed in this work not only enables a world-

leading 0ωεε decay search, but also establishes large-volume cryogenic calorimetry as a unique path for

a future multi-isotope 0ωεε decay search program.

After CUORE reaches its target exposure, the experiment will begin phase II and pivot its primary

focus to low-energy processes. This phase is motivated by the knowledge gained from our new denoising
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(b)

Figure 2.11: (a) ROI spectrum after all selection cuts (yellow), overlaid with the best-fit model
(purple) and with the same model constrained to the 90 % confidence-interval upper limit on the
0νββ decay rate (green dashed). (b) Limits on mββ plotted against mlightest. The area permitted
by oscillation data for inverted (normal) mass ordering appear in green (purple), with lighter
shades indicating the 3σ uncertainties on the mixing parameters. The yellow band represents the
latest constraint from CUORE, while exclusion regions obtained for 76Ge [148], 82Se [149],
100Mo [150], and 136Xe [151] are overlaid for comparison.

CUORE experience and the road to CUPID

With an excellent relative energy resolution of ≃ 0.3 % at theQββ of 130Te and an exposure exceeding
2 tonne ⋅ yr of TeO2 accumulated in more than 5 years of uninterrupted data taking (see Fig. 2.9a),
CUORE fulfils two of the key requirements that enter the factor of merit introduced in Eq. (2.4),
demonstrating the potentials of cryogenic calorimeters for next-generation 0νββ searches.

CUORE backgrounds The background index (BI) is computed by performing a fit in the
ROI in the background-only hypothesis. The exposure-weighted mean value obtained on an expo-
sure of 2039.0 kg ⋅ yr is [116]:

BI = (1.42+0.03−0.02) × 10−2 counts keV−1 kg−1 yr−1 (2.17)

The main contribution to this BI is due to surface α decays. Recently, a data-driven background
model was presented in Ref. [135]. This analysis, based on an exposure of 1038.4 kg ⋅ yr (whose
corresponding 0νββ result is published in Ref. [103]), indicates that degraded α particles account for
approximately 75 % of the BI. The dominant contribution originates from the so-called detector’s
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2.4 The CUPID Experiment

close parts (defined in Ref. [135]), whose most relevant components are the copper pieces facing
the crystals (tower frames, supports for readout wires and tiles covering the inside of the MC
shield). In addition, α decays occurring within the outermost micrometres of the TeO2 crystals
may contribute when either the α particle or the recoiling daughter nucleus escapes the active
volume after depositing a degraded fraction of its energy and subsequently interacts with adjacent
passive material, thereby leaking into the ROI. Fig. 2.14a shows a breakdown of the contributions
to the BI from other volumes according to the results of the data-driven background model. If
the residual α component can be further suppressed through dedicated mitigation strategies, the
background in the ROI may fall into the zero-background regime, where the sensitivity given by
Eq. (2.5) grows linearly with exposure.
The reduction of the contribution of α events in the ROI is precisely the goal of CUPID, a next-
generation 0νββ experiment introduced in Sec. 2.4, which will use active tagging strategies to
remove counts from degraded α particles.

Radiopurity of the absorber crystals The CUORE experience underlines the need for
intrinsically clean absorber material. High-purity growth protocols [152], followed by systematic
underground validation runs (CUORE Crystal Validation Runs) [153], proved effective in keeping
the bulk radio-contamination of TeO2 crystals negligible in the ROI, as demonstrated by the back-
ground model [135]. The same philosophy now guides the development of any next-generation 0νββ
cryogenic calorimeter experiment, where the benchmarks and know-how inherited from CUORE
provide the reference for crystal production and validation.

2.4 The CUPID Experiment
CUPID (CUORE Upgrade with Particle IDentification) [154] is a next-generation experiment that
will deploy 1596 isotopically enriched scintillating Li2MoO4 crystals, currently in pre-production
phase, to search for neutrinoless double-beta decay of 100Mo. If no signal will be observed, CUPID
will constrain the half-life T 0ν

1/2 and hence set competitive limits on mββ .
CUPID will operate each enriched Li2MoO4 crystal as an independent scintillating cryogenic calorime-
ter, measuring both heat and scintillation light. The high Qββ of 100Mo and the ability to tag α
events (via their reduced light yield compared to β/γ interactions) will lower the BI in the ROI by
two orders of magnitude relative to CUORE. To achieve this result, each Li2MoO4 crystal must
satisfy stringent requirements that combine ultra-high radiopurity with excellent calorimetric and
scintillation performance.

2.4.1 Scintillating cryogenic calorimeters
Scintillating cryogenic calorimeters are a specific subclass of cryogenic calorimeters that employ a
dual-channel readout system:

• Heat (main) channel: An absorber crystal, instrumented with a thermal sensor and main-
tained at ∼15 mK, records the energy deposited by each particle interaction through temper-
ature pulses registered by the thermometer. If operated as detailed in Sec. 2.3.1, this channel
can be used to perform excellent energy-resolution spectroscopy.

• Light (side) channel(s): One (or multiple) secondary detector(s), facing the absorber crys-
tal, measures scintillation or Cherenkov light. This detector, known as the light detector
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2.4 The CUPID Experiment

(LD), is itself a cryogenic calorimeter operated at ∼ 15 mK optimized for low thresholds and
converts incident photons into heat pulses. Typically, the LD consists of a Ge or Si wafer
equipped with a thermal sensor, which, similarly to the main channel, is operated as detailed
in Sec. 2.3.1. By correlating signals in the light channel with those in the main channel, a
light yield can be assigned to each corresponding heat pulse, on an event-by-event basis.
Although it is called “light” detector, the LD also detects ionizing radiation from other types
of impinging particles, such as X rays or nuclear recoils as well as γ/β rays and α particles.

Fig. 2.12a presents an idealized a sketch of the typical design of a scintillating cryogenic calorimeter
while Fig. 2.12b shows a real-world implementation. This dual (heat + light) readout system en-
ables active, event-by-event particle identification (PID). In particular, when a scintillating crystal
is used in the main channel, the quenching described by Birks’ empirical law [133] results in a lower
light yield (LY) for α particles (or nuclear recoils) than for electrons.
Thanks to the combination of a wide selection of absorber materials and PID capabilities, scintil-
lating cryogenic calorimeters constitute highly versatile devices for diverse applications in particle

Heat Sink

Heat Sink

Sensor

Sensor

Absorber Crystal

LD

LD

(a)

(b)

Figure 2.12: (a) Idealised sketch of a cryogenic calorimeter: a particle interaction deposits energy
in the absorber crystal, producing both a thermal and a light signal. The thermal sensor attached
to the absorber measures the heat, while the light detector converts the scintillation light into a
heat pulse that is read out by its thermometer. Courtesy of M. Mauri. (b) Example of a real-world
implementation: two absorber crystals (in this case Li2MoO4) are secured in copper frames with
PTFE supports and instrumented with Ge NTD thermistors and read-out wiring. Two Ge LDs,
each equipped with Ge NTD sensors and mounted on PTFE elements, face the top and bottom
surfaces of each crystal, for a total of four LDs. This photograph shows the CUPID design described
in Ref. [155].
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2.4 The CUPID Experiment

physics. For instance, they have been proposed for the detection of astrophysical neutrinos [106]
and for searches of dark matter [107, 108]. Ref. [109] provides a review of suitable materials and
their applications. When applied to a 0νββ experiment, this dual-channel technique suppresses the
dominant α-induced background component.

Light Yield and Discrimination Power

Physics 2021, 3 477

output is often presented as the ratio of a light yield of ions to that of electrons (quenching
factor for ions, QFi), which has the following approximate relation with the Birks’ factor
and the stopping power:

QFi =
1

k · B · (dE/dr)i
. (2)

The QFi value is usually smaller than one [128] and it can be explained by a saturation
effect due to the high ionization density that characterizes the interaction of heavy particles
in matter. In case of a particles, this parameter is often called the a/b ratio.

Figure 1 illustrates the basic principle of particle identification with scintillating
bolometers: particles with energy releases that are different from those of electrons, g
quanta, and muons populate band(s) with lower scintillation. The efficiency of the separa-
tion between different particle types increases with energy of the incident radiation (i.e.,
the amount of detected light).

Figure 1. Schematic presentation of particle-dependent distributions of light signals measured by
a photodetector in coincidences with the energy releases detected by a crystal scintillator-based
bolometer. Circles represent individual events, which can form peaks shown as dark ovals on the b(g,
µ) and a bands. The light output induced by highly ionizing particles (alpha particles, nuclear recoils)
impinging the scintillator is suppressed (quenched) with respect to the one induced by electrons (as
well as g quanta, cosmic-ray muons) of the same energy. Therefore, particles with different ionization
properties become separated on such light vs. heat scatter-plot. The separation is more profound at
higher energies, with increased amount of the detected scintillation light.

1.3. Importance of Scintillation Detection for Bolometric Rare-Event Searches

The necessity of scintillation detection in scintillating bolometers is briefly discussed
in this section in view of possible applications of such devices in rare-event searches, as
listed in Table 1.

1.3.1. Rare Alpha Decay

A strong impact of the energy releases, Qa, on the partial half-lives, T1/2, of a emit-
ters can be seen from the Geiger-Nuttall law (formulated 110 year ago [129] and still
fulfilled [130,131]), expressed by the following relationship:

log10 T1/2 =
a(Z)p

Qa
+ b(Z), (3)

where charge-dependent coefficients a(Z) and b(Z) are determined by fitting experimental
data for each isotopic series. Indeed, the Geiger-Nuttall plots in form of Equation (3) (e.g.,
see Figure 1 in [130]) show that a change in Qa of only 10% changes T1/2 by about 103.
Consequently, the naturally occurring a-active nuclides (15 isotopes) have a large spread of
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Figure 2.13: (a) Sketch showing the energy registered in the LD as a function of the coincident
energy measured in the main channel. Each circle marks an event, which aggregate into peaks
(dark ovals) along the β/γ/µ and α bands. Highly ionizing particles produce less scintillation than
electrons, γ-rays or muons of the same energy. As a result, different ionization properties lead to
clear separation in a light-vs-heat scatter plot, a distinction that grows stronger at higher energies
when more scintillation light is emitted. Reprinted from Ref. [109]. (b) Light-to-heat ratio (i.e. the
y-over-x coordinate in the left-hand scatter plot) as a function of the energy measured in the main
channel. Under the assumptions discussed in the text, this ratio is directly proportional to each
particle species’ LY in the crystal. The separation between these bands (relative to their widths)
enables PID.

For each particle interaction, two thermal pulses are recorded simultaneously: a signal in the
absorber and a corresponding scintillation light pulse in the LD. Plotting the light-signal amplitude
versus the heat-signal amplitude yields a scatter plot similar to that sketched in Fig. 2.13a, in which
different particle species form distinct bands. Assuming that the energy converted into scintillation
light is negligible compared to that converted into heat in the absorber6, the light yield of each event
can be estimated by the L/H ratio, defined simply as the ratio between the energy registered by
the light detector and that registered by the heat channel (i.e., the ratio of the y- and x-coordinates
in the plot of Fig. 2.13a). It should be noted that, for designs such as that shown in Fig. 2.12, the

6For energy conservation, the light-to-heat (L/H) ratio exhibits anti-correlation for particles with associated light
emission [156, 157]. Although it is often negligible, this effect may be visible in crystals having a higher scintillation
yield. In these cases, the LY can still be defined by the L/H ratio, but several effects arise that non-negligibly
affect both the reconstructed energy and the energy resolution in the heat channel; these must be addressed with a
dedicated analysis which is typically required only for crystals having higher light yield than Li2MoO4.
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geometric light-collection efficiency is less than unity. However, under the above assumption, the
L/H ratio is directly proportional to the intrinsic LY of the absorber crystal. In the measurements
presented in the following chapters, “LY” will refer to this L/H ratio.

Both plots in Fig. 2.13 demonstrate that scintillating cryogenic calorimeters separate different
types of interacting particles into distinct bands. In the LY plot, β and γ interactions exhibit the
same LY, whereas α particles (and neutrons) locally saturate the radiative recombination centers
and thus produce a reduced LY. Consequently, the LY provides an effective parameter for event-
by-event particle identification. However, several effects broaden the LY distributions, including
Poissonian fluctuations in the number of photons collected by the LD and the intrinsic energy reso-
lution of the LD. The energy-dependence of these broadenings is discussed in Sec. 5.4.3. Typically,
in Li2MoO4 detectors, given the small amount of light emitted by highly ionizing particles, the α
and nuclear-recoil bands overlap. This does not impair the signature of 0νββ, since, for a neutrino-
less double-beta decay experiment, the critical requirement is to discriminate β/γ interactions from
α events in the ROI around Qββ . To quantify the separation between two bands (e.g., α versus
β/γ), the discrimination confidence level, or discrimination power (DP), is defined as a function of
the heat-channel energy E as

DPα/γ(β)(E) =
∣µγ(β) − µα∣√

σ2
γ(β)
(E) + σ2

α(E)
(2.18)

where µj and σj(E) are the mean and standard deviation of the light-signal distribution for species
j.

Light detection

An excellent discrimination power, DP, is indispensable for effective PID capabilities and, in turn,
for suppressing backgrounds in the ROI. In order to achieve this, two conditions must be met simul-
taneously. First, the absorber crystal must have a sufficiently high LY so that Poisson fluctuations
in the number of collected photons do not have a drastic impact on the relative width of the distri-
bution. The LY is governed by the compound itself and, for a given compound, by its microscopic
quality: point defects or trapping centres can compete with radiative recombination and quench
the light output. This issue is especially relevant for Li2MoO4, whose intrinsic LY is modest and
can be further reduced by growth defects [158, 159, 160]. Second, the LD must act as a cryogenic
calorimeter with good calorimetric performances and excellent energy resolution so as not to have
a drastic impact on the width of the LY distribution. From these premises, three experimental
optimization opportunities to improve the DP in the ROI arise:

(a) The number of photons reaching the LD could be maximised by applying reflective coatings
on lateral faces that do not view the LD. Any solution adopted must leave both the radiop-
urity and the heat-channel calorimetric performance unchanged. Dedicated measurements to
assess the impact of reflective aluminum coatings on the calorimetric performances of the heat
channel are presented in Chapter 6.

(b) The LD must have excellent calorimetric performances. Firstly, the LD must be operated at
a WP that maximises its SNR ratio, thereby minimising its contribution to the denominator
of Eq. (2.18). Secondly, additional ways to increase the SNR may be used. In particular,
Neganov–Trofimov–Luke (NTL) amplification [161, 162], implemented by biasing metal elec-
trodes fabricated on the Ge absorber, can linearly increase the heat signal and, consequently,
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the SNR. With this technology it is possible to get an effective amplification factor up to 60
[163, 164].

(c) The absorber crystal must be of excellent quality and free of defects that could degrade
its scintillation yield. Dedicated measurements to assess the presence of defects in newly
produced Li2MoO4 crystals are reported in Chapter 5.

Properly optimized scintillating cryogenic calorimeters are thus an ideal technology to search for
0νββ decay.

2.4.2 The CUPID experiment: detector, backgrounds and sensitivity
When applied to 0νββ searches, PID capabilities enabled by scintillating cryogenic calorimeters
can be exploited to reduce backgrounds in the region of interest. The effectiveness of this technique
was demonstrated by CUPID-0 which used 26 scintillating ZnSe cryogenic calorimeters to search
for 0νββ of 82Se [149] and by CUPID-Mo which operated 20 scintillating Li2MoO4 crystals to
search for 0νββ of 100Mo [150]. The PID capabilites enabled both demonstrators to reduce the α
contribution to the BI in the ROI by at least one order of magnitude [154].

Isotope choice

Figure 2.14 illustrates that employing PID significantly mitigates the dominant background con-
tribution from degraded α particles. As outlined in Section 2.3.3, this background constitutes
approximately 75 % of the BI in CUORE near the Qββ of 130Te. Furthermore, Fig. 2.14b demon-
strates the advantage of selecting an isotope with a Qββ value above 2615 keV, as this places the
ROI beyond the energy range of most natural γ-ray backgrounds. In this regard, 100Mo stands out
as a particularly promising candidate. As shown in Fig. 2.14b, its Qββ value of 3034 keV locates

respectively. Their red counterparts quote the background
induced by only considering γ and β particles.
The total BI ¼ 1.48þ0.12

−0.10 × 10−2 counts keV−1 kg−1 yr−1,
where the value and the uncertainty come from the average
BI and the [0.16%, 0.84%] quantiles of the full set of fits
used to study the systematic uncertainties, respectively. In
particular, we find that approximately 75% of the BI is
attributable to α events, mainly coming from the close
parts, where we define an α event to be one where at least
90% of the event energy came from an α decay. This is
consistent with the BI obtained with the 0νββ fit applied on
the same set of data [17], that is 1.49# 0.04 × 10−2 counts
keV−1 kg−1 yr−1. Upon comparing these results with the
CUORE background projections [12] we observe no note-
worthy difference except for close parts, which shows a
∼15% higher contribution to the BI because of the
aforementioned possible recontamination. While the bulk
contamination is in line with the projections, surface
contamination is higher than expected. Indeed, bulk activ-
ities can be easily measured with high precision; however,
the reliability of surface contamination estimates is hin-
dered by challenging measurements and potential risk of
recontamination during the storage and commissioning
phases.

VI. SUMMARY

We presented the background model of the CUORE data
based on an exposure of 1038.4 kg yr. The data
reconstruction is achieved by means of a multiparametric
Bayesian fit of 39 spectra encompassing M1 and M2
events across a broad energy range (0.2, 6.8) MeV. Our
model describes the observed data well and comparing the
results with the CUORE background projections [12] we

observe that all components match the expectations except
for some surface contamination of the crystals and close
parts volumes. These findings reveal the reliability of the
materials screening techniques and emphasize the impor-
tance of reliable surface contamination assay and monitor-
ing to mitigate the risk of surface contamination. By
subdividing the data in geometric and time slices, we
can localize background components to analyze and model
their spatial distribution across the detector, and we can
study the time evolution of specific contamination. This
robust reconstruction of the data over a broad energy range
is the basis of forthcoming physics analyses which rely on
the continuum spectrum observed in CUORE, for example
investigation of the 2νββ spectrum of 130Te to explore
nuclear effects on the spectral shape [30,32,35,36].
The information extracted from this background model

guides the design and optimization of the CUPID experi-
ment [5], which will exploit the CUORE cryogenic infra-
structure to host an array of 100Mo-enriched scintillating
bolometers to search for 0νββ decay fully exploring the
inverted hierarchy of neutrino masses. The scintillating
bolometer technique enables event-by-event vetoing of
α -induced events. Therefore, knowledge of the particle
origin and locations of background derived from the
CUORE background model is crucial to establish the
background budget and sensitivity of CUPID.
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FIG. 7. BI components obtained from the full set of fits used to
extract the systematic uncertainty. The light (dark) blue band
represent the 16% (84%) quantile of the BI distribution obtained.
The red bands indicate the corresponding fraction due to β and γ
events.
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Figure 2.14: (a) Breakdown of the contributions to the BI in CUORE, evaluated using a data-
driven background model built with an exposure of 1 ton ⋅ year. The light and dark blue bands
indicate the impact of systematic uncertainties on the BI distribution. The red bands represent
the corresponding contribution from β/γ events. The volumes shown correspond to those defined
in Ref. [135] and displayed in Fig. 2.8. Reprinted from Ref. [135]. (b) Breakdown of the CUORE
background components as determined from the background model study [135].
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the ROI in a region substantially cleaner of γ/β backgrounds compared to isotopes with lower Qββ

values, such as 130Te.
The high Qββ of 100Mo not only helps in background suppression but also enhances the phase space
factor G0ν , whose leading term scales with Q5

ββ . As it can be seen from Eq. (2.2), this also improves
sensitivity to mββ . The CUPID-Mo small-scale demonstrator has shown that Li2MoO4 crystals ex-
hibit excellent performance when used as scintillating cryogenic calorimeters. This material offers
outstanding calorimetric characteristics and intrinsic scintillation properties, with a LY sufficient for
effective PID even without doping, thereby enabling the required DP capabilities [150]. Moreover,
CUPID-Mo has demonstrated that it is possible to produce Li2MoO4 crystals enriched in 100Mo
with the radiopurity level required for performing 0νββ searches [165], confirming their viability for
use in next-generation experiments. A full-scale experiment employing this material must ensure
that strict radiopurity standards are guaranteed during each step of a large-scale production, with
consistent and reproducible quality from the initial to the final batches. Chapter 4 discusses how
these criteria can be monitored and validated starting from the pre-production phase.

The CUPID detector

The CUPID detector consists of 1596 closely packed scintillating Li2MoO4 cryogenic calorimeters,
arranged in 57 towers of 14 floors each, with two crystals per floor [154]. The tower structure
vertically alternates LDs with Li2MoO4 crystals, for a total of 1710 light detectors. The towers will
be assembled using an innovative gravity-assisted design, in which each floor is stacked on top of
the previous one solely by gravity [155]. A rendering showing the CUPID detector modules and
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Fig. 2 Left: schematic view of
a single CUPID floor with two
side-by-side detector modules,
each consisting of a Li2MoO4
absorber (a cube with a side
length of 45 mm) and a Ge light
detector. Right: a single tower of
14 floors, or 28 detector modules

tive design requires dedicated tests to assess the bolometric
performance in terms of thermal coupling and sensitivity to
vibrations. The aim is to improve it, if necessary, with mod-
ifications that are as minimal as possible. Therefore, in 2021
we started a campaign of tests on small [55] and full-scale
[65] prototypes.

Another fundamental difference with respect to the design
of the previous demonstrators CUPID-0 (in phase I) and
CUPID-Mo is the absence of reflective foils around the scin-
tillating crystals, motivated by the need to reduce the pos-
sible background sources, improve the capability to iden-
tify events that are not fully contained in one crystal, and
simplify the overall detector design. In order to maximize
the light collection efficiencies, we designed the detector
holders so that the LDs are as close as possible to the
Li2100MoO4 crystals [39,55]. This was achieved using rect-
angular LDs with cut-off corners to allocate the space for
the PTFE Li2100MoO4-crystal holders and additional ele-
ments glued on the LD wafers for wire bonding [66]. We
operated four LDs in a pulse-tube cryostat at the surface lab-
oratory of IJCLab. In spite of a spring-based detector suspen-
sion used to mitigate vibrations [67], the pulse-tube induced
noise in this set-up was not mitigated as in the CUORE
cryostat [34,68]. Although the noise conditions were sub-
optimal, all the LDs reached a baseline resolution between
70–90 eV [54], in compliance with the CUPID requirements
of < 100 eV baseline resolution. Finally, we assembled a
full-scale prototype (Fig. 2), and operated it underground
at LNGS. These R&D runs proved that the mechanical and
thermal properties satisfy the CUPID requirement for our
Li2MoO4 bolometers, allowing us to cool-down all detec-
tors in ∼2 days. The FWHM energy resolution distribution
across the 28 Li2MoO4 channels exhibited a median of 6.6
keV and a mean of 7.3 keV at 2615 keV. This outcome closely

Fig. 3 Example of an NTL Ge light detector without its copper hous-
ing, provided with two sets of concentric, annular interleaved Al elec-
trodes. A SiO layer is deposited on both wafer sides to increase absorp-
tion of the scintillating photons emitted by the main Li2100MoO4 crystal

approaches the CUPID’s target of 5 keV at 3034 keV, sug-
gesting that the goal is indeed attainable with further refine-
ment of noise reduction techniques. A detailed report on the
outcome of these tests will be provided in a dedicated publi-
cation [65]. A further measurement for the validation of the
recently adopted NTL assisted LD technology within this or
a slightly adapted structure is planned within spring 2025.

2.4 Data readout

CUPID will follow the read-out scheme of CUORE, but
will implement several improvements to achieve a higher
channel density, higher ADC resolution and sampling rates,
and low noise for the LDs. The front-end consists of
room-temperature differential voltage preamplifiers [69,70]
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recently adopted NTL assisted LD technology within this or
a slightly adapted structure is planned within spring 2025.
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Figure 2.15: (a) Rendering of one tower with 14 floors and 28 detector modules (right), and of
a single CUPID floor featuring two adjacent detector modules (left). Each module includes a
Li2100MoO4 absorber shaped as a cube with 45 mm sides and a Ge light detector. A photograph
of this module is shown in Fig. 2.12b. (b) Example of an NTL Ge light detector equipped with two
arrays of concentric, annular interleaved Al electrodes. Both images reprinted from Ref. [154].
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one tower is displayed in Fig. 2.15a.

Absorber crystals Each crystal will be isotopically enriched to ≥ 95 % in 100Mo (Li2100MoO4),
for a total 100Mo mass of 240 kg. The crystals will be cubes with dimensions 4.5×4.5×4.5 cm3; this
size was chosen to optimize the 0νββ containment efficiency while keeping the pile-up from 2νββ
events [166] under control. Chapter 3 provides a comprehensive description of the requirements for
Li2100MoO4 crystals, as well as details of the crystal growth process.

Light Detectors Each LD will consist of an octagonal 300 µm-thick HPGe wafer coated with
a 70 nm-thick SiO anti-reflective layer that improves photon collection. The SNR of the LDs will be
enhanced by NTL amplification: a set of aluminum electrodes evaporated on the wafer surface will
be biased with a voltage of O(100 V), producing a large electric field that will amplify the signals.
The improved SNR achievable with this technology will allow the contribution to the backgrounds
in the ROI from 2νββ pile-up to be kept under control. The impact of this and other background
sources on the BI in the ROI is discussed in the following. A picture of one Ge LD with NTL
electrodes is displayed in Fig. 2.15b.

Thermal sensors and readout system Each Li2100MoO4 crystal and LD will be instru-
mented with a Ge NTD thermistor for signal readout. Both channels will be operated according
to the principles described in Sec. 2.3.1. In addition, each detector will be equipped with a Si
heater, which can be used for stabilizing thermal drifts and for injecting custom pulses to study
pile-up in the LDs. All the noise sources described in Sec. 2.3.1 also affect the LDs. With respect
to what is described there, a few key differences must be noted: since pile-up rejection require-
ments demand LDs with optimal SNR, new JFET preamplifiers with a white noise contribution
of 1.3–1.5 nV/

√
Hz and a 1/f component ≲ 5 nV/

√
Hz at 1 Hz will be employed [125]. Moreover,

a low-noise voltage power supply capable of providing a Vbias up to 100 V will be used in combi-
nation with O(10–100 GΩ) RL to reduce Johnson-Nyquist parallel noise. It should also be noted
that, being faster detectors, the LDs will have a signal bandwidth extending to higher frequencies,
making them potentially more sensitive to high-frequency noise. To accommodate the increased
LD bandwidth, anti-aliasing Bessel filters with higher cut-off frequencies will be used, along with
ADCs operating at sampling frequencies up to 10 kHz. The ADCs employed will have a resolution
of 24 bits.

Background budget

The CUPID detector will be installed in the same cryogenic facility currently housing CUORE at
LNGS, shown in Figure 2.8. The cryogenic infrastructure for CUPID will remain largely unchanged
from CUORE, allowing CUPID to inherit many of CUORE design optimizations. These include
shielding from external radiation and vibrational noise mitigation systems [167, 168, 145]. The
increased thermal load from having three times as many channels as CUORE will require only a
few key upgrades to the cooling system.

A key advantage of reusing this infrastructure is the ability to make accurate projections of
background contributions using the data-driven background model developed for CUORE [135].
As Fig. 2.8 shows, the CUORE infrastructure already has a massive shielding: a minimum of
25 cm of lead in all directions for attenuation of environmental γ radiation, and layers of 18 cm
polyethylene and 2 cm boric acid powder to moderate and absorb environmental neutrons. The
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plots in Fig. 2.14 show that these shieldings, combined with the high Qββ of 100Mo, are effective in
suppressing β/γ backgrounds, making degraded α particles the dominant component. CUPID PID
capabilities will allow for lower background levels, resulting in the need for further suppression of
neutron- and muon-induced events in order to keep them subdominant in the BI. For this reason,
CUPID will add an extra 10 cm layer of polyethylene for enhanced neutron shielding and implement
a compact muon veto system able to fit in the existing infrastructure. This veto will consist of plastic
scintillator panels equipped with SiPMs, designed to tag approximately 99% of muons [154].

Simulations estimate a 0νββ containment efficiency of about 78% for CUPID. The region around
the 100Mo Qββ is affected by natural radioactivity, where γ interactions predominantly undergo
Compton scattering, depositing energy across multiple crystals. This enables the application of an
AC cut, such as the one shown in Fig. 2.10, to reduce this contribution to the BI. Combining PID,
the high Qββ , and the AC cut, CUPID can robustly suppress backgrounds in the ROI, defined as
a 30 keV window around Qββ = 3034 keV. Nevertheless, even with optimized shielding and analysis
cuts, residual γ/β events from the cryogenic infrastructure with unfortunate topologies may persist,
contributing to the BI. These include, for example, surface contaminants of 214Bi or coincident 208Tl
γ rays that may be present in the innermost thermal shield [154].

Another relevant background source is 2νββ pile-up [166]. While 100Mo high Qββ makes it
an excellent candidate for 0νββ searches, it also results in a relatively short 2νββ half-life of
7.1 × 1018 yr [169], shorter than that of isotopes like 130Te. In Li2100MoO4 crystals of size 4.5 ×
4.5 × 4.5 cm3, this corresponds to a rate of 2.6 mHz per crystal [154]. If not properly mitigated,
this high rate, combined with the slow detector response, can produce a flat background in the ROI
from the accidental pile-up of two unresolved events. The scintillation of lithium molybdate is key
to reduce this background: LDs, which have faster thermal pulses (lower rise times), can be used to
reject pile-up by using the coincident light pulses from such events. Pile-up rejection depends not
only on the signal’s time evolution but also on its SNR. LDs with NTL amplification are employed
to improve the SNR and thereby reduce pile-up backgrounds [170].

Crystal radiopurity also contributes to the background. The CUPID-Mo background model [165]
is currently being used to provide a data-driven estimate of the contribution to the BI from
Li2100MoO4 crystals and highlights the importance of controlling crystal contamination. Pre-
production measurements are essential to provide feedback to manufacturers and tailor a customized
radiopurity protocol that covers all steps from production to delivery, storage and installation. To
achieve this, strategies similar to those employed in CUORE [152, 153] should be adopted. A
comprehensive understanding of the production process and a rigorous validation program, both
of which should be established starting from the pre-production phase, are crucial. Chapter 4 will
focus on these efforts.

To fully probe the IO region ofmββ , CUPID will have to achieve a BI of 10−4 counts keV−1 kg−1 yr−1,
which is a factor of 100 lower than the CUORE BI reported in Eq. (2.17). A breakdown of the
CUPID background budget required to reach the target mββ sensitivity is shown in Fig. 2.16a.

Sensitivity

The sensitivity of the CUPID experiment to mββ depends on a few key experimental parameters,
which coincide with those used to define the detector factor of merit introduced in Sec. 2.1.

One of the many advantages arising from the successful operation of demonstrators [150, 169],
combined with the operational experience of CUORE, is that most of the experimental parameters
influencing the mββ sensitivity are known with an uncertainty of the order of O(1 %). However,
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Table 1 Background counting rate recorded in past experiments in the
100Mo ROI. It is to be noted that the close-material selection in terms
of radiopurity was less stringent in CUPID-Mo with respect to CUORE
and CUPID-0. Columns from 3 to 6 report: the rate of events before PID,
releasing energy in just one detector (operation in anti-coincidence); the
rate of α events; the µ rate; the final rate after removing µ and α events,
and, for CUPID-Mo and CUPID-0, also the delayed coincidence events.

Theµ and α rates are evaluated from MC-based background reconstruc-
tions, as is the BI after a hypothetical PID cut in CUORE. The muon
rate in CUPID-Mo is estimated to be negligible due to the deeper loca-
tion of this experiment in the Modane underground laboratory (France)
combined with a muon-veto system hermetically surrounding the exper-
iment

Experiment Crystal BI before PID α rate µ rate BI after PID
[cts/(keV·kg·yr)] [cts/(keV·kg·yr)] [cts/(keV·kg·yr)] [cts/(keV·kg·yr)]

CUPID-Mo [47] Li2100MoO4 1.18 ·10−1 1.15 · 10−1 2.7 · 10−3

CUPID-0 [32] Zn82Se 3 · 10−2 2.6 · 10−2 1.5 · 10−3 2.6 · 10−3

CUORE [87] TeO2 1.4 · 10−2 1.3 · 10−2 4.1 · 10−4 6.1 · 10−4

Fig. 4 Breakdown of the
predicted CUPID BI at the Qββ

of 100Mo. The predictions for
the crystal contributions are
derived from the CUPID-Mo
background model [47]. The
pile-up estimates are based on
the results from recent R&D
measurements [88]. The
detector components predictions
are extrapolated from the
CUORE-0 background
model [85] with the addition of
the light detectors, those of the
CUORE infrastructure are
obtained from CUORE [87], and
those from external radiation
from dedicated MC simulations

and 583 keV, which could lose a small fraction of energy via
Compton scattering in the passive materials producing an
event of ∼3 MeV in a single crystal.

We fix our goal for the infrastructure contribution to
0.1·10−4 cts/(keV·kg·yr), accounting for the possibility to
further reduce it by replacing the innermost thermal shield of
the cryostat and the internal lead shield with new, ultra-clean
copper and by replicating the same cleaning to the shield’s
copper surfaces.

4.3 Detector holder – close components

The detector holder is the mechanical structure, made of cop-
per and PTFE, that supports the Li2100MoO4 crystals, as well
as the cabling, made of copper and PEN. These components
provide a twofold background contribution: their bulk con-
taminants – homogeneous in the material volume – can con-
tribute via γ radiation, while their surface contaminants –
introduced during machining or exposure to radon and con-
centrated on the surface – can contribute via α and β particles.
From the CUORE experience we expect that a proper mate-

rial selection can guarantee a sub-dominant background con-
tribution from bulk contamination, while surface contamina-
tion is more problematic. We set 0.25 · 10−4 cts/(keV·kg·yr)
as a target threshold for the detector holder background con-
tribution, which is a factor 2 lower than the value measured
in CUORE. To achieve this goal, the surface contamination
activity must be at the level of few nBq/cm2, a value that
is well-beyond the sensitivity of current measurement tech-
niques. In CUORE, we have developed a cleaning proce-
dure [89] that removes material at the surface with ultra-
clean reagents. This technique is extremely efficient on flat
surfaces, but less effective on components with non-trivial
shapes. In CUPID, we have radically changed the design of
the copper frames in order to reduce the machining opera-
tions, and succeeded in designing copper frames that can be
produced exclusively by lamination, bending and laser cut-
ting, thus fully avoiding the need to mill or drill. In addition,
we are actively working on a setup dedicated to the measure-
ment of surface contaminants [90].
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Fig. 5 Discovery probability as a function of mββ , assuming different
values of NME [94–99]. The shaded area corresponds to the allowed
mββ range in the inverted ordering, assuming mlightest ! 10 meV

where tP is the value of the test statistic observed in
each toy-MC experiment, and f (tP |") is the distribution
of test-statistic for toy-MC experiments generated with the
background-only model. A discovery can be claimed if pb is
smaller than some cut-off, that we set to 0.14%, correspond-
ing to a 3σ evidence.

With a 10 yr livetime, which is realistically extrapolated
from the operational experience gained with CUORE and
the planned refurbishment of the cryostat, CUPID will reach
a 3σ discovery sensitivity of T̂ 0ν

1/2 = 1 · 1027 yr. This value
corresponds to a set of different mββ values. The lower value
is obtained with the EDF model [94], and corresponds to
12 meV. The upper value of this range can be obtained by the
QRPA and IBM models [95,99] and corresponds to 21 meV.

Finally, we use the output of the discovery sensitivity to
extract the discovery probability as a function of mββ . The
results are reported in Fig. 5.

5.2 Exclusion sensitivity

To extract the frequentist exclusion sensitivity, we use the
same approach as for the discovery, but invert the hypothesis
test to compare a null hypothesis " = S to an alternative
" != S. We compute the distribution of f (tP (")|") using
toy-MC experiments to obtain the p-value

pµ(") =
∫ ∞

tP
f ( fP (")|") dt, (4)

then compute the 90% upper limit for each toy-MC as the
interval of " values with pµ(") > 0.1. As a result, we obtain
an exclusion sensitivity of T 0ν

1/2 > 1.8 · 1027 yr at 90% confi-
dence level. In terms of the effective Majorana neutrino mass,
this becomes mββ <9–15 meV. The range of mββ values that
can be excluded by CUPID is shown in Fig. 6.

Fig. 6 Constraints on the effective Majorana neutrino mass (mββ ) as
a function of the lightest neutrino mass (mlightest). The dark regions
represent the predictions on mββ based on best-fit values of neutrino
oscillation parameters for the Normal and Inverted Ordering cases (NO
and IO); the shaded regions indicate the 3σ -ranges calculated from the
oscillation-parameter uncertainties [100]. The horizontal band indicates
the projected CUPID sensitivity, corresponding to a half-life of 100Mo
greater than 1.8 · 1027 yr, assuming a set of NME [94–99]. On the side
panel, the most recent limits from the isotopes 76Ge [12], 100Mo [101],
130Te [13] and 136Xe [11] are reported. (Updated results for these iso-
topes, except 100Mo, are reported in preprints [102–104]

CUPID considers deploying the detector in two phases,
enabling early data collection. The evolution of sensitivity
over time in different scenarios is discussed in Ref. [93].

6 Conclusions and outlook

CUPID is a next-generation experiment to search for 0νββ

and to perform other rare-event studies – 2νββ spectral shape,
Lorentz and CPT violation, 0νββ with Majoron(s), bosonic
neutrinos and other phenomena [105] – using scintillating
bolometers enriched in 100Mo. Its goal is to search for 0νββ

with a discovery sensitivity covering the full neutrino mass
regime in the IO scenario. CUPID will simultaneously probe
a large portion of the Normal Ordering (NO) regime [106]
with lightest neutrino mass larger than 10 meV. This effective
Majorana neutrino mass sensitivity corresponds to a 100Mo
0νββ half-life of T 0ν

1/2 = 1027 yr.
To achieve its science goals, CUPID uses two approaches.

First, while CUORE has demonstrated the infrastructure
requirements with the candidate isotope 130Te, switching
from 130Te to 100Mo moves the ROI above 2615 keV, signif-
icantly dropping the γ background by over an order of mag-
nitude with respect to CUORE. Second, the use of Li2MoO4
scintillating bolometer technology allows the near complete
rejection of the α background via the different light yields
for α and β/γ interactions of the same energy.
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Figure 2.16: (a) Breakdown of the BI at the Qββ value of 100Mo for the CUPID experiment. The
crystal-related background contributions are inferred from the CUPID-Mo background model [165],
while contributions from the CUORE infrastructure are derived from the CUORE background
model [135] and those due to external radiation are obtained via dedicated Monte Carlo simulations.
Reprinted from Ref. [154]. (b) Limits on mββ plotted against mlightest. The area permitted by
oscillation data for inverted (normal) mass ordering appear in green (red), with lighter shades
indicating the 3σ uncertainties on the mixing parameters. The horizontal shaded region indicates
the expected CUPID sensitivity, which corresponds to a half-life of 100Mo greater than 1.8×1027 yr,
assuming a representative set of NMEs. The side panel displays the current limits on mββ derived
from 76Ge [148], 100Mo [171], 130Te [103], and 136Xe [151]. Reprinted from Ref. [154].

the BI and the energy resolution are currently subject to larger uncertainties, due to an ongoing op-
timization campaign aimed at improving both the detector response and the radiopurity of several
detector components, including the crystals themselves. Chapter 4 provides a detailed explanation
of how these optimizations are being implemented, starting from the pre-production phase. Ded-
icated measurements to assess the radiopurity of preliminary batches of crystals from this phase

Detector parameter Target value
Total crystal mass 450 kg
Enrichment fraction 95%
Isotope mass 240 kg
FWHM energy resolution 5 keV
Livetime 10 years
Containment efficiency 78%
Selection efficiency 90%
Background index 10−4 counts keV−1 kg−1 yr−1

Table 2.2: Experimental parameters of the CUPID experiment. Adapted from Ref. [154].
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2.5 Conclusion

will not only be useful for providing feedback to the producer, but will also serve to evaluate the
calorimetric performance and contamination levels of the newly produced crystals. This knowledge
can in turn be used to update and reduce the uncertainties on the parameters employed in the mββ

sensitivity calculation.
In a recent publication [172], the sensitivity of the CUPID experiment was evaluated under

various deployment scenarios of the 1596 Li2100MoO4 crystals. In particular, that work computes
the sensitivity achievable in both a full deployment scenario and a staged deployment scenario.
With the parameters listed in Table 2.2, the median exclusion sensitivity is T 0ν

1/2 = 1.8 × 1027 yr,
corresponding to exclusion limits for mββ in the range mββ = 9.0–15.2 meV, fully covering the IO
region, as shown in Fig. 2.16b. This figure also indicates that CUPID will probe the NO region for
mlightest ≳ 10 meV.

An alternative scenario considered in Ref. [172] involves deploying the CUPID detector in two
stages. CUPID Stage-I would include one-third of the detectors, arranged in 19 towers. This staged
approach offers the advantage of yielding early science data while the remaining Li2100MoO4 crystals
are produced and the additional towers are assembled. The full 1596 crystal configuration, corre-
sponding to a total mass of 450 kg, would be deployed following CUPID Stage-I. The sensitivity of
CUPID Stage-I can be estimated by assuming 3 years of data-taking with 150 kg of deployed crystals.
Using the same parameters as in Table 2.2 and assuming a BI of 1.0×10−4 counts keV−1 kg−1 yr−1,
CUPID Stage-I would achieve a median discovery sensitivity of 0.2 × 1027 yr, corresponding to a
range of mββ = 26.3–44.4 meV.

It should be noted, however, that the reduced number of detectors in this initial phase has
a less granular detector, limiting the informations coming from coincident events. This weak-
ens the effectiveness of coincidence cuts used to reject muons and events from crystal contam-
inations. Nonetheless, current background studies suggest that the BI will remain below 1.5 ×
10−4 counts keV−1 kg−1 yr−1. For this reason, the analysis in Ref. [172] also includes sensitivity
estimates for this higher BI scenario.

2.5 Conclusion
This chapter has presented the CUPID experiment and its strategy to achieve the sensitivity re-
quired for the search for 0νββ decay of 100Mo, through the deployment of 1596 isotopically enriched
scintillating cryogenic calorimeters based on Li2MoO4 crystals. CUPID builds upon the foundation
established by CUORE, which demonstrated the potential of cryogenic calorimeters over more than
five years of continuous operation, as well as on the experience gained from small-scale demonstra-
tors such as CUPID-Mo.

The following chapters focus on the procurement, characterization and validation of Li2100MoO4

crystals during the pre-production phase, focusing mainly on calorimetric and scintillation perfor-
mance.
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Chapter 3

CUPID Li2MoO4 Pre-Production

The realization of CUPID critically depends on the availability of 1596 high-quality and radiopure
Li2100MoO4 crystals. To this end, CUPID has tasked the Shanghai Institute of Ceramics (SIC-
CAS), Chinese Academy of Sciences, with large-scale production. This is the same producer that
successfully delivered the 988 radiopure TeO2 crystals for the CUORE experiment.

Unlike TeO2, which has several non-academic applications in the industry, Li2MoO4 lacks an
established production chain, making crystal growth intrinsically more challenging. In addition,
the use of costly isotopically enriched molybdenum imposes the need to minimize material losses
throughout all stages of production. These aspects introduce further constraints compared to
CUORE, where only radiopurity had to be optimized and crystal quality was taken for granted.
Despite these difficulties, the success of the CUPID-Mo demonstrator [150] demonstrated that
radiopure, high-quality Li2100MoO4 crystals can indeed be produced [173].

The success of the CUORE experiment relied on a close collaboration with SICCAS [152],
demonstrating that sharing a technical framework with the producer is essential to enforce radiop-
urity requirements [153]. For CUPID this collaboration is even more critical, since crystal quality,
in addition to radiopurity, directly affects both calorimetric and scintillation performance.

Accordingly, crystal production at SICCAS was documented during a pre-production phase
that covered all stages, from raw powders to finished crystals, establishing a shared framework and
common vocabulary between CUPID and the producer. This chapter provides a concise overview
of this process.

3.1 Li2100MoO4 Crystal Requirements
CUPID will be built with 1596 isotopically enriched Li2100MoO4 crystals, with enrichment ≥ 95%
in 100Mo. The crystals will be cubic with dimensions 4.5 × 4.5 × 4.5 cm3, corresponding to a mass
of ∼ 285 g each, for a total 100Mo mass of 240 kg. Table 3.1 lists the high-level specifications for
the experiment. In order to achieve the target sensitivity (see Sec. 2.4.2), strict requirements are
imposed on crystal properties.

Radiopurity CUPID’s requirement is that crystal radioactivity contributes less than (0.11 ±
0.03) × 10−4 cts keV−1 kg−1 yr−1 to the BI, divided into a bulk component of at most (1.4 ± 0.6) ×
10−6 cts keV−1 kg−1 yr−1 and a surface component of at most (9 ± 4) × 10−6 cts keV−1 kg−1 yr−1.
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3.1 Li2100MoO4 Crystal Requirements

Requirement Value
Total Li2100MoO4 Mass 450 kg
Number of Crystals 1596
Dimensions 4.5 × 4.5 × 4.5 cm3

Enrichment in 100Mo ≳ 95%
Total 100Mo mass 240 kg

Table 3.1: High-level specifications for Li2100MoO4 crystals.

These numbers are derived from the radiopurity results demonstrated by the contaminations of
the CUPID-Mo enriched crystals [165], which were grown at NIIC (Nikolaev Institute of Inorganic
Chemistry, Novosibirsk, Russia) using material selected for radiopurity and adopting controlled
growth protocols [174, 173]. Continuous interaction with SICCAS, the producer identified by CU-
PID, is aimed at reproducing and possibly improving these results for the full-scale production.
The radiopurity requirements are summarized in Table 3.2.

Isotope Requirement
Bulk 238U < 0.4 µBq/kg

226Ra < 0.4 µBq/kg
232Th < 0.4 µBq/kg
228Th < 0.4 µBq/kg
40K < 1 mBq/kg

210Pb < 0.01 mBq/kg
60Co < 0.01 mBq/kg
137Cs < 0.5 mBq/kg

Surface 226Ra–210Pb < 2.0 nBq/cm2

228Th–208Pb < 2.5 nBq/cm2

Table 3.2: Radiopurity requirements for bulk and surface contamination of Li2100MoO4 crystals.

Energy Resolution CUPID requirement is 5 keV FWHM at Qββ . As discussed in Sec. 2.3.1,
the energy resolution results from several intertwined detector parameters, which include not only
intrinsic crystal properties but also thermal couplings, the working point configuration, and the
overall noise conditions. For this reason, although the final requirement is expressed in terms of
energy resolution, the crystal contribution is usually evaluated through its intrinsic gain (sensitiv-
ity). This quantity, however, must always be interpreted in the context of the working point chosen
for the NTD sensor and the absorber temperature. A systematic procedure to compare crystals in
terms of both energy resolution and intrinsic gain is one of the objectives of the present work and
will be addressed in Sec. 4.5.7.
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3.2 Overview of The Crystal Production Process

Light Yield The intrinsic light yield of the crystals at ∼ 15 mK is difficult to measure because
the geometry of scintillating cryogenic calorimeter modules has a light collection efficiency far from
unity, and reflections from other elements or from the crystal surfaces are not straightforward to
account for. For this reason, CUPID defines the requirement on LY in terms of the light detected
on one of the two LDs (top/bottom) in the typical CUPID geometry, as illustrated in Fig. 2.12b.
The requirement is LY ∼ 0.35 keV/MeV [154], which corresponds to the amount of light needed to
achieve a β/γ–α discrimination efficiency larger than 5 when using a properly performing LD. This
requirement will also allow to use scintillation light to identify (and reject) events induced by two
2νββ’s randomly producing a pile-up event. The methodology adopted to evaluate the LY in the
geometry of typical CUPID modules is presented in Chapter 4.

Surface Quality The surface quality of the crystals may affect light collection efficiency.
Surfaces must be homogeneous and free of halos. At present, the optimal level of surface roughness
for maximizing light collection on the LDs is not yet established. A polished (optical quality)
surface scatters less light but may increase internal reflections, while a rougher (opaque) surface
may reduce reflections, though at the cost of partial absorption or scattering of the emitted light.
To take advantage of these effects, one solution would be to polish only the two opposite faces
facing the LDs and leave the other faces opaque, or vice versa, to optimize overall light collection.
The best configuration is not clear yet, and it will be investigated during pre-production, where
crystals with different surface finishes will be produced and compared. CUPID is also developing
Monte Carlo (MC) simulations of light propagation in Li2MoO4 to clarify these aspects. In all cases,
the chosen polishing strategy must comply with the surface contamination requirements listed in
Table 3.2. Moreover, Li2MoO4 is hygroscopic. If handled in a humid atmosphere, the surface can
degrade and become opaque or haloed. All handling at SICCAS must therefore be performed under
low humidity to prevent moisture-induced surface damage.

Other Requirements Crystals must be 4.5 × 4.5 × 4.5 cm3 Li2MoO4 cubes with phenakite
structure, space group R3, lattice parameters a = 9.590 Å and c = 16.659 Å. They must be
isotopically homogeneous with enrichment ≥ 95% in 100Mo. Dimensional tolerance is ±0.2 mm, with
0.5 mm bevels and mean planarity < 0.2 mm. Crystals must be transparent, colorless, bubbless, free
of inclusions, and with absorption length > 50 cm in the 550–700 nm spectral range. The chemical
purity must be > 99.9%.

3.2 Overview of The Crystal Production Process
The following list provides a bird’s-eye overview of the main steps of the growth process and
highlights the most delicate aspects for CUPID.

1. Precursor powders: Li2MoO4 is synthesized from Li2CO3 and MoO3 precursors. These
powders must be procured with ultra-high radiochemical purity. Enriched crystals are pro-
duced using 100MoO3 (95% enrichment), whose high price dominates the total cost of crystal
procurement. This imposes minimizing material losses during growth and processing.

2. Li2MoO4 synthesis: Several synthesis strategies exist to produce Li2MoO4 powder for
crystal growth. The reaction between raw powders must yield only Li2MoO4, with no side
products or residual unreacted precursors. Parasitic chemical species or unreacted powders
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3.2 Overview of The Crystal Production Process

would compromise growth and crystal quality. Any ancillaries and consumables used at this
stage must be selected to avoid introducing radiochemical contaminants.

3. Li2MoO4 crystal growth: Crystals are grown in platinum crucibles using the Bridgman
(BG) technique. Crystal growth must yield ingots of high structural quality that meet the
required specifications. Post-growth annealing is used to stabilize the crystals and prevent
crack formation. Since crystallization purifies the material, multiple crystallizations will be
performed to increase radiopurity. The Czochralski (CZ) technique may also be used as
an intermediate crystallization stage. Each re-crystallization, however, introduces material
losses, thereby increasing the crystal cost owing to the high price of enriched 100MoO3.

4. Cutting: The ingots are cut to the CUPID crystal geometry. This step must avoid damaging
the crystal or introducing radioactive contaminants, while minimizing material loss. Leftover
fragments are ground back to Li2MoO4 powder, mixed with freshly synthesized powder, and
reused in new growths. These recycling strategies are designed to recover costly enriched
material.

5. Surface quality: Owing to the hygroscopic nature of Li2MoO4, polishing must be carried
out with water-free methods in low humidity atmosphere. All consumables, such as pads,
powders, and lubricants, must have ultra-high radiopurity to prevent surface contamination.

6. Packaging and delivery: Crystals must be packed in humidity-tight, vacuum-sealed, ra-
diopure containers that also guarantee safe transport.

3.2.1 CUPID crystal pre-production
Before large-scale Li2100MoO4 production begins, SICCAS must optimize the growth parameters
to address the delicate aspects of the stages outlined above. This optimization phase, referred to
as pre-production, has several goals; the three primary ones are:

• Recovery Efficiency: One of the goals is to optimize and measure the 100Mo recovery ef-
ficiency of the production process. CUPID requires SICCAS to achieve a recovery efficiency
of at least 90% to minimize material losses and contain costs. To this end, SICCAS is devel-
oping recycling strategies to recover waste material. Since repeated recycling may introduce
or concentrate contaminants, its impact on radiopurity and on calorimetric and scintillation
performance must be evaluated by CUPID.

• Production Yield: Li2MoO4 crystal growth is intrinsically challenging, and defects such as
cracks or inclusions may occur, particularly if parasitic chemical species remain after powder
synthesis. Pre-production therefore focuses on refining the synthesis procedure and quanti-
fying the yield. Defective ingots can be reprocessed for subsequent growths, although such
recycling negatively affects recovery efficiency.

• Radiopurity: CUPID documents all stages of the production process to identify those that
may critically affect radiopurity. This detailed knowledge will be used to define a radiopurity
protocol containing precise guidelines, such as the use of ancillaries and consumables screened
for radiopurity and the cleanroom operation of selected steps. SICCAS will implement this
protocol in the final stages of pre-production, which will focus primarily on radiopurity.
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3.3 Crystal Production

During the period covered by this work, SICCAS was in the early pre-production phase, with
the primary emphasis on optimizing crystal growth and evaluating recycling strategies. To contain
costs, predominantly natural (non-enriched) crystals were grown. CUPID tests these crystals as
scintillating cryogenic calorimeters to quantify calorimetric and scintillation performance and the
achieved radiopurity. The resulting measurements provide feedback to SICCAS to correlate detector
response with growth parameters and the implemented recycling steps.

SICCAS has now entered a more advanced pre-production stage. In the past few months, it has
focused on enriched crystal growth, producing the first batches of Li2100MoO4. At present, the main
effort has shifted toward radiopurity optimization, and SICCAS is implementing the radiopurity
protocol developed by CUPID.

The following section gives a brief overview of the documented growth process and highlights
the improvements achieved during the early stages of pre-production.

3.3 Crystal Production

3.3.1 Precursor powders and Li2MoO4 synthesis
The precursor powders used for the synthesis of Li2MoO4 must possess ultra-high radiochemical
purity. A summary of the requirements on these powders is presented below. Multiple strategies are
employed to verify compliance with these requirements, both by the producer and independently
by CUPID on test samples. The screening techniques used include but are not limited to: ICP-MS
(inductively coupled plasma mass spectrometry), high-purity germanium (HPGe) γ-spectroscopy
in low-background underground labs; neutron activation analysis (NAA); and X-ray diffraction
(XRD).

Li2CO3 powder

The technical specifications for lithium carbonate powder are a chemical purity not less than 99.99%
and a radiopurity that satisfies the requirements reported in Table 3.3. Commercially available
material usually meets the chemical purity standards, but radiopurity certifications are typically
not provided. CUPID, in collaboration with SICCAS, is considering several suppliers. ICP-MS
and HPGe assays of samples bought from selected vendors have shown that it is possible to obtain
precursor material meeting the specifications.

Isotope 232Th 238U 40K 235U 226Ra 137Cs

Requirement [mBq/kg] < 5 < 5 < 15 < 4 < 5 < 0.5

Table 3.3: Radiopurity requirements for lithium carbonate precursor.

Enriched 100MoO3 powder
100Mo-enriched molybdenum is produced using gas centrifuges. Natural molybdenum is first fluo-
rinated to MoF6 gas:

natMo + 3F2 ÐÐ→ natMoF6,

57



3.3 Crystal Production

and then enriched through a cascade of centrifuges. The enriched 100MoF6 gas is subsequently
converted into 100MoO3 via an industrial multi-step wet-chemistry process.

CUPID requires an enrichment of about 95% in 100Mo, a chemical purity of at least 99.9%,
and compliance with the radiopurity limits reported in Table 3.4. SICCAS has been tasked with
procuring the isotope from IPC, CNNC (Institute of Physics and Chemistry, China National Nu-
clear Corporation), which has already produced O(10kg) of enriched MoO3. The material was
independently screened by CUPID using ICP-MS and NAA to verify the 100Mo enrichment and
the radiochemical purity. The enriched 100MoO3 powder was found to be compliant with CUPID
requirements.

Isotope 232Th 238U 40K

Requirement < 0.8 mBq/kg (< 0.2 ppb) < 2.5 mBq/kg (< 0.2 ppb) < 50 mBq/kg

Table 3.4: Radiopurity requirements for enriched molybdenum oxide precursor.

Li2MoO4 synthesis

Li2MoO4 can be synthesized from precursors using either wet chemistry or solid-state sintering.
Although both methods are under study, the first batches of pre-production crystals were grown
from powder prepared via wet chemistry. In this process, the raw powders are dissolved in warm
distilled water at controlled temperature to form Li2MoO4 in solution:

Li2CO3 +MoO3 ÐÐ→ Li2MoO4 +CO2 ↑

Afterwards, the solution is warmed and evaporated under controlled conditions until saturation,
leading to the precipitation of Li2MoO4 as a fine powder.

During natural crystal pre-production, SICCAS obtained a lower-than-expected yield due to
unstable crystal quality in part of the growths. Investigations showed that wet chemistry synthesis
occasionally produced secondary lithium molybdate phases (Li2Mo2O7, Li2Mo3O10, Li2Mo4O13,
Li2Mo5O16) together with unreacted Li2CO3. Moreover residual Li2CO3, can also attack the plat-
inum crucibles forming Li2PtO3. An example of crucible attacked by unreacted Li2CO3 can be
seen in Figure 3.1b. These byproducts negatively interfere with crystal growth, resulting in unsta-
ble quality and low production yield. XRD analyses of both the synthesized Li2MoO4 powder and
the platinum crucibles confirmed this hypothesis.

SICCAS is refining the synthesis procedure to suppress these side products and is rapidly con-
verging toward a more stable process. In parallel, CUPID is collaborating with IPC to explore
an alternative strategy. Since the industrial process that converts 100MoF6 into 100MoO3 already
produces Li2100MoO4 as an intermediate byproduct (though with additional contaminants), it may
be possible to adapt this step to directly yield ultra-pure Li2MoO4 powders. IPC and SICCAS
are therefore working together to develop an optimized chemical treatment capable of providing
Li2MoO4 powder of sufficient purity to be directly used for crystal growth.

3.3.2 Crystal growth
Although the details of crystal growth are beyond the scope of this work, a brief overview is provided
here, highlighting the most critical aspects affecting crystal quality and radiopurity.
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3.3 Crystal Production

Figure 3.1: Progress in BG crystal growth during pre-production: (a) ingot grown using a small
seed exhibiting cracks due to suboptimal furnace cooldown and annealing; (b) crucible where a
Li2PtO3 layer formed during growth, caused by unreacted Li2CO3 in the Li2MoO4 powder; (c)
and (d) show an ingot and the corresponding high-quality CUPID crystal obtained after resolving
synthesis issues and adapting the cooldown and annealing program to the small BG seed size.

Growth techniques

SICCAS employs two standard techniques for growing Li2MoO4 crystals. The descriptions below
are qualitative and are not intended as an exhaustive, quantitative treatment of these techniques.

• Bridgman (BG): a seed crystal is placed at the bottom of a high-purity platinum crucible
and the Li2MoO4 powder is loaded above it. The crucible is then placed in a furnace with
a controlled vertical temperature gradient: the upper zone is above the Li2MoO4 melting
point and the lower zone is below it. The Li2MoO4 powder is fully melted while most of
the seed remains solid, then the crucible is lowered slowly through the gradient. Directional
solidification starts from the seed and progresses upward, yielding a single-crystal ingot having
the crucible shape. The seed’s material partially melts and get mixed with the rest of the
crystal. Figure 3.1c shows a Li2MoO4 ingot resulting from a successful BG growth.

• Czochralski (CZ): Li2MoO4 powder is melted in a high-purity platinum crucible. A seed
crystal is attached to a rotating platinum rod, dipped into the melt, and then slowly pulled
upwards while rotating. By controlling pull rate, temperature, and rotation speed, the melt
crystallizes on the seed and a cylindrical single-crystal ingot is obtained.

Both techniques are standard for oxide crystal growth and have yielded high-quality Li2MoO4.
To meet CUPID’s throughput, BG is adopted as the baseline, since multiple crucibles can run in
parallel in large furnaces. CZ is retained as an intermediate re-crystallization step. CZ growths
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can also start without a seed, so they serve as a seed-generation tool. CZ-generated seeds can be
used for BG growths, avoiding the mixing of legacy BG seeds with new Li2MoO4 powder. This is
especially important when moving from natural to enriched powders, to avoid diluting the isotopic
enrichment with a natural seed. For these reasons CZ is used only for intermediate re-crystallization
and seed preparation.
Large-scale production thus proceeds with BG that, however, requires optimization:

1. Annealing: Thermal stress during furnace cooldown can induce cracks in the crystals, low-
ering the production yield. SICCAS is optimizing the post-growth annealing program and
adjusting the cooldown profile to reduce internal stress and guarantee structural integrity.

2. Crucible and seed size and shape: The sizes and shapes of the crucible and the seed
influence thermal stress, cutting strategy, and material loss. In BG, the seed size is non-
negligible. To ensure uniform isotopic enrichment in the final ingot, the seeds must also be
made of enriched material. Smaller seeds require less enriched materials, reducing loss of
isotope. However, they increase stress and the probability of cracks, potentially lowering
the production yield. Moreover, the crucible shape determines the cutting strategy and the
resulting material losses. SICCAS is optimizing crucible geometry and seed dimensions to
balance production yield and recovery efficiency.

An example of a failed BG growth due to a small seed size combined with a suboptimal furnace
cooldown and annealing program is shown in Figure 3.1a. During pre-production, SICCAS is
optimizing these parameters. This optimization allows to obtain good-quality BG ingots like that
shown in Figure 3.1c.

Recycling and purification by multiple re-crystallizations

One aim of pre-production is to quantify how effectively successive re-crystallizations improve crystal
purity. This aspect is tightly linked to recycling strategies designed to optimize recovery efficiency.

Both growth techniques (BG and CZ) purify the material, but impurity segregation differs. In
CZ, impurities tend to concentrate in the residual melt left in the crucible. In BG, which solidifies
the entire Li2MoO4 powder into a single ingot, impurities segregate toward the top of the ingot.
If the seed is not perfectly pure, regions near the seed at the bottom can also be affected. The
resulting BG ingot can thus exhibit non-uniform radiochemical purity along its length.

Recycling and purification (CZ) Because the final crystallization is always a BG growth,
CZ ingots can be used as intermediate purification steps and as a source of seeds for subsequent
BG growths. In this case, the main issue is recovery of the crucible leftover, where impurities are
concentrated. To recycle this material, SICCAS dissolves it in distilled water, filters the solution,
and then evaporates it to precipitate Li2MoO4 powder. This recycled powder is mixed with freshly
synthesized powder for subsequent growths, increasing recovery efficiency. The CZ ingot itself is
manually ground with mortar and pestle to a fine powder suitable for direct reuse in subsequent
BG (or CZ) growths.

Recycling and purification (BG) For BG ingots the approach differs. If the growth is an
intermediate one, cutting is not required. The top portion, where impurities accumulate, is dissolved
in distilled water; the solution is filtered and evaporated to obtain new Li2MoO4 precipitate, which
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is then combined with Li2MoO4 powder for subsequent growths, analogously to the CZ leftover
route. If the seed remaining in the crucible is of sufficient quality, it is detached and sent to cutting
for reuse as a seed in a new growth. The central section of the ingot, typically the purest, is
manually ground with mortar and pestle to a fine powder for direct reuse in subsequent BG (or
CZ) growths.

If the growth is final rather than intermediate, the crystal proceeds to post-growth manufactur-
ing. The first operation is machining the ingot into the shape of a CUPID crystal. This involves two
steps: cutting and sanding. These steps generate both macroscopic offcuts and sludge. The larger
offcuts follow the same routes described above: material from the top region, where impurities are
concentrated, is first dissolved in distilled water, filtered, and evaporated to recover Li2MoO4 pow-
der, whereas more pure offcuts are directly ground to a fine powder for reuse. The sludge fraction,
although small and likely the most contaminated, is under evaluation for recovery, including zone
refining prior to multiple re-crystallizations. At the current early stage of pre-production, the avail-
able sludge is insufficient to grow full-size crystals; the outcome of these strategies will be addressed
toward the end of this phase.

Given that suppliers are able to provide raw powders compliant with the requirements listed in
Tables 3.3 and 3.4, SICCAS targets a baseline of two BG re-crystallizations for freshly synthesized
Li2MoO4 powder. The number of re-crystallizations for recycled material will be decided by testing
the resulting crystals in dedicated validation measurements performed by CUPID.

3.3.3 Post-growth manufacturing
After the final growth, the ingots are machined into 4.5 × 4.5 × 4.5 cm3 cubic crystals with sur-
faces finished to the required specification. Each crystal is then packaged and delivered. These
operations are not expected to alter bulk radiopurity or calorimetric performance, which are set
by upstream production steps; they can, however, significantly affect surface radiopurity and may
slightly influence light yield.

Crucible opening and annealing

After extraction from the BG furnaces, the crucibles must be opened to extract the ingots. The
crucible is cut and peeled off the ingot (as in Fig. 3.1b), and various tools may come in contact
with the crystal surface during this operation. The contamination risk of the final product, though,
is limited because the outer surface of the ingot is cutted or sanded away and enters the recycling
pathway. Radioactive contamination must nevertheless be minimized. To this end, CUPID is
working with SICCAS to install a cleanroom immediately adjacent to the furnaces for crucible
opening.

Cutting and sanding

Once removed from the crucible, the ingots are machined to the required 4.5 × 4.5 × 4.5 cm3 cubic
geometry in two steps: cutting and sanding.

• Cutting. Ingots are cut with a continuous-loop diamond wire saw: a 0.3 mm diamond-
coated tungsten wire runs on two tensioned pulleys, producing a kerf of ∼ 0.4 mm and using
aviation-grade kerosene as lubricant and coolant. Materials used in this step are selected for
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ultra-high radiopurity, although choices are constrained by the hardness of Li2MoO4. This
operation has a limited risk of leaving residual radioactive contaminants on the final crystal,
because the outermost layer is removed by the subsequent surface finishing.

• Sanding. Cutting close to the ingot surfaces results in asymmetric stresses that may induce
cracks. If the ingot geometry does not allow a direct cut to the final size without unacceptable
crack risk, the ingot is first cut to a slightly larger cube and then sanded to the final dimensions.
Sanding is performed with a dedicated machine using a pad, abrasive powder, and a water-
free lubricant. This step is high risk for surface radiopurity, since consumables can embed
contaminants deep into crystal surface. SICCAS is optimizing crucible shape and cutting
machine parameters to avoid sanding whenever possible.

Both operations produce sludge containing Li2100MoO4 mixed with consumables such as kerosene,
abrasive powder, and lubricant. This sludge is recovered from the machines. Although sludge re-
covery is under evaluation (as discussed above), minimizing sludge is essential to maximize recovery
efficiency.

CUPID is working with SICCAS to install a zoned cleanroom suite for these machining steps
and the subsequent surface treatment and packaging operations described below. The facility will
maintain low humidity to prevent moisture-induced damage arising from the hygroscopic nature
of Li2MoO4. Dedicated low-humidity storage cabinets will be installed to hold crystals between
manufacturing steps.

Surface treatment

After cutting, the crystals are polished to the required surface finish. The final finish is obtained
by adjusting pressure, and polishing time.

Polishing removes the outermost layer and potentially reduce contaminants introduced in earlier
manufacturing stages. However, if the consumables are not radiopure, radioactive isotopes can be
embedded into the outermost micrometers of the crystal, degrading surface radiopurity.

Polishing employs three elements: pads, an abrasive powder, and a water-free lubricant. Among
the abrasives under evaluation, SiO2 is particularly appealing. It was used to polish the CUORE
TeO2 crystals, and previous validation measurements showed excellent radiopurity. Preliminary
tests on pre-production crystals indicate that irregular SiO2 with an average grain size of 30µm
achieves the required polishing efficiency. This powder differs slightly in grain size and shape from
that used for CUORE and is currently undergoing radiopurity evaluation. A waterless silicone oil is
foreseen as the lubricant to avoid moisture exposure during polishing. LAM PLAN TOUCHLAM®
pads are compatible with SiO2 and silicone oil, and are being screened for radiopurity evaluation.

After polishing, the crystal surfaces undergo an oil-based cleaning to remove residual abrasive
and any polishing byproducts. Candidate solvents include solvents and gasoline. The choice is
not yet finalized. An example of a good-quality crystal obtained after this processing is shown in
Figure 3.1d.

Packaging and delivery

The final step is packaging. After cleaning, crystals must be enclosed in humidity-tight, ultra-
radiopure containers that also prevent mechanical damage during transport. Packaging must be
coordinated with the CUPID assembly line workflow, and the final solution is not yet defined. Two
options are under evaluation:
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(i) Individual packaging. Each crystal is triple-bagged using three nested, humidity-tight bi-
layer aluminum/plastic vacuum bags. The packaged crystals are then placed in vacuum-sealed
boxes with polystyrene supports to prevent movement during transport. The triple layering
allows sequential removal of the outer bags when entering the CUPID assembly-line cleanroom
in LNGS.

(ii) Multi-crystal containers. Multiple (∼ 4) crystals are placed in an engineered vacuum- and
humidity-tight container with fixtures that immobilize them for safe transport. The container
is then triple-packaged in vacuum bags.

Option (i) involves more complex handling of each crystal, and the entire crystal surface is in direct
contact with the vacuum bag. Both factors increase the probability of surface re-contamination.
Its advantage is simpler immobilization during transport: external supports can contact only the
outer bag to keep each crystal stable.

Option (ii) simplifies handling, since crystals are placed once into a dedicated container whose
fixtures minimize contact points with the crystal surface. The trade-off is engineering complexity:
custom containers must immobilize the crystals for safe intercontinental transport, provide shock
protection, and ensure vacuum and humidity tightness. In addition, every material used in the in-
ternal fixtures must be radiopure to avoid introducing contaminants into the CUPID assembly-line
cleanroom when the box is opened.

3.3.4 Crystal validation strategy
Because material recovery, growth, and surface treatment are still being optimized, each crystal has
a slightly different history in pre-production. A rigorous, uniform protocol is therefore needed to
validate and compare the crystals and to correlate growth parameters with measured performance.
Chapter 4 presents the development of the CCVR program (CUPID Crystal Validation Runs) to-
gether with the measurement of the first batch of natural crystals produced by SICCAS during
pre-production. Establishing and validating the CCVR protocol before the end of pre-production
is essential, since the first crystals grown from recycled sludge material will be available only at the
end of this phase, leaving a limited window for qualification before the start of large-scale produc-
tion. Complementary ICP-MS, NAA, HPGe γ-spectroscopy, and XRD analyses will be performed
on samples extracted from the ingots. Finally, because crystallization, annealing, and impurities
can introduce lattice defects that may impact scintillation performance, Chapter 5 presents mea-
surements that can be used to identify these defects and assess their impact on photophysical and
scintillation properties.

3.4 Conclusion
Pre-production is a critical phase for CUPID. It lays out the key steps of the Li2100MoO4 produc-
tion chain on which SICCAS can act to meet the stringent requirements on calorimetric perfor-
mance, scintillation performance, and radiopurity required by a large-scale next-generation 0νββ
experiment. By documenting these steps, CUPID strengthens communication with SICCAS and
establishes an effective feedback loop that drives the process toward the required crystal quality.
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Chapter 4

Validation of Pre-Production
Li2MoO4 Crystals

The success of a next-generation 0νββ experiment such as CUPID depends critically on the repro-
ducibility and quality control of all its core components. Among these, the Li2100MoO4 scintillating
crystals play a central role. Given the scale and sensitivity of CUPID, ensuring the uniformity, ra-
diopurity, and performance of all 1596 crystals is essential. To guarantee these requirements, CUPID
is developing a comprehensive validation strategy that builds upon the experience of its predecessor,
CUORE, while adapting it to the peculiarities of isotopically enriched lithium molybdate, which
introduces new technical and logistical challenges. This chapter outlines the development of this
validation program and presents the measurements performed on the first batch of Li2MoO4 crys-
tals produced by SICCAS during the pre-production phase. The resulting protocol will serve as the
basis for subsequent pre-production measurements as well as the full-scale production campaign.

4.1 The CUPID Pre-CCVR Campaign
CUPID must establish a crystal validation protocol to verify compliance with experimental require-
ments once large-scale production begins. This protocol, named CUPID Crystal Validation Runs
(CCVRs), will be applied to a random subset of crystals to assess conformity with the specifica-
tions listed in Sec. 3.1. If any non-compliant crystal is identified, production will be suspended
until the nonconformity is understood and corrected. This approach mirrors the procedure adopted
in CUORE, where the CUORE Crystal Validation Runs [152, 153] served as essential diagnostic
tools based on cryogenic measurements of randomly selected TeO2 crystals. Had a crystal failed to
meet the radiopurity or performance criteria, production would have been halted until the issue was
resolved. The success of CUORE demonstrated that such a rigorous validation strategy effectively
ensures detector quality.

In contrast to CUORE, which employed natural tellurium dioxide crystals supported by a mature
and reliable industrial growth process (as TeO2 has many non-academic purposes), the production
of enriched Li2MoO4 crystals is intrinsically more challenging. As discussed in Chapter 3, SICCAS
must establish a stable, reproducible process that minimizes costly isotope losses while maintaining
radiopurity at every stage—objectives that are often in tension with one another. Consequently,
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4.1 The CUPID Pre-CCVR Campaign

whereas CUORE crystal validation focused primarily on radiopurity, CUPID must devote equal
attention to calorimetric performance and light yield during pre-production.

The pre-production phase provides the ideal framework for developing the CCVR protocol. In
this stage, SICCAS is setting up a high-throughput production line capable of delivering 1596
high-quality crystals (Chapter 3), while CUPID operates these crystals as scintillating cryogenic
calorimeters under experiment-like conditions to supply systematic feedback. The measurements
performed on pre-production crystals thus serve a dual purpose: they provide SICCAS with detailed
performance data and allow CUPID to construct and refine the CCVR protocol. This set of
measurements is referred to as the pre-CCVR campaign.

4.1.1 Crystals in the early-stage pre-production phase
During pre-production, SICCAS grows both natural (Li2MoO4) and enriched (Li2100MoO4) lithium
molybdate crystals, all with the same dimensions as those planned for the final detector (45 × 45 ×
45 mm3). Natural crystals differ from enriched ones only in the MoO3 precursor used for Li2MoO4
synthesis, which is much less expensive than isotopically enriched 100MoO3. Consequently, natural
crystals represent the only cost-effective option for the initial optimization of growth parameters.

This chapter presents measurements on the first batch of natural crystals produced by SICCAS.
At this early stage, SICCAS is demonstrating the feasibility of Li2MoO4 crystal growth while
refining several aspects of the process, such as crucible geometry, BG growth parameters, the
number of CZ/BG re-crystallizations, and the annealing temperature profile. Initial material-
recycling strategies are also tested to improve recovery efficiency. For these reasons, radiopurity is
not prioritized during this early phase.

The raw powders employed at this stage are not the final and do not satisfy the radiopurity
specifications listed in Tables 3.3 and 3.4: the MoO3 is not enriched and the Li2CO3 supplier has
not been decided yet; moreover, the Li2MoO4 synthesis procedure is still under development (see
Sec. 3.3.1). For these reasons, crystals in the early stages of pre-production are not expected to meet
the requirements of Table 3.2. The main goal is therefore to characterize calorimetric performance
and light yield, while defining a CCVR protocol. Although these crystals are not expected to be
radiopure, radiopurity measurements remain valuable for relative comparisons between crystals, for
studying the effects of re-crystallization and material recycling on contamination, and for initiating
the radiopurity assessment component of the CCVR program.

4.1.2 Pre-CCVR measurement campaigns
Multiple pre-CCVR measurements have been conducted during this early-stage of the pre-production
phase. These runs are performed in a low-background cryogenic facility located at the underground
laboratory Laboratori Nazionali del Gran Sasso, using the same cryostat employed for the CUORE
Crystal Validation Runs described in Ref. [153]. Details of the facility are provided in Sec. 4.2, and
the analysis strategy used to process the data is described in Sec. 4.3. This chapter presents the
following data campaigns, each with distinct objectives:

• Pre-CCVR1 is presented in Sec. 4.4. This run involves the measurement of four Li2100MoO4

crystals produced by the Nikolaev Institute of Inorganic Chemistry (NIIC), the same manu-
facturer that supplied the crystals for the CUPID-Mo small-scale demonstrator [150]. This
run has two goals. First, characterizing the behavior of crystals from a known producer pro-
vides a standard reference for direct comparison with crystals produced by SICCAS. Second,
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4.2 The Hall C Cryogenic Infrastructure for CUPID CCVR

testing known crystals coupled to LDs enables characterization of the full system, including
noise assessment. In this regard, this run also served to recommission the cryogenic setup
following major hardware interventions on the cryogenic system.

• Pre-CCVR2 is presented in Sec. 4.5. This run tests four natural Li2MoO4 crystals produced
by SICCAS using different crystallization techniques and surface-treatment procedures. For
comparison, two NIIC crystals from pre-CCVR1 were included. The measurements were
conducted in three successive configurations, each featuring different thermalizations of the
detectors to the heat sink.

The first batches of isotopically enriched Li2100MoO4 crystals from SICCAS have recently arrived
at LNGS, and the first measurement on enriched crystals (pre-CCVR3) is currently in progress;
accordingly, no results are yet available and it is thus not presented in this chapter. The light
detectors used in all of these runs are fabricated from 500 µm-thick high-purity Ge wafers equipped
with Ge NTD thermisors coated with a 60 nm-thick SiO anti-reflecting layer. No NTL assisted
LDs were used in these measurements. More details about the geometry of the detectors and the
assembly will be given in each section.

4.2 The Hall C Cryogenic Infrastructure for CUPID CCVR
The CCVR measurements are carried out in Hall C of the Laboratori Nazionali del Gran Sasso
(LNGS), located in central Italy. This is the same underground laboratory that will host the
CUPID experiment, which is planned to be installed in Hall A, in the same infrastructure currently
used for CUORE.

4.2.1 Low-background and low-noise Hall C cryostat
Suppressing cosmic rays is a fundamental requirement for studying the bulk and surface radiopurity
of 45×45×45 mm3 Li2MoO4 crystals. At LNGS, the Gran Sasso mountain provides an overburden
of approximately 1300 m of rock, which reduces the surface muon flux by about six orders of
magnitude [138].

The cryogenic setup used for CCVR is housed in a dilution cryostat. More details about the
working principles of dilution cryostats are given in Appendix A. The Hall C cryostat is equipped
with extensive external shieldings to suppress environmental backgrounds. Specifically, it includes
an external 5 cm-thick lead shield and an inner 5 cm-thick layer of copper to attenuate ambient γ
radiation; additionally, a layer of polyethylene pellets to moderate neutrons is also present. These
external shieldings are enclosed in a plastic container that fully encapsulates the cryostat, which
is continuously flushed with nitrogen gas to prevent radon accumulation, which could introduce
additional γ backgrounds. A layer of lead and copper bricks are placed above the cryostat to shield
γ radiation coming from above, providing close to 4π coverage. As shown in Fig. 4.1, internal lead
shielding positioned beneath the cryostat’s mixing chamber (MC) covers the experimental region,
further suppressing background radiation from above as well as from nearby components, such as
the Printed Circuit Boards (known for their lack of radiopurity) that connect the detector’s readout
electronics to the cryostat wiring.

The cryostat is an Oxford Instruments TL 200 wet 3He/4He dilution refrigerator, shown in
Fig. 4.1.

66
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Figure 4.1: The Hall C cryostat
used for the CUPID CCVR vali-
dation program.

A wet cryostat offers an important advantage over dry (cryogen-
free) cryostats that rely on pulse tubes: while pulse tubes are
known to introduce mechanical vibrations into the system [167],
resulting in increased noise and degraded SNR, wet cryostats
are free from this specific source of mechanical disturbance.
However, traditional wet cryostats require periodic refilling with
liquid helium, which can interrupt data-taking and reduce live-
time. Additionally, occasional liquid helium shortages could
delay data-taking, which is particularly undesirable for a setup
intended to provide swift feedback to the producer regarding
the quality of newly produced crystals, enabling prompt cor-
rective actions when necessary.

The cryogenic facility in Hall C mitigates these limitations
through the use of a dedicated liquefier, positioned near the
cryostat, that continuously condenses helium gas into liquid
which supplies the main bath. To minimize the transmission of
mechanical vibrations, the liquefier is mechanically decoupled
from the cryostat. It operates with Gifford-McMahon (GM)
cryocoolers, which, like pulse tubes, exhibit a ∼Hz periodic mo-
tion. However, unlike pulse tubes, GM heads are not mechani-
cally connected to the cryostat, significantly reducing the prop-
agation of vibrations to the detectors.

Besides the liquefier, other components of the cryogenic in-
frastructure can also contribute to vibrational noise. Notably,
the 1K pot is a well-known source of such disturbances [175].
These noise sources typically produce a broad harmonic spec-
trum that result in a 1/f component in the noise power spec-
trum of the detectors, which can strongly affect the performance
of cryogenic calorimeters. To further suppress vibrational noise
from the liquefier, cryogenic components, and other sources, a
dedicated mechanical double stage damping system was devel-
oped for the Hall C cryostat during the CUORE R&D program
and it is still in use today [175, 176]. These features make the
Hall C cryogenic facility a suitable environment for conduct-
ing the CUPID CCVR validation program. All the pre-CCVR
measurements presented in this chapter were acquired using
this infrastructure.

4.2.2 Readout and biasing electronics
Section 2.3.1 provides a detailed description of the readout and biasing electronics used for cryogenic
calorimeters equipped with NTD thermistors. The biasing circuit, shown in Fig. 2.5, generates the
bias current Ibias through a low-noise DC power supply and a pair of identical load resistors with
total impedance RL. The power supply used to generate Vbias is the HP 6627A low-noise DC source
[177], capable of delivering up to 20 V per output channel. Two output channels in a differential
configuration are used to provide a bias voltage up to 40 V. A voltage divider is used to finely select
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Vbias in the range 0–39 V.
The front-end electronics, described in Refs. [131, 132], consists of three chassis, each containing

six boards with two channels per board, for a total of 32 channels. Each board includes two
selectable load resistors. One set of boards allows choosing between RL = 54 GΩ and RL = 4 GΩ,
while another set offers the choice between RL = 54 GΩ and RL = 10 GΩ. Combined with the voltage
divider, this configuration allows for a wide range of bias currents, ranging from Ibias ∼ 1 pA to
Ibias ∼ 10 nA, enabling flexible selection of the detectors’ WP, as introduced in Sec. 2.3.1. The total
gain, configurable via the preamplifier and the PGA, can be set between 448 and 10009.

The front-end and back-end electronics used in Hall C are shown in Fig. 2.7. The Bessel
anti-aliasing filter consists of multiple boards, each offering a set of selectable cut-off frequen-
cies. Three types of boards have been employed, providing the following cut-off frequency options:
[16,32,47,63] Hz, [16,38,47,70] Hz, and [80,120,160,200] Hz. The latter set, featuring higher cut-
off values, is required for the LDs, which have faster signal rise times and thus broader bandwidths
compared to the heat channels.

Room-temperature, voltage-sensitive differential JFET amplifiers are used to amplify the signals
from the detectors. The amplifiers used in this setup exhibit a white noise level of approximately
3.2−3.3 nV/

√
Hz and a 1/f noise component of about 7.8 nV/

√
Hz at 1 Hz. The entire cryostat,

along with the front-end boards, is enclosed in a Faraday cage to suppress electromagnetic interfer-
ence and improve noise performance. The Bessel filter is housed in a separate, dedicated Faraday
cage located outside the main one. The subsequent back-end electronics is unshielded.

Waveforms from the JFET amplifiers are digitized using three National Instruments PCI/PXI-
6284 DAQ boards. Each board features a 18-bit 16 channels ADC capable of sampling at a total
rate up to 16 kHz. When all channels are used simultaneously, the maximum achievable sampling
rate is limited to 1 kHz per channel, which may be insufficient for LDs due to their faster time
constants which results in a higher signal bandwidth. To accommodate this, fewer channels are
read out per board, allowing LDs to be sampled at higher rates, typically 2 kHz or 4 kHz. In all the
measurements presented in this chapter, heat channels were acquired with a sampling frequency of
1 kHz. The digitized waveforms are saved in a PC for offline analysis. Except for the anti-aliasing
filter, all further shaping and filtering are performed digitally on the stored waveforms, as explained
in Sec. 4.3.

4.3 Analysis Pipeline
To obtain excellent energy resolution spectra from raw waveforms (like the one shown in Fig. 2.10),
several processing steps are required. In dual channels setups, such as scintillating cryogenic
calorimeters, the LD signals also need to be processed to yield light-vs-heat scatter plots, like
the ones sketched in Fig. 2.13.

This section provides an overview of the data processing steps used to analyze the measurements
shown in the present chapter as well as in Chapter 6.

4.3.1 Digital signal processing
Digital signal processing is employed to trigger and filter the digitized waveforms. Except for the
triggering stage, which can be performed both online and offline, all processing steps are executed
offline. To ensure consistent and reliable results, pre-CCVR data are processed using APOLLO
and DIANA, object-oriented C++ frameworks for digital signal processing that were originally

68



4.3 Analysis Pipeline

developed for the CUORE experiment [147, 178, 179, 103, 116], and later adapted for use with
dual-channel scintillating cryogenic calorimeters by LUCIFER [180] and CUPID-0 [149]. The same
tools were also used to process data acquired by CUPID-Mo [181].

DIANA is built on top of ROOTv5 [182] and integrates a PostgreSQL database [183], which en-
ables tracking of detector configurations and electronics settings. This framework supports analyses
involving coincidence data across multiple channels. The use of validated software like DIANA en-
sures robustness and reproducibility of the results, reducing the risk of biases related to the data
processing strategy, an essential feature when assessing crystal quality during the pre-CCVR cam-
paign. On the other hand, DIANA was primarily developed for large-scale detector arrays charac-
terized by stable and reproducible performance. As a result, it may not natively handle unforeseen
events or non-standard conditions that can arise in R&D contexts like pre-CCVR. In such cases,
the development of additional custom analysis modules may be required. DIANA’s object-oriented
and modular design facilitates the implementation of such extensions when needed (as discussed in
Sec. 4.5.9, where cutsomized cuts to reject cross-talk events had been introduced).

4.3.2 Treating signals from a dual-channel heat-light detector
Before describing the analysis pipeline, it is useful to outline how the heat and light channels are
handled in scintillating cryogenic calorimeters with dual readout. Both heat and light channels
employ NTD thermistors and operate as independent cryogenic calorimeters (as introduced in
Sec. 2.4.1). The LD measures scintillation light from the facing Li2MoO4 crystal(s), with photons
(∼2.1 eV/photon1) absorbed in the Ge wafer and converted to thermal pulses. Importantly, these
pulses are indistinguishable from those produced by direct ionizing interactions hitting the Ge
wafer. Under this working assumption, the LD is treated as an independent calorimeter with its
own energy spectrum comprising both scintillation and ionization events.

Direct ionization events can be used for multiple purposes. They provide monochromatic peaks
for calibrating scintillation light-signal amplitudes and increase granularity for coincidence analyses.
For example, in a surface α decay within the outermost nanometers of an Li2MoO4 crystal, a nuclear
recoil may hit the LD while the α enters the crystal, yielding a characteristic coincidence useful for
identifying surface backgrounds. Consequently, the same analysis pipeline is applied to both heat
and light channels, as discussed in Sec. 4.3.3.

After calibration from ionization peaks, scintillation signals associated with events in the facing
Li2MoO4 are reconstructed. These signals are small—e.g., a 2615 keV γ typically yields ∼750 eV
in the LD—and are extracted with a dedicated highly-optimized coincidence analysis based on the
optimum filter, which will be described in Sec. 4.3.4.

4.3.3 From raw waveforms to the energy spectrum
The analysis pipeline described in this section is applied to both heat and light channels. Its
primary goal is the accurate reconstruction of the energy of each event while filtering away poor-
quality events. An overview of the analysis pipleline is given in the flow chart shown in Fig. 4.2.

Trigger and window definitions Two types of triggers operate concurrently online on dig-
itized waveforms during data acquisition: a periodic trigger and a derivative trigger. Each trigger
generates a flag used to define windows on the raw waveforms. Each window includes fixed-duration

1The average energy of a scintillation photon in Li2MoO4 is discussed in Sec. 5.4.3.
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Figure 4.2: Flow chart illustrating the analysis pipeline. Violet arrows indicate steps applied to
both the heat and light channels, where each is treated as an independent cryogenic calorimeter,
as explained in Sec. 4.3.3. The red (blue) arrows represent processing steps on windows triggered
only on the heat (light) channels. Yellow arrows indicate the analysis steps focused on heat-light
coincidences, happening on the side trigger flags, as detailed in Sec. 4.3.4.

pre-trigger and post-trigger intervals. Heat channels typically have windows of approximately 6 s,
with a pre-trigger of around 2 s. Due to their faster time response, light detector channels typically
have 1 s windows with a 500 ms pre-trigger.

Periodic trigger flags, typically occurring at rates between 0.01 Hz and 0.1 Hz, are combined with
later selections to identify pure noise windows, containing only noise without thermal pulses. These
noise-only windows are used to characterize the noise affecting each channel using Fast Fourier
Transform (FFT) [184]. For this reason, the periodic trigger is named noise trigger.

The derivative trigger algorithm exploits the fast rise time of thermal pulses to select windows
containing pulses (see for example Fig. 2.4a). The threshold for the derivative trigger is set indi-
vidually for each channel. One of the main limitations of the derivative trigger is that it is highly
sensitive to high-frequency noise, potentially worsening the energy threshold2. The derivative trig-
ger is named signal trigger.

Preprocessing Once data acquisition stops, raw waveforms and trigger flags are processed
using algorithms designed to compute descriptive parameters for both noise and signal-triggered
windows. Examples of these parameters include rise time (RT), decay time (DT) or amplitude of
signal pulses; in the pre-trigger region the waveform V(t) RMS (root mean square) and average slope
are also evaluated. These parameters are used to reject spurious events, such as derivative-triggered
noise spikes and accidental noise triggers in random coincidence with genuine thermal pulses. In
addition, a multi-parameter algorithm estimates the number of pulses within each triggered window

2An alternative trigger, less sensitive to this limitation, utilizes the optimum filter described later. This algorithm
is called optimum trigger [144]. Needing dedicated optimization, it can practically be used only if strictly required.
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to identify and reject pile-up events.3 Selecting pure signal and pure noise windows is essential for
the subsequent stages of the analysis pipeline.

Another goal of preprocessing concerns heat-light coincidence events. Every event in the Li2MoO4
scintillating crystal coincide with an event in the associated light detector. Therefore, when a heat
channel detects a signal event, an additional trigger flag is inserted into the corresponding light
detector channels facing the Li2MoO4 crystal during the preprocessing phase. This constitutes a
third trigger type with respect to signal and noise triggers introduced earlier and it is named side
trigger. Events flagged by side triggers (side events) allow the computation of parameters such as
LY and DP, as further detailed in Sec. 4.3.4.

Optimum filter To reconstruct the energy of each event accurately, triggered waveforms are
filtered using the optimum filter (OF), a matched filter which maximizes the SNR [146]. This filter
relies on the knowledge of the frequency content of both signals and noise in each channel. To
construct the transfer function of the OF, two components are required: a template for the noise
power spectrum (NPS) and a template for the signal. Under the key assumptions that (i) the noise
remains stationary during data acquisition, and (ii) all the signals have the same shape, varying
only in amplitude (i.e., all signals share the same frequency content), one can show that:

(SNR)2 ∝ V (tmax)2r +∞
−∞

N(ω)dω
=
( 1
2π

r +∞
−∞

V (jω)ejωtmaxdω)2
r +∞
−∞

N(ω)dω
≤ 1

2π

w +∞

−∞

∣V (jω)∣2
N(ω) dω (4.1)

where V (t) denotes the signal waveform, having amplitude V (tmax), with tmax being the time at
which the signal waveform reaches its peak and N(ω) is the NPS. The last inequality results from
applying the Schwarz inequality4, after multiplying and dividing the integrand in the numerator
by
√
N(ω). Intuitively, this implies that the SNR can only be worse than the signal spectrum

weighted by the inverse of the noise power at each frequency interval dω. The maximum SNR is
achieved when equality holds in the final inequality. To obtain this maximum, one can imagine
a filter H(jω) that enforces equality in the expression above. This filter, known as the optimum
filter, has the following transfer function:

H(jω) =KV ∗(jω)
N(ω) e

−jωtmax (4.2)

where K is a normalization constant, typically chosen so that the filter has unity gain. While
a matched filter such as the OF is typically difficult to implement in analog form, the digitized
windows obtained through the triggering method described earlier can be used to implement a
digital version of the optimum filter transfer function given in Eq. (4.2).

The NPS template is obtained by averaging the FFTs of multiple noise-only waveforms, which
are selected using the periodic noise trigger. The resulting template, called ANPS, is not only
a key ingredient for constructing the OF but also a useful tool for inspecting the noise affecting
each channel. To construct a representative signal template, it is essential to isolate genuine signal
frequencies without contributions from the noise. Averaging multiple triggered waveforms in the
time domain effectively averages away noise with random phases5, yielding an average pulse (AP)

3Only pile-up with inter-arrival times larger than the pulse rise time can be reliably identified by this algorithm;
closer pulses are effectively unresolved.

4The Cauchy–Schwarz inequality states that (
r
f(x)g(x)dx)2 ≤

r
∣f(x)∣2 dx

r
∣g(x)∣2 dx.

5This is valid under the assumption that signal triggers are completely uncorrelated with noise phases.
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unaffected by noise frequencies. The FFT of this AP provides a clean, representative template of
the signal’s frequency content. This method for selecting the signal and noise templates assumes
stationary noise conditions at each given detector’s WP6.

Since the OF operates in the frequency domain on finite waveform windows, misalignment at the
window boundaries can introduce artifacts into the filter transfer function. To mitigate this issue,
each waveform window is multiplied by a gating function with exponential rise and decay tails,
which dampens boundary oscillations. This algorithm is named windowed optimum filter (wOF).
All measurements presented in this thesis employ the wOF algorithm to estimate parameters such
as amplitude (wOF_Amplitude), rise time (wOF_RiseTime), decay time (wOF_DecayTime), and
χ2 of each window relative to the AP template (wOF_Chi2).

Constructing the wOF with representative signal (AP) and noise (ANPS) templates is a critical
step in data production. This process involves introducing careful selections based on parameters
calculated during preprocessing, to identify waveform windows containing pure noise or isolated
signals. Windows with unwanted features, such as pulse pile-ups, noise triggers containing a ran-
dom coincidence with a signal pulse or with unstable baselines, must be excluded. For instance,
waveforms with nonzero baseline slopes could artificially introduce spurious 1/f noise, degrading
the optimum filter’s performance and worsening the SNR and thus the energy resolution. Great
attention has been devoted to the definition of these selection criteria, which are crucial for accurate
energy reconstruction in the analyses presented in this Chapter and in Chapter 6.

Before continuing with the analysis pipeline, it is worth emphasizing the deep physical meaning
of the inequality on the left-hand side of Eq. (4.1). This inequality tells that only the noise com-
ponents overlapping with the signal in the frequency domain affect the SNR. In other words, noise
frequencies that lie outside the signal bandwidth do not degrade the detector’s energy resolution after
the OF is applied. As discussed in Sec. 2.3.1, the choice of the WP changes the response of the
detector. Consequently, both the signal shape and the noise power spectrum vary with the selected
WP. This highlights the importance of choosing the correct WP, not simply to maximize signal
amplitude as one might incorrectly infer from the plot shown in Fig. 2.6a, but rather to optimize
the SNR. The key criterion should be to maximize the spectral decoupling between signal and
noise while maintaining a sufficiently strong signal amplitude, leaving all the filtering work to the
OF. Once this condition is met, the optimum filter can effectively suppress noise components that
fall outside the signal band, thereby improving energy resolution. The choice of the WP is often
non-trivial, and selecting a wrong WP can significantly degrade the detector’s energy resolution,
undermining one of the key advantages of cryogenic calorimeters.

A final consideration is that the entire detector should be designed with the inequality expressed
in Eq. (4.1) in mind. In fact, this equation provides a clear prescription for how the system should
be built: the detector design should aim to decouple noise frequencies from those of the signal.
For example, high-frequency noise is usually less relevant for heat channels, which have slower
time constants, because the optimum filter can effectively suppress those frequencies. However,
light detectors, which have faster time constants and therefore broader signal bandwidths, are
much more sensitive to high-frequency noise, which can impact their energy resolution. At the
same time, low-frequency noise, such as 1/f shot noise or mechanical vibrations of the cryostat
(e.g., from pulse tubes, GM heads, 1K pot vibrations, or other sources), overlaps with the signal
bandwidth of the heat channels as well. If not mitigated directly at the hardware level, this overlap

6As explained in Sec. 2.3.1, changing the WP modifies the detector’s bandwidth, influencing both the spectral
shape of the noise and the characteristic time constants of the pulses.
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makes the OF ineffective, degrading the detector’s energy resolution.

Thermal gain correction By combining Eq. (2.6) with Eq. (2.7), it becomes evident that
even slight variations in the NTD temperature (e.g., due to temperature instabilities of the MC
leading to fluctuations in the heat sink temperature) result in changes in the (intrinsic) thermal
gain of the calorimeter. These gain variations manifest as drifts in the amplitude of the voltage
pulse for a fixed energy deposit in the absorber, deforming the energy spectrum.

From Eq. (2.8) and Eq. (2.9), it follows that the mean value of VNTD in the absence of a thermal
pulse can serve as a proxy for the NTD temperature, and, assuming good thermal coupling with
the absorber, for the calorimeter temperature. This mean value is estimated using the first three
quarters of the pre-trigger region of each signal window and is referred to as the Baseline. By
convention, the NTD is always reverse biased, so that an increase in the Baseline corresponds to
an increase in temperature.

With this convention, combining Eqs. (2.6) and (2.7) with Eqs. (2.8) and (2.9) one can show
that the amplitude of a given energy deposit in the calorimeter is anti-correlated with the Baseline
value. As a result, monochromatic energy deposits trace a drift in the (Amplitude,Baseline) plane.
This temperature-induced drift in pulse amplitude must be corrected to recover the true energy of
the incoming particles.

This correction procedure is referred to as thermal gain correction or stabilization. It involves
identifying one monochromatic line in the (Amplitude,Baseline) plane and applying the following
transformation to the amplitudes of all the events:

StabAmplitude = k ⋅ Amplitude

p0 + p1 ⋅Baseline (4.3)

Here, StabAmplitude is the stabilized amplitude, k is an arbitrary rescaling constant, and p0 and
p1 are parameters obtained by fitting the drift of the chosen monochromatic line.

Although some literature informally describe this as a rotation in the (Amplitude,Baseline)
plane [135], Eq. (4.3) does not implement such a transformation. In fact, a rigid rotation would
not work: as implied by Eqs. (2.6) and (2.7), monochromatic lines at different energies drift with
different slopes in the (Amplitude,Baseline) plane under very small heat sink temperature varia-
tions (approximately behaving as a pencil of lines with vertex lying close to the X-axis). Thus, a
rigid rotation could correct one line while over- or under-correcting others. In contrast, the trans-
formation in Eq. (4.3) enables stabilization of the entire energy spectrum using the drift of a single
monochromatic line at arbitrary energy.

If the absorbers are equipped with Si heaters, artificially injected monochromatic pulses can be
used for stabilization. In their absence, monochromatic γ or α lines can also be employed. The
specific stabilization strategy used in each case will be detailed in the relevant sections.

Energy calibration and thermal quenching factor Before thermal gain correction, am-
plitude spectra are expressed in units of millivolts. After stabilization StabAmplitude spectra in
arbitrary units are obtained. The final step in energy reconstruction is the energy calibration, which
consists in identifying known features in the spectra, such as γ or X-ray lines, and computing a
calibration function. A linear function is generally sufficient, although higher-order polynomials
may be required in the presence of non-linearities. These non-linearities can arise from the choice
of the optimal WP, particularly when it lies beyond the inversion region, leading to a non-linear
response over a broad energy range (see Sec. 2.3.1).
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Due to the very different nature and purposes of the absorbers, light detectors (LDs) and heat
channels are calibrated using different strategies, each with its own caveats:

• Light channels: Calibration is typically performed using 55Fe sources deposited on supports
facing each LD. These internal sources produce calibration X-ray lines from the decay of
55Fe, namely Mn-Kα at 5.89 keV and Mn-Kβ at 6.49 keV [185]. In the absence of internal
55Fe sources other calibration strategies based on Cu or Mo X-rays may be employed [181]. A
linear calibration is applied to all triggered events, including both signal and side trigger flags.
This allows the measurement of energy released in the form of scintillation light following
particle interactions in the facing Li2MoO4 crystal, under the assumption that the X-ray
calibration can be extrapolated down to ∼0.01-1 keV and that thermal pulses generated by
scintillation light are indistinguishable from those of ionization events. In the absence of
additional higher-energy lines, this calibration can be extrapolated to estimate the energy of
higher-energy events, such as nuclear recoils around ∼100 keV. However, this extrapolation is
typically unreliable. This is because LDs are designed to work in a restricted dynamic range
and are optimzed for low-energy interactions so they may exhibit a nonlinear response at
higher energies.

• Heat channels: Calibration is performed during dedicated runs using external 232Th sources,
deployed between the external lead shielding and the OVC. These sources provide high-
intensity γ lines, such as the 208Tl line at 2614.5 keV. When present, internal contaminants
(such as 40K) can provide additional γ peaks that can be used for calibration purposes. While
a linear function is often sufficient, in some cases a quadratic calibration may be required.
These low-degrees polynomials are enough to calibrate the detector for β/γ interaction in a
wide dynamic range, typically extending from ∼ 100 keV up to ∼ 3 MeV. Nonetheless, neither
a quadratic nor any low-degree polynomial function is adequate to calibrate the full energy
spectrum up to ∼ 10 MeV which includes events from β/γ, µ, α particles, nuclear recoils (NR),
or a combination of them in coincident events. Importantly, the observed deviations from a
single calibration curve are not attributed to residual nonlinearities in the detector’s response
function. Rather, they are believed to be an intrinsic feature of the detector: the interaction
mechanisms contributing to the signal depend on the type of incident particle, leading to
different fractions of the deposited energy being converted into phonons. Consequently, the
amplitude of the signal depends on the particle type. To account for this effect, the thermal
quenching factor (QF)7 is introduced. The QF is defined as the ratio between the amplitude
of the signal induced by a given particle type and that produced by a β/γ particle of the same
energy. In an ideal, non-scintillating cryogenic calorimeter, the QF is expected to be unity, as
all deposited energy is converted into phonons. Under these conditions, no energy escapes the
detector, and the thermometer provides an accurate measurement of the total phonon energy.
However, such ideal behavior is rarely achieved in practice. Deviations from unity have been
observed and, in some cases, accurately measured for a variety of crystals, including both scin-
tillating [186, 187, 156] and non-scintillating [188, 189] compounds. In the case of Li2MoO4
scintillating crystals, a QF greater than unity has been consistently observed for α particles
and Q-value (α+NR) events in several R&D campaigns over the past decade [190, 173, 181,

7In the literature, the term QF is sometimes used to describe the light quenching factor, defined as the light yield
of a given particle relative to that of a β/γ of the same energy. According to Birks’ law [133], this factor is typically
less than one for particles with higher stopping power (dE/dx). In this thesis, the term QF will always refer to the
thermal quenching factor instead.
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191]. A quenching factor QF > 1 indicates that energy deposited by α particles is converted
into phonons more efficiently than energy deposited by β/γ interactions. In other words, it
is the β/γ events that appear quenched relative to the α particles or Q-value lines. This
observation is consistent with the fact that a larger fraction of the energy in β/γ interactions
is emitted in the form of scintillation light. However, the observed values of the QF cannot be
fully accounted for by light emission alone, suggesting that additional unknown mechanisms
may contribute to the reduced phonon yield in β/γ interactions. To date, a conclusive study
aimed at precisely describing and quantifying this effect for Li2MoO4 crystals is still lacking
in the literature. As a consequence, reconstructing the energy of α and Q-value lines requires
a separate calibration based on the identification of peaks from these event classes. Therefore,
the QF must be re-evaluated for each measurement through the identification and analysis of
these peaks.

Data quality cuts The wOF algorithm computes the filtered amplitude along with addi-
tional parameters that characterize the pulse shape. Pulses triggered by the derivative trigger and
exhibiting shapes that deviate significantly from the AP, or with unnatural rise or decay times, are
typically fake signals caused by disturbances in the electronics. A common source of such spurious
signals is improper grounding of the electronics or cross-talk with diagnostic devices used to monitor
the cryogenic system, such as liquid helium level meters in the main bath or the 1K pot. Cross-talk
from neighboring channels can also induce spurious pulses. If not removed from the energy spectra,
these events can introduce artifacts or obscure genuine peaks. The rejection of events clustering
outside the physical distribution or identified as outliers in the pulse shape parameter space is an
effective strategy to suppress such unwanted contributions. These advanced data quality cuts can
also be used to rebuild updated AP and ANPS templates or to refine the event selections employed
for performing thermal gain stabilization and energy calibration. As illustrated by the chart in
Fig. 4.2, the analysis can be re-iterated multiple times with progressively tighter cuts, updating
templates and selections at each pass. The final efficiencies of these cuts on signal events might be
energy-dependent and has to be computed in order to estimate the level of radioactive contaminants
present in the crystals.

4.3.4 Heat-light coincidences: Light Yield and Discrimination Power
When a γ interaction occurs in the Li2MoO4 crystal, a coincident scintillation signal is expected
on the facing LD, even if the signal amplitude is below the derivative trigger threshold used to flag
signal events in the light channel. In particular, before applying the OF, the scintillation signal
may be buried in the detector noise, whose RMS can exceed the signal amplitude.

To capture these sub-threshold signals, side trigger flags are introduced during preprocessing.
These flags are inserted into the light channel waveforms every time a signal event is triggered in
the corresponding heat channel. Using these flags, one can extract the corresponding light detector
waveforms and apply the OF built using the AP and the ANPS of the light detector, as introduced
in Eq. (4.2). The amplitude of the filtered waveform is then evaluated at the expected time of the
light pulse maximum. This procedure, used to reconstruct the light signal associated with each
triggered Li2MoO4 event, is composed of two main steps, which are illustrated by the chart in
Fig. 4.2 and described below.
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Average Side Pulse Once the Li2MoO4 energy spectrum has been calibrated, it is possible to
select a region dominated by β/γ events (typically chosen between 1.5−3 MeV), which are expected
to yield the highest scintillation light output. For each selected event in the Li2MoO4 crystal, the
corresponding side-triggered waveform from the light detector is extracted. By averaging these
side waveforms, the uncorrelated noise is suppressed, and a clear average side pulse emerges. This
average waveform represents the typical scintillation signal associated with the selected class of
events in the heat channel and it is used to perform the light synchronization described below.

Light synchronization Each side-triggered waveform is filtered using the OF constructed
from the light detector’s AP8 and ANPS. The same transfer function is also applied to the average
side pulse, resulting in a filtered pulse with a well-defined maximum at time tmax. The amplitude
of each filtered side window can be computed simply by evaluating its waveform V (t) at the time
t = tmax. This procedure is called light synchronization. The amplitudes calculated in this way
allow for the assignment of a light signal to each corresponding heat event.

Finally, by applying the calibration coefficients of the light detector as described earlier, each
event can be associated with a energy-calibrated light signal. The light channel energy is then used
to build the scatter plots of Figures 2.13a and 2.13b.

4.4 Pre-CCVR1
This section presents the characterization measurements of four Li2100MoO4 crystals produced at
the Nikolaev Institute of Inorganic Chemistry, Novosibirsk, Russia (NIIC).

4.4.1 Crystals and goals
The CUPID-Mo demonstrator successfully operated Li2100MoO4 crystals from NIIC, demonstrat-
ing the feasibility of producing high-quality scintillating cryogenic calorimeters based on lithium
molybdate [181].

Measuring crystals grown at NIIC, provides a valuable opportunity to: (i) begin defining a mea-
surement protocol for assessing crystal quality using material from a known and trusted producer,
(ii) characterize crystals that will serve as reference samples in future cryogenic runs aimed at test-
ing the pre-production output from SICCAS, and (iii) recommission and evaluate the performance
of the cryogenic system after major cryogenic interventions. In pre-CCVR1, NIIC Li2100MoO4

crystals with the following features were characterized:

• Four Li2100MoO4 scintillating crystals of cubic shape, isotopically enriched in the isotope
100Mo, with dimensions 4.5 × 4.5 × 4.5 cm3 (±0.2 mm tolerance) and mass ∼ 285 g.

• The double Czochralski (CZ) crystallization technique was employed to reduce the level of
impurities (see Sec. 3.3), in particular, to reduce the 40K impurity concentration in the final
product.

8This AP is the one derived from ionization events. Alternatively, the average side pulse can be used to build
a new OF transfer function; however, given the working assumption that scintillation and ionization pulses are
indistinguishable in the LD, the two choices are equivalent.
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Crystal
label Size (mm3) Net Weight

(kg) Name

LMO1 45.13 × 45.14 × 45.15 0.2857 LMO-isot-6-39-top

LMO2 45.12 × 45.09 × 45.13 0.2858 LMO-isot-6-38-bottom

LMO3 45.13 × 45.09 × 45.14 0.2853 LMO-isot-6-38-top

LMO4 44.93 × 44.82 × 44.80 0.2819 LMO-isot-6-41-top

Table 4.1: Crystals characterized in the pre-CCVR1 run.

• Extremely high chemical purity was required to the producer, with the following maximum
concentrations in the final crystals: Bi, Be, Co, Cu, Sn, Sr, Ta, Ni, and Pb < 0.5 ppm; B, Al,
Nb, Mn, Sb, and Zr < 1 ppm; Ba, Fe, Na, Sc, and Zn < 5 ppm; W < 10 ppm.

• The crystals were grown starting from the following raw materials:

– High purity molybdenum trioxide MoO3 powder, isotopically enriched to no less than
95 % of 100Mo.

– High purity lithium carbonate Li2CO3 powder.

Both powders were required to meet the following radiopurity requirements:
238U < 2 × 10−10 g/g, 232Th < 2 × 10−10 g/g, 210Pb < 10−4 Bq/kg, 40K < 10−3 Bq/kg, 60Co < 10−5 Bq/kg

These requirements, as well as the level of isotopic enrichment, were assessed by testing
random samples from the production batches with dedicated measurements.

• The radiopurity requirements imposed to the producer for the final crystals are summarized
in Table 4.2. No requirement on the 40K content of the Li2100MoO4 crystals was imposed in
this case.

238U 232Th 210Pb 60Co

< 3 × 10−13 g/g < 3 × 10−13 g/g < 1.0 × 10−5 Bq/kg < 1.0 × 10−6 Bq/kg

Table 4.2: Radiopurity requirements for the final Li2100MoO4 crystals.

• Surface treatment was carried out with highly radiopure SiO2 powder, previously validated
for the treatment of CUORE TeO2 crystals. No specific requirements on optical finish or
surface roughness were defined, and consequently the crystal surfaces were not optical. It was
only requested that the treatment gave surfaces without haloes or any inhomogeneities. The
last surface treatment before packaging and delivery leaves a thin layer of vacuum oil on the
surface of the crystals.

• The producer was given strict requirements regarding the optical quality of the final crystals,
that were optically clear, colorless, and bubble-free. An absorption length higher than 50 cm
in the 550-700 nm spectral range has been required to the producer.

Table 4.1 reports the precise dimensions and masses of the crystals. Photographs of the four
Li2100MoO4 crystals are presented in Figs. 4.3c, 4.4 and 4.5.
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4.4.2 Detector design and assembly

(a)

• • 

• • 

(b)

.... 

• • 

• 

• •

(c)

Figure 4.3: (a) Bottom TSP plate with mounted copper holders for the LD frames. The square foil
segments, two per light detector, are the 55Fe calibration sources. (b) Bottom light detectors: two
LD frames, each hosting two LDs, are mounted on the copper frame holders and vertically spaced
by PTFE spacers. (c) The four Li2100MoO4 crystals with the features listed in Tab. 4.1 are seated
on the PTFE elements.

The detector geometry, shown in Fig. 4.4a, comprises a single floor of four crystals arranged at
the vertices of a square. Each crystal has two facing LDs, one above and one below. Both crystals
and LDs are secured by PTFE holders. This configuration can be assembled quickly without the
need to redesign major components or fabricate new copper parts, an ideal feature for a geometry
dedicated to CCVR campaigns. Moreover, each crystal has line-of-sight to at least two adjacent
crystals, enabling coincidence studies for the assessment of surface contamination. The following
paragraphs summarize the procedures used for cleaning, assembling and instrumenting the detector.

Detector assembly and geometry The support structure is fabricated entirely from copper
and assembled with brass screws. The tower support plate (TSP)9 is the copper structure that
holds the detector: a top and a bottom plate linked by vertical copper bars. The entire assembly
is thermalized to the mixing chamber and enclosed by the cryostat’s inner thermal shield. This
structure is shown in Fig. 4.5c and encloses all the detectors, which are mounted as follows. Two
copper holders, that will support the LDs, are screwed to the bottom TSP plate (Fig. 4.3a). Two
copper frames, each accommodating two LDs, are positioned on the copper holders; PTFE elements
keep the LDs anchored to the copper frames and serve as support for the other elements, spacing the
frames from the structure (Fig. 4.3b). The four Li2100MoO4 crystals rest on these PTFE supports
(Fig. 4.3c). Two additional frames, hosting two LDs each and identical to the lower ones, lie on top
of the crystals (Fig. 4.4b), followed by two copper top-frame holders (Fig. 4.4c). Vertical copper
bars on opposite sides of the assembly secure copper pins that carry the wiring for the Li2100MoO4

crystals thermistors and heaters and provide thermalization (see Figs. 4.5a and 4.5c).
9In CUORE, “TSP” originally referred to the top copper plate, thermalized to the MC, that supports the crystal

towers. In the present work, the term “TSP” is used by extension to denote the full copper support structure.

78



4.4 Pre-CCVR1

Ge NTD gluing Ge NTD thermistors are glued to both the Li2100MoO4 crystals and the
LDs using Araldite Rapid glue. NTD sensors for the Li2100MoO4 absorber measure 3 × 3 × 1 mm3

and its electrodes are bonded with two gold wires (diameter 25–50 µm). Also Si heaters are glued
on the crystals in this phase. Prior to gluing, the layer of vacuum oil is removed from the crystal
surfaces with acetone in the gluing area. A reproducible procedure deposits nine drops of glue under
controlled pressure, monitored by a dynamometer, to optimize thermal contact while minimizing
mechanical stress from differential thermal contraction of Ge and Li2MoO4. This gluing strategy has
been developed after many years of R&D on cryogenic calorimeters for CUORE and CUPID. NTD
sensors for the LDs measure 3×1×1 mm3 and are glued on the LDs using three spots of glue. In this
configuration, since the Ge NTDs are glued directly to a Ge absorber, no mechanical stress from
differential thermal contraction occurs at low temperatures, and alternative gluing methods (for
instance, a thin veil) may be adopted in future runs. Photographs of one LD NTD and Li2100MoO4

NTDs are shown in Figs. 4.5b and 4.5a respectively.

(a)
(b)

(c)

Figure 4.4: Geometry of pre-CCVR1 detectors. (a) Rendering of the detector layout, with all
readout channels labeled. (b) Copper frames supporting the two top LDs are placed atop the
crystals and rest on PTFE spacers. (c) The top holder is installed on the PTFE elements and
thermally coupled to the TSP via copper bands screwed to the lateral vertical copper bars fastened
to the bottom holder.

Thermalization and wiring The top and bottom TSP plates, connected by vertical copper
bars, are directly thermalized to the cryostat’s inner thermal shield and to the MC. The copper
frame supports are well thermalized to the heat sink via brass screws on the bottom plate and copper
thermalization bands connecting them to the lateral vertical bars. In contrast, the LD frames are not
coupled by copper thermalizations and rest on PTFE spacers, rendering them thermally decoupled
(floating). Similarly, the Li2100MoO4 crystals rest on PTFE supports and are not in direct contact
with copper. As indicated by the CUORE electrothermal model, absorber thermalization proceeds
mainly via the NTDs and their readout electronics. In this setup, the Li2100MoO4 crystals feature
gold wires terminating on copper pins attached to the vertical bars, providing effective thermal
contact with the heat sink (Fig. 4.5a). For the light detectors, however, the NTD gold wires
connect to pins mounted on the floating LD frames (Fig. 4.5b), so thermalization occurs only
through the PTFE elements and the subsequent wiring. Beyond the copper pins, the wiring for
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(a)

(b) (c)

Figure 4.5: (a) Close-up of the Ge NTD sensor, Si heaters, and readout wiring on the Li2100MoO4

crystals. Gold wires are bonded to copper pins, which are thermally anchored to the mixing chamber
via a vertical copper bar affixed to the bottom holder. (b) Close-up of the Ge NTD sensor and gold
wires on a light detector; here, the copper pins are glued on the LD frame, which rests solely on
PTFE supports without any direct copper thermalization. (c) Fully assembled detector tower with
one half of the inner cryostat’s copper thermal shield installed.

both LDs and Li2100MoO4 crystals continues with twisted pairs of constantan10, insulated with a
silk layer and secured along its path to the MC by copper tape (4.5c). The twisted configuration
minimizes electromagnetic pickup and renders other disturbances common-mode, which are then
suppressed by the voltage sensitive differential amplifier [131].

Material cleaning All surfaces facing the detectors are potential sources of background and
must be rendered radiopure prior to assembly. The inner thermal shield of the cryostat, thermalized
to the MC, faces the detectors directly. The same holds for the structure holding the absorbers

10Constantan is a copper–nickel alloy with stable resistance across a wide temperature range. The constantan used
here has resistivities of 0.29 Ω/cm and 1.55 Ω/cm.
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and the readout wiring. To remove surface radioisotopes, each component is first wiped with high-
purity alcohol, then subjected to ultrasonic cleaning at 60 ○C in ultra-pure water11 and acid-soap
bath, followed by thorough rinsing. Ultrasonic cleaning is repeated in a citric-acid bath containing
sufficient H2O2 to produce visible bubbling (indicating mild etching), after which parts are rinsed
immediately. Cleaning is completed by drying each piece with wipes, flushing with dry N2, baking
in a vacuum oven, and finally vacuum-sealing until installation. All chemicals used in this phase are
of the highest available purity. The mild etching removes radioisotopes embedded in the outermost
micrometers of the material and passivates the surfaces, thereby reducing oxidation.

4.4.3 Calibration sources
During dedicated calibration runs, commercially available thoriated rods are deployed outside the
cryostat (within the external lead shielding) to calibrate the heat channels. These rods provide
external γ lines from the 232Th decay chain. Data-quality cuts reject windows containing more
than one pulse, so an excessively high count rate reduces selection efficiency, whereas a rate that
is too low prolongs calibration runs at the expense of background measurements. To achieve an
optimal rate of a few tens of mHz on the Li2100MoO4 crystals, the rods are cut into ∼ 3 cm segments.

The LDs are optimized for low-threshold operation and require a calibration curve that can be
reliably extrapolated below 1 keV in order to measure the energy of scintillation light. Accordingly,
55Fe sources are mounted on the top and bottom copper holders, directly facing each light detector.
These sources emit X-ray lines from 55Fe decay, namely Mn-Kα at 5.89 keV and Mn-Kβ at 6.49
keV. Each source is prepared by depositing 10µL of an aqueous 55Fe solution onto a thin foil. A
single foil yields approximately 70 counts/h; multiple foils may be employed per LD to increase the
rate. With a half-life of 2.737 years, these sources remain suitable for subsequent CCVR campaigns.
In the present run, two 55Fe foils were installed to face each LD. The foils are visible in Fig. 4.3a.

4.4.4 Data taking
Data-taking began at the end of September 2023 and continued for approximately three months.
During the first few weeks, the readout electronics and the temperatures reached by the MC, the
TSP and the detectors were characterised. These measurements were used to study the cryostat’s
behaviour to complete its recommissioning, and to assess the effectiveness of the thermalizations in
the pre-CCVR1 assembly. Next, one week was devoted to optimizing the detectors’ working point
and to characterizing the response of the light detectors. Finally, 38 days were allocated to the
characterization of the Li2100MoO4 crystals, comprising 11 days of calibration (with external 232Th
sources deployed) followed by 27 days of background measurement.

During the first few weeks, problems arose in the preamplifiers of several front-end boards,
preventing data collection from four of the eight light detectors in this setup. In addition, the con-
stantan wiring of LMO4 and LD6 disconnected during cooldown, likely due to differential thermal
contraction at the soldered MC-pin connections; only the channels listed in Table 4.3 remained
operational. Consequently, it was not possible to characterise LMO-isot-6-41-top (LMO4) and
measure the LY of LMO-isot-6-38-bottom (LMO2).

Additionally, during the initial phase of data taking, several issues related to LD3 were observed.
In particular, this channel appeared to be amplified with a gain different from the nominal value set
on the preamplifier. This was revealed by an analysis of the white noise component in the ANPS,

11Water with resistivity of ∼ 18.2MΩ ⋅ cm at 25 ○C.
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which exhibited a value nearly half of the Noise Floor predicted by Eq. 2.14, an unphysical result.
As a consequence, the characterization of the WP for this detector, including the measurements of
Rbase, RWP, and the intrinsic gain in µV/keV, cannot be considered reliable. Nonetheless, with an
appropriate calibration, this LD can still be used for LY measurements, even in the absence of a
complete WP characterization.

Top LDs LD5 × × ×

Heat channel LMO1 LMO2 LMO3 ×

Bottom LDs × × LD3 LD4

Table 4.3: Mapping of the pre-CCVR1 operational channels; the detector geometry is depicted in
Fig. 4.4a.

4.4.5 Thermalizations
The initial part of the run was dedicated to characterizing the cryogenic system and evaluating
the thermalization of the detectors. The cryostat was instrumented with two calibrated NTD
thermistors—one glued to the MC and the other to the TSP. Although their calibration may
be subject to some degree of uncertainty, the thermometers consistently indicated a temperature
of approximately 15 mK at the MC and a slightly higher value of around 17 mK at the TSP.
Measurements were repeated periodically over several days during data taking, and the temperature
remained stable throughout the entire run. These results suggest that the cryogenic system is
performing as expected and complete the recommissioning of the Hall C cryostat.

During this stage, the base resistances of the detectors were measured. The values of Rbase
are reported in Tab. 4.4 for the LDs and in Tab. 4.5 for the Li2MoO4 crystals. For all channels,
the measured resistances fell within the range of approximately 1–10MΩ. In other measurements,
detectors employing the same type of NTDs showed typical Rbase values on the order of tens up to a
few hundreds of MΩ for heat channels and hundreds of MΩ for light channels. Even in the absence
of a calibration curve for the NTDs used in pre-CCVR1, a comparison with these measurements
indicates that the observed values are incompatible with the temperatures measured on the TSP. In
particular, while the heat channels exhibit only a moderate deviation from expected Rbase values,
the light detectors appear to be significantly warmer than expected. The average baseline voltage
VNTD remained approximately constant for all detectors throughout the data taking, with no evident
long-term drifts.

To investigate the observed discrepancy between the detectors’ Rbase and the TSP temperature,
a dedicated test was performed. In this test, all NTDs were set to the lowest bias (corresponding
to P ∼ 10−3 pW), except one, which was biased with high current (resulting in P ∼ 20 pW) for a
few minutes before being set back to low bias. This procedure locally increases the temperature of
the selected NTD. The baseline voltages, serving as proxies for detector temperatures, were then
monitored across all channels for several hours. The test was repeated using LD3 and LD5, which
are mounted on different frames. The results are shown in Fig. 4.6, where the detector subjected to
heating is highlighted in red. The baseline of the heated detector required more than two hours to
recover its original value. Moreover, its neighboring LD on the same frame, as well as the Li2MoO4
crystal mounted above or below, also exhibited a temperature increase, relaxing back to the base
temperature with the same time constant.
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Figure 4.6: Average baseline values (VNTD) of all the available channels as a function of time
following the heating of (a) LD3, which shares a frame with LD4 and supports LMO3; and (b) LD5,
whose frame sits on LMO1 and LMO2. The observed spikes are caused by random coincidences
between baseline sampling and pulser events, and can be disregarded.

These observations indicate that the system is not well thermalized to the MC. In particular, they
confirm that the detector assembly, described in Sec. 4.4.2, features LD frames that are partially
decoupled from the heat sink.

The lower-than-expected Rbase values reduce flexibility in selecting the optimal working point,
thereby limiting the margin for the choice of RWP and the optimization of the SNR. Moreover,
increasing the bias current on one channel affects the Rbase of other channels sharing the same
frame. As a result, the working point of each channel is not fully independent, which complicates
the optimization process across multiple detectors.

4.4.6 Working point and noise in the light detectors
The noise affecting the LDs is shaped by the transfer function of the detector, which depends on
the choice of the WP. Although a formal description of how the transfer function evolves with
the biasing current would require the development of a dedicated electro-thermal model, several
general considerations hold even in its absence. In particular, the bandwidth of the detector is
typically determined by the time constant RNTDCpar, where Cpar is the parasitic capacitance of the
readout cables, as shown in Fig. 2.7. High values of RNTD integrate low-frequency noise, making the
LDs more sensitive to mechanical vibrations. Conversely, lower values of RNTD push the detector
response to higher frequencies, reducing sensitivity to vibrational noise.

For a given NTD type12, lower RNTD values can be achieved either by maintaining the LD at
a higher temperature, thereby reducing Rbase, or by increasing Ibias to select a WP corresponding
to a lower RWP. However, both approaches result in increased absorber temperature, reducing
the intrinsic gain and consequently the signal amplitude. The best choice typically involves a
compromise between the two.

The low Rbase values observed in pre-CCVR1 (discussed in Sec. 4.4.5) indicate that the detectors
12NTDs with lower R0, which could give a lower RNTD at equal absorber temperature, are not available during

the pre-CCVR phase.

83



4.4 Pre-CCVR1

(a) LD4 (b) LD5

Figure 4.7: I–V characteristics (blue dots) and R–P curves (red squares) for (a) LD4 and (b)
LD5. The noise level and spectral shape were studied at various points along the load curve; the
colored circles indicate the working points at which the corresponding ANPS, shown in Fig. 4.8,
was measured.
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Figure 4.8: ANPS measured on (a) LD4 and (b) LD5 by scanning the biasing currents Ibias indicated
in the legend. For some WPs, multiple measurements (Scan 2/7 and Scan 5/8) were acquired at
different times during the run to monitor the stability of the noise over time. The corresponding
values ofRWP for each configuration are shown in Fig. 4.7. The dashed lines represent the theoretical
noise floor, computed using Eq. 2.14 for each configuration, while the grey shaded area indicates
the contribution from the preamplifier alone.

were already quite warm. While this condition helps mitigate the impact of low-frequency noise,
it also reduces the available margin of WP optimization. In particular, selecting too high a value
of Ibias may further warm up the detector, reducing the signal amplitude without a significant
improvement of the noise, which might be limited by the noise floor (Eq. 2.14) in these conditions.

For these reasons, a scan of the ANPS at different WPs was carried out on all LDs. The results
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are shown in Figs. 4.8 and 4.7 (LD3 is omitted because its amplifier had unreliable gain). In all con-
figurations, the measured noise is close to the theoretical noise floor. In strong overbias conditions
(Scans 4, 5, and 8 in the plots), the noise floor is dominated by the preamplifier contribution, result-
ing in similar noise levels across these configurations, albeit at the cost of reduced signal amplitude
and thus worse SNR. On the other hand, lower bias configurations exhibit a higher noise floor and
increased sensitivity to low-frequency noise, expecially for LD4. The ANPS of LD5 exhibits peaks
between 30-100 Hz indicating a higher electromagnetic pick-up noise.

Scan 6 represents a compromise between these two regimes and additionally features an RWP
close to the inversion region, as it can be deduced from the load curve shown in Fig. 4.7. More-
over, in the pre-CCVR1 assembly, the detectors are not thermally independent (see Fig. 4.6), and
maintaining too high a value of Ibias on one LD may further reduce the already low Rbase of other
detectors sharing the same frame. For these reasons, this working point—named WP4—was se-
lected for the characterization of the LY of the Li2100MoO4 crystals. The value of RWP is shown
in Tab. 4.4. All LDs were acquired with a sampling frequency of 5 kHz and triggered using 3 s
windows with a 1 s pretrigger. An anti-aliasing Bessel filter with a cutoff frequency of 80 Hz was
applied to LD3 and LD4, while a 120 Hz cutoff was used for LD5.

4.4.7 Light detectors calibration and performances
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Figure 4.9: Calibrated 55Fe spectra measured on the available light detectors (rates not corrected for
cut efficiencies). The data were fitted with a multi-Gaussian model to extract the energy resolution
at the Mn-Kα line (red). The Mn-Kβ line (blue) was also identified.

The analysis strategy described in Sec. 4.3 was used to obtain calibrated ionization spectra for
the LDs. Thermal gain stabilization was not required for LDs. Calibration was performed using
only the Mn-Kα line at 5.89 keV on the complete set of background data. The calibrated spectra,
uncorrected for cut efficiencies, are shown in Fig. 4.9. The performance of the LDs was assessed
through the energy resolution at the Mn-Kα line and at the baseline; estimates of the LDs’ intrinsic
gain (sensitivity) and pulse rise and decay times were also obtained. These results are summarized
in Tab. 4.4 and were determined by fitting the 55Fe peak. Unrecognized backgrounds affecting
its low-energy tail were modeled with multiple Gaussian components. The results of the fit are
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Channel Bsl. res.
σ [eV]

55Fe Mn-Kα

σ [eV]
Sensitivity
[µV/keV]

Rbase
[MΩ]

RWP
[MΩ]

RT
[ms]

DT
[ms]

LD3 157.7 ± 0.4 192 ± 3 × × × ∼4.8 ∼10
LD4 148.0 ± 0.5 179 ± 3 ∼2.76 ∼3 ∼2.62 ∼4.8 ∼14
LD5 198 ± 1 220 ± 14 ∼3.49 ∼4.22 ∼4.10 ∼4 ∼11

Table 4.4: Performance of the light detectors at the selected WP. Due to the unreliable amplifier
gain of LD3, a precise evaluation of its resistance and intrinsic gain was not possible. The RT in
LD3 and LD4 are limited by the Bessel cutoff frequency.

presented in Fig. 4.9. The Mn-Kβ line at 6.49 keV was reconstructed at its nominal energy in all
LDs, confirming the correctness of the calibration, although exhibiting a slightly worse resolution
than the Kα line. The ratio between the observed intensities of the two lines roughly matches the
expected value (RKα/Kβ

∼ 7.2), with the small discrepancies to be attributed to the naïve modeling
of backgrounds. The measured rate, uncorrected for cut efficiencies, was of the order of a few tens of
counts per hour, in rough agreement with expectations for the 55Fe sources described in Sec. 4.4.3.

The detectors showed a baseline resolution σ ∼ 150 eV. The slightly worse resolution observed
on LD5 is attributed to increased pick-up noise in its ANPS, which includes higher-frequency
components that may overlap with the signal bandwidth, which extends to higher frequencies for
the LDs. This overlap degrades the SNR even after wOF is applied, as described by Eq. 4.1.

The low values of Rbase, and the correspondingly low RWP achieved in this run, push the signal
bandwidth to higher frequencies. For LD3 and LD4, the measured RT is compatible with ∼ 4.2 ms,
which corresponds to the minimum measurable RT given the 80 Hz Bessel filter cutoff13. Their
signal bandwidth is therefore limited by the filter, with pulse shapes determined by its low cutoff
frequency, leaving limited room for improvement by the wOF. LD5, on the other hand, is operated
with a higher Bessel cutoff of 120 Hz (minimum measurable RT ∼ 2.8 ms). The RT measured on
LD5 exceeds this limit and thus reflects the intrinsic response of the system.

4.4.8 Working point for the heat channels
Noise studies and WP optimization were also carried out on the heat channels. Unlike for the LDs,
in this case the Si heater glued onto the crystal surface allows to inject artificial monochromatic
pulses which can be used to study the evolution of signal amplitude as a function of the WP. The
results of this study, along with the corresponding I–V and R–P curves, are presented in Fig. 4.10.

As a general rule of thumb, it is often possible to exploit the favourable Debye temperature of
Li2MoO4 crystals, which leads to higher intrinsic gain compared to TeO2 absorbers (see table 2.1),
and operate the detectors in slight overbias—i.e., at lower RWP and lower pulser amplitude—where
they become less sensitive to low-frequency noise such as mechanical vibrations. However, during
pre-CCVR1, the low values of Rbase observed in the heat channels indicate that the absorbers are
already quite warm, which limits the margin for WP optimization. In particular, higher values
of Ibias risk further increasing the absorber temperature, thereby reducing too much the signal
amplitude without a corresponding improvement in the noise levels. To better understand the
impact of the noise, dedicated studies were performed. These showed that all detectors exhibited

13For a Bessel filter with cutoff frequency fc, the minimum measurable 90%–10% RT is ∼ 0.339/fc [192].
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Figure 4.10: Solid lines: I–V characteristics (blue dots) and R–P curves (red dots). Dashed lines:
unfiltered amplitudes of artificial monochromatic pulses, generated using a Si heater, as a function
of VNTD (blue crosses) and P (red crosses). The selected WP is marked by a green circle on all
four curves. The value of RWP measured close to the end of the data-taking (day 27) lies close to
the curves acquired at the beginning of the run, indicating stable operating conditions. The closest
measurement to the selected WP taken at the beginning of data taking (day 0) is highlighted by a
purple square.

a 1/f noise excess below 2 Hz in the ANPS, exceeding what is expected from the preamplifier
alone. Furthermore, the white component of the ANPS was often limited by the noise floor defined
in Eq. 2.14, with the preamplifier contribution typically dominating. This behavior arises from
the low RWP values achievable when starting from such low Rbase: the Johnson-Nyquist noise is
strongly suppressed at low RNTD. As a result, under these warm-detector conditions, increasing
the biasing current has negligible impact on the overall noise level. This implies that the optimal
SNR can, to first approximation, be found by simply maximizing the signal amplitude. It should
be noted, however, that this is not a general result: if the detectors were colder and exhibited
higher RNTD values, the low-frequency noise would be amplified and the signal bandwidth would
be shifted, making the noise behavior (and the SNR) more sensitive to WP choice.

Moreover, in the pre-CCVR1 assembly, the detectors were not thermally independent (see
Fig. 4.6), and maintaining too high a value of Ibias on one detector may further reduce the al-
ready low Rbase of other detectors sharing the same frame.

For these reasons, the working point selected for the characterization of the Li2100MoO4 crystals,
named WP4, was chosen near the inversion region, close to the maximum pulser signal amplitude.
The value of RWP is reported in Tab. 4.5, and the corresponding values of Ibias, pulser amplitude,
and VNTD are highlighted in Fig. 4.10. All LMOs were acquired using a Bessel filter with a 47 Hz
cutoff frequency and a 2 kHz sampling rate, triggered using 10 s windows with a 2.5 s pretrigger.

4.4.9 Characterization of Li2100MoO4 NIIC crystals
The first four days of data taking were dedicated to the calibration of the Li2100MoO4 crystals.
The analysis strategy described in Sec. 4.3 was used to reconstruct the energy of each event. The
wOF was built using AP and ANPS templates extracted from the first ten days of background
data, which benefit from higher statistics and are less affected by pile-up. The calibration data
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were then filtered with the wOF built with this templates and stabilized against thermal gain drifts
using monochromatic pulses injected every 8 minutes via the Si heaters. Basic data-quality cuts
were applied to reject pile-up events and pulses growing on unstable baselines.

The following γ peaks were identified in the filtered, stabilized calibration spectrum:
511 keV, 2614.5 keV (208Tl), 911.2 keV (228Ac), 969 keV (228Ac)

and used to perform a linear energy calibration. The resulting calibration coefficients were then
applied to the stabilized background data. The calibrated background spectrum for all Li2100MoO4

detectors is shown in Fig. 4.11. It exhibits γ lines from the 238U chain (in particular from isotope
214Bi) and evident 210Po α and Q-value (α+NR) peaks. No additional α or Q-value lines are
observed. These observations are discussed below in the paragraph on radiopurity.

Quenchig factor

As discussed in Sec. 4.3.3, β/γ events are quenched relative to α events, and a QF> 1 must be
applied to restore the correct energy scale for α interactions after performing a γ-based calibration.
Since no clear α peaks are visible in the calibration data, the QF is estimated by fitting the 210Po α
line observed in the γ-calibrated background spectrum with a Gaussian model. This estimate relies
on two key assumptions: (a) that the γ calibration can be reliably extrapolated up to ∼ 5.3 MeV,
and (b) that the few counts observed at the α line (presumably due to surface contamination on the
crystal or nearby materials) can be adequately described by a Gaussian peak. Both assumptions
are very strong and are valid only within a margin of approximation: the calibration extrapolation
introduces non-negligible uncertainty at such high energies, and the surface nature of α events make
the Gaussian approximation questionable. However, no alternative method to estimate the QF is
available. The values obtained for the QF are reported in Tab. 4.5.

The energy spectrum in the α region, corrected for the estimated QF, is shown in Fig. 4.13.
This correction also relies on the additional assumption that the QF is constant with energy14.

Data quality cuts and selections efficiency

The derivative trigger efficiency is assumed to be ∼ 1 for all channels above ∼ 400 keV. The efficiency
of the data quality selections is estimated as the ratio of the number of pulser events before and
after cuts, under the assumption that the cut efficiency is flat in energy. Since the only cuts applied
are designed to reject pile-up events or pulses growing on unstable baselines, this assumption holds
to a reasonable approximation. The resulting cut efficiencies are 72.5(7)% for LMO1, 72.0(7)% for
LMO2, and 79.1(8)% for LMO3; uncertainties are statistical only (binomial).

Pulser events are not flagged by the readout system. However, due to their significantly shorter
RT compared to particle-induced pulses, a cut on RT is effective in removing pulser events while
retaining a signal efficiency close to 1. The equivalent energies of pulser events are above 6 MeV in
all channels.

The spectra shown in Figs. 4.11 and 4.13 are corrected for cut efficiency computed as described
above. These selections efficiencies are also used in the radiopurity analysis.
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Bi-214  609.3 keV 
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Bi-214  1764.5 keV 

Bi-214  2204.1 keV 

Tl-208  2614.5 keV 

Figure 4.11: Background spectrum corresponding to a total live time of ∼ 24 days. The spectrum
is corrected by cuts efficiencies. The α events are not corrected by QF. For visual clarity, the total
spectrum (sum of the three crystal spectra) is not normalized to the total mass (3× the mass of a
single crystal); consequently its rate (in counts/keV/kg/yr) is three times higher than the actual
value. This convention is purely for visualization and is not used for any quantitative estimates.

Ch. Rbase
[MΩ]

RWP
[MΩ]

Bsl. res.
FWHM
[keV]

208Tl
FWHM
[keV]

Sensitivity
[nV/keV]

RT
[ms]

DT
[ms]

QF α
210Po

LMO1 ∼1.1 ∼1.08 7.21 ± 0.47 6.51 ± 1.29 ∼4.58 ∼24 ∼270 1.0807(8)
LMO2 ∼7 ∼5.6 6.44 ± 0.09 8.20 ± 1.57 ∼12.76 ∼34 ∼430 1.0773(9)
LMO3 ∼1 ∼0.94 19.82 ± 0.19 22.90 ± 4.00 ∼1.93 ∼24 ∼430 1.0813(3)

Table 4.5: Performance of the NIIC Li2100MoO4 crystals tested in pre-CCVR1. The QF values for
α particles were estimated by fitting the 210Po α line in the background spectrum with a Gaussian
model. Only statistical uncertainties are reported.

Calorimetric performance

The calibration data were used to assess the calorimetric performance of the Li2100MoO4 crystals.
The energy resolution and intrinsic gain (sensitivity) were estimated by fitting the 208Tl line at
2614.5 keV. Estimates of the baseline resolution, as well as the pulse rise and decay times, were also
obtained. The results are summarized in Tab. 4.5.

Both LMO1 and LMO2 achieved good FWHM energy resolutions at the 208Tl line, compatible
within 2σ with the CUPID target of 5 keV. However, due to the short time dedicated to calibration
(∼ 4 days), the available statistics at the 208Tl line is limited, and the resulting resolutions at
2614.5 keV are affected by large statistical uncertainties. In particular, LMO1 shows a baseline
resolution worse than its resolution at 2614.5 keV –but still statistically compatible– reflecting this
limited precision. Baseline resolutions, which are known with much smaller statistical uncertainties,
indicate that under the operating conditions of this run, the detectors do not meet the 5 keV CUPID

14An energy dependence of the QF has been observed in other measurements performed on Li2MoO4 crystals
during the CUPID R&D phase, although no publication is currently available.
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requirement.
Although LMO1 and LMO3 have similar Rbase values and comparable noise levels (both limited
by the noise floor which is dominated by the preamplifier term) the FWHM resolution of LMO3
is significantly worse, around ∼ 20 keV. This is attributed to a sub-optimal WP: the lower Ibias
resulted in a reduced signal amplitude, as shown by the dashed lines in Fig. 4.10. This also explains
why LMO1 exhibits a lower intrinsic gain than LMO3, despite having similar Rbase and RWP.

In contrast, the higher intrinsic gain observed in LMO2 is attributed to both a higher Rbase,
suggesting a colder absorber with more favourable heat capacity, and to a WP chosen close to the
maximum signal amplitude, again visible from the dashed lines in Fig. 4.10.

As also observed for the LDs, the faster RTs measured on LMO1 and LMO2 with respect to
LMO3 can be interpreted as a consequence of the increased detector bandwidth resulting from their
lower RWP.

These considerations show that the performance differences observed among the three Li2100MoO4

crystals can be fully explained by the combined effects of WP selection and Rbase. The collected
data do not provide any experimental evidence of intrinsic differences in crystal quality. Deviations
from the CUPID 5 keV FWHM energy resolution target are attributed to sub-optimal operating
conditions achieved in this run, as indicated by the low Rbase values, which reflect a relatively warm
absorber temperature.

Light Yield and Discrimination Power

The LY was estimated using analysis strategy described in Sec. 4.3.4. Although calibration data
offer higher statistics at the 208Tl line, they contain very few α events, limiting their usefulness
for evaluating the discrimination power. For this reason, the results presented in the following are
based on the background dataset.

The LY for each event was computed as the light-to-heat ratio, following the assumptions
introduced in Sec. 2.4.1. The resulting light-vs-heat and LY-vs-heat distributions for LMO1 and
LMO3 are shown in Fig. 4.12a. While the width of the LY distribution depends on energy (see
Sec. 5.4.3), in order to increase the statistics available for estimating the LY and the DP, a wide
energy window between 2 MeV and 6 MeV was selected. This range includes both higher-statistics
β/γ events as well as degraded α events from surface interactions and the Q-value and α lines of
210Po. A fit to the LY projection within this range was used to simultaneously extract both the
average LY for β/γ interactions and the corresponding DP(E > 2 MeV), calculated using Eq. 2.18.

The results of this analysis are presented in Fig. 4.12b and summarized in Tab. 4.6. The
quoted uncertainties are statistical only and do not include possible systematic effects arising from

Crystal (LD) LY (β/γ)
[keV/MeV]

LY width (β/γ)
[keV/MeV]

DP
(E>2 MeV)

LMO1 (LD5 - Top) 0.285(8) 0.100(8) 2.1(8)
LMO3 (LD3 - Bottom) 0.307(5) 0.073(4) 3.0(2)

Table 4.6: LY distribution mean and width, and DP measured on the facing LD for the NIIC
Li2100MoO4 crystals as measured in pre-CCVR1. LD3 (LD5) faces the bottom (top) face. Only
statistical uncertainties from the fit are reported.
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Figure 4.12: (a) Light-vs-heat (left) and LY-vs-heat (right) distributions for LMO1 and LMO3. (b)
Fit of the LY distributions obtained events having E > 2 MeV in LMO1 (left) and LMO3 (right).

the energy reconstruction strategy used for light signals15. The LY values obtained for the two
NIIC Li2100MoO4 crystals (uncorrected for geometric light collection efficiency) are consistent with
the ∼0.3 keV/MeV reported in the literature for Li2MoO4 crystals operated with similar detector
geometries and light detector configurations, as shown in Fig. 11 of Ref. [155].

The measured DP does not reach the CUPID goal of DP(∼ 3 MeV) > 5, but in this run, the
result is limited by the performance of the LDs discussed above and by the availability of a single
light detector. In any case, CUPID will employ NTL assisted LDs, and a direct comparison with
CUPID expectations is therefore not meaningful. Moreover, the DP depends on the crystals only
through their LY, which, as noted, is in agreement with values reported in the literature.

15As is the case for the thermal quenching factor in heat channels, different types of incident radiation, such as
X-rays or scintillation photons, may not follow the same calibration curve.
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Radiopurity

The background data were used to assess the radiopurity of the crystals. The total background
spectrum, corrected for cut efficiencies, is shown in Fig. 4.11, and a zoom on the QF-corrected
α region is presented in Fig. 4.13. The corresponding livetime is approximately 24 days (576.943
hours) for LMO1 and LMO3, and 23 days 22 hours (574.166 hours) for LMO2. In the γ region, clear
peaks from 214Bi (238U chain) are observed with relatively high intensity. If originating from surface
or bulk crystal contamination, α lines from the fast chain segment (226Ra to 214Po) should also
appear between ∼4.5 MeV and ∼7.5 MeV with comparable intensity. Since these are not observed,
the 214Bi lines are attributed to external sources, likely due to the Rn box of the cryostat not being
flushed with N2 during most of the background run.

It should also be noted that the primary goal of the pre-CCVR1 run was not to perform a
radiopurity evaluation of NIIC-grown crystals. Since CUPID will adopt crystals produced by SIC-
CAS, these crystals were used as a proof of concept and to begin defining a radiopurity validation
protocol. The NIIC crystals, grown by a trusted supplier, also serve as reference standards for the
upcoming pre-CCVR and CCVR campaigns on SICCAS samples.

For these reasons, the β/γ region is excluded from the radiopurity analysis, and no study of
40K or 60Co contamination was performed. Instead, the α region was used to derive limits on bulk
contamination from 232Th, 238U and 235U progenitors, and to assess the presence of surface and
bulk contamination from 210Po.
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Figure 4.13: Zoom on the α region of the background energy spectrum, corrected for QF. The
vertical shaded bands mark the Q-values of the main progenitors of interest: 210Po, 232Th, 238U,
235U. Shaded areas represent the ±3.5σα integration windows used for estimating upper limits on
bulk contamination.

210Po contamination The spectrum in Fig. 4.13 clearly shows both the full-energy α peak
and the Q-value peak from 210Po. This isotope is a common contaminant, as 222Rn gas tends to
accumulate on surfaces and may also become embedded in the crystal bulk during growth. With a
short half-life of approximately 3.8 days, 222Rn quickly decays into long-lived progeny, most notably
210Pb (half-life ∼22.2 years), which produces 210Po through its decay chain.

To derive an upper limit on bulk 210Po, a conservative hypothesis is adopted in which all
events observed under the Q-value peak are attributed to internal decays. Under this assumption,
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the spectrum is integrated over Q ± 3.5σα, where σα is determined by fitting the 210Po α peak
with a Gaussian model in the worst-performing heat channel to ensure maximal conservativeness.
The corresponding integration window is shown in Fig. 4.13 as a shaded area, and the resulting
measurements are reported in Tab. 4.7. These values already approach the radiopurity requirements
even under the deliberately conservative assumption that the entire Q-value line arises from bulk
contamination.

The presence of a distinct α line indicates that at least part of the activity likely originates from
surface-related events, either at the crystal surface or on nearby passive elements. Quantifying
surface activity requires additional assumptions and dedicated simulations or coincidence studies.
Given the goals of pre-CCVR1, such studies were not pursued here; only bulk limits are thus quoted.

232Th, 238U, and 235U progenitors Conservative upper limits on bulk contamination from
238U, 235U, and 232Th progenitors are obtained by integrating in Q ± 3.5σα around the respective
Q-values, using the same σα definition as above. These very conservative integration ranges are
shown by the shaded bands in Fig. 4.13.

When no counts are observed in the interval, a zero-background hypothesis is adopted, and
the Feldman–Cousins method [193] is used to compute 90% C.L. upper limits (applied whenever
fewer than 10 counts fall in the window). The results are summarized in Tab. 4.7. The specific
activities of 232Th and 238U half-lives can be used to convert the requirements imposed to the
producer (Table 4.2) into equivalent activity limits. These correspond to 1.2 µBq/kg for 232Th and
3.7 µBq/kg for 238U. The conservative limits in Table 4.7 indicate that, when the three crystals are
considered individually, the ∼28-day exposure yields upper limits above the targets, implying that
compliance cannot be tested with the current statistical sensitivity.

In order to assess whether the accumulated exposure suffices to test the requirements in Ta-
ble 4.2, the spectra of the three operational crystals are summed, assuming uniform bulk con-
tamination across all crystals. The total spectrum is then analyzed with the Feldman–Cousins
method is performed adopting the same conservative assumptions as above (zero background in the
Q ± 3.5σα integration window). For 238U, the combined 90% C.L. upper limit is < 2.94 µBq/kg,
satisfying the < 3.7 µBq/kg requirement derived from Table 4.2. For 232Th, the 90% C.L. upper
limit is < 6.04 µBq/kg, meaning that under these assumptions there is not the sensitivity required
to test the < 1.2 µBq/kg specification derived from Table 4.2. However, this upper limit is already
close to the requirement even under the very conservative hypothesis that all counts falling in the
integration window are attributed to this contamination.

Crystal
210Po (bulk)
[µBq/kg]

235U (bulk)
[µBq/kg]

232Th (bulk)
[µBq/kg]

238U (bulk)
[µBq/kg]

LMO1 41.9 ± 9.9 ≤ 12.4 ≤ 12.4 ≤ 9.06
LMO2 28.3 ± 8.2 ≤ 18.8 ≤ 5.4 ≤ 5.4
LMO3 44.8 ± 9.8 ≤ 4.9 ≤ 11.4 ≤ 4.9

Table 4.7: Estimated levels of radioactive contamination in the NIIC Li2100MoO4 crystals tested
in pre-CCVR1. Since no peaks are observed in Q ± 3.5σα, limits are quoted at 90% C.L. using the
Feldman–Cousins method under a zero-background hypothesis.
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4.5 Pre-CCVR2
This section presents the characterization measurements of four natural Li2MoO4 crystals produced
at SICCAS, named pre-CCVR2.

4.5.1 Goals of the pre-CCVR2 campaign
As outlined in Sec. 4.1.1, during the early pre-production stage radiopurity is not the primary
concern, and the stringent requirements in Table 3.2 are not expected to be met. Within this
framework, pre-CCVR2 was structured to (i) quantify light yield and calorimetric performance
of the first batch of natural Li2MoO4 crystals and (ii) supply SICCAS with targeted feedback to
optimize growth and processing.

Background data were nevertheless recorded and analyzed to enable relative comparisons of
radiopurity among crystals with different crystallization and re-crystallization histories.

Secondary objectives were strictly instrumental to future CCVR operations: testing alternative
thermalization schemes and wiring, evaluating the impact of vibrational noise on heat and light
channels, and defining a reproducible strategy to assess and compare calorimetric performance of
multiple crystals.

4.5.2 First batch of SICCAS natural Li2MoO4 crystals
Four natural crystals were tested in pre-CCVR2. In all cases, the final growth was performed by
the BG method, but with different numbers and types of re-crystallizations. The raw powders were
provided by two producers with different chemical purity levels. Their complete growth history is
summarized in Fig. 4.14, where powders from producer "O" and producer "A" are shown in blue
and violet, respectively. In all cases, the first synthesis of Li2MoO4 powder was performed by wet
chemistry.

• 816 (LMO4): This crystal was obtained after two crystallizations, an initial CZ growth fol-
lowed by a BG growth. After growth, the crystal was cut to 45 × 45 × 45 mm3 and polished
with Al2O3 powder and a kerosene lubricant using a jeans tissue on the polishing machine.

• 817 (LMO3): This crystal underwent three successive crystallizations. The first was CZ,
followed by two BG re-crystallizations. The final crystal was cut to 45 × 45 × 45 mm3 and
polished with Al2O3 powder and a kerosene lubricant using a jeans tissue on the polishing
machine.

• 818 (LMO5): This crystal was produced from two different re-crystallization paths. The main
component derived from a double BG re-crystallization, while an additional fraction came
from material recycled from a previous CZ growth. This strategy was adopted by SICCAS to
reduce isotope losses: leftover ingots from one growth were reused in subsequent ones. This
allowed SICCAS to collect data necessary to evaluate the recovery efficiency when recycling
strategies are used. The two components were combined in a final BG growth. Afterward, the
crystal was cut to 45× 45× 45 mm3 and polished with SiO2 powder and a silicon oil lubricant
using a jeans tissue on the polishing machine.

• 819 (LMO6): This crystal was produced from three different precursor sources. About 80% of
the material originated from powders of producer "O", split between two BG crystallizations:
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Figure 4.14: Visual scheme representing the raw materials and the re-crystallization history of each
of the natural crystals produced by SICCAS and tested in pre-CCVR2. The powders from the two
producers are highlighted in blue for producer "O" and violet for producer "A". The cylindrical
(parallelepipedal) shapes indicate CZ (BG) growths.

one using purely Li2MoO4 obtained by wet chemistry, and one including material recycled
from residues left in the crucible after previous CZ growths. The remaining 20% of the material
came from a single BG crystallization performed with powders from producer "A", mixed with
a small fraction of CZ crucible residues (from producer "O"). SICCAS reported that these CZ
residues exhibited a yellowish coloration, consistent with a higher concentration of impurities,
as expected from the leftovers of the CZ process. Before being added to the mixture, the
residues were dissolved in distilled water, filtered, and dried to obtain Li2MoO4 powder (this
component is indicated as CZ residue in Fig. 4.14) . Also in this case, these procedures are
used by SICCAS to estimate the recovery efficiency and evaluate the impacts of recycling
strategies on crystal quality. After the final growth, the crystal was cut to 45 × 45 × 45 mm3

and polished with SiO2 powder and a silicon oil lubricant using a jeans tissue on the polishing
machine.

Although this growth was carried out with natural MoO3 powder, the recycling strategies adopted
for crystals 818 and 819 are essential for SICCAS to optimize recovery efficiency, a key step to keep
costs under control once (costly) enriched powders will be used. At the same time, recycling may
compromise crystal quality or radiopurity, introducing non-reproducible effects or instabilities in
Li2100MoO4 production batches. This highlights one of the most critical aspects of the pre-CCVR
campaign. Testing crystals grown with heterogeneous combinations of precursors provides direct
feedback on the reproducibility of crystal quality and radiopurity when recycling conditions are
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Powder Producer-batch 232Th [ng/kg] 238U [ng/kg] K [µg/kg]
Li2CO3 O-20211021 219 213 < 5000

A-20200907 33722 54.0 28163
MoO3 O-20211122 1036 3975 94332

A-20200907 4764 22850 24948

Table 4.8: Radiopurity (ICP-MS) of different powder batches. These measurements were commis-
sioned by SICCAS to the Shanghai Institute of Applied Physics (SINAP).

used. The results of these measurements provide SICCAS with valuable feedback to validate or
improve recycling strategies and to recompute production yield estimates in case some recycling
paths do not meet the required calorimetric or radiopurity standards.

SICCAS also provided the results of ICP-MS measurements performed on the powders of the two
producers, labeled "O" and "A", to assess the content of 232Th, 238U, and K in the raw powders.
The results are shown in table 4.8. After cutting and polishing, all crystals were finally cleaned
with kerosene and packed for delivery.

The crystals LMO-isot-6-39-top (LMO1) and LMO-isot-6-38-bottom (LMO2) from pre-CCVR1
were also installed in the assembly and served as references. This allowed a direct comparison of
performance under identical conditions, reducing uncertainties that may arise when comparing re-
sults across different runs, where variations in base temperature or in the noise level of the setup
can occur.

4.5.3 Detector design and assembly
The assembly design adopted in pre-CCVR2 differed from that used in pre-CCVR1 described in
Sec. 4.4.2. While pre-CCVR1 focused exclusively on testing crystal quality, the pre-CCVR2 cam-
paign also pursued additional CUPID objectives related to thermalization and noise characteriza-
tion. In particular, one of the goals was to better understand some of the noise features observed
in the Gravity Design Prototype Tower (GDPT), described in detail in Ref. [155]. The modular
design developed for pre-CCVR1 allowed the detector modules to be stacked vertically instead of
horizontally, thereby reproducing the configuration of the GDPT. The resulting structure, shown
in Fig. 4.15a, consisted of a three-floor tower comprising the six Li2MoO4 crystals described earlier
and eight interleaved LDs, with the LDs on the intermediate floors shared between two crystals.
The spacing of each Li2MoO4 and its bottom (top) LD is 0.5 mm (4 mm).

Each Li2MoO4 was equipped with Ge NTD thermistors of the same type used in the GDPT
demonstrator [155], having dimensions 3 × 3 × 1 mm3, as well as Si heaters. The LDs employed
thermistors of the same type, cut to dimensions 3 × 0.5 × 1 mm3, and were also equipped with Si
heaters. Two copper plates, placed at the top and bottom, completed the mechanical structure.
On the sides, two vertical copper spines were anchored to these plates and supported the total
weight of the tower. Fig. 4.15c depicts the tower during construction, after the three modules had
been stacked but before mounting the frame with the two top LDs and installing the copper spines,
while Fig. 4.15d provides a close-up view highlighting the PTFE elements and copper frames and
Fig. 4.15e shows the tower installed inside the Hall C cryostat.

The spines were designed to avoid any mechanical contact with the copper frames, which were
intended to remain in position solely by gravity. However, In Ref. [155], a design oversight had
caused slight friction between the spines and the frames, which was suspected to induce excess
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noise in the detector, particularly in the LDs. This issue was corrected in the pre-CCVR2 assembly
to enable a direct comparison of the noise performance of the two configurations. Since this study
is not directly related to crystal quality and doesn’t affect the evaluation of the light yield, it will
not be discussed in great detail in this work.

The vertical spines also supported the wiring of the NTDs and Si heaters. Two different wiring
layouts were implemented for the two columns, as described in the next section. All materials used
in the assembly were cleaned following the same protocol described in Sec. 4.4.2.

The channel mapping and labeling scheme used in pre-CCVR2 is shown in Fig. 4.15b, and the
detectors will be referred to according to these labels in the following. Due to connection issues on
LMO3 and LD3, it was not possible to evaluate the calorimetric and scintillation performance or
the radiopurity of crystal 817. For the same reason, LD3 could not be used to measure the LY of
LMO-isot-6-38-bottom (LMO2).

4.5.4 Wiring and different thermalizations
In the pre-CCVR2 setup, the two columns were equipped with different wiring schemes. The column
on the right in Fig. 4.15a used CuPEN (copper on a polyethylene-2,6-naphthalate substrate) wiring,
similar to the configuration described in Ref. [155]. A close-up of the CuPEN wiring is shown in
Fig. 4.15d. The other column employed constantan wiring, as in the pre-CCVR1 setup (Sec. 4.4.2).

The choice of two different wiring schemes served two purposes. First, while the performance
of CuPEN wiring for NTDs coupled to crystals is well established from CUORE, its effect on noise
in the LDs with this assembly still needed to be compared against constantan wiring. Second, it
allowed a direct comparison of the thermal coupling of the detectors to the MC when using CuPEN
versus constantan.

In the detector assembly described in Sec. 4.5.3, the LD frames were not directly connected to
any copper elements thermalized to the MC. The only nearby copper structures were the vertical
spines, which were mechanically separated from the frames. As a result, the copper frames were
thermally floating, with their only effective thermalization paths being the contact between the Ge
of the LD and the frame followed by the readout wiring, coupled to the vertical copper spines. The
contribution of the PTFE lockers is considered negligible due to its low thermal conductance. In
this configuration, the readout wiring is the dominant thermalization path, which differed between
the two columns. Unlike in the GDPT demonstrator of Ref. [155], the gold wires connecting the
NTDs were bonded directly to the vertical copper spines, without thermal contact with the LD
frames.

Three different thermalization schemes were tested in three successive cooldowns:

• Just readout wiring (v1): The most basic configuration, in which the only heat-extraction
path is through the readout wiring (copper spines), the Ge NTD, the Ge LD, and finally the
copper frame.

• Copper bands (v2): As in v1, but with additional copper bands connecting the bottom
copper plate to the frames, thereby providing a direct thermal link between the frames and
the MC. A picture of this configuration is shown in Fig. 4.15e.

• Gold wires (v3): Same as v1, but with gold wires linking the vertical copper spines to the
frames. This configuration is similar to v2 but uses gold wires instead of copper bands for the
thermal link.
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(a) (b)

(c) (d)

(e)

Figure 4.15: Geometry of the detector assembly used in the pre-CCVR2 campaign. (a) Full tower.
(b) Rendering and detector-channel mapping of the crystals and LDs. (c) Tower during assembly,
before positioning the last LD frame. (d) Detail of the 55Fe sources (small copper pieces positioned
vertically on the side LD frames). (e) Pre-CCVR2 detectors installed in the Hall C cryostat with
the v2 thermalization scheme.
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Figure 4.16: (a) VNTD baseline of the NTD on LMO4 (already divided by the preamplifier gain)
observed over ∼ 3 days (with the thermalization scheme v1). (b) Base resistances (Rbase) measured
for each detector under the three thermalization schemes. Cells are color-coded by the corresponding
∆T , defined with respect to the detector with the highest Rbase. The ∆T values are not direct
temperature measurements but qualitative indicators of thermal coupling. They were computed
reversing Eq. (2.8) and using T0 = 3.6 K and R0 = 2.4Ω for NTDs on the LMOs (values from
Ref. [155]), and R0 = 14.4Ω for the NTDs on the LDs (accounting for their smaller cross section,
which is 1/6 of the LMO NTDs). The table also lists the TSP and MC temperatures for each
configuration. For v1, where Rbase values continued to rise, the values after ∼ 8 days are reported.

The base resistances measured in the three configurations are reported in Fig. 4.16b. Although
slight differences in MC temperature prevent a strict one-to-one comparison, the observed Rbase
values differ enough to draw clear conclusions.

With thermalization v1, the detectors did not reach high Rbase. A clear asymmetry was observed
between the two columns. On the constantan side, detectors never reached equilibrium with the
MC even after several days, showing baselines with a linear descending trend (short spikes due to
cryogenic instabilities were disregarded) and continuously rising Rbase. An example is shown in
Fig. 4.16a, where the VNTD (at low bias Ibias ∼ 4 pA) is plotted over ∼ 3 days. Both LDs and
LMOs on the constantan side showed significantly lower Rbase than those on the CuPEN side.
Conversely, the CuPEN detectors reached equilibrium with no long-term drift, although their Rbase
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values remained lower than those obtained in the GDPT demonstrator [155] and in configurations
v2 and v3.

With thermalization v2, the highest Rbase values were obtained, demonstrating that thermalizing
the copper frames to the MC reduces the thermal load on the detectors and allows them to reach
lower temperatures. No long-term drift was observed in this case. A small asymmetry between the
two columns persisted: the LMOs had similar Rbase on both sides, while the LDs on the CuPEN side
were slightly colder than those on the constantan side. The highest Rbase among all configurations
was observed in LD8, with Rbase ∼ 26GΩ.

Thermalization v3 performed slightly worse than v2. All detectors reached somewhat lower
Rbase values, and the asymmetry between columns became more pronounced, especially in the
LMOs but also visible in the LDs. As in v2, no long-term drift was observed.

In summary, the assembly could not reach thermal equilibrium with the heat sink unless the
copper frames were thermally connected to the MC. Among the tested options, copper bands (v2)
provided better thermalization than gold wires (v3).

Calibration data were acquired in all three configurations, and the analysis followed the strategy
used for pre-CCVR1 (Sec. 4.4). Background data, however, were collected only in configuration
v2. Since the focus here is on the performance of the Li2MoO4 crystals, the results discussed in
the following refer exclusively to data acquired in v2. The higher Rbase values in this configura-
tion allowed greater margin for WP optimization and enabled a consistent comparison of crystal
performance in terms of sensitivity and energy resolution at different RWP values.

4.5.5 Pre-CCVR2 (v2) data taking
Data-taking for thermalization v2 began in early July 2024 and continued for approximately two
months. The first days were dedicated to updating the front-end boards and the electronics required
to operate the Si heaters. Due to connection issues, only the heaters on LDs 1–5 and on LMOs 4,
5, and 6 were operational. During this phase, the base resistances of all detectors were repeatedly
measured to verify temperature stability. The values of Rbase for all detectors are reported in the
table in Fig. 4.16b.

Two weeks were then devoted to investigating the noise observed in the LDs with the GDPT
assembly. Since these studies are not directly related to the crystal quality, only their main results
are briefly mentioned in the following. In this period, the working point of the LDs was also
optimized to achieve the best possible energy resolution, a crucial step for accurately measuring
the LY of the crystals. A comparison of LD performance at different working points is presented
in Sec. 4.5.6, while the LY values obtained under optimal conditions are reported in Sec. 4.5.8.

In parallel, the calorimetric performance of the Li2MoO4 crystals was characterized by measuring
the detector response at different working points. These measurements were performed using the
external 232Th calibration sources described in Sec. 4.4.3. The results are presented in Sec. 4.5.7.

Finally, about 12 days of background data were collected to evaluate the radiopurity of the
crystals. The results are discussed in Sec. 4.5.9.

Internal 55Fe sources were deployed inside the assembly to calibrate the LDs, an essential step
for measuring the LY of the crystals. These sources are similar to those described in Sec. 4.4.3,
but due to geometrical constraints the calibration sources for the central and bottom LDs were
positioned vertically on the copper frames (see Fig. 4.15d). This placement reduced the geometric
efficiency, leading to lower calibration rates for these channels. In contrast, the sources for the top
LDs were positioned directly above them, resulting in a more favorable geometry and thus higher
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calibration rates.
All measurements were acquired with a sampling frequency of 2 kHz for the LDs and 1 kHz for

the LMOs. The Bessel cut-off frequencies were adjusted several times during data taking; when
relevant, the chosen values will be reported in the following discussion.

4.5.6 Working point selection and noise in the LDs
Owing to the high Rbase values (0.2–20 GΩ) of the LDs in the thermalization v2 configuration, the
detectors display increased sensitivity to (typically low-frequency) mechanical vibrations together
with a higher intrinsic gain. Maximizing the SNR therefore requires finding a trade-off between sig-
nal amplitude and detector’s bandwidth. According to the prescriptions derived from the inequality
in Eq. (4.1), the objective is to decouple noise from signal by shifting the detector bandwidth to
higher frequencies, that is, by reducing the time constant RNTDCpar. This can be obtained either
by lowering Rbase (physically warming the LDs with the heaters) or by increasing Ibias to select a
WP with lower RWP. These two options16 were explored, and two WPs were compared:

• WP5: the detectors were operated in strong overbias, with a large biasing current (Ibias =
7.2 nA (28 V/4 GΩ)). In this configuration, the absorber is warmed by the NTD itself
and operates at a higher temperature, resulting in lower intrinsic gain (sensitivity). The
strong overbias reduces the working resistance RWP, pushing the detector response to higher
frequencies and leading to faster time constants. The pulser cable in this case is unplugged.

• WP4: the absorber temperature was artificially increased by injecting constant power through
the Si heaters in LDs 1–5. The lower Rbase in this case allowed for a lower RWP at relatively
low Ibias. In contrast to WP5, this made it possible to operate the NTDs close to inversion
(Rdyn → 0) without having excessively high working resistances. The chosen biasing cur-
rent was Ibias = 0.14 nA (6 V/54 GΩ). For LDs 6–8, which lacked operational Si heaters,
WP4 is identical to WP5, with the only difference that in WP5 the pulser cable is physically
disconnected.

In both configurations, the Bessel cut-off frequencies were 160 Hz for LDs 1–5 and 120 Hz for
LDs 6–8. The values of Ibias, Rbase, and RWP, together with the corresponding LD performance
(intrinsic gain, energy resolution, and time constants) for WP4 and WP5, are reported in Table 4.10.

A few days of data taking were acquired at each WP. The data processing strategy described
in Sec. 4.3 was applied to reconstruct the event energies. The baseline and 55Fe energy resolutions
were extracted by fitting the calibrated energy spectra of noise and ionization events. An example
of such a fit is shown in Fig. 4.17a, corresponding to the energy spectrum of LD8 at WP5. Both
the Mn-Kα line at 5.89 keV and the Mn-Kβ line at 6.49 keV were identified in LD8. Unknown
background contributions were observed in the left tail of the 5.89 keV peak17. When correctly
modeled with an additional Gaussian component, these contributions do not affect the estimated
energy resolution or the centroid position.

16NTDs with lower R0 would yield a smaller RNTD at the same absorber temperature, reducing noise impact at
fixed signal amplitude and thus improving SNR. Such NTDs were not available during the CUPID pre-CCVR phase.

17This background is likely due to Auger electrons from the 55Fe source (Mn K–L1L2, Mn K–L1L3, Mn K–L2L3,
Mn K–L3L3). However, the multi-Gaussian model plus flat background provides a good description of the data in
the 3.5–7 keV region for LD8. For this reason, no further studies were performed.
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Figure 4.17: Calibration and resolution at the best working point (WP5) of (a) LD8 using 55Fe line
and (b) LMO6 using 40K line. Both correspond to a total of ∼2 days of calibration runs and are
not normalized by cuts efficiencies.

Some caveats must be considered before comparing the performance achieved at the two WPs.
During the LD noise characterization it was noted that the pulser lines introduced a 1 Hz noise
component and higher-order harmonics in the detectors, as shown in Fig. 4.18a. When the pulser
cable was disconnected, the 1 Hz harmonics disappeared. A further test was performed by keeping
the cable connected but switching off the liquefier GM heads. In this case, the harmonics were
reduced, suggesting that the noise was picked up by the pulser cable and related to the operation
of the GM heads. This effect was visible in both the constantan and CuPEN columns, but not in
the heat channels. WP4 data were acquired with the pulser cable connected, whereas in WP5 the
cable was disconnected. This difference must be taken into account in the comparison between the
two WPs.

Table 4.10 shows that the performance of LDs 6–8 (without the Si heaters) is consistent between
WP4 and WP5, as expected since these detectors were operated in the same conditions. The small
differences in energy resolution between the two WPs indicate that, even though the ANPS shows
a clear effect from the 1 Hz harmonics, the wOF effectively suppresses these spikes, making them
negligible in the filtered signals thereby minimizing their impact on the energy resolution. For
LDs 1–5 (having the Si heaters), the baseline energy resolutions obtained at WP5 are significantly
better than those at WP4. This indicates that in strong overbias the contribution of noise within
the signal bandwidth is reduced, and the wOF is effective in minimizing its impact. At the 55Fe
line, the resolutions obtained at WP5 are similar or better than those at WP4, depending on the
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Figure 4.18: (a) ANPS in LD8 at WP5 (Ibias = 7.2 nA (28 V/4 GΩ)) under different configurations
of the pulser cable and liquefier GM head operation. The case with both disconnected was repeated
after 10 days to check reproducibility. (b) ANPS in LD5 at different Rbase and similar RWP,
obtained by tuning the Si heater power and adjusting bias currents. The pulser cable remained
connected. In both panels, the solid horizontal line indicates the noise floor from Eq. (2.14).

detector.
The intrinsic gain observed in WP4 is on average higher than in WP5, despite the higher Rbase

in the latter. This is consistent with the fact that in WP5 the strong overbias warms the absorber,
reducing signal amplitude. However, the electrothermal feedback increases the detector bandwidth,
as shown by the shorter RT and DT observed in WP5 compared to WP4. This is also consistent
with the fact that WP5 has lower RWP. It should be noted that in WP5, the RT values are limited
by the Bessel cut-off frequency, corresponding to ∼ 2.1 ms for LDs 1–5 (160 Hz) and ∼ 2.9 ms for
LDs 6–8 (120 Hz), so the intrinsic detector RT may be even shorter. These considerations indicate
that the LDs perform better at WP5 than at WP4.

A direct comparison between the two WPs, however, is complicated by the fact that WP4 was
designed to operate the detectors close to inversion, whereas WP5 was chosen as the strongest
overbias achievable with the available setup. As a result, the working resistances RWP are different
in the two WPs. One might argue that the better performance observed in WP5 is solely due to
the lower RWP. A fairer comparison would be between two WPs with the same RWP but different
Rbase. Nevertheless, due to electrothermal feedback, the detector bandwidth is determined not
only by RWP but also by Rdyn. Two NTDs operating at the same RWP but with different Rbase
are effectively in different working conditions, corresponding to different positions on the I − V
curve. To qualitatively illustrate this effect, the ANPS for LD5 was compared among three WPs
where RWP ∼ 75 MΩ but at different Rbase values of 0.28, 0.95, and 10 GΩ (set by varying the
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constant power on the Si heaters). The pulser cable was kept connected in all three cases, so
that the effect of the 1 Hz harmonics was identical, allowing for direct comparison. The results,
shown in Fig. 4.18b, indicate that the detector frequency response strongly depends on Rbase. In
particular, when RWP is obtained by operating in strong overbias, the response is pushed to higher
frequencies, reducing sensitivity to low-frequency noise such as vibrations. In contrast, when RWP
is obtained by lowering Rbase (warming the absorber with the Si heater and operating at lower
Ibias), the bandwidth is reduced, integrating more low-frequency noise and worsening the impact
of vibrations. This can be appreciated by looking at the flat component of the noise at lower
frequencies in the ANPS in the three cases.

The evidence collected in pre-CCVR2 suggests a consistent picture: with the available NTDs,
the high Rbase values achieved under good thermalization to the MC make the LDs sensitive to
low-frequency noise, but this can be mitigated by lowering RNTD. Although the 1 Hz harmonics in
the WP4 data complicate the comparison, there is experimental evidence that operating NTDs in
strong overbias at higher Rbase is preferable over biasing near the inversion region at lower Rbase.
The LY data of the Li2MoO4 crystals were therefore collected with the LDs operated at WP5.

This study thus conclusively defined the operating conditions for future pre-CCVR runs and
CCVR measurements with these LDs and NTDs, thereby finalizing the LD-related component of
the CCVR protocol and enabling reliable LY measurements of the Li2MoO4 crystals produced by
SICCAS.

4.5.7 Li2MoO4 calorimetric performance and WP optimization
Although a systematic procedure for optimizing NTD-equipped cryogenic calorimeters was already
developed for CUORE TeO2 crystals [124], Li2MoO4 absorbers differ from TeO2 (as Li2MoO4
has a more favourable thermal capacity) and therefore require an ad hoc protocol. Crucially, the
detector-response characterization needed for WP optimization coincides with that required to
assess calorimetric performance, which is the central goal of the CCVR (and pre-CCVR) campaign.
The measurements presented below thus serve a dual role: they provide the basis for a systematic
WP optimization of Li2MoO4 crystals and establish a calorimetric-performance protocol to be
adopted as the standard for crystal validation in the CUPID CCVR program.

Detector response and WP optimization

In the pre-CCVR1 campaign (Sec. 4.4.8), the low Rbase values deriving from poor thermalization
left little room for WP optimization, given the already warm operating conditions of the detec-
tors. By contrast, in pre-CCVR2 with the thermalizations v2, the Rbase values are of the order of
0.5 GΩ, which allows to perform systematic scan of the detector performance as a function of the
WP and a more complete assessment of the calorimetric quality of the crystals. This also enables
a clearer disentanglement of NTD response from intrinsic crystal properties, improving the relia-
bility of crystal-to-crystal comparisons. All the heat channels were therefore characterized through
noise scans, I–V and R–P curves, and monochromatic pulser injections with the Si heaters. In the
following, results are shown for LMO5 as a representative example; the same measurements were
carried out on all crystals, which exhibited comparable behavior.

Figure 4.19 shows the evolution of the AP and the ANPS as a function of the working point.
The corresponding WP specifications (Ibias, Vbias, RL, VNTD, and working resistance) are reported
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LMO WP1 – Scan 6: 0.54 nA (28.9 V / 54 GΩ) WP5 – Scan 4: 0.24 nA (12.9 V / 54 GΩ) WP4 – Scan 2: 0.03 nA (1.82 V / 54 GΩ)
Rbase
[MΩ]

RWP
[MΩ]

FWHM
bsl. [keV]

Peak FWHM
res. [keV]

Sens.
[nV/keV]

RT
[ms]

DT
[ms]

RWP
[MΩ]

FWHM
bsl. [keV]

Peak FWHM
res. [keV]

RT
[ms]

DT
[ms]

RWP
[MΩ]

FWHM
bsl. [keV]

Peak FWHM
res. [keV]

RT
[ms]

DT
[ms] QFα

1 25.1 11.1 6.58 ± 0.10 9.6 ± 2.6 @ 2615 13 31 220 11.7 3.65 ± 0.03 x 40 232 23.7 35.8 ± 0.18 x 50 230 1.054
2 579.6 22.2 2.98 ± 0.05 5.8 ± 0.9 @ 2615 23 40 300 50.8 x x x x 273.7 9.1 ± 0.2 11.6 ± 2.8 @ 618 112 378 1.046

4 498.3 20.1 6.15 ± 0.10 6.9 ± 0.9 @ 2615 12 25 200 44.7 5.09 ± 0.06 5.9 ± 2.2 @ 2615 36.5 222 242.5 21.3 ± 0.2 34.1 ± 8.9 @ 1460 93 340 1.076
5 579.6 20.6 5.20 ± 0.09 6.3 ± 0.7 @ 2615 17 30 350 47.3 3.89 ± 0.04 7.8 ± 3.9 @ 2615 43.2 390 259.7 10.2 ± 0.2 15.8 ± 2.3 @ 1460 120 560 1.057
6 487.4 19.5 4.31 ± 0.37 6.3 ± 2.4 @ 2615 25 25 150 42.9 3.17 ± 0.07 5.0 ± 1.2 @ 1460 35.6 174 229 8.2 ± 0.2 10.9 ± 1.9 @ 1460 76 260 1.078

Table 4.9: Comparison of the performance of LMOs (LMO1 and LMO2 from NIIC and LMO4, LMO5, LMO6 from SICCAS) operated at
WP1, WP4 and WP5. The empty cells indicate that limited statistics prevented to perform reliable fits of the corresponding lines. Where
no uncertainties are reported, the values should be considered as rough indications of the performance. The uncertainties for these values
typically range between 1% and 20%, depending on the shape of the distributions and the available statistics.

LD WP4 WP5
Rbase
[GΩ]

RWP
[MΩ] WP: Ibias(Vbias/RL) + heater Sens.

[µV/keV]
σ bsl
[eV]

σ 55Fe
[eV]

RT
[ms]

DT
[ms]

Rbase
[GΩ]

RWP
[MΩ] WP: Ibias(Vbias/RL) Sens.

[µV/keV]
σ bsl
[eV]

σ 55Fe
[eV]

RT
[ms]

DT
[ms]

1 0.31 107 0.14 nA (6 V / 54 GΩ) + const. power 2.45 295 320 10.6 26.5 13.1 2.06 7.23 nA (28 V / 4 GΩ) 1.23 85.6 338 2.5 5.1
2 0.03 27 0.14 nA (6 V / 54 GΩ) + const. power 1.53 280 537 7.0 19.5 2.6 1.30 7.23 nA (28 V / 4 GΩ) 1.18 78.5 200 2.5 7.5
4 0.12 77 0.14 nA (6 V / 54 GΩ) + const. power 2.45 276 265 9.1 25.0 7.7 1.80 7.23 nA (28 V / 4 GΩ) 1.19 83.1 120 2.45 5.1
5 0.28 76 0.14 nA (6 V / 54 GΩ) + const. power 2.43 290 271 10.5 26.8 12.9 1.50 7.23 nA (28 V / 4 GΩ) x x x 2.15 5.45

6 13.25 1.5 7.23 nA (28 V / 4 GΩ) 0.92 86.6 100 3.3 6.0 13.3 1.50 7.23 nA (28 V / 4 GΩ) 0.86 84.5 264 2.8 5.9
7 6.80 1.2 7.23 nA (28 V / 4 GΩ) 0.50 86.7 362 3.3 7.0 6.8 1.22 7.23 nA (28 V / 4 GΩ) 0.46 86.3 362 2.8 7.0
8 26.00 2.4 7.23 nA (28 V / 4 GΩ) 1.01 100 143 3.3 6.0 26.0 2.39 7.23 nA (28 V / 4 GΩ) 1.01 87.1 119 2.75 5.9

Table 4.10: Comparison of the performance of LDs operated at WP4 and WP5. For LD5, the limited statistics at the 55Fe peak prevented
the determination of the intrinsic gain (sensitivity) and the energy resolution. Where no uncertainties are reported, the values should be
considered as rough indications of the performance. The uncertainties typically range between 1% and 20%, depending on the shape of the
distributions and the available statistics. These results are discussed in Sec. 4.5.6. Note that the RT observed at WP5 is limited by the Bessel
cutoff. LD6, LD7 and LD8 did not have operational Si heaters.
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in Fig. 4.20, whose legend uses the same colour code for direct comparison. The left panel of that
figure shows a base resistance of Rbase ∼ 579 MΩ for LMO5.
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Figure 4.19: Evolution with WP of (a) the ANPS, (b) the pulser AP in the time domain, and (c)
in the frequency domain for LMO5. The Ibias for each WP is shown in the legend. In (a), the grey
band represents the white component of the pre-amplifier noise, and dashed lines show the noise
floor from Eq. (2.14). The AP in (b) and (c) was obtained by injecting monochromatic pulser pulses
corresponding to an equivalent particle energy of ∼7480 keV. (d) Comparison of ANPS (solid) and
AP (dotted) for Scan 4 (WP5) and Scan 3 (close to WP4). The spectral SNR density S(ω)/

√
N(ω)

(dashed) shows that decoupling noise and signal frequencies enhances the SNR, which in Scan 4 is
higher than in Scan 3 across almost the entire bandwidth. The values of working resistance and
VNTD, as well as Vbias and RL, are reported in Fig. 4.20, whose legend uses matching colours.

Figure 4.19b illustrates the evolution of the AP for a monochromatic pulse injected by the pulser,
corresponding to an equivalent particle energy of approximately 7480 keV18. Both the intrinsic gain
and the pulse shape vary with the WP. For the lowest Ibias (Scan 1, RWP ∼ 350 MΩ), the average
pulser amplitude is about 155 µV (corresponding to ∼ 20.7 nV/keV), and the pulse exhibits slower
time constants. Slightly increasing Ibias (Scan 3, RWP ∼ 225 MΩ) leads to a higher amplitude, which
peaks at about 180 µV (corresponding to ∼ 24 nV/keV). Further increasing Ibias makes the pulses

18The energy was reconstructed from the pulser peak observed in the spectrum at WP4 calibrated with γ lines
(Fig. 4.26).
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Figure 4.20: Left panel : R–P curve, pulser amplitude, and relative FWHM energy resolution for
monochromatic pulses injected by the Si heater. The coloured vertical bands indicate the Ibias
(VNTD / RL) configurations reported in the legend on the right. The outlier close to the minimum
of the FWHM resolution curve is attributed to the switch from the large to the small load resistance
RL. Right panel : I–V curve and corresponding pulser amplitude evolution. The points where a
full characterization of AP, ANPS, and FWHM pulser resolution was performed are marked with
coloured circles matching the WP legend. Both panels refer to LMO5. The pulser amplitude and
FWHM energy resolution correspond to monochromatic pulses of ∼7480 keV, so the amplitude in
both panels is proportional to the intrinsic gain (sensitivty) of the crystal at each WP in the scan.

faster and reduces the signal amplitude as the electrothermal feedback starts kicking in, reducing
RWP. This behavior is clearly visible in Fig. 4.20, where the evolution of the pulser amplitude,
measured after the OF, is shown as a function of the power P (left panel) and of VNTD (right
panel). Figure 4.19c shows the evolution of the AP in the frequency domain, where it can be seen
that the spectral content of the signal shifts toward higher frequencies as Ibias increases, indicating
that pulses become faster and their time constants shorter.

These observations show that the pulse is shaped by the electrothermal transfer function of
the detector. The same transfer function, and its evolution with WP, also governs the detector
response to noise, thereby defining the shape of the ANPS. Since, to first approximation, the energy
resolution is determined by the SNR, the Ibias that maximizes the signal amplitude (Scan 3) does
not necessarily correspond to the optimal resolution. For this reason, the noise and its evolution
with WP must also be examined. Figure 4.19a shows the evolution of the ANPS at different WPs.
A clear trend is observed: at lower bias currents (e.g., Scans 1, 2, and 3), the noise level at low
frequencies lies above the noise floor (dashed lines). As Ibias increases, RWP reduces, the detector
bandwidth widens, the time constants shorten, and the sensitivity to low-frequency noise decreases,
leaving a residual 1/f -like contribution. This trend continues up to the strongest overbias (Scan 9),
where the noise spectrum is ultimately shaped by the Bessel cut-off, which was set to 47 Hz for all
these measurements.

Figure 4.19d compares the ANPS and the AP in the frequency domain for Scan 3 (RWP ∼
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225 MΩ), which corresponds to the maximum signal amplitude, and Scan 4 (RWP ∼ 47.3 MΩ),
where the NTD operates at much lower resistance, at its inversion region. The same plot also
shows a figure of merit, S(ω)/

√
N(ω), which can be interpreted as an approximate measure of the

SNR spectral density. Since this quantity is higher for Scan 4 than for Scan 3, it can be qualitatively
inferred that shifting the detector response toward higher frequencies improves the SNR, even at
the cost of a strongly suppressed signal amplitude. This behavior contrasts with that observed in
TeO2 crystals, where the selected optimal WP was found at a bias point with only a moderate
reduction in signal amplitude [124]. However, differences in absorber mass, NTD type, and base
temperature in Ref. [124] preclude a straightforward comparison with TeO2, highlighting the need
for custom configuration-specific studies like the one presented here.

These qualitative results indicate that WP optimization is nontrivial, as it requires a trade-off
between signal amplitude and frequency response. To quantitatively determine the optimal WP, a
dedicated measurement campaign was carried out by operating the detectors in Scans 1 to 9 for
several hours each. The analysis steps described in Sec. 4.3 were applied to all acquired data, and
the ANPS and AP shown in Fig. 4.19 were used to build the OF. After stabilization, the pulser
peaks in the spectra were fitted with a Gaussian model to extract the relative FWHM pulser energy
resolution. This procedure allows the identification of the optimal WP and provides a quantitative
comparison of the effects of signal amplitude and detector transfer function in terms of SNR.

The orange curve in the left panel of Fig. 4.20 shows the relative pulser resolution as a function
of the power P , with the curve exhibiting a clear minimum that indicates the existence of an opti-
mal WP (in terms of energy resolution). It is evident that the relative energy resolution near the
maximum intrinsic gain (Scan 2 and 3) is far from optimal. By contrast, increasing Ibias reduces
the signal amplitude but, by minimizing the overlap of noise with the signal bandwidth, improves
the pulser energy resolution after application of the OF19.

The experimental evidence presented here shows that WP optimization requires a trade-off:
higher bias currents reduce the intrinsic gain but at the same time reshape the detector response,
mitigating the impact of low-frequency noise. The optimal WP is therefore not the one with the
largest signal amplitude, but the one that yields the best energy resolution by balancing intrinsic
gain and noise-shaping effects. Accordingly, the methodology presented here provides a well-defined
reproducible procedure for determining the optimal working-point configuration in following pre-
CCVR campaigns and in future CCVR measurements.

Calorimetric performance of natural pre-production SICCAS Li2MoO4

The FWHM obtained from pulser events is useful for studying the evolution of the detector reso-
lution with WP and can provide an indirect estimate of the intrinsic gain through the equivalent
energy. However, the true detector energy resolution must be extracted from real particle interac-
tions. For this reason, three WPs were selected to operate the detectors for multiple days to acquire
calibration spectra with sufficient statistics. These are referred to as WP1 (Scan 6), WP5 (Scan 4),
and WP4 (Scan 2, very close to Scan 3). The corresponding RWP for all the detectors are listed
in Table 4.9. WP4 corresponds to the maximum signal amplitude, WP5 lies close to the inversion
point, and WP1 to the strongest overbias achievable with the largest available load resistor20, lying

19The same plot was also built before applying the optimum filter. In that case, the trend of the pulser resolution
is less clear, highlighting the role of the OF in these studies.

20Using the lowest load resistor would allow a further increase of Ibias, but at the cost of a higher noise floor.
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beyond inversion. These WPs are highlighted in both the I–V characteristic and the R–P curve in
Fig. 4.20. In all cases, data were processed with the analysis flow of Sec. 4.3 up to the heat-channel
calibration.
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Figure 4.21: Calibration spectrum in SICCAS crystals (γ region) operated at WP1 corresponding
to a total live time of ∼ 4 days, acquired with external 232Th sources. The rate is not corrected by
cuts effeciencies.

The calibration spectrum obtained after ∼ 4 days at WP1 is shown in Fig. 4.21. Similar spectra
were obtained at WP4 and WP5.

Energy resolution The calorimetric performance of the SICCAS crystals was evaluated
against the NIIC reference by fitting the gamma lines measured at each WP. Priority was given
to the 208Tl 2614.5 keV line; when statistics were insufficient, alternative γ peaks were fitted. Fig-
ure 4.17b shows a fit of the 40K line for LMO6 at WP5. The results of all fits are summarized
in Table 4.9. In some cases limited statistics resulted in large uncertainties. Moreover, comparing
energy resolutions obtained at different gamma energies is not formally correct. Even with these
limitations, several observations can be made:

• Both the average gamma-line and the baseline FWHM at WP4 are significantly worse than
at WP1 and WP5. Within the available uncertainties, the resolution at gamma-lines at WP1
is similar to that at WP5, consistent with the trend of the relative pulser resolution shown in
the left panel of Fig. 4.20. The FWHM baseline resolution at WP5 is systematically better
than the one at WP1 for all channels.

• WP1, which is close to the optimal WP and has sufficient statistics at 208Tl 2614.5 keV, allows
a direct comparison among SICCAS crystals and with NIIC. The resolutions are comparable
across all crystals, with the only exception of LMO1 (NIIC). The poorer performance of LMO1
is attributed to its lower Rbase rather than to crystal quality. The three SICCAS crystals are
mutually consistent.

• FWHM baseline resolution differs across crystals and varies with WP. For instance, at WP1
LMO1 shows a worse baseline than LMO4 but remains statistically compatible, whereas at
WP5 LMO1 is better and statistically incompatible with LMO4. Since the baseline reflects
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the residual noise after the OF, these variations are attributed to the WP dependence of the
noise; ANPS studies analogous to Fig. 4.19a support this. Thus, the observed differences in
baseline resolution not linked to crystal quality and have limited impact on gamma-line reso-
lutions, which in macrocalorimeters are often dominated by additional non-idealities beyond
the baseline noise.

Overall, the SICCAS Li2MoO4 crystals exhibit mutually consistent energy resolutions despite their
very different growth histories, indicating that differences in material recycling and re-crystallizations
(Figure 4.14) do not significantly affect calorimetric performance. Their resolution is comparable
to the NIIC reference crystals, at the level of ∼ 6.5 keV FWHM at WP1, close to the CUPID goal.
Further improvement is expected under reduced noise conditions in the CUPID cryostat. Although
limited statistics increase the uncertainties, detectors operated at WP5 perform slightly better than
at WP1; notably, LMO6 achieves a FWHM of ∼ 5 keV at the 40K γ line.

Intrinsic gain (sensitivity) The sensitivity was first evaluated at WP1, chosen because
it lies close to the optimal WP and provides sufficient statistics at the 208Tl 2614.5 keV line in
all channels. Since, as discussed above, sensitivity depends strongly on the WP, these values are
meaningful only when considered together with the Rbase and RWP of the configuration. The results
are reported in Table 4.9. Among the NIIC crystals, the lower sensitivity of LMO1 compared to
LMO2 is attributed to its lower Rbase and RWP. LMO2, having values closer to those of the SICCAS
crystals, is therefore taken as the appropriate NIIC reference. LMO2 shows sensitivity comparable
to LMO6, while LMO4 and LMO5 have slightly lower values. However, the Rbase values are not
identical and the sensitivity uncertainty is difficult to quantify. Within these limitations, LMO6
appears marginally better than the other two SICCAS crystals.

To verify that this result is not just a fluctuation related to the WP choice, the pulser equivalent
energy was also used to study the evolution of the sensitivity as a function of the working point. This
cross-check could be performed only on the SICCAS crystals (LMO4, LMO5, and LMO6), since the
NIIC reference crystals had non-operational Si heaters. In this case, the sensitivity was obtained
by fitting the pulser peak in the γ-calibrated spectra at WP4 and converting it to the equivalent
energy. Although heater pulses are not fully identical to particle interactions, they provide sufficient
statistics in a short measurement time to study the evolution of sensitivity with WP. The results
of this scan (Scans 1–9) are shown in Fig. 4.22. Despite some fluctuations, particularly for LMO4
and LMO6, the trend confirms that LMO6 consistently maintains slightly higher sensitivity across
all WPs.

Time constants As one can read from Table 4.9, WP1 exhibits the shortest RT. WP5 shows
slightly longer RT on average, and WP4 the longest. This is consistent with the faster detector
response expected from the wider bandwidth at lower working resistance, which to first approx-
imation scales with the time constant RWPCpar. The wider bandwidth at WP1 and WP5 also
results in slightly shorter DTs. Across WPs, the three SICCAS crystals show small but systematic
differences: LMO6 has the shortest DT, LMO4 is similar but slightly longer, and LMO5 has the
longest DT. LMO5 also shows consistently longer RT, while RT values for LMO4 and LMO6 are
similar. These differences persist systematically across all WPs, indicating that they are not merely
an artifact of working point selection. However, with the available data it is not possible to identify
a unique cause. The three crystals share the same CuPEN wiring, so differences in the thermal
conductance to the heat sink could arise from small variations in the NTD gluing to the crystal
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Figure 4.22: Evolution of the intrinsic gain (sensitivity) with WP, shown as a function of the power
P (left) and the working resistance RWP (right) for LMO4 (Rbase ∼ 498 MΩ), LMO5 (Rbase ∼ 579
MΩ) and LMO6 (Rbase ∼ 487 MΩ). Sensitivities were derived from Si-heater pulses by determining
their equivalent energy from the fitted pulser lines in the γ-calibrated spectrum at WP4.

surface. Different exposure to humidity during surface treatment and packaging could also play a
role, since no strict humidity control was enforced. Differences due to intrinsic crystal properties
cannot be excluded, but present data are not conclusive. LMO2, the only NIIC crystal with similar
Rbase, shows time constants in line with SICCAS crystals; however, a direct comparison is limited
by its constantan wiring, while SICCAS crystals use CuPEN.

These considerations indicate that the first batch of pre-production SICCAS crystals achieves
calorimetric performance comparable to NIIC references, with no significant differences among the
three SICCAS crystals despite their different re-crystallization paths.

Constructing the plots in Fig. 4.22 that track sensitivity versus WP, expressed both in terms of
power (left) and in terms of RWP (right), proved effective for comparing the intrinsic calorimetric
performance of the crystals, provided that the detectors share the same NTD type and operate at
the same absorber temperature (that is, the same Rbase). For robust assessment in future pre-CCVR
campaigns and during CCVR measurements, at least one reference crystal of known quality should
be included and instrumented with the same NTDs and Si heaters, so that identical WP scans
can be performed at similar Rbase. This procedure provides a consistent and reproducible basis for
assessing the intrinsic calorimetric performance of Li2MoO4 crystals and for isolating WP effects
from detector-to-detector variations. Comparisons based solely on γ-line energy resolutions are not
reliable indicators of crystal quality, since the resolution depends on both signal amplitude and noise,
the latter arising from extrinsic sources (see Section 2.3.1) that may vary from channel to channel.
Nevertheless, γ-line resolutions offer complementary information that, when combined with the
sensitivity study described above, enables a complete characterization of detector performance with
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respect to the CUPID requirements. This finalizes the definition of the component of the CCVR
protocol dedicated to assessing the intrinsic calorimetric performance of the crystals.

4.5.8 Light Yield
The crystal LY was measured at WP5, where the LDs achieved their best performance. The LDs
were calibrated on the 55Fe line; an example fit for LD8 is shown in Fig. 4.17a. The calibration
accuracy was strongly affected by the placement of the internal sources: when mounted vertically on
the copper frames (Figure 4.15d), the geometric efficiency dropped, reducing the rate and making
several calibrations difficult or uncertain. This is critical, since the LD calibration enters directly in
the LY determination. In particular, LD2 could not be calibrated, and with LD3 not operational,
the LY of LMO2 could not be measured. The low 55Fe rate also impacted LDs 1, 5, 6, and 7, where
limited statistics hindered background modeling near the left tail of the Mn-Kα line. Residual events
on that tail can bias the centroid, introducing a systematic uncertainty on the LD calibration and
thus on LY. Quantifying this effect is challenging. As a rough estimate, one can fit the calibration
peak of LD8 and LD4 with a single-Gaussian model, instead of the multi-component model used in
Figure 4.17a, and compare the results. The resulting energy-scale shift is of order ∼ 10%. Although
qualitative, this shift is much larger than the statistical uncertainties and limits the sensitivity of
quantitative comparisons between crystals.

A few days of data were acquired with external 232Th sources to increase β/γ statistics. After
applying the full processing sequence shown in Fig. 4.2, the LY vs heat scatter plots were produced,
following the same procedure as in pre-CCVR1 (Sec. 4.4.9). Due to the lower statistics compared to
pre-CCVR1, the energy cut used to build the LY distributions was set to E > 1.5 MeV. The results
are shown in Fig. 4.23, where the top row displays the LY vs heat scatter plots and the other rows
the LY distributions for each channel. The LY for each crystal is reported in Table 4.11, with
statistical uncertainties only. The table also lists the width of the β/γ distribution; this quantity
directly influences the DP (Eq. 2.18) and depends on both the LD energy resolution and the LY
itself, as it will be discussed in Section 5.4.3. Table 4.11 also reports the DP for each heat–light
channel pair, as well as the DP obtained by summing the light collected by the top and bottom
LDs, which is the strategy that will be adopted by CUPID.

The measured DP (top + bottom) is close to the CUPID target of DP > 5 around 3 MeV. Since
CUPID will employ NTL-assisted LDs, this value is expected to further increase.

Although the achieved discrimination power is very good, the DP is not an effective metric
for validating crystal quality as it depends on the LD performance in addition to the light yield
of the Li2MoO4. Since the only crystal-dependent contribution to DP is the LY, this is the only
meaningful quantity to consider for validating Li2MoO4 in the CCVR program.

The mean LY (uncorrected for light-collection efficiency) measured by the bottom (top) LD
for the first batch of natural pre-production SICCAS crystals is ∼ 0.30 (0.27) keV/MeV. A direct
comparison with the ∼ 0.35 keV/MeV requirement in Section 3.1 provides limited information, since
this target value was derived from the GDPT demonstrator [155] without accounting for position-
dependent effects in the setup, such as reflections inside the inner copper thermal shield of the
cryostat and other passive elements. For this reason a NIIC reference crystal is always included in
each run and serves as an internal anchor for relative LY comparisons. The GDPT demonstrator,
which featured modules of comparable geometry, documented crystal-to-crystal variations at the
level of ∼ 0.04 keV/MeV [155]. Considering also the LD calibration uncertainty induced by the
reduced 55Fe rate, the LY measured for the SICCAS crystals (LMO4, LMO5, LMO6) is consistent
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distributions for E > 1.5 MeV (bottom four rows).
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Crystal LD LY (β/γ)
[keV/MeV]

LY width (β/γ)
[keV/MeV] DP DP

(Top+Bottom)

LMO1
Top – LD2 0.282(4) 0.050(3) 4.08

5.60
Bottom – LD1 0.307(4) 0.048(4) 4.66

LMO4
Top – LD6 0.288(5) 0.051(4) 4.47

4.97
Bottom – LD5 0.298(7) 0.071(6) 3.31

LMO5
Top – LD7 0.275(6) 0.054(5) 3.92

4.89
Bottom – LD6 0.300(6) 0.057(5) 4.09

LMO6
Top – LD8 0.235(6) 0.058(6) 3.50

5.56
Bottom – LD7 0.289(5) 0.048(4) 4.99

Table 4.11: LY distribution mean and width, and DP for the SICCAS Li2MoO4 crystals (LMO4,
LMO5 and LMO6) and for one reference NIIC crystal (LMO1) as measured in CCVR2. The values
are computed selecting events with E > 1.5 MeV. The reported uncertainties are statistical only.
The last column lists the DP obtained considering the total light collected simultaneously by the
top and bottom light detectors is considered.

with the NIIC reference in this run (LMO1) and with the pre-CCVR1 values reported in Table 4.6,
within the aforementioned crystal-to-crystal spread. These values are also compatible, within about
two times this spread, with the top and bottom LY reported for the GDPT geometry [155].

4.5.9 Background measurement and radiopurity
As discussed in Sec. 4.5.1, no strict radiopurity protocol was applied by SICCAS for the growth,
surface treatment and packaging of this first batch of pre-production natural crystals. The raw
powders used for this Li2MoO4 synthesis were not meeting the CUPID radiopurity requirements.
For these reasons, the main goal of this run was assessing calorimetric performance rather than
radiopurity. However, a background measurement can still provide an initial feedback about the
radiopurity observed for crystals produced by different recycling strategies and re-crystallization
histories.

The external calibration sources had been removed and a total livetime of approximately 12
days of background data had been acquired with the detectors set at WP421. More precisely, the
acquired live times were: LMO1 (295.996 h), LMO2 (268.568 h), LMO4 (282.770 h), LMO5 (283.881
h), and LMO6 (284.436 h). The data processing strategy described in Sec. 4.3 was then used to
produce calibrated energy spectra for all the heat channels. The LY was not used to discriminate
α interactions in this case.

Data quality cuts and selection efficiency

Above threshold, the efficiency of the derivative trigger is assumed to be approximately unity for
all channels. For LMO1 the achieved threshold was particularly poor, and an efficiency close to
unity is considered only for energies above 1300 keV. LMO6 exhibited a better threshold, so unit

21Due to time constraints dictated by the cryogenic system, the background measurement was acquired before
completing the WP scan described above, resulting in a sub-optimal WP choice.
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Figure 4.24: Selection efficiency of the pile-up cuts. The dashed line shows the weighted average,
with the shaded band indicating its statistical uncertainty. The uncertainties are dominated by
the limited statistics of the line fits. Error bands extending into non-physical regions (ϵ > 1) are a
consequence of low statistics and carry negligible weight in the weighted average; they are therefore
still shown in the plot. The centroids of the α peaks (above 5 MeV) are not corrected for QF in
this figure.

efficiency is assumed above ∼150 keV. For the remaining LMOs the trigger efficiency is assumed to
be unity above ∼300 keV.

Two sets of data quality selections are applied to produce the background spectra.

Pile-up The first selections are aimed at rejecting pile-up events. Only windows with a single
signal trigger are kept, and a pulse-recognition algorithm is used to discard cases where two pulses
occur too close in time for the trigger to fire twice. This algorithm still leaves some residual pile-up
when two pulses fall within a time window of the same order as the RT.

These cuts are assumed to have a flat efficiency in energy. This assumption was tested by
evaluating the selection efficiency on γ lines with sufficient statistics for a meaningful fit. Each line
was fitted with a Gaussian plus a linear background, and the efficiency was derived from the ratio
of the peak areas before and after the cuts. The 210Po Q-value and α lines were also fitted with a
Gaussian model which, given the limited statistics, showed good agreement with the data and were
therefore included in the efficiency evaluation. The resulting efficiencies for each channel are shown
in Fig. 4.24. In all cases, uncertainties are dominated by the statistical errors on the fit parameters.
The results are consistent with a flat energy dependence, so the efficiency is taken as the weighted
average across all lines.

To maximize statistics, no further data quality selections (such as those rejecting events on
drifting baselines) are applied. This choice may slightly degrade the energy resolution, but the
compromise is acceptable given the goals of this study and the relatively short time dedicated to
acquire background data.

Cross-talk The second set of selections target cross-talk events. In pre-CCVR2 (v2), a wiring
issue introduced significant cross-talk. The differential amplifiers used in the CUPID FE boards pro-
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vide a high common-mode rejection ratio (CMRR), which suppresses cross-talk when it is induced
symmetrically on both polarities of the NTD readout circuit. The wiring fault, however, coupled
the cross-talk only to one polarity of neighboring channels, preventing the CMRR from cancelling
it. Both heat and light channels were affected, with cross-talk induced in both directions.

Cross-talk pulses can be distinguished from real interactions by their shapes. An example is
shown in the top plot in Fig. 4.25, where a real event in LMO6 generates a spurious pulse in LD2
characterized by an anomalous shape. The wOF algorithm provides several pulse-shape parameters
that can be exploited for rejection, but many of them (e.g. wOF_Chi2) are energy-dependent, and
cross-talk shapes differ across channels. No single set of cuts is therefore valid for all detectors
and the following customized channel-by-channel strategy is implemented in the DIANA analysis
pipeline:

1. A given pulse-shape parameter is selected and plotted against energy. Cross-talk events are
seen as distinct outlier populations (Fig. 4.25, left).

2. The energy dependence of the parameter is modeled with a function µ(E), which can be
piecewise defined and include both linear and nonlinear components. Its energy-dependent
width, σ(E), is also modeled with an arbitrarly complex piecewise defined function.

3. The parameter is normalized as:

Normalized parameter = Original parameter − µ(E)
σ(E) (4.4)

so that the resulting distribution for real signal events approximates a standard Gaussian
N(0,1).
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Figure 4.25: Left : wOF_RiseTime vs. energy in LD2. Cross-talk events form distinct outlier
populations. Colors indicate the number of coincident cross-talk events generated by the same
aggressor, in this case a real interaction in LMO6. Top center : an example of a cross-talk pulse
induced by in LD2 by LMO6. Right : the same parameter normalized according to Eq. (4.4), where
a flat cut (pink lines) cleanly separates signal from cross-talk, with efficiency close to 1.
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4. The normalized parameter is plotted against energy (Fig. 4.25, right). In this representation,
flat cuts can be applied with efficiency assumed to be energy-independent.

The separation power achieved with this strategy depends on the channel and on the parameter
selected. In some cases, multiple parameters must be combined in order to reject all cross-talk
events while maintaining unitary signal efficiency.

Each channel was treated individually, and it was always possible to define suitable cuts after
normalization, all with signal efficiencies close to unity. This was verified with the same strategy used
for pile-up cuts, confirming flat efficiencies consistent with unity within the available uncertainties.

Quenching factor

The thermal quenching factor between β/γ and α interactions in each channel was computed follow-
ing the same procedure used in pre-CCVR1 (Sec. 4.4.9). The resulting values are listed in Table 4.9
under the WP4 column.

The only difference with respect to pre-CCVR1 is that, in this case, the QF was determined
using the 210Po Q-value line instead of a pure α line. Since the Q-value peak originates from a
coincident α and nuclear recoil (NR), the extracted QF can differ because NRs interact with the
crystal differently due to their much higher stopping power. This, combined with the different WP
selection in pre-CCVR2, explains why the QF measured in pre-CCVR1 for the two reference NIIC
crystals (Table 4.5) is not identical to that observed here.

Due to the extrapolations required in the calculation, a reliable estimate of the statistical un-
certainty on QF is difficult to obtain. For this reason, even though the SICCAS crystals exhibit
on average a higher QF than the reference NIIC crystals, the difference may still be compatible
with statistical fluctuations, and no firm conclusion can be drawn. In any case, the values reported
in Table 4.9 are consistently used for correcting α and Q-value energies in the background spectra
presented in the following.

Gamma region

The spectra in the γ region for all LMOs, normalized by selection efficiency, are shown in Fig. 4.26.
The upper panel compares the three SICCAS crystals, while the two lower rows compare each
SICCAS crystal with the facing NIIC crystal on the same floor of the tower.

LMO6 shows a strong 40K contamination. The high intensity of the β− continuum indicates
that this contamination is predominantly internal. LMO5 also exhibits a pronounced 1460.8 keV γ
line from the 40K EC branch, but the smaller ratio of the line intensity to the internal β− continuum
suggests that an external component may be present (likely due to the highly contaminated LMO6
which is separated by LMO5 only by the thin Ge LD).

The (enriched) NIIC crystals display an enhanced continuum due to the 100Mo 2νββ spectrum,
which provides a broad background in the β/γ region. This contribution acts as a background under
the 1460.8 keV γ line from 40K. No such line is visible in the NIIC spectra collected during pre-
CCVR1 (Fig. 4.11), while here it can be seen in the same crystals. The 1460.8 keV peak observed in
LMO2 in pre-CCVR2 is therefore likely due to an external contribution, plausibly from the facing
SICCAS crystal (LMO5). A direct comparison with pre-CCVR1, however, is complicated by the
elevated background levels present in that run because the Rn-box flushing was absent.

Additional γ lines from the 238U chain are identifiable in some channels (mainly 609.3 keV from
214Bi and 351.9 keV from 214Pb). Given the short half-lives of the isotopes in the mid-part of the
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Figure 4.26: Background spectra in the γ region normalized by selection efficiency. Top: comparison
of the three SICCAS crystals. Middle and bottom: comparison of each SICCAS crystal with the
facing NIIC crystal on the same tower floor. A description of the main features of the spectra (40K
peak and continuum and lower energy γ lines from 238U chain) is given in the text.
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chain, a crystal origin (bulk or surface) would imply accompanying α lines above 6 MeV. No such
α peaks are observed. It is therefore concluded that these γ lines arise from external backgrounds
rather than from crystal impurities. Similar considerations apply for the few counts observed at
the 208Tl 2615 keV line. Since these contaminants are not crystal-related, they are not discussed
further. However, in future validation runs, when radiopurity will be a primary objective, external
contributions will need to be modeled more accurately to better constrain the crystals’ radiopurity.

40K contamination To quantify the 40K contamination in the SICCAS crystals and to dis-
tinguish internal from external contributions, a dedicated MC simulation was performed using the
official CUPID software based on Geant4. It includes the detector response and accounts for the
finite energy resolution and the threshold. The model was adapted from that developed for the
GDPT demonstrator, which features a comparable geometry, and modified to reproduce the smaller
tower used in pre-CCVR2. Only the detectors and the tower assembly were included, while the
cryostat shielding and other external components were excluded. As a consequence, backgrounds
originating outside the cryostat or from cryostat materials were not simulated.

The simulations support the hypothesis that LMO6 contains an internal 40K contamination.
As shown in the left panel of Fig. 4.27, the simulated internal β− continuum up to E0 ≃ 1311 keV
is not exceeding the data provided the entire 1460.8 keV γ line is attributed to internal activity
from the EC branch. The 40K activity is evaluated using the most conservative approach, that is,
assuming that all counts under this peak originate from internal contamination, thereby providing
an upper-limit estimate; the true activity may be lower if part of the signal arises from neighboring
crystals (e.g., LMO3, whose spectrum could not be measured).
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Figure 4.27: Comparison of data with 40K simulations. Left: LMO6, where the simulated internal
β− continuum is compatible with the data if the entire 1460.8 keV γ line is assumed internal. Right:
LMO5, where attributing the full 1460.8 keV γ line to internal activity would overestimate the
internal β− continuum.

In contrast, for LMO5 and LMO4, attributing the full 1460.8 keV γ line to a bulk contamination
would yield a simulated internal β− continuum that exceeds the measured spectrum, as illustrated
for LMO5 in the right panel of Fig. 4.27. For these crystals, the activity is evaluated using the most
conservative approach, namely assuming that all counts in the 1000–1200 keV interval originate

119



4.5 Pre-CCVR2

from the internal 40K β− continuum. This neglects possible contributions from other backgrounds
in this range (for example the Compton continuum of external 1460.8 keV γ rays) and therefore
overestimates the true internal activity. The resulting activities are reported in Table 4.12.

Crystal Conservative hypothesis for 40K
Activity of internal 40K
contamination [mBq/kg]

LMO4 Limited by β− continuum 1.2 ± 0.4
LMO5 Limited by β− continuum 3.9 ± 1.0
LMO6 All 1460.8 keV γ attributed to internal 10.7 ± 2.5

Table 4.12: Activity of internal 40K contamination in the SICCAS crystals from CCVR2 under
the most conservative assumptions. For LMO6, the full 1460.8 keV γ line is assumed internal.
For LMO4 and LMO5, the values are obtained under the conservative hypothesis that all counts
in [1000–1200] keV originate from the internal β− continuum, neglecting other β/γ backgrounds.
Uncertainties are statistical only.

These results indicate that LMO6 is more contaminated by 40K than LMO4 and LMO5. Al-
though such a trend could be compatible with an effect of recycling steps, an unambiguous attri-
bution is not possible, since LMO6 was produced starting from two different precursor powders.
It is therefore concluded that both the recycling protocol and the choice of precursor powders
must be tightly controlled to mitigate the risk of 40K accumulation. This observation has been
communicated to SICCAS as input to refine the growth process.

LMO4 and LMO5, although not grown from recycled material, exhibit mild contamination.
These levels must be interpreted in light of the intrinsic radiopurity of the precursor powders. The
powders used for this test growth were not those intended for enriched production. For example, the
ICP–MS results in Table 4.8, combined with the specific activity of natural K, imply that the natural
MoO3 powder from producer “O” (“A”) corresponds to a 40K contamination of ∼ 3000 mBq/kg
(∼ 800 mBq/kg), which exceeds the CUPID requirement on MoO3 in Table 3.4. Despite this, the
re-crystallization history of LMO4 and LMO5 achieves substantial purification, by at least a factor
> 100. Therefore, the crystals grown from enriched 100MoO3 powder meeting the requirements
specified in Table 3.4 are expected to meet the CUPID specifications for the final Li2100MoO4

(Table 3.2), provided no additional impurities are introduced during growth.

Alpha region

The spectra in the α region for all LMOs, normalized by selection efficiency, are shown in Fig. 4.29
over the interval 3–6 MeV. The upper left (right) panel compares the three SICCAS (NIIC) crystals,
while the bottom panels compare each SICCAS crystal with the facing NIIC crystal on the same
floor of the tower. Above 6 MeV, no α lines are observed in any crystal.

210Po contamination Figure 4.29 shows that all SICCAS crystals exhibit a 210Po contami-
nation, visible as a Q-value line at Qα ≃ 5407 keV which is more intense than the corresponding α
peak at Eα ≃ 5304 keV. In contrast, the NIIC crystals show the opposite behavior, consistent with
pre-CCVR1 observations (Fig. 4.13).

Due to the relatively high trigger thresholds in the heat channels, coincidence studies provide
limited information: nuclear recoils from low-energy surface events are not efficiently triggered. It
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4.5 Pre-CCVR2

is therefore not possible to quantitatively distinguish bulk from surface decays, nor to estimate the
penetration depth of surface contaminations using coincidences alone. For this reason, the activities
of the 210Po contaminant are quoted under the following worst-case scenario assumptions:

• Bulk contamination: all counts observed at the Q-value are interpreted as internal.

• Surface contamination: MC spectra are simulated assuming contaminants uniformly dis-
tributed on the crystal surfaces, with exponential depth profiles of mean penetration 1 µm,
0.1 µm, and 0.001 µm. Each simulation is normalized to the observed data under the conser-
vative hypothesis that the entire Q-value line is explained by surface events.

All the above hypotheses, including the different surface penetration depths, are mutually exclusive
and are treated independently. This approach provides the most conservative evaluation of the
possible 210Po activities under distinct assumptions about the origin of the contamination.

An example of data-simulation comparison for LMO5 is shown in Fig. 4.28. The activities
computed under these conservative assumptions are reported in Table 4.13.
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Figure 4.28: Comparison of data with 210Po simulations for LMO5. Left: simulation normalized
to the integral of the Q-value line, under the conservative assumption that all events are due to
bulk contamination. Right: simulations for different surface depth profiles, each normalized to the
Q-value line, corresponding to the conservative hypothesis that all counts at the peak arise from
surface contamination.

Other α lines Figure 4.29 shows that LMO6 exhibits two intense α structures near ∼ 4.8 MeV
and ∼ 4.3 MeV. The pronounced low-energy tails and the absence of a corresponding Q-value peak
strongly suggest a surface origin rather than bulk crystal contamination. Although coincidences
among LMO heat channels are limited by thresholds, the LDs operate at much lower thresholds and
always trigger on NR and on (saturated) α pulses. No events from these two structures in LMO6
are in coincidence with LD8 or LD7, indicating cleanliness of top and bottom crystal faces, thereby
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4.5 Pre-CCVR2

Crystal Bulk
[mBq/kg]

Surface (1 µm)
[µBq/cm2]

Surface (0.1 µm)
[µBq/cm2]

Surface (0.01 µm)
[µBq/cm2]

LMO4 1.8 ± 0.42 8.1 ± 1.2 8.7 ± 1.9 9.8 ± 2.1
LMO5 1.4 ± 0.3 6.5 ± 1.3 6.9 ± 1.4 7.8 ± 1.6
LMO6 2.4 ± 0.4 10.9 ± 1.7 11.6 ± 1.8 13.2 ± 2.1

Table 4.13: Activity on 210Po contamination in SICCAS crystals, assuming either bulk contamina-
tion or surface contaminations with different depth profiles. Each value is obtained under a separate
conservative assumption about the origin of the contaminant, with the different cases treated inde-
pendently.
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Figure 4.29: Spectra in the α region (3–6 MeV), normalized by selection efficiency. Top left :
comparison of the three SICCAS crystals. Top right : comparison of the NIIC crystals. Bottom
panels: each SICCAS crystal compared with its facing NIIC counterpart on the same floor. No α
lines are observed above 6 MeV, where only a flat continuum is present.

suggesting an external origin. A localized contamination on copper facing LMO6 could plausibly
account for this behavior, including the smaller peaks observed at the same energies in LMO5 and
at even lower intensity in LMO4, which would be consistent with the reduced line of sight expected
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4.6 Conclusion

from a local spot.
Since this contamination is external, it is not related to crystal quality and will not be further

discussed here22. This, however, prevents setting robust limits on bulk 238U and 232Th progenitors,
since their α energies overlap with backgrounds from degraded α from this contaminat. For the
same reason, it is not possible to draw firm conclusions on potential differences related to the two
surface treatment methodologies used for these crystals; however, the absence of α lines above
6 MeV in all three samples can be interpreted as an indication that the two polishing methods
result in comparable radiopurity. Given the qualitative nature of these results, only feedback on
210Po is provided to SICCAS in this case. The same crystals are being currently operated in a
new CUPID demonstrator (Vertical Slice Test Tower), and updated feedback on radiopurity in this
region will be provided once new data are available.

4.6 Conclusion
During pre-production CUPID must simultaneously provide feedback to the producer and establish
a rigorous protocol for crystal validation. While immediate measurements guide the optimization
of growth procedures, the same data also define the standardized CUPID Crystal Validation Runs
(CCVRs) that will be applied during full-scale production to monitor crystal quality. To this end,
pre-CCVR campaigns in the underground low-background and low-noise LNGS Hall C CUPID
cryogenic facility were conducted. The measurements presented in this chapter demonstrate that the
calorimetric performance of the first batch of natural pre-production SICCAS crystals already fulfills
CUPID expectations and establish the methodological basis for assessing calorimetric response and
light yield. The observed light yields are consistent with those previously obtained in crystals from
the same producer used in successful CUPID demonstrators.

The SICCAS pre-production natural crystals, cut to CUPID dimensions and produced via BG
growth along different re-crystallization paths, were intentionally realized at this early stage without
a finalized radiopurity protocol and using powders not yet meeting the final CUPID requirements.
Two crystals were grown solely from natural powders, while others incorporated recycled frac-
tions—a necessary step for evaluating and maximizing recovery efficiency before the transition to
enriched isotopes. Calorimetric performance and light yield proved stable across all growth strate-
gies. Radiopurity studies, although performed under conservative assumptions, highlighted a that
the re-crystallizations employed provide a good purification factor. An enhanced 40K content was
found in crystals containing recycled material. This provided essential feedback to SICCAS, who
can now refine growth parameters to mitigate such effects.

Taken together, these results provide both direct input for improving crystal growth and the basis
for a standardized CCVR protocol, ensuring reproducible validation of performance and radiopurity
and establishing the framework required for reliable full-scale production of CUPID crystals.

22The two structures near 4.8 and 4.3 MeV, together with the absence of features above 6 MeV, could be ascribed
to the 238U chain with a break at 226Ra. In this scenario, however, the QF-corrected energies do not match the
nominal α lines of 238U (4.19 MeV) and 234U (4.77 MeV) without fine tuning of the contaminant depth and position
or invoking a strong detector nonlinearity. In any case, the pronounced left-tail shape makes it difficult to assign
precise nominal energies to the degraded α particles producing these structures. Since the contamination does not
appear to originate from the crystal surfaces, no further investigation is presented here.
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Chapter 5

Systematic Scintillation and
Thermoluminescence
Characterization of Li2MoO4
Crystals

The scintillation of Li2MoO4 crystals is central to background mitigation in next-generation 0νββ
searches since it enables efficient α and pile-up rejection. Given the moderate intrinsic scintillation
and low light yield of Li2MoO4, systematic studies that quantify the light production and its
correlation with growth-induced defects or impurities are needed. The following measurements
examine the role of defects in scintillation and provide guidelines to SICCAS for selecting growth
parameters that optimize the scintillation performance.

5.1 Radioluminescence and Thermoluminescence Character-
ization of Scintillating Li2MoO4 Crystals

The performance of scintillating crystals is strongly influenced by crystal quality. Uncontrolled
impurities and intrinsic defects create color centers and trap states within the bandgap that modify
optical and scintillation properties, in particular the scintillation yield [158]. Although growth
technologies continue to improve, a finite density of point defects at the atomic scale is unavoidable.
During pre-production, SICCAS is still defining a standardized growth protocol that must optimize
multiple aspects at the same time: radiopurity, crystal quality, and calorimetric and scintillation
performance. If correlations between crystal defects and scintillation properties were established,
they would provide supplementary input that can guide SICCAS in finalizing the growth protocol.
The study of the role of defects is therefore a complementary strategy to calorimetric measurements
at ∼ 15 mK for assessing crystal quality and provides practical guidance for the producer [194, 195].
This is especially relevant in pre-production, where the growth process varies from crystal to crystal
(see Chapter 3).

Refs. [158, 160, 196, 197, 198] show that the scintillation properties and the effects of defects in
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5.2 Crystal Samples

Li2MoO4 can be effectively investigated by testing small samples over a wide temperature range,
from 320 K to 10 K, combining radioluminescence RL, both as a function of temperature and of the
cumulated dose (bright burn), and wavelength-resolved thermally stimulated luminescence (TSL),
also known as thermoluminescence. In the early stage of pre-production, seven crystal samples are
cut from BG ingots produced at SICCAS to perform these studies. The results, together with a
summary of the experimental methodology, are presented below.

5.2 Crystal Samples
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Figure 5.1: Schematic of the tested Li2MoO4 samples and their growth histories. Cylinders (paral-
lelepipeds) denote CZ (BG) growths. Red dashed arrows indicate material derived from a number
of multiple re-crystallizations; intermediate steps are not detailed, since only the last 2–3 iterations
typically determine the final quality. Orange arrows mark recycling of the top part of the BG in-
got, where impurities segregate, into subsequent growths (see Sec. 3.3.2 for details about recycling
strategies). Violet arrows show the cuts used to obtain the studied samples. For some ingots a
single bulk sample was prepared; for others, two samples were cut from the top and bottom to
probe possible longitudinal non-uniformities. The label given to each sample is shown on the right.

A total of seven samples were available for testing, all extracted from BG ingots. Each sample
originates from a distinct crystallization sequence, shown in Fig. 5.1. In addition to number and
types of re-crystallizations, SICCAS varied the growth parameters, including furnace temperature
and time profiles, crucible geometry, and annealing program (see Sec. 3.3 for details on crystal
growth). The specific settings used for each ingot are not relevant for CUPID, since the optimization
of growth parameters is entirely delegated to SICCAS. It is nevertheless important to note that each
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5.2 Crystal Samples

crystal has a slightly different crystallization history, which can account for differences observed in
the results of the scintillation characterization presented below. The detailed experimental results
have been provided to SICCAS for interpretation in light of the parameters used in each growth.

Most precursor material comes Li2MoO4 synthesized from Li2CO3 and natural MoO3 powders
(wet chemistry) supplied by different producers. Most crystals used powders from producer "O",
whose chemical purity is shown in the blue boxes of Fig. 4.14; only a tiny fraction of raw powders
comes from other producers, all having similar chemical purity.

Samples G833-1/2/4 were cut from the bulk of BG ingots to a nominal size of 7 × 7 × 1 mm3,
then polished to optical quality with parallel faces. Ingots 8223 and 8228 were of sufficient quality
to yield a standard CUPID crystal of 45 × 45 × 45 mm3. The top and bottom samples (8223-T/B
and 8228-T/B) were taken as (irregular) flat slices immediately above and below the CUPID-sized
crystal, i.e. separated by about 45 mm along the growth axis. These slices had irregular shape and
exceeded the dimensions suitable for the experimental setup described below; they were therefore
cut to approximately 13 × 5 × 2 mm3. Their faces are unpolished and not perfectly parallel, a
condition that may sligthly influence the results presented below. The two CUPID-sized crystals
(8223 and 8228) were tested in an above-ground cryostat at IJCLab1 to measure the light yield on a
facing LD in a CUPID-like geometry (see, e.g., Fig. 2.12b). The measurement strategy followed the
methodology presented in Sec. 4.5.8, although a different analysis pipeline was used. The resulting
LY values are reported in the following list, together with details about each sample.

• G833-1: Bulk cut from a BG ingot obtained after two re-crystallizations, CZ followed by
BG. The resulting ingot appears transparent.

• G833-2: Bulk cut from a BG ingot grown entirely from recycled material taken from the
top parts of multiple previous BG ingots. The head of each ingot was dissolved in distilled
water, the solutions were combined, paper-filtered, and evaporated to saturation to recover
the powder used for the BG growth. The BG ingot shows a faint yellow tint.

• G833-4: Bulk cut from a BG ingot grown from a mixture of two components, both coming
from the bulk of BG ingots. The first ingot comes from combining the bulk of a BG ingot
and material from a previous CZ growth. The second ingot is obtained by recycling the heads
of multiple BG ingots (as for G833-2). The resulting ingot is fully transparent, suggesting
that combining recycled material with bulk material from higher-purity ingots can improve
optical quality. A comparison of the RL and TSL results for G833-2 and G833-4 is therefore
very informative for SICCAS.

• 8223-T and 8223-B: Top and bottom slices from a BG ingot that also yielded a standard
CUPID crystal. The BG was obtained from the bulk material of at least three consecutive
BG re-crystallizations. The two slices bracket the CUPID crystal along the growth axis and
are used to probe longitudinal non-uniformities. The LY of the CUPID crystal measured at
IJCLab is ∼0.23 keV/MeV2.

• 8228-T and 8228-B: Top and bottom slices from a BG ingot that also yielded a standard
CUPID crystal. The components used for the BG growths originate from three CZ ingots.
Similarly to 8223-T/B, these samples are obtained from top and bottom of the CUPID crystal
8228. The LY of the CUPID crystal measured at IJCLab is ∼0.15 keV/MeV2, so this crystal
emits less scintillation light than all the other crystals produced at SICCAS.

1Laboratoire de physique des deux infinis Irène Joliot-Curie
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5.3 Experimental Setup

The results presented below can be interpreted with reference to the crystallization history sum-
marized here, but the complete set of growth parameters is unknown to CUPID, leaving a margin
of uncertainty. The aim of these measurements is to deliver a complete and accurate character-
ization of all samples under reproducible conditions. The detailed interpretation and correlation
with growth parameters is entirely delegated to SICCAS, which holds the complete details of the
production process. The same measurement protocol will be used in the future on other samples
extracted from the pre-production line.

5.3 Experimental Setup
RL and TSL measurements are performed in the setup shown in Fig. 5.2. The samples are excited by
unfiltered X rays from a Philips PW2274 tube with tungsten target and beryllium window, operated
at 20 kV and 20 mA and placed about 13 cm from the crystal. At this voltage the spectrum is
dominated by Bremsstrahlung with superimposed tungsten L and M characteristic lines, produced
by electrons emitted by thermionic effect and accelerated onto the target. The crystal is mounted in
an optical cryostat with a base temperature of 10 K. The cryostat is equipped with a heater driven
by a PID (proportional-integral-derivative) controller, which allows setting temperatures between
10 K and 320 K. The scintillation light emerging from the cryostat window is focused by two
parabolic mirrors onto the entrance slit of a monochromator (Jobin-Yvon Triax 180) equipped with
a 100 lines/mm grating and coupled to a UV-enhanced, back illuminated, Horiba Symphony II CCD
[199] operated with liquid-nitrogen cooling, enabling high-resolution spectroscopy. The spectral
response and wavelength scale of the spectrometer are custom calibrated using two Oriel spectral
calibration lamps; a spectral correction curve is available and applied to the collected data.

Direct measurement of the crystal temperature is not feasible with this apparatus since it is
2These values are determined selecting events releasing [2.5,3.5] MeV in the heat channel, a region dominated by

β/γ interactions.

To CCD
In vacuum 

chamber

 
sample
Li2MoO4Cryostat’s 

cold finger X-ray tube

CCD

Figure 5.2: Setup used to acquire RL and TSL measurements. In the left panel, a rectangular
sample is shown on the cryostat cold finger and fixed with silver paint.
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5.4 Radioluminescence and Low Temperature Scintillation Properties

not equipped with a thermometer. Only the cryostat’s cold finger temperature is monitored with a
calibrated thermometer. Thermal contact between the crystal and the cold finger is ensured with
silver paint. One face of each sample is coated with liquid silver paint and pressed firmly onto the
cold finger; after drying the paint acts as an adhesive, providing high thermal conductance for the
Li2MoO4 samples. Under these conditions, any temperature offset between the crystal and the cold
finger is expected to be negligible. In the following, the crystal temperature is assumed to coincide
with the cold-finger temperature measured by the thermometer. During data taking, temperature
instability was observed below 20 K. This instability was attributed to component aging in the
cryostat. The affected data were rejected from the analysis and are not included in the following
discussion.

5.4 Radioluminescence and Low Temperature Scintillation Prop-
erties

5.4.1 Methodology
Radioluminescence (RL) spectra are acquired between ∼ 15 K and 320 K. The crystal is first warmed
to 320 K. At each selected temperature T < 320 K, the sample is irradiated with X-rays and the
scintillation spectrum is recorded; irradiation is then stopped, a lower temperature is set, and the
measurement is repeated. The temperature is decreased monotonically from high to low values
to avoid overlap with thermally stimulated luminescence from previously trapped charge carriers,
ensuring that the recorded emission is pure RL at each T . An example of the RL emission as a
function of the temperature is shown in Fig. 5.3 for sample 8223-B.
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Figure 5.3: Radioluminescence as a function of temperature for sample 8223-B. In (a) the surface
is colour-mapped by temperature (log scale). The vertical walls plot the emission spectrum at each
temperature (lines) and the corresponding maximum intensity (dots); floor contours are colour-
mapped by intensity. (b) shows the the RL emission spectra at different temperatures.
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5.4 Radioluminescence and Low Temperature Scintillation Properties

5.4.2 Results
RL measurements were acquired for all seven samples. The emission spectra at each temperature
display bands with features similar to those reported for crystals grown with other techniques and
by different producers [158, 160]. In particular, a single broad band is observed (see Figure 5.3b),
with peak energy and width evolving with temperature. No additional band in the blue region
around T ∼ 85 K was detected in any of the samples, in agreement with Ref. [160] but in contrast
with Ref. [195].

For each sample, all spectra acquired at different temperatures were processed to extract the
peak emission energy, the FWHM, and the integrated intensity. The results are shown in Fig. 5.4.
The right panels demonstrate that both peak energy and FWHM evolve with temperature. The
FWHM narrows on cooling, from ∼ 0.90 eV at 320 K to ∼ 0.70 eV at 15 K. Upon cooling, the peak
emission shifts from ∼ 2.05 eV at T = 320 K to ∼ 2.13 eV at T = 10 K, with only minor differences
among samples despite their distinct growth histories (only sample G833-1 shows a nearly constant
peak at ∼ 2.1 eV). The shift of the peak emission energy suggests that the emission is composed
of multiple overlapping bands, consistent with previous observations in Li2MoO4 crystals grown
with different techniques [158, 196]. In particular, Ref. [160] attributes the high-energy band at
2.15 eV to radiative annihilation of excitons self-trapped on MoO4 groups (intrinsic scintillation),
and the lower-energy band at 1.9 eV to defect-related luminescence. This interpretation of the higher
energy band is consistent with the scintillation mechanism of molybdates, where intrinsic emission is
generally ascribed to excitons self-trapped on isolated MoO4 complexes [200, 201]. The composite
nature of the emission is also supported by the non-monotonic trend of the FWHM. When the
temperature increases from ∼ 150 K to ∼ 200 K, the FWHM decreases. This behaviour is consistent
with temperature quenching of one overlapping band, which causes an apparent narrowing of the
composite broad-band emission.
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Figure 5.4: RL intensity (left), peak emission photon energy (top right), and FWHM of the RL
distributions (bottom right) as a function of temperature for all samples.
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5.4 Radioluminescence and Low Temperature Scintillation Properties

Isolating the defect-related component, however, requires Gaussian decomposition of the over-
lapping bands as it is done in Ref. [158], which is non-trivial given how much those overlap, requiring
the developement of a simultaneous fit. The exact origin of defect-related emission in these samples
therefore remains an open point.

The integrated RL intensity (left panel of Fig. 5.4) increases with decreasing temperature until
a plateau is reached at T ∼ 45 K. Interestingly, the FWHM exhibits a similar plateau under the
same temperature. This behaviour is consistent with the literature for Li2MoO4 and is favourable
for its use as a scintillating cryogenic calorimeter.

Direct comparison of intensities between samples is non-trivial, as realistic uncertainties on the
absolute values are difficult to assign for this experimental setup. Nevertheless, the measurements
are systematically repeated with a reproducible methodology for all samples. The geometry of the
system (focal point of the parabolic mirror and irradiation from the X-ray tube) is designed to
minimize systematic differences due to sample size, allowing to get self-consistent results. Within
these conditions, all samples show comparable intensity except crystal 8223-T, which consistently
exhibits about one-third of the emission observed in the other samples at T = 10 K. Although this
difference is too large to be attributed to systematic uncertainties in the measurement procedure,
dedicated measurements to quantify potential systematic effects3 are planned and will be performed
in the near future. Assuming that this difference is not due to systematic uncertainties in the
measurement procedure, no clear correlation with the crystallization history of 8223-T is found (see
Fig. 5.1).

5.4.3 Light Yield and RL properties
Finding direct correlations between RL emission and the LY in the CUPID setup is non-trivial,
because the current apparatus allows measurements only down to T = 10 K, whereas CUPID detec-
tors operate at T ∼ 0.015 K. The behaviour of RL intensity in the range 10 K–15 mK is unknown
for these samples, introducing a relevant source of uncertainty. Photoluminescence measurements
(under VUV and UV excitation), performed down to T ≃ 2 K on crystals grown with other tech-
niques, show that Li2MoO4 luminescence increases abruptly below T = 10 K [160]. This suggests
that extrapolations to lower temperatures are unreliable (expecially for the intensity), and it can-
not be assumed that the RL intensity plateau observed below 40 K in Fig. 5.4 persists down to
∼ 15 mK. Nevertheless, in absence of data at lower T , the spectral shape of the RL emission at
10 K (expecially the peak emission energy and width) is typically used as a first-order indicator of
the scintillation properties at ∼ 15 mK temperatures. The RL peak emission energy and FWHM
measurements at 10 K for all samples are listed in Table 5.1.

Several other factors further complicate RL intensity and LY comparisons. The LY measured in
the CUPID geometry represents the fraction of scintillation photons collected by the light detector
per unit of energy measured in the heat channel. It depends on the light collection efficiency, surface
quality, and internal reflections of the setup. Moreover, β/γ interactions used to evaluate LY involve
higher energies and deeper penetration than the soft X-rays used for RL measurements. A direct
quantitative comparison between RL intensity and LY is therefore not experimentally accessible.
Nevertheless, testing a large set of pre-production samples may reveal correlations or trends with
growth parameters, motivating these studies even when all these caveats are considered.

3The 8223-T/B and 8228-T/B samples are thin, rectangular pieces measuring 13 mm× 5 mm. Unlike the 7 mm×
7 mm squares, their orientation on the cryostat’s cold finger (Figure 5.2) may influence the light collection efficiency.
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5.4 Radioluminescence and Low Temperature Scintillation Properties

Sample RL Peak Emission Energy
Epeak[eV]

RL width
FWHM [eV]

8223-B 2.12 0.70
8223-T 2.14 0.70
8228-B 2.13 0.70
8228-T 2.15 0.71
G833-1 2.13 0.69
G833-2 2.12 0.69
G833-4 2.14 0.71
Average 2.13 0.70

Table 5.1: Radioluminescence peak emission energy and FWHM for each sample at T = 10 K.

In this set, the CUPID crystal from ingot 8223 shows a higher LY than the one from ingot
8228 (see Sec. 5.2), while in RL the 8223-T sample exhibits the lowest emission, with 8223-B and
8228-T/B showing similar values. No evident correlation between LY and RL intensity at 10 K is
therefore observed for these ingots.

RL measurements determine the typical energy of a scintillation photon, which provides the
necessary scale to estimate the width of the LY distribution and its energy dependence. The
emission at T = 10 K is therefore taken as a reference, under the working assumption that the
RL spectral shape does not change appreciably down to T = 15 mK (the luminescence intensity is
irrelevant for the following discussion). The peak energies and FWHM values are summarized in
Tab. 5.1. The average peak emission energy of all the samples is Epeak ∼ 2.13 eV (582 nm, yellow).
With this value, one can estimate the impact of statistical fluctuations in the number of collected
photons on the width of the β/γ band in the LY distribution. This width, denoted σγ(β), was
introduced in Eq. (2.18), which defines the discrimination power (DP). From Eq. (2.18) it follows
that σγ(β) directly controls the DP. The σγ(β) values measured for SICCAS crystals in pre-CCVR2
are reported in Tab. 4.11. σγ(β) is energy dependent. Recalling that LY ≡ L/H (light-to-heat ratio),
a first-order error propagation gives

LY = L

H
⇒ σ2

γ(β)(E) = (LY)
2 [(σL

L
)
2

+ (σH
H
)
2
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⎛
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E LY
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(5.1)

where E is the energy deposited in the crystal by the β/γ interaction, L = E LY is the light energy
reaching the LD by definition, ∆E ≡ σE/E is the relative energy resolution of the heat channel4,
σLD is the LD baseline resolution, and σPois(E) accounts for Poisson fluctuations in the number of
collected photons. The latter can be written as

σPois(E) =
√
NphotonsEph =

√
E LY

Eph
Eph =

√
E LYEph (5.2)

where Eph is the average scintillation photon energy, which, in first approximation can be taken as
the average value of Epeak from Tab. 5.1.

4In cryogenic calorimeters ∆E is approximately constant with energy and is O(0.1%) for CUPID heat channels.
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Figure 5.5: Light Yield distribution for the LMO5–LD6 pair from pre-CCVR2v2 (details in
Sec. 4.5.8), overlaid with the ±2σ total expected width calculated using Eq. (5.3) and assuming
an average energy required to produce a scintillation photon of Eph = 2.13 eV. The data points
include all recorded interactions, comprising both α and β/γ events. The individual contributions
from the LD baseline resolution, Poisson fluctuations, and heat-channel resolution are shown sepa-
rately. Their quadratic sum well describes the distribution of β/γ interactions. The α population
is clearly discriminated (see Tab. 4.11), and its observed width is dominated by the LD baseline
resolution.

Substituting Eq. (5.2) into Eq. (5.1) and simplifying yields

σγ(β)(E) =

¿
ÁÁÀ(σLD

E
)
2

+ (σPois(E)
E

)
2

+ (LY)2 (∆E)2 =
√

σ2
LD

E2
+ LYEph

E
+ (LY)2 (∆E)2 (5.3)

To gauge the relative sizes of the terms, one can consider LD6 coupled to LMO5 in pre-CCVR2
at WP5 (chapter 4), with σLD ≃ 84.5 eV from Tab. 4.10 and ∆E ≃ 0.12% inferred from the peak
FWHM in Tab. 4.9. Using Eph = Epeak = 2.13 eV (Tab. 5.1) and LY ≃ 0.3 keV/MeV (Tab. 4.11), a
208Tl 2615 keV γ event produces on average

Nphotons ≃
E LY

Epeak
≃ 2615 keV × 0.3 keV/MeV

2.13 eV
≃ 368 photons

on one LD, which corresponds to σPois(2615 keV) ≃ 40 eV. This is smaller than σLD but not negli-
gible, expecially at energies near Qββ , where the term σLD is suppressed by E2 at the denominator.
By contrast, the term (LY)2 (∆E)2 remains negligible over the entire dynamic range of the detec-
tor. Fig. 5.5 shows Eq. 5.3 and its individual components compared with data, demonstrating that
this simple model has a good agreement.

The same reasoning extends to α events. In this case, since α interactions produce much lower
scintillation σα(E) is dominated by the LD baseline term, σLD.

In summary, while σPois contributes to the DP, the dominant limitation arises from the LD
baseline term in Eq. (5.3). Reducing LD noise is therefore critical for CUPID.
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5.5 Thermoluminescence

5.5.1 Methodology
Defects in the crystalline lattice influence luminescence and may limit scintillation performance.
Thermally stimulated luminescence (TSL), also called thermoluminescence, probes the interplay
between recombination centers and traps [202]. TSL is the light emitted upon heating a scintillator
that was previously exposed to ionizing radiation at a lower temperature. After irradiation ceases,
the temperature is increased linearly while monitoring the emission arising from carriers released
from traps and radiatively recombining at luminescence centers.

Each sample is first warmed to 320 K to empty traps, then cooled to the cryostat base temper-
ature (∼ 10 K). In this state, traps are assumed empty and can be refilled by charge carriers. The
sample is irradiated with soft X-rays for 15 min without spectral acquisition. Immediately after
irradiation, the temperature is raised at a constant rate of 6 K/min, precisely controlled by the
PID. During the warm up, the light emission is monitored by acquiring consecutive spectra with
5 s integration time, providing fine temperature granularity of the TSL signal.

5.5.2 Results
The data acquired with the procedure described above are displayed as TSL contour plots shown
in Fig. 5.6 for all samples. All crystals, except 8228-T, exhibit a non-null TSL signal only below
60 K, where the efficiency of the luminescence centers is relatively high. The emission appears as a
broad band centered at ∼2.1 eV, consistent with the behavior reported for Li2MoO4 samples grown
by NIIC using different techniques [158].

In contrast, sample 8228-T shows an additional, weaker, and narrower TSL band between ∼100 K
and ∼150 K, centered at about 1.8 eV. The appearance of these higher-temperature peaks suggests
the presence of more stable traps that release carriers only when the crystal gets more thermal
energy. The fact that this TSL emission is narrower than the RL spectrum and the lower tempera-
ture trap implies that the released carriers mainly recombine through a single-component radiative
emssion. This may indicate the presence of a defect in the lattice, linked with the presence of a
trap and a luminescence center, the two being geometrically correlated. As a consequence, when
the trapped carrier is freed, it recombines almost immediately with the same defect that emits
light, thus acting as a luminescence center. A similar feature was observed for the NIIC sample in
Ref. [158], which was interpreted as the evidence of spatial correlation between that specific trap
and a luminescence center.

The TSL contour plots were used to construct the glow curves, obtained by integrating each
spectrum to derive the total TSL intensity as a function of temperature. Because the TSL signal
depends both on the number of electron being released by the traps and on the efficiency of the
luminescence centers, in order to directly compare the TSL emission of different samples their glow
curves have to be normalized so as to factor away these effects. A conventional way to perform this
normalization is by dividing the integrated TSL signal by the intensity of the RL emission at the
same temperature. As a consequence, the RL intensity of each sample was interpolated numerically
and the normalized TSL/RL glow curves were computed. This procedure is meaningful only where
a non-zero TSL signal is observed (below 60 K in this case). Both the TSL and normalized TSL/RL
glow curves for all samples are shown in Fig. 5.7.

From the glow curves, all samples display a broad low-temperature TSL peak. Sample 8228-T
additionally exhibits weaker peaks at higher temperatures, consistent with the discussion above.
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Figure 5.6: TSL contour plots for all samples.
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The shape of the tails of the low-temperature peak indicate that they are composed of multiple,
overlapping components with different trap concentrations [202]. Due to the strong overlap of these
components, a deconvolution was not attempted, and only qualitative considerations are presented
below. Accordingly, the peak positions mentioned in the discussion below should be regarded as
approximate indicators for comparing different samples rather than quantitative determinations.

Low-temperature peaks in TSL glow curves have been previously observed in Li2MoO4 samples
grown with different techniques. In the present case, only one broad low-temperature peak is
visible, whereas Refs. [158, 160, 194] report multiple peaks. It should be noted that the apparent
peak positions depend on the selected heating rate [158].

In the normalized plot in the right panel of Fig. 5.7, all samples except those from ingot 8228
exhibit a peak at ∼ 35–37 K and have similar amplitudes, indicating comparable trap concentrations.
Samples G833-1/2/4, which originate from the bulk of three ingots (1/2/4) grown in parallel in the
same furnace (G833) and share the same annealing program, display identical normalized glow
curves. After normalization by RL, the top and bottom slices of ingot 8223 also show similar glow
curves, indicating good longitudinal uniformity within this ingot.

By contrast, the samples from ingot 8228 present noticeable differences. The bottom slice (8228-
B) shows a distorted peak that resolves into two components of similar amplitude at ∼ 26 K and
∼ 30 K, with a near absence of traps at ∼ 35–37 K, which are present in the other samples. The
top slice (8228-T) exhibits a pronounced peak at ∼ 30 K and a deformed low-temperature tail,
consistent with the presence of the same trap families as in 8228-B (∼ 26 K and ∼ 30 K) but at
higher concentration. These observations indicate significant longitudinal non-uniformity in ingot
8228. It is noteworthy that ingot 8228 underwent a double recrystallization (CZ+BG), whereas
ingot 8223 experienced at least three BG recrystallizations.

Interestingly, the CUPID crystal extracted from ingot 8228 has a lower LY measured at ∼ 15 mK
than that from ingot 8223 (see Sec. 5.2). Although extrapolating TSL intensities above 10 K to
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Figure 5.7: Left : TSL glow curves for all samples (as indicated in the legend), extracted from the
contour plots in Fig. 5.6. Right : the same curves normalized to the efficiency of the luminescence
centers, estimated by interpolating the RL intensity data points in Fig. 5.4.
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LY at 15 mK is non trivial, the stronger non-uniformity and distinct TSL behavior of ingot 8228
suggest a possible correlation with the lower LY observed in CUPID detector modules operated at
∼ 15 mK. Confirmation of such correlations requires screening a larger set of samples from multiple
ingots with combined RL–TSL studies and LY measurements at ∼ 15 mK.

5.6 Transmittance
The crystal requirements listed in Sec. 3.1 specify colorless crystals with an absorption length
> 50 cm in the 550–700 nm spectral range. This condition is imposed to prevent self-absorption,
which would reduce the LY. During the early stages of pre-production, some ingots appeared slightly
yellow, suggesting that SICCAS still needs to optimize the growth parameters. In particular,
ingot 8228 and the ingot used to extract sample G833-2 showed the strongest coloration, while the
remaining samples were either colorless or exhibited only a weak tint.

The experimental setup used for the reflectance measurements described in Sec. 6.2.4 was
adapted to measure the absorbance of the samples. In this configuration, the port previously
used to host the coated crystal (see Fig. 6.2) is closed with a plug of the integrating sphere, and the
sample is placed on a mask with a circular aperture positioned at the hole where the light-beam
enters the sphere. The incident light passes through the sample, then through the mask hole, and
enters the integrating sphere. A reference measurement is acquired without placing the sample in
front of the mask hole. The absorbance A is obtained as the logarithm of the ratio between the
transmitted and reference intensities, and the transmittance is then calculated as T = 10−A.

If the crystal faces are optically polished and perfectly parallel, this configuration allows to
measure of the spectrally resolved absorption coefficient. When the crystal also exhibits a flat, fully
transparent window over a sufficiently wide spectral band, the refractive index can be determined
as well. These quantities are relevant to CUPID, which is developing photon simulations to, among
other goals, optimize the crystal surface treatment (see Section 3.1). In practice, however, surface
imperfections cause scattering and refraction of the transmitted beam, resulting in a wavelength-
dependent net reduction of the measured transmittance5. Although the integrating sphere mitigates
these effects, only samples with nearly ideal optical quality permit absolute measurements. In this
set, samples 8223-T/B and 8228-T/B exhibited irregular, non-parallel, and unpolished faces, while
samples G833-1/2/4 had smoother and more parallel surfaces, though not of perfect optical quality
due to exposure to humidity. As a result, absolute transmittance measurements could not be
performed. Furthermore, given the limited sample thickness (≪ 50 cm), this setup is not suitable
for verifying the absorption-length requirement in Section 3.1. Nonetheless, the spectral shape
of the transmittance remains highly informative, providing insight into color centers and possible
correlations with other properties such as trapping centers. Relative comparisons between samples
are therefore meaningful and can offer valuable feedback to SICCAS.

The transmittance spectra for all seven samples are shown in Fig. 5.8. Samples from ingots 8223
and 8228, characterized by irregular surfaces, display a pronounced reduction of transmittance even
in the wavelength region where Li2MoO4 is nominally transparent. This effect is strongly mitigated
in samples G833-1/2/4, which have smoother and more parallel faces, although minor deviations
remain. The residual transmittance in the transparency region is primarily due to surface reflections,

5Rayleigh scattering scales as λ−4 introducing wavelength dependent effects. Non-parallel surfaces may deviate
part of the light out of the mask hole resulting in an approximately flat net reduction.
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Figure 5.8: Wavelength-resolved transmittance measured for all seven samples using the setup
shown in Fig. 6.2. At high wavelengths, where Li2MoO4 is transparent, the transmittance does
not reach 100% even for the most regular samples (G833-1/2/4), in agreement with what expected
from surface reflections in perfectly transparent materials. In the transparency region, the lower
transmittance observed in samples 8223-T/B and 8228-T/B is an experimental effect attributed to
their irregular shape and non-optical surface quality.

which depend on the refractive index6. The spectra can thus be interpreted relatively rather than
absolutely.

All samples show an absorption band between ∼300 nm e ∼400 nm. Interestingly, sample 8228-T
(having different TSL and RL FWHM behaviour) stands out for its distinct spectral shape. Relative
to its high-wavelength reference value, it shows a marked decrease in transmittance below ∼ 450 nm
(∼ 2.7 eV), explaining its visible yellow coloration. This absorption region does not significantly
overlap with the RL emission measured at ∼ 10 K (the closest RL temperature to ∼ 15 mK), which
peaks at 2.15 eV with a FWHM of 0.71 eV for this sample. Consequently, self-absorption is unlikely
to explain the lower LY observed for the CUPID crystal extracted from ingot 8228 (see Sec. 5.2).
Sample 8228-B exhibits a weaker but similar reduction, indicating longitudinal non-uniformity in
this ingot.

In contrast, ingot 8223 shows a more uniform behavior, although sample 8223-T has slightly
lower transmittance (relative to its high-wavelength reference value) below 400 nm compared to
8223-B, indicating minor longitudinal variation.

Samples G833-1/2/4, extracted from the bulk, cannot be used to assess longitudinal uniformity.
Nevertheless, sample G833-2, which appeared more yellow, displays lower transmittance below
400 nm than G833-1/4, consistent with its observed tint. G833-1 and G833-4 show negligible
differences. In all cases, the RL emission spectra at T = 10 K are fully contained within the

6In the transparency region, the plateau transmittance can be used to compute the refractive index. This procedure
yields an effective n ∼ 1.6 for samples G833-1/2/4, slightly higher than literature values for Li2MoO4 (birifringent,
no = 1.570, ne = 1.433) [203]. The discrepancy indicates residual surface nonidealities, while confirming that losses
are reflection dominated and the samples are transparent above 500 nm.
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transparency region, confirming that a slight yellow tint does not significantly contribute to self-
absorption losses.

5.7 Summary
Overall, all samples exhibit a broad RL band whose intensity increases upon cooling. The peak
emission shifts from about 2.05 eV at 320 K to 2.13 eV at 10 K, accompanied by a narrowing of
the FWHM, evidences of a composite emission. TSL reveals a common low-temperature peak near
35–37 K for all samples except those from ingot 8228. Transmittance shows that slight yellow tints
visible in some samples originate from absorption below about 450 nm and do not overlap the RL
band at 10 K, so self-absorption is not expected to limit LY.

For ingot 8223, the two slices are largely uniform. Sample 8223-B shows typical RL intensities
and a normalized TSL/RL peak near 35–37 K; its transmittance is consistent with transparency
above about 450 nm. Sample 8223-T has the same RL peak and width but a systematically lower
RL intensity at all temperatures; the origin of this behaviour remains unexplained. Normalized
TSL/RL and transmittance of the the top and bottom samples differ only mildly below 400 nm;
this points to small longitudinal variations along the ingot. No atypical trap families are detected.

Samples from ingot 8228 are atypical. Sample 8228-T exhibits a narrow TSL band at 100–150K
centered near 1.8 eV, indicative of specific traps. In the same temperature range its RL FWHM
evolves anomalously, consistent with the emergence of an additional defect-related emission band
correlated with those traps. Normalized TSL/RL measurements reveal a higher concentration of
lower temperature traps with respect to other samples. This sample also shows a clear transmittance
loss below 450 nm, which explains the yellow tint of the ingot. Sample 8228-B exhibits a normalized
TSL/RL peak of much lower intensity and a modest transmittance loss below 450 nm. These
features indicate longitudinal disuniformity and a different and varying trap population along the
growth axis. Interestingly, the CUPID crystal from this ingot (8228) has a lower LY than that from
8223.

The G833 bulk cuts behave coherently. Samples G833-1, G833-2, and G833-4 have identical
normalized TSL/RL with a peak near 35–37 K and stable RL parameters in first approximation.
G833-2, prepared from recycled heads, is slightly more yellow and shows reduced transmittance
below 400 nm, yet its RL band remains in the transparent region. G833-4, from mixed recycled
and bulk material, matches G833-1/2 after normalization, suggesting that appropriate mixing and
annealing can recover optical and scintillation quality.

These measurements provide concrete guidance to SICCAS, which will investigate correlations
with the specific growth parameters of each ingot.

138



Chapter 6

Thin Al Coatings for Li2MoO4
Scintillating Cryogenic Calorimeters

The scintillation light of Li2100MoO4 crystals is a key tool for background mitigation in next-
generation 0νββ experiments: together with the high 100Mo Q-value, located in a region largely
free of β/γ backgrounds, it enables effective α rejection. However, Li2MoO4 is only a moderate
intrinsic scintillator and its light yield is relatively low. Targeted strategies to enhance scintillation
performance should therefore be explored to inform the design of experiments beyond the generation
of CUPID.

This chapter investigates the potential of depositing thin Al coatings on crystal surfaces as a
means to increase reflectivity. This raises the light-collection efficiency at the LDs without adding
passive detector elements, such as reflective foils around each crystal. However, superconducting
films can modify the detector response and degrade the energy resolution. Accordingly, measure-
ments of the calorimetric response of Al-coated crystals are presented.

6.1 Improving Light Collection Efficiency With Al Coatings
Already 15 years ago, during the CUORE R&D phase, composite cryogenic calorimeters were
identified as a viable route to tag surface events and reject degraded α backgrounds [204, 205].
In that framework, thin superconducting aluminum films were proposed to discriminate surface
interactions by exploiting pulse-shape differences measured with sensors faster than NTDs, e.g.
NbSi [206]. More recently, the CROSS collaboration has investigated pulse-shape discrimination
of surface α and β interactions by depositing Al films on Li2MoO4 and TeO2 crystals with NTD
readout [207, 208]. Other recent studies considered normal-metal coatings such as Pd, as well as
composite Al–Pd films, tested both as continuous layers and as patterned grids [209].

In the following, a complementary use of Al coatings is investigated. Besides their potential
for pulse-shape discrimination, Al films can act as reflective layers to enhance the light collection
efficiency at the LD, improving the separation between the α and β/γ bands and thus the discrim-
ination power. Reflective foils have already proven effective in demonstrators such as CUPID-Mo
[150]. However, foils are passive elements: they increase the material budget and the risk of ra-
dioactive contamination, and they suppress or even prevent multi-crystal coincidences. Both effects
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can worsen the backgrounds in a large-scale experiment, making reflective foils impractical for
next-generation 0νββ searches.

By contrast, Al coatings directly deposited on Li2MoO4 crystal surfaces avoid these limitations.
Maximizing the benefit requires coating multiple faces, with an optimal configuration in which five
faces are coated and only the face toward the LD remains uncoated.

An additional potential advantage of coatings is mitigation of moisture-induced surface degra-
dation, crucial for hygroscopic crystals such as Li2MoO4. A continuous Al film can act as a barrier
against ambient humidity, limiting haloing and opacity on coated crystal surfaces.

A superconducting Al layer on most of the surface, however, may alter the detector response
and degrade the energy resolution. The measurements presented below assess the impact of Al
coating on the calorimetric performance of Li2MoO4 crystals.

6.2 Thin Aluminum Coatings for Li2MoO4 Crystals
Coatings are tested on natural 2 × 2 × 2 cm3 Li2MoO4 crystals. This size allows operation above
ground1, which facilitates the R&D.

6.2.1 Coating depositions
Reflective coatings are produced at INFN-LNL (Laboratori Nazionali di Legnaro) with a vacuum
chamber equipped with five magnetron sputter sources, enabling simultaneous deposition on five
faces of the cube (the face that will be positioned in front of the LD, is left uncoated). Initial depo-
sition trials showed adhesion issues and partial delamination, prompting an optimization of surface
preparation and deposition parameters. The adopted workflow consists of: (i) pre-cleaning with
tetrachloroethylene, acetone, and isopropyl alcohol; (ii) a 48 h bake at 120○C to reduce outgassing
and improve base pressure during deposition; and (iii) Al sputtering in Ar. With this workflow
and the multi-source geometry, uniform coverage is obtained on all coated faces with a nominal
thickness of ∼ 1.5–2.0 µm per face. Two crystals have been prepared with these specifications. Two
2 × 2 × 2 cm3 crystals were left uncoated and will serve as reference standards. To benchmark the
effect of Al reflectivity, a further crystal of the same size was coated with a non-reflective Cu film
of the same thickness. Photographs of the Al- and Cu-coated crystals are shown in the left panel
of Fig. 6.1.

6.2.2 Low-temperature properties of Al coatings
Al becomes superconducting below Tc ≃ 1.2 K [210]. At the operating temperature of cryogenic
calorimeters (∼ 15 mK), the electronic specific heat is exponentially suppressed, so only the lattice
term is relevant. According to Eq. (2.6), the absorber heat capacity should be minimized to maxi-
mize the signal amplitude. For a 2×2×2 cm3 crystal with five faces coated by a 2µm Al film (total
Al mass ∼ 10 mg), the added heat capacity is negligible: using Eq. (2.7) with ΘD(Al) ≃ 427 K gives
CAl(15 mK) ∼ 0.2 MeV/K, while the crystal heat capacity is ∼ 183 MeV/K. The Al contribution on
the total heat capacity of the absorber is thus at the per-mille level, leaving the intrinsic thermal

1Operating a standard 4.5× 4.5× 4.5 cm3 CUPID crystal above ground would lead to a high pile-up rate, compli-
cating the analysis.
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Figure 6.1: Left: 2× 2× 2 cm3 Li2MoO4 samples: uncoated, Cu–coated, and two Al–coated. Right:
Hemispherical reflectance RC% measured with the integrating sphere as explained in the text. Solid
and dashed curves are repeat runs on the same face after a 90○ rotation to check reproducibility.

gain essentially unchanged. By contrast, Cu is a normal metal at ∼ 15 mK, so its electronic spe-
cific heat does not vanish. A Cu layer of comparable thickness therefore dominates the total heat
capacity degrading the intrinsic gain of the absorber.

The presence of a superconducting layer can nonetheless modify phonon transport in the ab-
sorber, which sets the equilibrium phonon population sampled by the NTD sensor. Energy deposits
near an Al–coated surface generate a flux of high–energy phonons that can break Cooper pairs in
the film, altering the subsequent phonon dynamics and the pulse shape [209, 207]. This effect is
expected to be less relevant for bulk events, whose phonons partially thermalize before interacting
with the coating, potentially introducing position dependent effects.

Finally, in the superconducting state the electronic thermal conductivity of Al is strongly sup-
pressed at ∼ 15 mK. Given the small and possibly non-uniform film thickness, incorporating this
and interfacial thermal resistances into a complete thermal model is non-trivial, but these effects
may influence the detector response.

6.2.3 Radiopurity of Al coatings
The background–reduction benefit of reflective coatings is viable only if the coating itself does
not introduce radioactive contaminants. A preliminary screening of the deposited Al layers was
performed above ground with a Si surface-barrier detector. No activity was observed above the
instrument sensitivity, yielding an upper limit of < 1 µBq/cm2. This indicates that, within the
current sensitivity, the coating process does not introduce significant contamination. Should the
coatings prove effective for enhancing light collection, dedicated low-background assays targeting
the ∼nBq/cm2 level will be carried out.
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6.2.4 Reflectance of Al coating
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Figure 6.2: Left: Photograph of the reflectance setup. The Li2MoO4 sample is mounted at the
measurement port of the integrating sphere of a Perkin–Elmer Lambda 950. Right: Working
principle of the reflectance measurement: a monochromatic beam illuminates the sample through
the uncoated face, and the integrating sphere collects the flux reflected back into the sphere.

To quantify the optical benefit of the coatings, the hemispherical reflectance was measured
for the four 2 × 2 × 2 cm3 Li2MoO4 crystals described above: two Al-coated, one Cu-coated, and
one uncoated. Measurements were performed with a Perkin–Elmer Lambda 950 equipped with a
60 mm integrating sphere and an 8○ wedge (Fig. 6.2). The sample was mounted at the sphere port;
a monochromatic beam illuminated the uncoated face and the sphere integrated the reflected light.
Spectrally resolved measurements were obtained by scanning the incident wavelength.

Two clarifications apply to the results shown in the right panel of Fig. 6.1. First, solid and
dashed curves correspond to two independent acquisitions of the same face, taken after rotating
the sample by 90○. This checks reproducibility given the non-optical quality of the surface. Second,
the ordinate label RC% denotes the hemispherical reflectance, expressed as a percentage, obtained
when the integrating sphere is referenced with its calibrated port plugs (i.e., the sphere is closed by
the plugs rather than by the crystal). In principle this yields an absolute reflectance. In practice,
because the reference plugs were found to be deteriorated, the RC% values should be used as relative
comparisons among coatings, not as absolute numbers.

Within these caveats, Fig. 6.1 show that Al–coated surfaces have a higher reflectance than un-
coated Li2MoO4 across the scanned range, while Cu, as expected, provides a smaller enhancement.
Although the two Al-coated samples differ slightly, their reflectances are both strongly enhanced
relative to the uncoated crystal.
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6.3 Impact of Al Coating on Calorimetric Performance
Reflectance measurements indicate that Al coatings can enhance light collection efficiency, but oper-
ation as a cryogenic calorimeter is required to assess their impact on the heat channel. This section
presents measurements performed at the R&D cryogenic facility of the University of Milano–Bicocca
to evaluate the effect of Al coatings on calorimetric performance.

6.3.1 Cryogenic facility
Measurements are performed in an Oxford Instruments TL 200 wet 3He/4He dilution refrigerator,
the same model described in Sec. 4.2. No liquefier is present; helium is supplied by periodic refills
from external dewars. To maximize the available volume, no internal lead shielding is installed.
The cryostat is not equipped with spring-based vibration damping system.

The cryostat is equipped with a noise thermometer (NT), which provides accurate absolute
temperature measurements of the detectors, provided they are well thermalized to the mixing
chamber. The NT is shown in Fig. 6.3. Thermalization of the NT to the mixing chamber is ensured
by fastening it to the top TSP plate.

Section 2.3.1 details the readout and biasing electronics for NTD-equipped cryogenic calorime-
ters. The front-end boards and JFET amplifiers are the same used in CUORE, decribed in Ref. [131,
132]. The back-end electronics has been recently updated to match the CUPID specifications and
uses a 24-bit ADC with sampling rates up to 10 kHz.

Digitized waveforms are stored for offline analysis. Apart from the analog anti-aliasing Bessel
filter, all subsequent shaping and filtering are applied digitally using the analysis pipeline described
in Sec. 4.3.

6.3.2 Detector geometry and data taking
This section presents the setup used for the calorimetric characterization of Al-coated Li2MoO4
crystals. Figure 6.3 shows the detectors installed in the cryostat experimental volume. The para-
graphs below summarize the detector geometry and the data taking.

Detector design

Four 2×2×2 cm3 crystals are tested: the two Al-coated samples of Fig. 6.1 (LMO-Al-1 and LMO-Al-
2) and two uncoated references (LMO-A and LMO-B). Each crystal is instrumented with an NTD
thermistor glued directly to the crystal surface, except for LMO-Al-1, which carries an additional
NTD glued on top of the Al coating (LMO-Al-1c). This configuration allows a direct check for
differences in pulse shape and intrinsic gain between an NTD on bare Li2MoO4 and on the Al film.
A total of five sensors are therefore read out. For the coated samples, the Al layer was locally
removed by mechanical scratching to expose the Li2MoO4 surface for NTD gluing. All the NTDs
are of the same type and are glued to the crystal in the same way using a reproducible procedure.

Light detectors were installed to compare the light yield of the coated and uncoated samples.
However, abnormal noise affecting the setup led to elevated LD thresholds, preventing their use for
reliable LY measurements.
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Figure 6.3: Detectors assembled inside the cryostat experimental volume. This run also includes
R&D measurements for other cryogenic calorimeters installed in the upper part of the setup. Inset:
setup used to characterize Al-coating performance. LMO-A and LMO-B are uncoated references;
LMO-Al-1 and LMO-Al-2 are Al-coated on five faces (the face toward the LD is uncoated). Crystals
and LDs are mounted in copper holders and secured with PTFE elements. Each crystal is read
out with an NTD glued to the crystal surface; LMO-Al-1 carries a second NTD glued on top of
the Al film (LMO-Al-1c). LDs face the uncoated faces. Monochromatic α sources, implemented as
shallow 224Ra implants (red rectangles), illuminate selected crystal sides.

Calibration sources

An external 232Th source is placed outside the cryostat during data taking to increase the statistics
at the 208Tl 2615 keV line.

Monochromatic α lines are employed to study the detector response to surface α events, with
particular focus on coated surfaces. α sources were positioned to illuminate selected crystal faces,
specifically the Al-coated face of one crystal and the uncoated face of another, to probe possible
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6.3 Impact of Al Coating on Calorimetric Performance

pulse-shape differences. In addition, because the crystals are not equipped with stabilization Si
heaters, physics peaks must be used for thermal gain stabilization. The 2615 keV γ line alone often
provides insufficient statistics, so the monochromatic α lines serve also as a robust stabilization
handle.

The α sources are prepared following Ref. [211]. Adhesive copper tape is exposed to a primary
228Ra source. The first α nuclide in the chain, 228Th, decays to 224Ra; the recoil implants 224Ra
at very shallow depth in the tape. 224Ra then decays (half-life 3.63 days) to 220Rn, followed by
216Po, 212Pb, 212Bi, and 212Po. Because the recoiling daughters are implanted at ultra-low depth,
the subsequent α emissions are effectively monochromatic. The line intensity is set by adjusting
the exposure time of the tape to the primary source.

Data taking

The TSP temperature, monitored with the NT, was set to ∼ 22 mK. R–P curves were acquired for
all the detectors; those for the NTDs on the Al–coated and uncoated Li2MoO4 crystals are reported
below.

The rate of the α source was higher than expected, producing severe pile-up across all measure-
ments. Data-quality cuts were therefore applied to reject piled-up events, as described in Sec. 4.3.
The resulting selection efficiency was very low, substantially reducing the available statistics. Since
the source is internal, the rate could not be mitigated during the run making compromises unavoid-
able. Owing to the relatively short half-life of 224Ra (3.63 days), the α intensity decreased over
time, improving the situation progressively; nevertheless, it did not reach an acceptable level even
toward the end of data taking.

Near the end of the data taking, a ∼ 3 h calibration run was collected with all NTDs on the
Li2MoO4 crystals biased at an ohmic working point, Ibias ≈ 0.1 nA (0.1 V/10 GΩ). This WP
does not optimize energy resolution, which is typically achieved closer to inversion (see Sec. 4.5.7).
However, a WP near inversion can introduce non-linearities in the NTD response. By contrast,
at an ohmic WP the detector is effectively linear, enabling a direct comparison of performance
and pulse shape between coated and uncoated crystals. Data were acquired at a 5 kHz sampling
frequency with a 1 kHz Bessel cutoff, and processed with the analysis pipeline described in Sec. 4.3.
The results of this measurement are discussed below.

6.3.3 Calorimetric performance
The effect of a 2µm superconducting Al coating on the total heat capacity of the absorber is
negligible. However, the low–temperature properties of Al discussed above can modify the detector
thermal dynamics and thus its calorimetric performance.

R–P curve

R–P curves and I–V characteristics were acquired for all NTDs with the NT reading ∼ 22 mK.
The shape of the R–P curve is set by the heat capacities and thermal conductances of the full
system. In principle, once all elements are laid out (including the Al coating), one can solve the
thermodynamic equilibrium equations and express the NTD resistance as a function of injected
power, R(P ), following the procedure described in Ref. [212]. In practice, building such a model
requires several assumptions, and its free parameters must be constrained by R–P curves taken at
multiple temperatures. In this study only a single R–P curve at 22 mK was built, which renders
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Figure 6.4: R–P curve (a) and Rdyn–P curves (b) for Al–coated and uncoated Li2MoO4 crystals.
Error bars are shown only in panel (a) and are dominated by the nominal 10% uncertainty on the
load resistors RL. In panel (b), the power coordinate of each point is assigned to the midpoint of
the window used to compute the derivative of the I–V curve.

the fit underconstrained and potentially non-reproducible. Nevertheless, because both uncoated
and Al-coated Li2MoO4 crystals are present in the same assembly with all other conditions equal,
a differential comparison is still informative: any systematic differences between their R-P curves
would indicate a measurable impact of the coating on the effective thermal model of the detector.

The R–P curves in Fig. 6.4a indicate comparable base resistances for all crystals. The small
spread in Rbase is attributed to subtle variations in NTD gluing rather than to differences in absorber
temperature. Gluing affects differential thermal contraction, altering the mechanical stress on the
Ge NTD and thereby shifting its R0 parameter, and thus Rbase.

At higher power the curves show a clear shape difference between the Al-coated samples (LMO-
Al-1/2) and the uncoated references (LMO-A/B). No significant difference is observed between the
NTD glued on top of the Al film (LMO-Al-1c) and the NTD glued directly to the crystal (LMO-
Al-1). To better appreciate these trends, the dynamic resistance Rdyn = dV /dI was obtained by
computing the derivative of the I–V curve numerically. The resulting Rdyn − P curves in Fig. 6.4b
confirm that all NTDs on Al–coated crystals behave similarly to each other and distinctly from
the uncoated ones: in the high-power regime, the uncoated samples systematically tend to lower
dynamic resistances, consistent with the trends observed in the R − P curves.

An ohmic WP at Ibias ≈ 0.1nA (0.1V/10GΩ) was selected to compare the intrinsic gain (sen-
sitivity) and the energy resolution of coated versus uncoated crystals. This WP lies at the lowest-
power end of the R–P curves in Fig. 6.4a and is well within the ohmic regime. The Rdyn–P curves
corroborate this, showing Rdyn coincident with RNTD (from the R–P curve) up to ∼ 102 pW.

Intrinsic gain

The intrinsic gain (sensitivity) is computed as in Secs. 4.5.7: a monochromatic line in the spectrum
is selected and the corresponding pulse amplitude is expressed in nV/keV. The monochromatic α
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line of 224Ra at 5.685 MeV was used. The results are reported in Table 6.1 and indicate that
Al-coated crystals have lower sensitivities.

However, these values cannot be compared directly across channels, as the intrinsic gain also
includes the NTD response and depends on the working resistance. For a meaningful comparison,
the sensor contribution must first be factored out. In the ohmic regime the dynamic resistance
coincides with the NTD resistance and, at the selected WP (low power), it approaches the base
resistance:

Rdyn =
dV

dI

ohmic××Ö= VNTD

Ibias
= RNTD = RWP

low power
↓= Rbase

because nonlinearities from electro-thermal feedback do not arise. In these conditions, Eq. (2.9)
fully determines the NTD response to a given temperature pulse generated in the absorber. This
implies that the intrinsic gain (in nV/keV) is directly proportional to RWP, which at this WP
coincides with Rbase. Under the (strong) key assumption that all crystals share the same absorber
temperature2, the sensitivity can, to first order, be decoupled from the NTD response simply by
dividing it by the working resistance RWP. The resulting quantity has units of current per energy
and is referred to as the normalized sensitivity ; values are reported in Tab. 6.1. A clear separation
is observed: the uncoated crystals (LMO-A/B) yield ∼ 0.5 fA/keV, whereas the Al-coated crystals
(LMO-Al-1/2) reach only ∼ 0.2 fA/keV. This indicates that the superconducting coating interacts
with the phonons changing their equilibrium distribution, plausibly because a fraction of the high-
energy phonons generated during the particle interaction is absorbed in the Al layer via Cooper-pair
breaking. The NTD glued directly on the coating (LMO-Al-1c) shows an even lower sensitivity
(∼ 0.1 fA/keV), consistent with this interpretation.

Ch. RWP =Rbase
[MΩ]

Sens.
[nV/keV]

Norm.
Sens.

[fA/keV]

FWHM Res.
( 224Ra α) [%]

DT
[ms]

RT
[ms]

LMO-A ∼5.5 ∼2.39 ∼0.435 ∼0.832 33 ± 2 9.1 ± 1.0
LMO-B ∼10 ∼4.76 ∼0.476 ∼1.185 28 ± 1 7.5 ± 0.4

LMO-Al-1 ∼5.4 ∼1.09 ∼0.202 ∼1.785 18 ± 2 5.6 ± 1.0
LMO-Al-1c ∼4.3 ∼0.42 ∼0.097 ∼5.276 13 ± 3 7.7 ± 1.8
LMO-Al-2 ∼2.9 ∼0.55 ∼0.189 ∼2.223 16 ± 3 6.7 ± 1.5

Table 6.1: Comparison of detector performance for Al-coated and uncoated Li2MoO4 crystals at
the ohmic working point Ibias ≈ 0.1nA (0.1V/10GΩ). The intrinsic gain (sens.) is derived from
the monochromatic α line of 224Ra at 5685 keV. The norm. sens. is obtained by dividing the
sensitivity by RWP, which at this WP coincides with Rbase. Reported RT and DT values are given
as median ± MAD of the distributions corresponding to all the events in the range [3,8] MeV.

147



6.3 Impact of Al Coating on Calorimetric Performance

Figure 6.5: Energy spectra of an Al-coated and an uncoated Li2MoO4 crystal, calibrated with a
single-point scale using the 224Ra 5.685 MeV α line.

Energy resolution

Figure 6.5 compares the energy spectra of LMO-A (uncoated) and LMO-Al-1 (Al-coated). Because
the working point was set in the ohmic regime (far from the optimal WP) with the detectors being
operated near Rbase, the energy resolutions are poor; in particular, most of the β/γ population
lies below threshold at this WP. Consequently, the analysis is restricted to the [3,8] MeV interval,
which is dominated by α interactions. Even within this limited window, the spectrum shows that the
coated crystal exhibits visibly worse performance. A stronger deviation from the linear calibration
is observed, indicating a more pronounced nonlinearity. Table 6.1 reports the FWHM energy
resolution obtained by fitting the 224Ra 5.685 MeV α line and confirms that Al-coated crystals
have consistently worse resolution. The noise level was verified to be similar across channels by
comparing the ANPS of all detectors. For comparable noise, a lower signal amplitude leads to a
worse energy resolution; thus, the degraded resolutions observed for the Al-coated crystals (most
notably for the NTD glued on top of the coating) are entirely attributed to their reduced intrinsic
gain, as discussed above.

Time constants

At an ohmic working point the detector response is linear and electrothermal feedback does not
shape its frequency response. Since all detectors are operated at the same ohmic WP, their time
constants can be compared directly. Figure 6.6 shows the rise-time (RT) and decay-time (DT)
distributions for pulses with reconstructed energies in the range [3,8] MeV, dominated by α (and
α+nuclear-recoil) events. The median±MAD values are reported in Table 6.1.

The data indicate that RT is similar for Al-coated and uncoated crystals, whereas DT separates
clearly: uncoated crystals exhibit longer DTs than coated ones. In the absence of a full thermal
model, a detailed interpretation is not attempted; nevertheless, the observed DT separation suggests
that the Al coating affects the thermalization of the absorber to the heat sink after a particle
interaction. Interestingly, the channel with the NTD glued on top of the Al film (LMO-Al-1c)
shows RT/DT values comparable to those of NTDs glued directly on the crystal, indicating that
any insulating effect of the superconducting layer—if present—has limited impact on the dominant
thermal path (assumed through the NTD and its wiring). However, its distributions are broader,
consistent with larger fluctuations in RT/DT estimation due to the lower sensitivity, which reduces

2In this case, differences in Rbase are entirely attributed to NTD properties (e.g., small gluing-induced stress
variations).
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Figure 6.6: Comparision of rise time and decay time distributions for coated and uncoated crystals.
The top/right panels show the distributions of DT/RT. For each channel, the solid ellipse is a robust
∼ 68% (1σ) covariance contour centered at the medians, and the cross–whiskers indicate median ±
MAD along each axis.

timing precision and can mask subtler differences. As shown in Fig. 6.3, α particles illuminate
the uncoated face of LMO-Al-1 and the Al-coated face of LMO-Al-2. Despite this difference, the
two detectors exhibit very similar RT/DT distributions. Moreover, LMO-Al-1 (illuminated on
the uncoated face) shows RT/DT distributions different to the bare crystals, indicating that the
observed pulse-shape features cannot be ascribed to interactions occurring directly on a coated
surface. Owing to the poor energy resolution at the chosen WP, the β/γ population lay below
threshold, preventing a comparison of pulse shapes and time constants between α and β/γ events.

6.4 Outlook
This preliminary study shows a clear trade-off: while Al coatings increase hemispherical reflectance
and thus the potential light collected at the LD, they also have a non–negligible impact on calori-
metric performance-reducing sensitivity and, at equal noise, worsening the energy resolution. With
the present statistics it is not yet possible to pinpoint the underlying mechanism. Developing a
thermal model for Al-coated Li2MoO4 absorbers is therefore a priority to identify, and possibly
mitigate, the effects introduced by the superconducting layer.

To pursue this, a new data-taking campaign will be carried out in the Milano-Bicocca cryogenic
facility with an updated detector assembly. The setup will include NTL-assisted light detectors
that enable the detection of scintillation signals, allowing a direct comparison of the light yield
from coated versus uncoated crystals. These Ge LDs use transparent Indium Tin Oxide (ITO)
electrodes deposited on the two opposite faces of Ge, creating a uniform electric field through
the germanium. This differs from the NTL LDs foreseen for CUPID, which use non-transparent
electrodes that generate an in-plane field. The ITO coatings are produced in collaboration with
INFN-LNL (the same group depositing Al on Li2MoO4) as part of a broader R&D project. Prelim-
inary measurements conducted in the past months operating ITO LDs at ∼ 15 mK with artificial
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Figure 6.7: Left: Rendering of the detector design: a two-floor stack hosting Cu-coated, Al-coated,
and uncoated Li2MoO4 crystals, interleaved with ITO light detectors. The geometry was designed
to align each crystal with the LD diameter so that the uncoated faces maximally overlap the
transparent ITO electrodes. Right: Photograph of the assembled module. NTDs were glued to
the uncoated faces, except for the Al-coated crystal on the bottom floor, which has an NTD glued
directly on the coating and is visible in the picture. For R&D purposes, three additional ITO LDs
were installed above the module shown in the rendering.

LED-generated light pulses indicate good amplification.
The new setup serves a dual role: (i) qualify the performance of ITO-based LDs coupled to

conventional (uncoated) Li2MoO4; and (ii) exploit the NTL amplification to quantify the light-
yield gain achievable with Al-coated crystals with respect to the bare ones. The detector geometry
(see Fig. 6.7) has been tailored to maximize the overlap between the uncoated Li2MoO4 face and the
circular ITO electrodes, so that most photons impinge where the electric field is strongest and most
uniform. The assembly will reuse the crystals shown in Fig. 6.1, including the Cu-coated sample.
Although the heat capacity of Cu is expected to suppress the intrinsic gain, R-P curves from the
NTD installed on the Cu-coated crystal will allow to study how a normal-metal film perturbs the
effective thermal network, providing guidance for interpreting the superconducting case. As in the
present study, the geometry is designed to equalize absorber temperatures across channels, enabling
meaningful, sensor-independent comparisons of intrinsic gain.

These measurements are essential to assess whether reflective Al coatings can be made compati-
ble with the requirements of next-to-next generation 0νββ searches based on scintillating cryogenic
calorimeters like Li2MoO4.
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Conclusions and Outlook

With CUORE nearing the end of data taking, CUPID is transitioning from R&D to construction,
with demonstrators already operating to final detector specifications. At the detector’s core are 1596
isotopically enriched Li2100MoO4 crystals that must simultaneously deliver excellent calorimetric
performance, high light yield, and ultra-high radiopurity. CUPID has engaged SICCAS to establish
a stable and reproducible industrial growth line capable of sustaining large-scale crystal production
with high throughput. CUPID’s transition to construction is the natural stage at which to finalise
the production process in close collaboration with the producer. This dissertation focused on crystal
procurement and validation during this phase, referred to as pre-production.
During pre-production, SICCAS produces multiple batches of natural and enriched crystals to es-
tablish a stable industrial growth process, while CUPID operates them as scintillating cryogenic
calorimeters under experiment-like conditions and provides systematic feedback. The aims are to
verify convergence toward CUPID crystal requirements and to define a robust, reproducible valida-
tion protocol to be applied batch by batch once full-scale production begins, the CCVRs (CUPID
Crystal Validation Runs).

The work documented in this dissertation was performed during the early stage of pre-production.
Although crystal growth is fully delegated to SICCAS, it quickly became evident that a detailed
understanding of the production flow was necessary to communicate effectively with the producer
and to link growth parameters to detector performance. Accordingly, the SICCAS production
process was documented end-to-end—from raw powders to finished crystals—so that CUPID and
SICCAS could operate within a shared technical framework and common vocabulary (Chapter 3).
This knowledge will also provide the basis for CUPID to define a radiopurity control protocol that
SICCAS will implement throughout the entire production chain—a prerequisite for the transition
to large-scale growth with enriched material.

Crystal validation was carried out through two pre-CCVR campaigns at the LNGS Hall C un-
derground cryogenic facility (Chapter 4). The first (pre-CCVR1) established reference performance
using enriched crystals provided by NIIC (the supplier of the CUPID-Mo demonstrator), which now
serve as benchmarks; the second (pre-CCVR2) characterized the first batch of natural Li2MoO4
crystals grown by SICCAS. These campaigns set consistent procedures for assessing calorimetric
and scintillation performance, including working-point optimization, signal-to-noise characteriza-
tion, and energy-resolution metrics. The results show that the first batch of SICCAS crystals meet
CUPID calorimetric expectations, with light yields comparable to that of reference crystals.
Early pre-production growths do not prioritize radiopurity. The crystals tested in pre-CCVR2 were
not grown from raw powders, ancillaries, or consumables meeting the final radiopurity specifica-
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tions. Nevertheless, radiopurity was still assessed. The measurements show that re-crystallization
yields substantial purification even when starting from non-radiopure powders. They also indicate
how the recycling strategies adopted to minimize isotope losses affect the achieved radiopurity, pro-
viding a precious feedback for SICCAS.

At the time of writing, the first enriched Li2100MoO4 crystal grown by SICCAS is being mea-
sured in a dedicated run (pre-CCVR3) that applies the methodologies established in this work. One
NIIC crystal characterized here was included to provide a known reference. A second batch of en-
riched SICCAS crystals has arrived at LNGS and will be tested next (pre-CCVR4) under the same
protocol. These measurements are the first deployment of the full validation chain defined in this
dissertation. Subsequent pre-CCVR runs will place greater emphasis on radiopurity verification,
as SICCAS begins implementing the radiopurity control strategy that CUPID will derive from the
growth-process knowledge outlined in this work. Calorimetric and scintillation performance will
continue to be monitored.

In addition to crystal validation, this dissertation examined the scintillation properties of Li2MoO4,
which are central to CUPID’s particle-identification capability. Li2MoO4 is a modest scintilla-
tor, and its light yield is sensitive to growth-induced defects and impurities. Samples cut from
pre-production ingots were studied over a wide temperature range using radioluminescence and
thermally stimulated luminescence (Chapter 5). The measurements indicate partial longitudinal
inhomogeneities along the Bridgman growth axis and suggest correlations between these observa-
tions and light yield, although the evidence remains preliminary. Further measurements on a larger
sample set from later pre-production batches, ideally correlated with light-yield data from CUPID
crystals grown from the same ingots, will be necessary to confirm these preliminary trends. These
results complement the pre-CCVR characterizations and can provide SICCAS with practical guid-
ance on how growth parameters influence scintillation quality.

Given the modest light yield of Li2MoO4, an R&D activity on thin aluminum coatings was
carried out to investigate their potential to enhance light collection (Chapter 6). Initial measure-
ments show a clear trade-off: coatings increase hemispherical reflectance, but they alter the thermal
response and degrade the signal amplitude and thus the SNR. Follow-up studies with NTL-assisted
light detectors and refined thermal modeling are planned to quantify the net light-yield gain at the
light detector and to clarify the origin of the coating-induced change in intrinsic gain.

In conclusion, this work represents an early yet essential step toward the realization of CU-
PID. It established a shared technical framework with the crystal producer, defined reproducible
validation procedures, and delivered quantitative feedback that already inform the optimization of
growth and detector performance. The strategies developed here will guide all upcoming pre-CCVR
campaigns and future validation runs, ensuring that every crystal delivered to CUPID during large-
scale production meets the requirements. Together, the measurements and methods presented in
this dissertation mark a decisive advance toward constructing CUPID and advancing the search for
neutrinoless double-beta decay.
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Appendix A

Dilution Cryostats

To operate cryogenic calorimeters at temperatures around ∼ 15 mK, a dedicated cryogenic infras-
tructure is required. This is achieved using dilution refrigerators, which are specifically designed to
reach and maintain such ultra-low temperatures. Although the physics of dilution refrigerators is
not directly related to the detection mechanism of macro-calorimeters, it is nevertheless useful to
summarize their basic operation. In fact, several components of the cryogenic system can influence
data-taking performance, particularly with respect to temperature stability and noise injection, for
example through mechanical vibrations. A comprehensive description of the working principles of
low temperature technologies can be found in Ref. [213].

Liquid helium is a commonly used refrigerant. At atmospheric pressure, its boiling point is
approximately 4.2 K. A generic helium sample contains a mixture of 4He and 3He isotopes, with
the isotopic composition determined by their natural abundances. Given that 3He has an isotopic
abundance of just 0.000137%, the thermodynamic properties of standard helium are dominated by
4He, limiting passive cooling to around 4.2 K at standard atmospheric pressure.

To reach lower temperatures, active cooling is employed. In a system at equilibrium containing
both liquid and gaseous helium, removing the vapor with a pump lowers the pressure, which in
turn enhances evaporation. This process extracts heat and thereby reduces the temperature of the
system. To maintain this condition, a continuous supply of liquid helium is required. This concept
of circulation allows the removal of heat at a rate

dQ

dt
= L0

dn

dt
(A.1)

where L0 is the latent heat of evaporation at 0 K, and dn
dt

is the molar flow rate of helium,
related to the pressure gradient induced by the pump. Using this method, temperatures down to
∼ 1 K for 4He and ∼ 300 mK for pure 3He can be achieved.

To reach temperatures even lower than this, a different active cooling mechanism must be
employed, based on the unique properties of a mixture of 3He and 4He at low temperatures. Dilution
cryostats that utilize such mixtures are the most common systems used to maintain cryogenic
calorimeters at their base temperature of ∼ 15 mK.
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Figure A.1: Phase diagram of the 3He/4He mixture. Below the critical temperature Tc ≃ 870 mK,
the mixture undergoes spontaneous phase separation into a concentrated 3He phase and a dilute
phase. Reprinted from Ref. [214].

A.1 3He/4He Dilution Cryostat: Design and Operation
A cryostat must fulfill two primary functions: insulating the experimental setup from thermal input
from the surrounding ∼ 300 K environment, and continuously removing the heat generated from
unavoidable thermal leaks. The rate at which heat can be removed is referred to as the cooling
power of the cryostat.

A dilution cryostat consists of a series of concentric cylindrical stages with decreasing temper-
ature toward the center. A schematic of the dilution cryostat is shown in Fig. A.2, while Fig. 4.1
presents a photograph of the actual cryostat used in the CCVR program. The innermost stage is
the coldest and is thermally coupled to the experimental region. The 3He/4He mixture circulates
through these stages in a closed loop, with cooling taking place in the innermost part, known as the
mixing chamber (MC). The outer stages serve to precool the mixture before it reaches this region.

The outermost stage of the cryostat, called the main bath, is a 4.2 K liquid helium reservoir,
which provides the first level of insulation and precooling. The mixture, initially at room tempera-
ture, is cooled down by passing through a section thermally coupled to this main bath. It remains
gaseous at this stage. To condense it into liquid, the mixture then flows to a condenser thermally
linked to a secondary reservoir known as the 1K pot. This pot, continuously refilled from the main
bath and pumped from above, stabilizes at around 1.2 K via Eq. (A.1), enabling the condensation
of the mixture.

Once liquefied, the mixture continues through heat exchangers that use the cold, outgoing
mixture to further cool the incoming one before reaching the mixing chamber. As shown in Fig. A.1,
below the critical temperature of Tc ≃ 870 mK, the mixture separates into two phases:
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Figure A.2: Schematic layout of a 3He/4He dilution cryostat. The closed-loop system includes
thermal stages, a condenser, a mixing chamber, a still, and heat exchangers. Reprinted from
Ref. [215].
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• A concentrated phase of nearly pure 3He, which forms the upper layer.

• A dilute phase containing 3He in solution with superfluid 4He (approximately 6.6% 3He and
93.4 % 4He).

The boundary between these two phases is called the phase boundary. A pump located outside
the cryostat establishes a pressure gradient that extracts 3He from the still, a component maintained
at 0.6–0.7 K. At this temperature, the vapor pressure of 3He is roughly three orders of magnitude
higher than that of 4He, so evaporation predominantly removes 3He. This depletion lowers the 3He
concentration in the dilute phase, establishing an osmotic pressure gradient that drives 3He atoms
from the concentrated phase across the phase boundary into the dilute phase. This endothermic
process is the basis of the dilution refrigerator’s cooling mechanism, as it removes heat from the
MC. The cryogenic calorimeters are thermalized to the MC.

Temperatures down to a few mK can be achieved using this mechanism, which is sufficient for
the operation of cryogenic calorimeters. The lowest attainable temperature depends on the available
cooling power and the total heat load on the cryostat. This heat load can originate from imperfect
thermal insulation, radiation from warmer stages, and thermal conduction through mechanical
supports and wiring. Additional heat can also be injected by the readout electronics, as described
by Eq. (2.10). Although radiation from particle interactions injects heat into the system, its net
effect is negligible at the event rates typically encountered in low-background searches. The system
reaches a condition of dynamic equilibrium when the cooling power balances the incoming heat,
thereby defining the base temperature of the cryostat.

The circulation rate of the mixture (typically expressed in µmol ⋅ s−1) is a key parameter de-
termining the cryostat’s cooling power. A higher flow rate enables greater heat extraction. The
flow can be actively controlled via a resistive heater installed on the still. By increasing the still
temperature, additional 3He is evaporated, enhancing the circulation rate.

Unwanted reductions in flow can occur if impurities freeze at cryogenic temperatures and form
blockages in narrow sections of the circuit like the condenser. To prevent this, cold traps and getters
are installed to filter out these impurities. Periodic maintenance is required to clean the traps and
ensure continued performance.

Some cryostats, known as dry cryostats, eliminate the need for liquid helium in the outer stage.
Instead, they rely on pulse tube cryocoolers to reach the base temperature of helium. This is the
strategy implemented in the CUORE cryostat [137], the same facility where CUPID will be installed.
However, these devices operate through periodic piston motion, which introduces mechanical vibra-
tions. Since the experimental region cannot be completely decoupled from the cryostat structure,
these vibrations can introduce noise in the detector, worsening the SNR if mitigation strategies are
not employed [167, 145, 168]. In contrast, liquid-helium-based refrigerators (wet cryostats) provide
reduced vibrations during operation in steady-state conditions, offering better noise levels beneficial
for cryogenic calorimeters.
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