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Short Abstract

Despite the success of the Standard Model in describing electromagnetic, weak,
and strong forces, several unanswered questions indicate that it is incomplete.
Therefore, searching for any deviations from this framework is highly intriguing.
This thesis focuses on an in-depth examination of the Standard Model by lever-
aging the signals from the faintest particle, i.e. the neutrino. To do so, we will
exploit neutrino elastic scattering at low energies to search for new physics sig-
natures in coherent elastic neutrino-nucleus scattering (CEνNS) and dark matter
experiments. Furthermore, by leveraging the formalism described in the thesis, we
will precisely compute the signals from both CEνNS and neutrino elastic scattering
off atomic electrons (νES) in the upcoming DarkSide-20k dark matter experiment.
Throughout this thesis, we will give a detailed overview of the emerging field of
CEνNS searches, describing the main features of the measurements available at the
time of writing this thesis, provided by the COHERENT and NCC-1701 detectors.
In addition, we will discuss the details of the upcoming NUCLEUS experiment.
Using currently available data, we will not only provide insights into electroweak
and nuclear physics but also establish some of the strongest existing bounds in
the literature on new physics scenarios predicting exotic neutrino properties. We
will also deeply investigate the neutrino charge radius, the only non-zero neu-
trino electromagnetic property predicted by the Standard Model, whose imprint
in experimental data is so small that it has never been experimentally observed.
By refining the theoretical description of the neutrino charge radius contribution
to the CEνNS process, we will obtain competitive bounds on this quantity. In
addition, in this thesis, we will explore the existence of new light gauge bosons
that can mediate the CEνNS interaction. This work demonstrates the potential
of low-threshold CEνNS experiments to impose leading constraints on a variety
of light mediator models. Throughout the thesis, we will also study the sensi-
tivity of future COHERENT and NUCLEUS CEνNS experiments in detecting such
new physical signatures, as well as their ability to extract electroweak or nuclear
physics parameters.
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Introduction

During the last century, the Standard Model of particle physics has proven to be

an astonishingly successful theory based on a few symmetry principles. Its ex-

traordinary predictive capabilities have led scientists to embrace it as the leading

theory for explaining the fundamental components of nature. Despite its success,

compelling experimental evidence suggests that the Standard Model is incom-

plete, with several unresolved issues pointing towards extensions of the standard

paradigm. Many of these unresolved issues are related to neutrinos, such as the

origin of their small mass and the possibility that they could be Majorana particles,

which would imply lepton number violation. Therefore, neutrino interactions pro-

vide a crucial tool for testing the Standard Model theory and offer a novel way to

probe effects beyond it.

To do so, this thesis will explore the phenomenology of neutrino scattering at

low energies, namely coherent elastic neutrino nucleus scattering (CEνNS) and

the elastic neutrinos scattering off atomic electrons (νES). Although νES is com-

prehensively understood both theoretically and experimentally, and its potential

for fundamental physics tests is widely acknowledged, the CEνNS era has only just

begun. In the CEνNS process, the neutrino interacts with the nucleus as a whole,

i.e. coherently, making the cross section roughly proportional to the square of

the number of neutrons in the target nucleus. For this reason, the CEνNS cross

section can become several orders of magnitude larger than that of other low-

energy neutrino interactions, even though the single outcome of this process is

a very small nuclear recoil that is extremely difficult to detect. The first CEνNS

observation was reported in 2017 by the COHERENT Collaboration, 43 years after

its theoretical prediction, and since then it has proven to be a powerful tool for

probing a plethora of diverse physics scenarios, particularly in the realm of elec-

troweak interactions. This has inspired a global effort to detect the small nuclear

recoil produced by these interactions, through the development of new technolo-
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Introduction

gies and the exploration of various low-energy neutrino sources. Currently, there

are three CEνNS measurements reported by the COHERENT Collaboration: one

using a cesium-iodide (CsI) scintillator crystal, another with a liquid argon detec-

tor (LAr), and a very recent measurement employing germanium crystals. These

results were obtained by exploiting neutrinos produced from pion decay at rest

at the Spallation Neutron Source, located at Oak Ridge National Laboratory in

Tennessee. Additionally, the first observation of CEνNS from reactor antineutrinos

was reported by the NCC-1701 detector, installed at the Dresden-II nuclear power

plant in Illinois, although this result is still debated within the community. To com-

plete the picture, recent hints of a CEνNS signal from solar neutrinos have been

reported by the XENONnT and PandaX dark matter experiments, highlighting the

strong complementarity between CEνNS and dark matter searches.

In this thesis, we will benefit from available data from CEνNS and dark matter

experiments to probe a variety of physics parameters. These include the weak mix-

ing angle, which determines the strength of the couplings in electroweak theory,

the neutrino charge radius, which is the only neutrino electromagnetic property

predicted to be non-zero in the Standard Model, and the nuclear neutron radius.

Furthermore, these data allow us to explore scenarios beyond the Standard Model,

such as those in which the neutrino acquires a magnetic moment or a small electric

charge, and we will search for new particles which can mediate neutrino interac-

tions, so-called Z ′ models.

Building upon the lessons learned by existing data, this thesis will also discuss

the prospects for the NUCLEUS experiment, whose aim is to precisely characterize

the CEνNS cross section by leveraging neutrinos produced at the Chooz nuclear

power plant. The experiment employs advanced technology based on cryogenic

calorimeters, featuring gram-scale CaWO4 detectors. Indeed, we will project the

physics reach of a NUCLEUS-like experiment under various experimental config-

urations. We will also emphasize the relevance of CEνNS and νES in direct dark

matter searches by computing the expected neutrino signal for the DarkSide-20k

experiment.

This thesis is organized as follows.

Chap. 1 will introduce low-energy electroweak physics and will outline the

theoretical framework to evaluate the cross sections of CEνNS and νES scattering.

Chap. 2 will accurately compute the neutrino background expected in the

DarkSide-20k dark matter experiment due to both the CEνNS and νES channels.

4
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Chap. 3 will discuss the details of the COHERENT detectors whose data have

been analysed in this work, together with a detailed description of the statistical

methods employed.

Chap. 4 will discuss the current status of CEνNS searches from reactor antineu-

trino sources. We will also present a critical overview of the NCC-1701 CEνNS

observation, discussing, in particular, some well-motivated physical effects which

might modify the detector response at low energies.

Chap. 5 will be devoted to the search for CEνNS with the NUCLEUS experi-

ment. It will address the main challenges faced by the experiment and discuss the

statistical methods relevant to the NUCLEUS science case.

Chap. 6 will present the constraints on nuclear and electroweak physics ob-

tained from COHERENT CsI, LAr and Dresden-II data.

Chap. 7 will focus on the constraints obtained on neutrino electromagnetic

properties from CEνNS and the LUX-ZEPLIN dark matter experiment, considering

also the νES channel. Specifically, it will address the neutrino charge radius, the

neutrino magnetic moment and the neutrino electric charge.

Finally, Chap. 8 will search for beyond the Standard Model scenarios via the

introduction of an additional boson mediator (either vector or scalar), which can

arise from the existence of an additional fundamental gauge symmetry.

Through these chapters, we will present the sensitivity of future NUCLEUS and

COHERENT experiments for different physics scenarios, starting from the current

situation and with an eye towards future developments.

5





1
Low-Energy Neutrino Elastic Scattering

Opening

This chapter will explore the details of neutrino elastic scattering at low

energies, specifically for Eν below 100 MeV, addressing two processes rele-

vant to this thesis: the elastic scattering off nuclei and off atomic electrons.

The theoretical framework to evaluate the cross section from first princi-

ples will be presented, describing the phenomenology of the interaction

considered. The formalism of radiative correction to such neutrino scatter-

ing processes will also be shown, based on the results from Refs. [4, 7], and

will be adopted for the rest of this thesis.

1.1 Introduction to Electroweak Physics

The Standard Model (SM) of particle physics is a theoretical framework that de-

scribes the fundamental constituents of our universe and the forces governing

their interactions. It has been extensively tested and validated through countless

experiments over the past several decades, manifesting itself as one of the most

significant achievements in the history of science. The SM encompasses three

of the four known fundamental forces: electromagnetic, weak, and strong inter-

actions, with the exception of gravity. Within the SM picture, these forces are

mediated by gauge bosons, which govern the interactions between the elemen-

tary particles, i.e. quarks and leptons, which constitute the ordinary matter we

observe. Fig. 1.1 summarizes existing elementary particles and bosons, together

with their properties, specifically mass, charge and intrinsic spin. Moreover, the

Standard Model predicts that each particle is accompanied by its own antiparticle.

Within this particle zoo, this thesis will mainly focus on neutrinos. Their existence

was predicted by Pauli around the 1930s while studying the now-familiar β-decay

7



CHAPTER 1. LOW-ENERGY NEUTRINO ELASTIC SCATTERING

Figure 1.1: Picture [20] collecting the elementary particles which constitutes the Stan-
dard Model of particle physics. Quarks, leptons and bosons are identified by different
colors, together with their properties, i.e. mass charge and spin.

process, i.e. the radioactive decay of a heavy nucleus into a lighter one [17]. Even

though many years have passed since the neutrino discovery in 1953 [18], many

open questions are related to them and their study is still offering the possibility

to enhance our understanding of the fundamental physics of nature. Neutrinos,

indeed, offer a unique tool to study weak interactions and the electroweak theory,

as we will clarify in a while. They are, in fact, the only known fundamental parti-

cles that are electrically neutral, allowing them to interact exclusively through the

exchange of the electroweak neutral gauge boson Z0 and the charged bosons W±.

The W and Z0 have a mass which is quite well measured [19] and correspond to1

mW = 80.379 ± 0.12 GeV/c2, mZ0 = 91.1876 ± 0.0021 GeV/c2. (1.1)

If the energy of the interaction considered is much smaller than the mass of the me-

diator, the electroweak propagator will be roughly suppressed by a factor 1/m2
W,Z0

compared to the electromagnetic propagator, which makes such interactions much

“weaker” compared to the electromagnetic one.

It is worth commenting on the theory of electroweak interactions. The gauge

structure of the weak interaction is SU(2)L, where the subscript L indicates that

weak interactions violate the parity. If the neutral current boson would correspond

to the third gauge bosonW (3) of the SU(2)L gauge symmetry, this would imply that

1Note that c = 299 792 458 m/s [19] represents the speed of the light and will be set to unity
for the rest of this thesis unless otherwise specified.
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CHAPTER 1. LOW-ENERGY NEUTRINO ELASTIC SCATTERING

the weak neutral current coupled only to left-handed particles and right-handed

antiparticles [21]. However, experiments showed that the physical gauge boson

responsible for the neutral weak currents couples to both left- and right-handed

states, even if not equally. The SM is therefore built based on the Glashow, Salam

and Weinberg (GSW) model, which proposes to replace the U(1) gauge symmetry

of electromagnetism with a new U(1)Y local gauge symmetry giving rise to a new

gauge field Bµ that couples to a new charge, named weak hypercharge Y . Within

the GSW model, the physical photon (γ) and weak neutral current (Z0) bosons

are described by the Aµ and Zµ fields respectively, obtained as a combination of

the Bµ and W (3)
µ fields mixed by the angle ϑW , according to

Aµ

Zµ

 =
 cosϑW sinϑW

− sinϑW cosϑW

 Bµ

W (3)
µ

 . (1.2)

In the GSW model of electroweak theory, electromagnetic and weak interactions

are hence unified into a unique gauge group SU(2)L ⊗ U(1)Y , implying that the

two interactions are intimately related. The ϑW ≃ is known as the weak mixing

angle2, or Weinberg angle, and it is of pivotal importance in the SM framework.

Moreover, this mixing arises naturally in the Higghs mechanism [21]. From the

equivalence between the hypercharge of a left-handed electron and a left-handed

neutrino, it is easy to extract the relation between the electromagnetic and weak

coupling, i.e. [21]

e0 = g sinϑW , (1.3)

where e0 is the electric charge and g the coupling of the weak interaction. Simi-

larly, it is possible to relate the coupling associated to the U(1)Y gauge group, g′,

to the electric charge, namely

e0 = g′ cosϑW . (1.4)

As could be expected, Eqs. 1.3 and 1.4 depend on the weak mixing angle and

combining the latter two equations we find

sin2 ϑW = g2

g2 + g′2 . (1.5)

The couplings in Eq. 1.5 are proportional to the masses of the gauge bosons medi-

2In this thesis we will refer to the square of the sine of this angle, sin2ϑW , with the same name.
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CHAPTER 1. LOW-ENERGY NEUTRINO ELASTIC SCATTERING

Figure 1.2: Variation of sin2ϑW with scale µ as reported by the particle data group
(PDG) [19]. The SM prediction is shown as the solid curve, together with experimental
determinations in black at the Z0-pole [19] (Tevatron, LEP1, SLC, LHC), from APV on
cesium [22, 23] (APV(Cs)), Møller scattering [24] (SLAC E158), deep inelastic scattering
of polarized electrons on deuterons [25] (eDIS) and the result from the proton’s weak
charge [26] (Qweak). For illustration purposes, the Tevatron and LHC points have been
shifted horizontally to the left and right, respectively.

ating the interaction according to the electroweak symmetry breaking, such that

the weak mixing angle can be defined in terms of the masses of the W and Z0

through the simple relation [19, 21]

sin2 ϑW = 1 − m2
W

m2
Z0
. (1.6)

The latter is valid only at tree level, i.e. the lowest order of perturbation the-

ory. In reality, radiative corrections arising from higher-order diagrams in the

perturbation theory are responsible for the dependence of the weak mixing an-

gle on the energy scale considered. One popular renormalization scheme, often

adopted to evaluate the running of sin2ϑW , is the so-called minimal subtraction

(MS) scheme [19], where the quantity

sin2 ϑ̂W (µ) ≡ ĝ′2(µ)
ĝ2(µ) + ĝ′2(µ) , (1.7)

is defined to be valid at every order of perturbation theory. The couplings ĝ and ĝ′

are defined by the modified minimal subtraction and µ represents an energy scale,

often set to be the mass of the Z0 boson. A summary of the most precise weak mix-

10



CHAPTER 1. LOW-ENERGY NEUTRINO ELASTIC SCATTERING

ing angle measurements as a function of the energy scale, µ, is shown in Fig. 1.2,

along with the SM predicted running of sin2ϑW, calculated in the MS renormaliza-

tion scheme [19, 27, 28] across the whole energy range of experimental measure-

ments. More in detail, at the LEP Collider [29], it was possible to achieve the most

precise measurements of sin2ϑW in the high-energy electroweak sector, in perfect

agreement with other collider determinations [19] (Tevatron, LHC and SLC). In

the mid-energy range, the most precise result has been derived from the measure-

ment of the weak charge of the proton, Qp
W , performed by the Qweak Collaboration

and found to be Qp
W = 0.0719 ± 0.0045 [26], showing an excellent agreement with

the predicted SM running. Moving to the low-energy sector [30], the most pre-

cise weak mixing angle measurement so far belongs to the so-called atomic parity

violation (APV) experiments, also known as parity nonconservation (PNC), using

caesium atoms [22, 23], namely sin2ϑW = 0.2367 ± 0.0018. This value is slightly

smaller than the SM prediction at near zero momentum transfer, Q = 0, calculated

in the (MS) renormalization scheme, sin2ϑSM
W (Q → 0) = 0.23863(5) [19, 27, 28]3.

Atomic parity violation is caused by the weak interaction, and it is manifested in

P-violating atomic observables [32].

One of the goals of this thesis work is to exploit electroweak probes, and in

particular, the neutrino interaction described in the next sections, to perform a

test of the SM by constraining the low-energy value of the weak mixing angle,

which provides a direct probe of physics phenomena beyond the SM (BSM).

1.2 Coherent Elastic Neutrino Nucleus Scattering

Neutrinos are characterized by an extremely small interaction cross-section with

matter, making them very difficult to detect. Among the various neutrino processes

that can occur at low neutrino energies (Eν ≲ 100 MeV), the coherent elastic

scattering of neutrinos with nuclei, also known as CEνNS, has recently gained a

lot of attention due to its physical potential of probing a huge number of physics

scenarios. In 1974, Freedman predicted that a Z0 might mediate the interaction

of a neutrino with a whole nucleus [33], namely

νℓ + N
Z N → νℓ + N

Z N , (1.8)

3During the course of this work, a refined theoretical determination of the weak mixing angle
was reported, yielding sin2 ϑW (q2 → 0) ≃ 0.23873 [31]. We anticipate that our analysis will remain
largely unaffected, as the change is minor when compared to the existing level of precision.
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Z0

N
Z N

νℓ

N
Z N

νℓ

−→

N
Z N

νℓ

N
Z N

νℓ

Figure 1.3: Left: Feynman diagram of CEνNS in the Standard Model. νℓ represents a
neutrino with flavor ℓ = e, µ, τ , N

Z N denotes a nucleus, indicated as a blob, and Z0 is the
Standard Model neutral vector boson which mediates neutral-current weak interactions.
Right: effective four-Fermi interaction in the limit q2 ≪ mZ0 . In both diagrams, time flows
from the left to the right.

where νℓ represents a neutrino with flavor ℓ = e, µ, τ , while N is a nucleus with Z

protons and N neutrons. Note that the total number of nucleons in the nucleus is

defined as A = Z +N .

The Feynman diagram of the tree-level interaction is illustrated in the left panel

of Fig. 1.3. To understand the phenomenology of this process, it is convenient to

interpret the de Broglie wavelength of the exchanged Z0 boson, λZ0, as a measure

of the spatial dimension probed by the mediator. Moreover, λZ0 is related to the

module of the momentum transfer in the interaction |q⃗| through λZ0 = h/|q⃗|,
where h is Planck’s constant4. Specifically, considering a nuclear radius of about

R ∼ 5 fm, the typical momentum transfer is of the order of

|q⃗| ∼ 197 MeV fm
5 fm ∼ 40 MeV, (1.9)

which represents the energy scale for the neutrino to undergo a coherent interac-

tion. Since the mass of the Z0 boson is much larger compared to q2, the interaction

can be effectively described by a four-Fermi diagram (right panel in Fig. 1.3). In

Fig. 1.4, the coherent enhancement of the CEνNS cross section is shown for Ar,

Ge, Cs, and Pb nuclei, and is compared to the cross section for neutrino scatter-

ing off atomic electrons in a Cs atom and to that of inverse beta decay (IBD), the

4This thesis is adopting naturals units such that ℏ = h/(2π) is set to unity.

12



CHAPTER 1. LOW-ENERGY NEUTRINO ELASTIC SCATTERING

0 20 40 60 80 100
0.001

0.010

0.100

1

10

Eν[MeV]

σ
[1
0-
38
cm

2 ]

Pb

Cs

Ge

Ar

ν-e (Cs)-
e

IBD

Figure 1.4: Comparison of cross sections for various neutrino interaction processes for
Eν ≲ 100 MeV. The CEνNS cross sections on argon (Ar), germanium (Ge), cesium (Cs),
and lead (Pb) are shown, demonstrating their dominance due to coherent enhancement.
For comparison, the cross sections for elastic neutrino-electron scattering on Cs and in-
verse beta decay are shown.

mechanism employed for neutrino discovery [18]. To better understand the phe-

nomenology of the process, a schematic view of the energy regimes is reported

in Fig. 1.5. In the interaction depicted in the left panel, the wavelength of the Z0

boson that mediates the interaction is larger than the size of the nucleus, λZ0 ≳ 2R
and all the nucleons respond coherently to the interaction. In this case, the single

outcome of the CEνNS interaction is a very small nuclear recoil energy Tnr. In

the intermediate energy regime (central panel), when λZ0 ≲ 2R, the interaction is

no longer fully coherent but there is a high probability that the neutrino interacts

with a group of nucleons in the nucleus. The nuclear structure suppresses the

coherency, giving room for studying nuclear physics. In this energy range, other

compelling effects might occur, such as the excitation of the nucleus to the state

N ∗ which became more dominant as the neutrino energy increases. At even higher

energies, the de Broglie wavelength of the Z0 boson becomes much smaller than

the size of the nucleus, λZ0 ≪ 2R, the coherency is totally lost, and the Z0 has a

high probability of interacting with a single nucleon in the nucleus giving rise to

an inelastic process (right panel) where, for example, a neutron is emitted.

Thanks to its significantly larger interaction cross section with matter com-

pared to other low-energy neutrino processes, CEνNS is particularly relevant for

studying a broad range of physics scenarios which will be explored in this the-

sis, from nuclear physics to extensions of the SM. One of the biggest challenges

13



CHAPTER 1. LOW-ENERGY NEUTRINO ELASTIC SCATTERING

~q
να

να

N

Z0

να

να

~q

N
∗

Z0

n

~q

να

να

Z0

Elastic coherent (CEνNS) Elastic incoherent Inelastic incoherent
λZ0 ≳ 2R λZ0 ≲ 2R λZ0 ≪ 2R

Figure 1.5: Illustration of energy regimes of a neutrino να scattering off a nucleus N .
For low energetic neutrinos, i.e. low momentum transfer λZ0 ≳ 2R, and all nucleons
respond coherently to the interaction (CEνNS regime). As the energy increases, the de
Broglie wavelength of the Z0 decreases, λZ0 ≲ 2R, and the full coherence is lost. Inelastic
incoherent scattering occurs when λZ0 ≪ 2R. Image from Ref. [34].

that need to be addressed when designing a CEνNS experiment lies in the neces-

sity of finding a high-intensity neutrino source in the MeV range. This thesis will

explore the CEνNS signal from different neutrino sources: pion-decay-at-rest (π-

DAR) sources, solar neutrinos, and reactor neutrinos. In addition, CEνNS plays a

crucial role in the formation of some of the most devastating events in our uni-

verse: the core collapse supernovae explosion [17]. Remarkably, about the 99%

of the energy is carried by neutrinos [17] with an energy of tens of MeVs, making

CEνNS an excellent channel that can be used to observe supernova neutrinos. In

this context, the RES-NOVA experiment [35] aims to use ultra-radiopure lead [36,

37] to detect CEνNS from supernova neutrinos [38] in an underground labora-

tory. Since CEνNS is an almost flavor-independent process, it allows for a highly

precise measurement of the supernova neutrino flux, playing a key role in multi-

messenger astrophysics.

1.2.1 Fundamental Theory of the CEνNS Cross Section

The fundamental aspect of the CEνNS process lies in the coherent response of all

nucleons to the interaction. From a quantum-mechanical point of view, coherency

implies that the amplitude of the process is the sum of the contribution from each

quark q within the nucleus, which determines the form of the Lagrangian that

describes the interaction. Considering the low-energy limit where q2 ≪ mZ0, the

effective Lagrangian Leff associated to the process depicted in the right panel of

14
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Fig. 1.3 is

Leff(
(–)
ν ℓ + N → (–)

ν ℓ + N ) = GF√
2
∑

q

[ν̄(γµgνℓ
V − gνℓ

A γ
5)ν][q̄(γµg

q
V − gq

Aγ
5)q]. (1.10)

Here, ν and q represent the neutrino and quark fields, respectively, while γµ and

γ5 are the gamma matrices. GF = 1.1663787(6) · 10−5 GeV−2 [19] is the Fermi

constant, which is a crucial parameter of the electroweak theory and in some sense

quantifies the strength of the weak interaction. GF encodes the dependence of the

weak neutral current (NC) propagator in the limit of low momentum transfer and

is defined as GF =
√

2g2/(8m2
W ), where g represents the weak coupling. Returning

to the form of the Lagrangian in Eq. 1.10, we can clearly identify a lepton current,

Lµ = ν̄(γµgνℓ
V −gνℓ

A γ
5)ν, and a hadronic current,W µ = ∑

q q̄(γµg
q
V −gq

Aγ
5)q, the latter

accounting for the interaction of the neutrino with the individual constituents of

the nucleus. Note that in Eq. 1.10 the sum over q runs over all quarks within

the nucleus. The electroweak theory precisely predicts the fermion vector (axial)

couplings gV (gA) with the Z0. In particular, at tree-level, we have gνℓ
V,A = 1/2

for neutrinos, while the coupling to quarks depends on the weak isospin T3 and

charge Qq, according to gq
V = T q

3 − Qq sin2 ϑW . Explicitly, for the u, c, t, d, s, b

quarks, the couplings are

gq
V = 1

2 − 4
3 sin2 ϑW , q = u, c, t , (1.11)

gq
V = −1

2 + 2
3 sin2 ϑW , q = d, s, b . (1.12)

As the interaction takes place with the protons and neutrons that globally con-

stitute the nucleus, only u and d quarks are relevant. The Lagrangian defined in

Eq. 1.10 must be reformulated to explicitly show the interaction with the nucleus

rather than its constituents. There are different methods to accomplish this, and

in the following, the formalism described in Ref. [39] will be adopted. Within this

framework, we introduce the quark number operators, Np
q (n), which projects the

quark vector current into nucleon states and returns the number of quarks inside

the proton or neutron. It is defined in such a way that if we project the quark
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current to the initial and final nucleon states, we obtain

⟨n|q̄γµq|n⟩ = Nn
q n̄γ

µn, (1.13)

⟨p|q̄γµq|p⟩ = Np
q p̄γ

µp, (1.14)

⟨p|q̄γµq|n⟩ = 0. (1.15)

Recalling that the proton is made of [uud], while the neutron is [udd], by projecting

the vector quark current Jµ = ∑
q=u,d q̄γ

µgq
V q over the nucleon states and using the

relations above we obtain

(⟨n| + ⟨p|) Jµ ((|n⟩ + |p⟩) = gu
VN

n
u n̄γ

µn+ gd
VN

n
d n̄γ

µn+ gu
VN

p
u p̄γ

µp+ gd
VN

p
d p̄γ

µp

= (2gu
V + gd

V )p̄γµp+ (gu
V + gd

V )n̄γµn

= gp
V p̄γ

µp+ gn
V n̄γ

µn. (1.16)

In Eq. 1.16 we have defined the vector neutrino-proton and neutrino-neutron gp
V

and gn
V respectively, namely

gp
V = 2gu

V + gd
V = 1

2 − 2 sin2 ϑW ≃ 0.0227 (1.17)

gn
V = gu

V + 2gd
V = −1

2 . (1.18)

We note here a very important point, which is that the gn
V ≫ gp

V , being the latter

suppressed by the weak mixing angle in the limit of low momentum transfer. In

other words, neutrinos primarily couple to the neutrons inside the nucleus, mak-

ing their contribution dominant in the cross section.

Note also that Eqs. 1.17 and 1.18 show no dependence on the flavor ℓ of the incom-

ing neutrino. To meet the outcome of current and upcoming experiments, there is

the need to account for radiative corrections that modify the tree-level couplings in

Eq. 1.17 and 1.18. In our works [4, 7] we have refined the theoretical description

of radiative correction for the CEνNS process, which should be taken into account

when comparing the results with experimental data (see Sec. 1.2.3 for a detailed

discussion).

The next step in the calculation is to compute the interaction with the entire nu-

cleus. To do so, we introduce the nucleon number operators, Z and N , which give

the number of protons and neutrons inside the nucleus when projecting over the

final and initial nuclear states |N ⟩. Explicitly, using the result in Eq. 1.16 and
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projecting the hadronic current over the nucleus state we obtain

⟨N |W µ|N ⟩ = (gp
VZ + gn

VN) N̄γµN . (1.19)

The quantity QW = gp
VZ + gn

VN is usually referred to as the weak charge of the

nucleus, and describes the strength of the weak coupling of the neutrino with the

nucleus. We are now able to rewrite the effective CEνNS Lagrangian in Eq. 1.10

in a more convenient way

Leff(
(–)
ν ℓ + N → (–)

ν ℓ + N ) = GF√
2
∑

q

[ν̄γµPLν][QW N̄γµN ]. (1.20)

where we introduced the left projection operator PL = (1−γ5)/2. The cross section

will be proportional to the matrix element M ss′rr′ of the scattering process

M ss′rr′ = GF√
2

QW [us′(p′)γµPLu(p)s][ur′(k′)γµu
r(k)] . (1.21)

Here u refers to the Dirac spinor for the neutrino and the nucleus, with s, p (s′, p′)
representing the initial (final) spin and momentum of the neutrino. Likewise,

r, k (r′, k′) indicates the initial (final) spin and momentum of the nucleus. The

cross section is related to the average matrix element squared, which is

⟨|M |2⟩ =
∑
s,s′

1
2
∑
r,r′

|M ss′rr′|2 . (1.22)

When evaluating this quantity, we consider that the spin of the left-handed neu-

trino is fixed, while for the nucleus it is not necessarily true in the most general

case. Hence, the average matrix element squared is,

⟨|M |2⟩ = G2
F

2 Q2
WL

µνWµν , (1.23)

where we introduced the leptonic (Lµν) and adronic (W µν) tensors defined as

Lµν =
∑
s,s′

[us′(p′)γµPLu
s(p)][us(p)γνPLu

s′(p′)] , (1.24)

Wµν =
∑
r,r′

[ur′(k′)γµu
r(k)][ur′(k)γνu

r′(k)] . (1.25)
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Recalling that
∑

s u
s(p)us(p) = /p + m, where /p = γµpµ and m the mass of the

particle, those tensors can be rewritten as

Lµν = Tr[/p′γµPL/pγ
νPL] , (1.26)

Wµν = 1
4Tr[(

/k
′ +mN)γµ(/k +mN)γν ] , (1.27)

where Tr is the trace and mN is the mass of the nucleus. Defining the Mandeslatam

variable t as t = (k−k′)2 and s = (p+k)2, we can write the differential cross section

as a function of t, which is the only scattering channel involved in the interaction

as [21]
dσνℓ−N

dt
= 1

16π
1

(s−m2
N)2 ⟨|M |2⟩ . (1.28)

Explicitly, the four-momentum of the nucleus before and after the interaction is

respectively k = (mN , 0⃗) and k′ = (EN , k⃗
′), while for the neutrino p = (Eν , Eν k̂)

and p′ = (E ′
ν , E

′
ν û), where k̂ and û represent the direction of the neutrino before

and after the interaction, respectively. The energy conservation implies mN +Eν =
E ′

ν + EN , where EN is the energy of the nucleus after being hit by the neutrino.

Here we define the physical observable quantity of the experiment, which is the

nuclear recoil energy Tnr defined as Tnr= Eν − E ′
ν . The Mandelstam variables t

and s can be written as

t = −2mNTnr , (1.29)

s = m2
N + 2EνmN . (1.30)

Now we can rewrite the differential cross section as a function of the nuclear recoil

energy, which can be experimentally measured, obtaining

dσν−N

dTnr
= G2

F

128π
Q2

W

E2
νmN

LµνWµν . (1.31)

From the traces calculations, we get

LµνWµν ≃ 128E2
νm

2
N

(
1 − Tnr

Eν

− mNTnr

2E2
ν

)
, (1.32)
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Figure 1.6: Maximum nuclear recoil energy T max
nr as a function of the incoming neutrino

energy Eν for different target materials, whose details are reported in Tab. 1.1.

so that the differential cross section becomes5

(
dσν−N

dTnr

)
q2→0

≃ G2
F

π
mN

(
1 − Tnr

Eν

− mNTnr

2E2
ν

)[
Zgp

V +Ngn
V

]2
. (1.33)

The maximum Tnr achievable in the interaction is determined by the kinematics

and is

Tmax
nr = 2E2

ν

mN + 2Eν

≃ 2E2
ν

mN

. (1.34)

The maximum nuclear recoil energy Tmax
nr as a function of the incoming neutrino

energy Eν is shown in Fig. 1.6 for different target materials whose mass is reported

in Tab. 1.1. As the nucleus gets bigger, the CEνNS cross section becomes larger for

fixed neutrino energy, but the maximum nuclear recoil achievable decreases. De-

tecting such small nuclear recoils is extremely challenging from an experimental

perspective. Using lighter elements as target materials, however, results in a lower

event rate, but is distributed over a broader nuclear recoil spectrum. To conclude,

it is also useful to note that we neglected the axial term in the previous discussion.

It is usually assumed that the scattering happens with spin-zero nuclei, such that

the fundamental state of the nucleus, Jπ = 0+, is left unchanged in the interaction.

This implies that the spin-dependent term
∑

q q̄g
q
Aγ

5q inside Eq. 1.10 vanishes. On

the other hand, in general, the axial contribution describes the coupling of a neu-

5Note that in Eq. 1.33 the term Tnr/Eν ≪ 1 and will be neglected in the following.
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trino with the unpaired nucleons in the nucleus, such that its contribution will

be proportional to (Z+ − Z−) or (N+ − N−) [40], where Z±(N±) stands for the

number of protons (neutrons) with spin up and spin down, respectively. For heavy

nuclei, this number is much smaller than the total number of protons and neu-

trons, such that the amplitude of the spin-dependent contribution will be roughly

suppressed by a factor of 1/N compared to the vector one, and the cross section

will be suppressed by a factor of ∼ 1/N2 [40]. On the other hand, when con-

sidering scattering off high-spin nuclei or light elements, this term might play a

significant role and may no longer be negligible. A recent and detailed discussion

of the axial contribution to the CEνNS process can be found in Ref. [41].

1.2.2 The CEνNS Microscope For Probing Nuclear Physics

When the condition λZ0 ≥ 2R is not entirely satisfied, the nuclear structure starts

to play a role, and needs to be taken into account. To parameterize this effect,

a so-called weak form factor FW is introduced, and the CEνNS cross section in

Eq. 1.33 takes the form

dσν−N

dTnr
≃ G2

F

π
mN

(
1 − mNTnr

2E2
ν

)
Q2

WF
2
W . (1.35)

The weak form factor is therefore normalized in such a way that FW (q2 → 0) = 1,

and it can be shown [42] that by expanding the nucleon form factors in the limit

of small momentum transfer, and neglecting the contribution from strange quarks,

FW can be parameterized as

FW ≃ 1
QW

(
Zgp

V Fp(q2) +Ngn
V Fn(q2)

)
. (1.36)

Fp(n)(q2) are referred to as the proton (neutron) forms factors respectively, and

represent the Fourier transform of the distribution of protons (neutrons) inside

the nucleus, satisfying as well the condition Fp(n)(q2 → 0) = 1. The differential

CEνNS cross section in Eq. 1.35 becomes

dσν−N

dTnr
≃ G2

F

π
mN

(
1 − mNTnr

2E2
ν

)[
Zgp

V Fp(q2) +Ngn
V Fn(q2)

]2
. (1.37)

In our notation, the nuclear weak charge is identified with

QW = Zgp
V Fp(q2) +Ngn

V Fn(q2) , (1.38)
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which effectively defines the strength of the coupling to the nucleus. The weak

charge therefore encodes the nuclear dependence through the proton and neu-

tron form factors.

While the distribution of protons is well known, as it can be tested using elec-

tromagnetic probes, the neutron distribution is much more unconstrained. This

is because one must rely on hadronic probes, where systematic effects might not

be well controlled, or on electroweak probes, which currently lack the statistical

precision needed to provide measurements as accurate as those obtained for the

charge distribution. For this reason, one of the goals of this thesis is to study the

impact of CEνNS data on the extraction of nuclear structure parameters, specifi-

cally the neutron radius Rn. This topic will be discussed in Chap. 6.

The distribution of protons inside the nucleus can be parameterized by a sym-

metrized Fermi (SF) [43–45] function, which in the most general case takes the

form [46]

F SF(q2) = 4π2ρ0a
3

(qa)2sinh2(πqa)
[πqa cosh(πqa) − qc cos(qc) sinh(πqa)] +

8πρ0a
3

∞∑
n=1

(−1)n−1 ne−nc/a

[n2 + (qa)2]2
, (1.39)

where ρ0 represents the nuclear density. The parameter c is known as the half-

density radius, defined as the radius where the nuclear density becomes 50% of its

nominal value, while a is the so-called diffuseness, which is instead related to the

surface thickness (t) through t = 4 a ln(3). The latter represents the distance over

which the nuclear density drops from the 90% of the maximum density to 10%,

and is commonly fixed to the value t = 2.30 fm. In addition, many theoretical

nuclear models predict roughly the same density drop between the proton and

neutron distributions. Eq. 1.39 depends on an infinite series, whose contribution

is subdominant compared to the current experimental precision, as the radius

extracted from the nuclear distribution is modified by less than 0.1% when this

term is neglected [46]. Upon imposing the normalization of the form factor, the

density ρ0 is found to be

ρ0 =
(4πc

3
[
(πa)2 + c2

])−1
, (1.40)
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and the SF takes the analytic expression

F SF
Z (q2) = 3

qc [(qc)2 + (πqa)2]

[
πqa

sinh(πqa)

] [
πqa sin(qc)
tanh(πqa) − qc cos(qc)

]
. (1.41)

The root-mean-square (rms) radius of the distribution is related to a and c through

R2 = 3/5 c2 + 7/5 (πa)2. (1.42)

The symmetrized 2pF, which is equivalent to the parameterization in Eq. 1.41, has

historically been used to match the results of measurements from muonic atom

spectroscopy data [47, 48], which report the measurement of the parameter c.

This parameter allows the extraction of the rms radius of the nuclear charge dis-

tribution, Rc, once t has been fixed.

Here there is an important point regarding the parameterization of the nuclear

structure in the CEνNS interaction. In fact, the cross section defined in Eq. 1.37

depends on the proton and neutron distribution, but the extraction of Rc from

an electromagnetic probe will receive a small contribution also from the charge

distribution of the neutrons inside the nucleus. For this reason, we convert the

measurement of Rc into a measurement of Rp, i.e., the radius of the proton distri-

bution we are interested in, through [49–51]

R2
p ≃ R2

c − N

Z
⟨r2

n⟩c, (1.43)

where ⟨r2
n⟩c = −0.1161(22), fm2 [52] is the electromagnetic mean-square radius

of the neutron. Here we neglected the Darwin-Foldy and the spin-orbit charge

density contributions [49, 50] expected to be generally negligible for the nuclei

of interest in this thesis. For precision nuclear physics, the contribution from such

corrections needs to be carefully estimated.

Given the absence of accurate experimental measurements for the neutron distri-

bution in the elements of interest, we considered a different parameterization for

the neutron form factor, known as the Helm form factor [53]

FHelm
(
|q⃗|2

)
= 3j1(qR0)

qR0
e−|q⃗|2s2/2, (1.44)

where j1(x) = sin(x)/x2 −cos(x) is the order-one spherical Bessel function, and R0

is the so called box (or diffraction) radius which is determined from the first zero
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c [fm] Rch [fm] Rp [fm] Rn [fm] mN [GeV]
40
18Ar 3.6416 3.426 3.447 3.55 37.216
72
32Ge 4.5926 4.0547 4.073 4.22 66.995
127
53 I 5.5931 4.7492 4.766 5.03 118.221
131
54 Xe 5.6384 4.761 4.778 5.07 122.296
133
55 Cs 5.6710 4.804 4.821 5.09 123.801
208
82 Pb 6.648 5.505 5.521 5.68 192.8

Table 1.1: Values for c of the nuclear charge distribution [47] for different elements, A
ZN

with A = Z + N , of interest in this thesis. The rms radius of the corresponding nuclear
charge distribution (Rch) from Eq. 1.42, rms radius of the proton distribution (Rp) from
Eq. 1.43 and the values for the neutron radius (Rn) from NSM calculation [41] are also
reported for Ar, Ge, I, Xe, Cs and Pb nuclei. The neutron radius of 208Pb comes from ab-
initio calculation [57]. The nuclear masse for each element is also reported [58].

of the form factor [54]. In this case, the rms radius of the corresponding nucleon

distribution is given by R2 = 3/5R2
0 + 3s2, where the parameter s quantifies the

so-called surface thickness. We consider a value of s = 0.9 fm, which is a typical

value determined for the proton form factor for this type of nuclei [55]. In the

analysis that we will perform in this thesis, the Helm and SF form factors yield

practically identical results. Similarly, the Klein-Nystrand form factor [56], which

is also widely adopted in the community, provides a description of the nuclear

structure very similar to that obtained with the Helm and SF form factors.

In this thesis, we take as a reference the values of the neutron rms radii predicted

from theoretical nuclear shell model (NSM) calculations [41]. In Tab. 1.1 the val-

ues for the nuclear charge, proton and neutron rms radii for different elements of

interest highly employed in this thesis are reported.

In the upper panel of Fig. 1.7, we can observe the behavior of the nuclear proton

(dashed lines) and neutron (solid lines) distributions, parameterized with the SF

and Helm form factors respectively, as a function of the nuclear recoil energy for

different target materials. As expected, the form factors drop to zero for smaller

Tnr for heavier nuclei, since the coherency condition is lost at lower energies for

larger nuclei. The lower panel shows the differential CEνNS cross section for in-

creasing Eν = 30 MeV, where we can see the impact of two compelling effects

taking place at the same time: on the one hand the kinematics (Eq. 1.34) is re-

sponsible for the sudden drop in the cross section as it determines the maximum

nuclear recoil for a given neutrino energy, on the other hand the cross section is

further reduced by the form factors (solid lines).
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Although the modification of the cross section may seem modest, it is worth

remarking that current CEνNS data are sensitive to nuclear structure parameters,

enabling the extraction of the neutron radius Rn. In this sense, CEνNS can be

regarded as a neutrino microscope for probing nuclear physics.
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Figure 1.7: Upper panel: Nuclear proton (dashed lines) and neutron (solid lines) form
factors as a function of the nuclear recoil energy Tnrfor different target materials. Lower
panel: CEνNS differential cross section for different target materials and neutrino energy
of Eν = 30 MeV. The comparison of the cross sections with form factors set to unity
(dashed lines) and including their dependence on the momentum transfer (solid lines) is
also shown.

1.2.3 Precise Determination of Neutrino Couplings

Another crucial element to be considered to accurately describe the neutrino inter-

action at low energies, is the inclusion of radiative corrections, which modify the

neutrino-fermion coupling. The term “radiative correction” encompasses higher-

order diagrams that go beyond the tree-level interaction shown in Fig. 1.3. More

precise values are determined by taking into account the radiative corrections in
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the MS scheme, following Refs. [5, 19, 59, 60], with a well-defined subtraction

of singular terms arising in dimensional regularization, giving rise to expressions

with a logarithmic energy scale dependence that is governed by a renormaliza-

tion group equation (RGE). Choosing this energy scale equal to the momentum

transfer of the process under consideration will, in general, avoid spurious loga-

rithms [61]. Specifically, we will consider only 1-loop vertex corrections, as they

provide the largest contribution. Within this framework, the ℓ flavor neutrino

chiral right and left couplings to fermions f = e, u, d are given by6

gνℓf
L = ρ

[1
2 −Qf ŝ

2
0 + ⊠fL

ZZ

]
−Qf�νℓW + 1W W (f = u), (1.45)

gνℓf
L = ρ

[
−1

2 −Qf ŝ
2
0 + ⊠fL

ZZ

]
−Qf�νℓW + 2W W (f = d, e), (1.46)

gνℓf
R = −ρ

[
Qf ŝ

2
0 + ⊠fR

ZZ

]
−Qf�νℓW (f = u, d, e), (1.47)

where ρ = 1.00063 represents a low-energy correction for neutral-current pro-

cesses, while ŝ2
0 stands for sin2 ϑW (q2 → 0). The quantities 1W W ,2W W and ⊠fX

ZZ ,

where X ∈ {L,R} represents the parity, are the radiative corrections associated

with the WW crossed-box, WW box diagram and the ZZ box respectively. On

the other hand, �νℓW describes the neutrino charge radius (NCR) contribution

and introduces a dependence on the neutrino flavor ℓ. Despite being treated as

a radiative correction, the NCR is a more fundamental quantity. It is, in fact,

the only neutrino electromagnetic property predicted to be non-zero in the SM.

Sec. 1.2.4 will further explore the NCR contribution in neutrino scattering exper-

iments, while Chap. 7 will present the constraints on this fundamental quantity

using CEνNS data. The contribution of the different loop diagrams can be evalu-

ated and is given by [60]

�νℓW = − α

6π

(
ln m

2
W

m2
ℓ

+ 3
2

)
, (1.48)

2W W = − α̂Z

2πŝ2
Z

[
1 − α̂s(mW )

2π

]
, 1W W = α̂Z

8πŝ2
Z

[
1 + α̂s(mW )

π

]
, (1.49)

⊠fX
ZZ = − 3α̂Z

8πŝ2
Z (̂1 − ŝZ)2

(gνℓf
X )2

[
1 − α̂s(mZ0)

π

]
, (1.50)

6Note that, in this notation, we are neglecting the chirality of the neutrino which is always
left-handed, while it is made explicit in Ref. [60].
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where α̂Z = 127.951−1 is the electromagnetic coupling constant evaluated at the Z0

boson mass, α̂s(mZ0) = 0.1185(16) is the strong coupling evaluated at the Z0 or W

mass, ŝ2
Z = 0.23122(4) is the value of the Weinberg angle at the Z0 mass, while mℓ

with ℓ = e, µ, τ represent the mass of the lepton associated with the neutrino flavor

involved in the interaction [19]. Note that in Eq. 1.50 all the (gX)νℓf couplings are

evaluated at lowest order but replacing the weak mixing angle at zero momentum

transfer ŝ2
0 by ŝ2

Z and are given by

gνℓe
L = −1

2 + ŝ2
Z , gνℓe

R = ŝ2
Z , (1.51)

gνℓu
L = 1

2 − 2
3 ŝ

2
Z , gνℓu

R = −2
3 ŝ

2
Z , (1.52)

gνℓd
L = −1

2 + 1
3 ŝ

2
Z , gνℓd

R = 1
3 ŝ

2
Z . (1.53)

The left and right coupling for the proton are obtained as

gνℓ p
L = 2gνℓ u

L + gνℓ d
L = ρ

2 − ρŝ2
0 − �νℓW + 2 1W W + 2W W + 2ρ⊠uL

ZZ +ρ⊠dL
ZZ , (1.54)

gνℓ p
R = 2gνℓ u

R + gνℓ d
R = −ρŝ2

0 − �νℓW − 2ρ⊠uR
ZZ −ρ⊠dR

ZZ . (1.55)

This enables one to compute the coupling of the neutrino with the proton, i.e.

gνℓ p
V = gνℓ p

L + gνℓ p
R , which is therefore

gνℓ p
V = ρ

(1
2 − 2ŝ2

0

)
+2 1W W +2W W −2�νℓW +ρ(2⊠uL

ZZ +⊠dL
ZZ −2⊠uR

ZZ −⊠dR
ZZ). (1.56)

By performing the same calculation to evaluate the coupling of the neutrino with

the neutron, the left and right couplings are

gνℓ n
L = gνℓ u

L + 2gνℓ d
L = −ρ

2 + ρ(⊠uL
ZZ + 2⊠dL

ZZ) + 1W W + 22W W , (1.57)

gνℓ n
R = gνℓ u

R + 2gνℓ d
R = −ρ(⊠uR

ZZ + 2⊠dR
ZZ). (1.58)

We finally have the vector coupling the neutrino with the neutron

gν n
V = −ρ

2 + 22W W + 1W W + ρ(2 ⊠dL
ZZ + ⊠uL

ZZ −2 ⊠dR
ZZ −⊠uR

ZZ), (1.59)

which is independent on the weak mixing angle and on the neutrino charge radius.

Numerically, the values of the couplings correspond to

gp
V (νe) ≃ 0.0381, gp

V (νµ) ≃ 0.0299, gp
V (ντ ) ≃ 0.0255, gn

V ≃ −0.5117 . (1.60)
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This formalism can also be applied to determine the radiative correction associated

with the axial coupling gA for the CEνNS process and will be discussed in the

following for completeness. Recalling that gA = gL − gR, their expressions are

gp
A = ρ

2 + 2 1W W + 2W W + ρ(2 ⊠uL
ZZ + ⊠dL

ZZ +2 ⊠uR
ZZ +⊠dR

ZZ), (1.61)

gn
A = −ρ

2 + 22W W + 1W W + ρ(2 ⊠dL
ZZ + ⊠uL

ZZ +2 ⊠dR
ZZ +⊠uR

ZZ), (1.62)

which do not depend on the weak mixing angle or the neutrino charge radius and

numerically corresponds to

gp
A ≃ 0.4954, gn

A ≃ −0.5121 . (1.63)

The same formalism will be adopted in the case of neutrino electron scatter-

ing, which will be described in Sec. 1.3. To conclude, we are now able to write

the CEνNS cross section making the dependence on the neutrino flavor explicit,

namely

dσνℓ−N

dTnr
= G2

F

π
mN

(
1 − mNTnr

2E2
ν

)[
Zgp

V (νℓ)Fp(q2) +Ngn
V Fn(q2)

]2
. (1.64)

formalism which will be developed in this thesis will not be implemented in

the context of supernova neutrinos, but will be addressed in future studies.

1.2.4 Neutrino Charge Radius and Flavor-Dependent Radiative

Corrections

During the realization of this thesis work, in Ref. [7], we refined the formalism

of radiative corrections in neutrino scattering experiments to incorporate the mo-

mentum transfer dependence on the term ϕνℓ
associated with the neutrino charge

radius, which has been so far neglected in the literature of CEνNS works. The

neutrino charge radius ⟨r2
νℓ

⟩ is related to the radiative correction ϕνℓ
through

⟨r2
νℓ

⟩ = 6GF√
2πα

ϕνℓW = − GF

2
√

2π2

[
3 − 2 ln

(
m2

ℓ

m2
W

)]
. (1.65)
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This is a constant term, evaluated by definition at q2 → 0. In the SM, the numerical

values of the neutrino charge radius for the different neutrino flavors are

⟨r2
νe

⟩ ≃ −8.3 × 10−33 cm2 , (1.66)

⟨r2
νµ

⟩ ≃ −4.8 × 10−33 cm2 , (1.67)

⟨r2
ντ

⟩ ≃ −3.0 × 10−33 cm2 . (1.68)

Historically, the neutrino charge radius was first introduced as one of the radiative

contributions to the running of the weak mixing angle. Being an intrinsic neu-

trino property, it affects the running of the weak mixing angle only in the case

of neutrino scattering processes [62, 63]. In such formalism, the neutrino charge

radius contribution acquires a momentum dependence due to the non-zero mo-

mentum transfer in the real experiment. It can be shown [7] that the momentum

dependent radiative correction ϕνℓW can be effectively parameterized as

ϕeff
νℓW (q2) = −α

π

(
−Rℓ(q2) + 1

4

)
= −α

π

(
−
∫ 1

0
dx x(1 − x) ln

[
m2

ℓ − q2x(1 − x)
m2

W

]
+ 1

4

)
, (1.69)

where the integral Rℓ(q2) is defined as

Rℓ(q2) =
∫ 1

0
dx x(1 − x) ln

[
m2

ℓ − q2x(1 − x)
m2

W

]
. (1.70)

The expression in Eq. 1.69 should then be used in the experimental extraction

of the neutrino charge radius whenever q2 ̸= 0. Practically speaking, one should

carefully correct for the momentum dependence, and this can be done introducing

a “neutrino charge radius form factor”. We define this form factor by isolating the

momentum-dependent NCR with respect to the SM picture, so basically as

Fνℓ
(Tnr) =

⟨r2
νℓ

⟩eff(Tnr)
⟨r2

νℓ
⟩eff(0) ≡

⟨r2
νℓ

⟩eff(Tnr)
⟨r2

νℓ
⟩SM , (1.71)

where we introduced an effective NCR, namely

⟨r2
νℓ

⟩eff = 6GF√
2πα

ϕeff
νℓW (q2) = − GF

2
√

2π2

[
3 − 12Rℓ(q2)

]
, (1.72)
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so that, we can obtain the neutrino couplings by using this effective NCR radiative

correction7 instead of the classical one inside Eq. 1.65. The same effect appears in

the case of elastic neutrino electron scattering. In this manner, the NCR form factor

is naturally normalized to unity for a zero-momentum transfer and decreases as

the momentum grows, with a different steepness depending on the considered

neutrino flavor. The momentum dependence of ϕeff
νℓW (q2) comes from Rℓ(q2) as

defined in Eq. 1.70, and its impact becomes relevant for momenta larger than the

mass of the corresponding charged lepton ℓ, i.e. q2 ≳ m2
ℓ . Thus, for νe processes

the correction to the couplings becomes visible for q ≳ 0.5 MeV, while for νµ only

above ∼ 100 MeV. In the case of ντ an even higher momentum transfer is needed

to appreciate any difference, which is not relevant for the typical momenta of

CEνNS experiments that we are considering in this thesis. We remind here that

the momentum transfer is derived as a function of the nuclear or electron recoil

energy as

Q2 = −q2 ≃ 2mtarT , (1.73)

where mtar is the target mass, so either the nuclear or the electron mass, and T

is the nuclear, Tnr, or electron, Te, recoil energy, depending on the case. We can

now consider the effect of the NCR correction on the neutrino-proton coupling.

In Fig. 1.8 we show the variation of the latter as a function of the nuclear recoil

energy by comparing the two NCR radiative correction definitions. If we consider

the typical momentum transfer (and thus recoil energy) of CEνNS experiments,

Q ∼ 10 − 100 MeV, as shown by the shaded light blue area, we can notice that the

variation of the coupling is clearly non-negligible for the νe case. The effect on the

νµ proton coupling is, as expected, significant for higher energies, so that, for νµ

CEνNS at the current precision one can still employ a constant NCR radiative cor-

rection. Quantitatively, considering the recoil energy region of interest for CEνNS,

the variation of the νe proton coupling due to the NCR correction momentum de-

pendence is between ∼ 10 − 20%, while we see that there is almost no effect for

the other two neutrino flavors.

The overall effect on the CEνNS cross section is small, and the variation af-

fects mainly the coupling to protons, which is naturally suppressed by the weak

mixing angle. So in practice, we are dealing with a minor effect. However, if one
7Since the NCR is by definition evaluated at zero-momentum transfer and is well-defined phys-

ical quantity, it is worth stressing that this effective definition has not to be considered as the
actual definition of the neutrino charge radius. This effective definition can be thus viewed as a
form factor which incorporates the momentum dependence, in analogy to the nuclear form factor
discussed in Sec. 1.2.2.
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Figure 1.8: Left panel (upper): Comparison between the value of the NCR at zero-
momentum transfer (solid lines) and the effective definition (dashed lines) in the case
of the muonic flavor (green/lime) and the electron one (orange/red) as a function of the
nuclear recoil energy for a cesium target. (Lower) Effective form factor as a function of
the nuclear recoil energy for the muon flavor (green) and the electron one (orange). Right
panel: Neutrino-proton coupling for the CEνNS process on cesium nuclei as a function of
the nuclear recoil energy. The solid lines refer to the couplings considering a constant NCR
radiative correction, while the dashed ones refer to the momentum-dependent neutrino
charge radius radiative correction case. The vertical light blue lines and the shaded area
indicate the typical momentum transfers of CEνNS experiments.

wants also to perform the first neutrino charge radius measurement with future

experiments this effect will heavily mislead its extracted value as we will discuss

in Sec. 7.1.3. In fact, the quantity that one measures, in particular in the case

of the electron neutrinos, is the effective NCR which has to be corrected for the

momentum dependence in order to extract the physical NCR.

Moreover, we note here that the use of radiative corrections in the CEνNS process

is also relevant in the context of supernova neutrinos. Indeed, if one aims to ob-

tain a precise measurement of the supernova neutrino flux [35] from the CEνNS

channel, the effect of radiative corrections, as well as the energy-dependent NCR

discussed above, might play a non-negligible role. This study is beyond the goal

of this thesis work and might be addressed in future work.

1.3 ν Elastic Scattering Off Free Electrons

Another low-energy process of interest for this thesis work is the elastic scattering

of neutrinos with electrons (νES). Historically, this process was used to discover

the weak neutral current in 1973 through the Gargamelle experiment [64], which

intriguingly resulted in the first attempt to extract the weak mixing angle from

this scattering channel, yielding 0.1 < sin2 ϑW < 0.6. Recently, it has been widely
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Figure 1.9: Tree-level Feynman diagrams for the charge current interaction for νe (upper
left) and for the neutral current contribution for all the neutrino flavors ℓ = e, µ , τ (upper
right). The channel described in the lower panel is present only for ν̄e.

used to constrain electroweak parameters [65–68] and has played a crucial role in

enhancing our understanding of solar neutrinos, particularly through the Borexino

experiment [69–72]. Moreover, νES represents a significant source of background

for direct dark matter searches [73, 74], but provides also additional channels to

constrain new physics scenarios (see Chap. 7). The νES process can be of the form

( — )

ν e e
− → ( — )

ν e e
−, (1.74)

( — )

ν µ,τ e
− → ( — )

ν µ.τ e
−. (1.75)

While Eq. 1.74 can happen via both NC and charged current (CC) interactions, the

reaction in Eq. 1.75 is only allowed via the NC process. The tree-level Feynman

diagrams for this process are reported in Fig. 1.9. Similarly to the CEνNS process,

the mass of the boson carrying the interaction in νES is much larger than the

momentum transfer in the energy regimes of interest for this thesis. As a result,

the effective four-Fermi weak neutral current and charged current Lagrangians for
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νES are given by [75]

LNC = −GF√
2
[
νγµ(1 − γ5)ν

] [
eγµ(gV − gAγ

5)e
]
, (1.76)

LCC = −GF√
2
[
νγµ(1 − γ5)ν

] [
eγµ(1 − γ5)e

]
, (1.77)

where in the Eq. 1.77 a Fierz transformation has been used [75]. The electroweak

theory predicts the coefficients relative to the electron-Z0 interaction vertex to be

gV = −1/2 + 2 sin2 θW and gA = −1/2 [60].

Considering the scattering of νe, we can combine the Lagrangians for the NC and

CC contributions, obtaining [17]

Leff(( — )

ν ee
− → ( — )

ν ee
−) = − GF√

2
[νeγ

µ(1 − γ5)νe][eγµ((1 + gV ) − (1 + gA)γ5)e] ,

which has the form of the NC Lagrangian in Eq. 1.76 but for the unit factors added

to the couplings gℓ
V (A) in the second square brackets.

The differential cross section can be evaluated starting from the Lagrangians de-

fined above [76] and after some kinematics calculation can be evaluated as a

function of the electron recoil energy, Te, giving

dσνℓ−e

dTe

(Eν , Te) = G2
Fme

2π

[
(gνℓ

V +gνℓ
A )2 +(gνℓ

V −gνℓ
A )2

(
1− Te

Eν

)2
−((gνℓ

V )2 −(gνℓ
A )2)meTe

E2
ν

]
,

(1.78)

where me is the electron mass.

In the latter equation, the couplings gνℓ
V and gνℓ

A represent the vector and axial

coupling between a neutrino νℓ and an electron, respectively. To ensure the cross

section to have the same form for all neutrino flavors, the couplings are defined

such that they already include contributions from the charged current diagram,

which affects the cross section for electron neutrino scattering off electrons. Thus,

at tree-level, the SM values of these couplings are

gνee
V = 2 sin2 θW + 1/2 , gνee

A = 1/2 , (1.79)

g
νµ,τ e
V = 2 sin2 θW − 1/2 , g

νµ,τ e
A = −1/2 . (1.80)

For antineutrinos one must only substitute gνℓe
A → gνℓe

A = −gνℓe
A inside the cross

section in Eq. 1.78. The couplings defined in Eq.1.79 and Eq. 1.80 are valid at

the tree-level. To achieve more accurate calculations for the cross sections, it

is essential to incorporate contributions from radiative corrections adopting the
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formalism described in Sec. 1.2.3, which gives

gνℓ e
V = ρ

(
−1

2 + 2ŝ2
0

)
+ 2W W + 2�νℓW + ρ(⊠eL

ZZ − ⊠eR
ZZ), (1.81)

gνℓ e
A = ρ

(
−1

2 + ⊠eL
ZZ + ⊠eR

ZZ

)
+ 2W W , (1.82)

and numerically correspond to

gνee
V = 0.9521, gνee

A = 0.4938, (1.83)

g
νµe
V = −0.0397, g

νµe
A = −0.5062, (1.84)

gντ e
V = −0.0353, gντ e

A = −0.5062. (1.85)

Similarly to what was observed in the case of CEνNS, we notice that the couplings

have acquired a flavor dependence, due to the neutrino charge radius radiative

correction. The typical momentum transfer in this process is much smaller com-

pared to that of a CEνNS interaction, and the momentum dependence of the ra-

diative correction is negligible in the energy range of interest in this thesis.

In Fig. 1.10, the integrated cross section
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Figure 1.10: Neutrino electron cross section as a function of the neutrino energy for
electronic and muonic neutrinos (solid lines) and antineutrinos (dashed lines). The νe

cross section is bigger because the interaction can be mediated by both Z0 and W bosons.

σνES(Eν) =
∫ T max

e (Eν)

0

dσES
νℓ−e

dTe

(Eν , Te) dTe (1.86)

33



CHAPTER 1. LOW-ENERGY NEUTRINO ELASTIC SCATTERING

10

20

30

40

50

60

Z
ef
f


(T
e
)

Ar

Ge

Xe

Cs

0.1 0.5 1 5 10 50 100

1

2

3

4

5

6

Te[keVee]

dσ dT
e
[1
0-
46
ke
V
ee
-
1 c
m
2 ]

Figure 1.11: Upper panel: ZA
eff as a function of the electron recoil energy for different

target materials (solid lines), compared with the number of electrons in the atom (dashed
horizontal). Lower panel: Neutrino-electron scattering cross section, for different target
materials, under the FEA+Zeff approach. In both cases, the edges reflect the atomic struc-
ture of the material.

is shown for the neutrino and antineutrino elastic scattering off electrons, con-

sidering both electronic and muonic flavors including radiative corrections. Here

Tmax
e is the maximum recoil energy kinetically achievable given a certain neutrino

energy, and is

Tmax
e (Eν) ≃ 2E2

ν

me + 2Eν

. (1.87)

1.3.1 ν Scattering Off Atomic Electrons

The formalism described so far is valid only when considering the scattering off

free electrons, the so-called free-electron approximation (FEA). In reality, neutri-

nos interact with the bound electrons in the atoms, A, possibly ionizing them. A

widely adopted formalism which accounts for the effects of the atomic structure

of the target material is the effective atomic number (Zeff) approach [77, 78]. The

ZA
eff term parameterizes the number of atomic electrons that can be ionized given

an energy threshold Te and is reported in App. A for different atoms. Within this
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framework, the neutrino cross section for scattering with an atom containing Z

electrons is now given by

dσνℓ−A

dTe

= ZA
eff(Te)

G2
Fme

2π

[
(gνℓ

V +gνℓ
A )2+(gνℓ

V −gνℓ
A )2

(
1− Te

Eν

)2
−((gνℓ

V )2−(gνℓ
A )2)meTe

E2
ν

]
.

(1.88)

This thesis adopts the FEA+Zeff approach to describe the electroweak interaction

of neutrinos with atom A. The upper panel of Fig. 1.11 illustrates ZA
eff as a func-

tion of Te for various materials pertinent to our study, while the neutrino-atom

cross section is reported in the lower panel. It is important to note that more ac-

curate methods have been developed to provide a better description of neutrino

interactions with atomic electrons. Among these methods, the sophisticated mul-

ticonfiguration relativistic random phase approximation (MCRRPA) [79, 80] and

the many-body relativistic random phase approximation (RPPA) are available in

the literature. However, it has been shown that they provide results similar to

those obtained with the FEA+Zeff approach [81].
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2
Detailed Calculation of Neutrino Backgrounds for

the DarkSide-20k Dark Matter Experiment

Opening

Arguably, one of the most important problems in fundamental physics to-

day concerns the nature of dark matter (DM). This exotic form of matter

permeates the universe, inspiring extensive theoretical and experimental re-

search. This chapter aims to motivate the direct detection of DM, within the

context of the DarkSide-20k experiment. The irreducible neutrino signal is

known to be one of the major backgrounds which limits the discovery po-

tential of DM candidates in a direct search experiment. Using the formalism

developed in Chap. 1, the neutrino interaction rate expected from CEνNS

and νES in DarkSide-20k will be evaluated. The DarkSide-20k sensitivity

to low mass dark matter candidates based on a Collaboration study [9] will

also be discussed.

2.1 The Dark Matter Problem

The study of DM is one of the most active and intriguing fields in modern physics.

Its presence is inferred from a variety of probes as a result of its gravitational ef-

fects. Specifically, DM provides an explanation for the shape of the galaxy rotation

curves [82], galaxy cluster dynamics observations [83], the formation and distri-

bution of cosmic structures [84] and the primordial light element abundances [85,

86]. Moreover, cosmological data show that it has been present throughout the

evolution of the universe [87].

In this framework, the experimental quest for non-gravitational signatures of dark

matter has ramped up over the past decades. By combining our knowledge of the

cosmological and astrophysical data, one can make quantitative statements about
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Figure 2.1: The mass range of possible DM candidates, including both particle candidates
and primordial black holes. The mass ranges are only approximate and are meant to
indicate general considerations. Figure taken from [88].

general DM properties. Dark matter has to be

• dark, meaning that its interaction is not included in the SM framework. As-

trophysical observations imply that dark matter is not luminous, and cosmo-

logical evidence requires that a matter component interacting only by gravity

must be present.

• Cold, or better say, non-relativistic, otherwise, the matter fluctuations struc-

tures can not form and can not match the distribution of structures we see

today.

• Stable, or almost stable, since its lifetime should be much greater than the

age of the universe, or it would have decayed by now.

Many dark matter candidates exist and must be consistent with the aforemen-

tioned broad range of observations on astrophysical and cosmological scales, while

also satisfying laboratory bounds. Several hypotheses on the main constituent

of dark matter are broadly studied [88–90], with a mass range that spans from

∼ 10−22eV to several M⊙, where M⊙ is the mass of our sun. A very simple

schematic of different candidates is shown in Fig. 2.1 across an extensive mass

range. For a review of the past and current status of DM searches, exploiting indi-

rect and complementary techniques, as well as a discussion on alternatives to dark

matter, see Ref. [90].

Among the different candidates for dark matter, this thesis will focus on Weakly
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Interacting Massive Particles (WIMPs) [90, 91], widely studied particles predicted

by many new physics scenarios and characterized by an extremely small cross sec-

tion with ordinary matter, which makes their detection particularly challenging.

2.2 WIMP Paradigm

According to the WIMP paradigm, the dark matter we observe today was produced

in the very early universe, as a thermal relic of the Big Bang [92]. In the standard

framework describing the evolution of the universe [93], its early stages were

characterized by a hot and dense plasma of particles assumed to be in thermal

equilibrium, such that WIMPs (χ) can interact with SM particles, i.e. leptons,

quarks or electroweak bosons, according to

χ+ χ ↔ SM + SM. (2.1)

This process, at high temperatures, proceeds in both directions, but as the temper-

ature of the universe decreases below the WIMP mass mχ the number of DM par-

ticles becomes exponentially suppressed by the Boltzmann factor e−mχ/kBT , with

kB the Boltzmann constant and T the temperature of the universe [90]. As the

universe expands, the DM annihilation process becomes irrelevant, and we assist

the so-called “freeze out” which gives rise to the relic abundance of DM particles

we observe today.

WIMPs are assumed to be distributed in our galaxy according to the so-called stan-

dard halo model (SHM) [94, 95] with a constant density of ρDM ≃ 0.3 GeV/cm3.

The lack of concrete evidence of direct DM detection so far motivates the search

for lighter WIMPs, below 10 GeV, so-called light DM (LDM) candidates.

In the following, we will show how to obtain the differential event rate for a

spin-independent (SI) DM-nucleus interaction of interest in this thesis. Spin-

independent interactions are generated predominantly by scalar terms in a four-

Fermi effective Lagrangian of the type [91]

L ⊃ αs
qχχqq̄, (2.2)

which describes interactions of a quark species q with the dark matter field χ,

coupled via αs
q. In this case, the differential spin-independent DM-nucleus cross

section, under the simplified assumption of equal WIMP coupling with protons
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and neutrons, can be written as [91]

dσχ−N
SI
dTnr

= mN

2µ2
χ−pv2σ

p
SI(Z +N)2|F (Tnr)|2. (2.3)

Here, v is the velocity of the non-relativistic WIMP while σp
SI parameterizes the

DM-nucleon cross section and is expected to be approximately at the level of weak

interaction for TeV-scale WIMPs [90, 91]. Moreover

µχ−p = mχmp

mχ +mp

(2.4)

is the reduced DM-nucleon mass1. In Eq. 2.3 we recognize the usual A2 pro-

portionality, similar to CEνNS, which means that in this simple scenario, all the

nucleons respond coherently to the interaction. This implies that the WIMP cross

section is bigger for heavy nuclei, but similarly to the CEνNS phenomenology, the

nuclear form factor F (Tnr) is responsible for a reduction in the expected number

of events. We can clearly see that the WIMP interaction is very similar to that of

CEνNS also because the single outcome of the interaction is a very small nuclear

recoil energy Tnr. It is worth mentioning that in direct WIMP searches, the form

factor is usually parameterized according to the Helm function (Eq. 1.44) using

the Lewin-Smith [96] prescription for R0. The latter defines R0 to be

R0 =
√
c(A)2 + 7

3π
2a2 − 5s2, (2.5)

with s = 0.9 fm, a = 0.52 fm and c(A) given by

c(A) = (1.23 A1/3 − 0.6) fm. (2.6)

In order to obtain the expected WIMP rate in a detector, we need to convolve the

cross section with the expected DM flux at Earth from the SHM, which depends

on the f1(v) velocity distribution and is given by [91, 94]

dR

dTnr
= ρDM

2µ2
χ−pmχ

σp
SI(Z +N)2|F (Tnr)|2

∫ ∞

vmin

f1(v)
v

dv, (2.7)

1The isospin limit is usually assumed in this calculation, meaning that the small mass difference
between the proton and neutron is neglected.
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Figure 2.2: WIMP rate expected at Earth according to standard halo model for different
target materials, as a function of the nuclear recoil energy.

where vmin, is the minimum velocity for a given Tnr and is

vmin =
√√√√mNTnr

2µ2
χ−N

, (2.8)

with µ2
χ−N the WIMP-nucleus reduced mass. Fig. 2.2 shows the theoretical WIMP

rate in two different regimes. As a general statement, as shown in Fig. 2.2, DM

candidates with a high mass produce larger nuclear recoil energies compared to

lighter DM particles. For this reason, a necessary requirement for a direct detection

DM experiment to be sensitive to light WIMPs is to have a low detection threshold.

Direct research for dark matter is conducted using underground detectors, which

allow for significant suppression of experimental backgrounds, specifically cosmic

rays. Different technologies are currently used, and noble liquid detectors are

particularly relevant for this thesis.

See Ref. [97] for a comprehensive and up-to-date review of the current status

of direct detection dark matter searches, with a focus on all detectors that are

currently operational.

2.2.1 Direct Search for WIMPs with Noble Liquids Detectors

Noble liquids, such as argon and xenon, are widely used as target material in

direct WIMP searches because of their excellent scintillation properties and in-

trinsic radiopurity. This feature, combined with the ease of scaling up to large

mass at moderated cost, has made LXe and LAr popular targets and detectors
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for rare physics searches; in fact, noble liquid detectors are also exploited in the

context of CEνNS searches (see Chap. 3 and Chap. 4). Specifically, different ton-

scale liquid xenon detectors are currently operating, among them XENONnT [98],

PandaX [99] and LZ [73]. Moreover, a well-established complementarity exists

between dark DM experiments and neutrino physics [100]. Remarkably, both

PandaX [101] and XENONnT [102] recently reported the first measurement of

CEνNS from solar neutrinos at about 2.7 σ CL, while intriguing constraints of neu-

trino properties have been obtained by XENONnT [74] and LZ [103]. In Chap. 7

we will use LZ data to put world-leading constraints on some neutrino proper-

ties. On the other hand, argon has the advantage that it is quite abundant in

Earth’s atmosphere, it is easy to purify by removing electronegative impurities,

which makes it less expensive compared to other noble liquids. This characteris-

tic makes the idea of building large detectors more feasible. The most abundant

component in atmospheric argon (AAr) is the stable isotope 40Ar, produced by the

electron capture of 40K [104]. The production rate is proportional to the num-

ber of 40K, therefore the majority of the production occurs underground and from

there 40Ar diffuses into the atmosphere. Indeed, due to interactions of cosmic

rays, atmospheric argon also contains three long-lived radioactive isotopes: 39Ar,
37Ar and 42Ar. Among these three isotopes, the pure β-emitter 39Ar is often the

dominant source of background at low energies for argon-based detectors, limit-

ing the sensitivity to rare events searches. This unstable isotope has an activity of

(1.01 ± 0.08) Bq kg−1 [105], an endpoint of 565 keV, and a half-life of 269 years.

For this reason, the use of underground argon (UAr) with a significant reduction

of 39Ar compared to AAr, represented a game changer for argon detectors. The

DarkSide-50 Collaboration, at Gran Sasso National Laboratories, cleverly decided

to fill the TPC with UAr, reaching an unprecedentedly low background level for

an argon-based detector. For a review specifically on direct dark matter detection

with liquid argon, see Ref. [106]. In the next sections, the DarkSide program will

be detailed, with a particular focus on the DarkSide-20k and its physics reach.

2.3 The DarkSide Program and the DarkSide-20k Ex-

periment

This section will present the DarkSide project, which leads the argon-based di-

rect dark matter searches using a dual-phase time projection chamber (TPC). The
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DarkSide TPC consists of an active volume filled with liquid argon, which is im-

mersed in a uniform electric field, to drift ionization electrons towards a gaseous

region on top of the detector, where charges are accelerated to stimulate light

production by electroluminescence. One of the major advantages of the use of

argon as a target material for rare event searches lies in its unique scintillation

properties, which allow for the distinction between nuclear recoils (NR) and elec-

tron recoils (ER). Therefore, it is useful to delve into the operational principles of

an argon detector, as its understanding will be valuable not only in the context

of the DarkSide TPC, but also for comprehending the CEνNS CENNS-10 experi-

ment discussed in Sec. 3.3. Scintillation from noble liquids arises in two distinct

ways, involving de-excitation and recombination. The interaction of a particle

with atoms excites the atoms, leading to the formation of weakly bound excited

dimers, called excimers, within a few picoseconds [107]. These excimers then

radiatively de-excite, producing vacuum ultraviolet (VUV) photons

Ar∗+Ar → Ar∗
2,

Ar∗
2 → 2Ar + γ, (2.9)

with a wavelength of 128 nm. Likewise, the ionization track produced by the re-

coiling argon nucleus upon interaction is followed by the recombination of electron-

ion pairs and the formation of excited dimers, leading to the emission of scintilla-

tion VUV photons. The scintillation light produced by the excited molecular states

has both a “fast” component (τs ≃ 6 ns) and a “slow” component (τt ≃ 1600 ns).
These components are due to electronic and nuclear recoils in different propor-

tions, allowing the differentiation between the two through pulse shape discrimi-

nation (PSD). This is achieved using the parameter f90, which quantifies the frac-

tion of light emitted in the first 90 ns after the recoil, compared to the total col-

lected light. Since nuclear recoil signals produce almost all their light within the

first 90 ns while electronic recoils later, it is possible to discriminate between NR

and ER. The f90 parameter is more efficient at higher NR energies, setting the en-

ergy threshold to approximately ∼ 20 keVnr. In order to detect VUV photons, the

inner TPC walls need to be coated with a wavelength shifter that absorbs photons

at λ = 128 nm and re-emittes in the visible range at λ = 420 nm, allowing them to

be detected by the photo-multiplier tubes (PMTs) in the case of the DarkSide-50

detector. PMTs collect both the prompt scintillation light produced in liquid (S1),

and the delayed electro-luminescence light (S2) generated in gas, allowing for en-
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Figure 2.3: Cross-section of the DarkSide-20k detector showing the inner detector with
the acrylic walls in green and the electrodes in pink. The stainless steel vessel is in grey
and the Proto DUNE-like cryostat is in yellow and red. Figure taken from Ref. [9].

ergy measurement and 3D vertex reconstruction.

The DarkSide-50 detector operated with (46.4 ± 0.7) kg active mass of UAr and is

now dismantled after its successful measurements started in 2013. The DarkSide-

50 detector demonstrated in fact that the UAr has a 39Ar rate of 7.3×10−4Bq kg−1,

which is a factor of about 1400 below atmospheric levels [108] and allowed the

collaboration to put very strict limits on DM candidates and BSM physics [109–

113].

In light of its success, the DarkSide-50 experiment served as a prototype for the

DarkSide-20k detector [114], whose schematic is shown in Fig. 2.3 and will be

hosted by Gran Sasso National Laboratories in the same hall as its predecessor.

The DarkSide-20k collaboration plans to extract UAr from CO2 wells in Cortez,

CO (US), through the Urania plant and to distil it in Sardinia at the ARIA plant,

which is responsible for argon purification (further separation of isotopes 39Ar
from 40Ar and chemical distillation) [12, 115]. The DarkSide-20k TPC, will be

filled with 49.7 ton of UAr and shaped as a prism with an octagonal base, with a

vertical drift length of 348 cm and an octagonal inscribed circle diameter of 350

cm. To ensure the extraction of electrons, the active volume is immersed in a uni-

form electric field generated by applying a voltage potential of 73.4 kV between

the anode and the cathode made of transparent acrylic (PMMA) coated with a

conductive material (Clevios). The S2 electroluminescence signal develops in a
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multiplication region filled with gaseous argon, 7 mm thick between the liquid

level and the anode, giving about 25 photo-electrons per ionization electron ex-

tracted in the gas pocket [9].

To ensure the best possible collection of both scintillation and ionization-induced

photons, the inner TPC walls are coated with tetraphenyl butadiene to shift the

VUV photons to visible wavelength for which photodetection efficiency is maxi-

mal. Two planes of cryogenic Silicon Photo Multipliers (SiPMs) cover the top and

bottom faces of the TPC to detect the light signals. The ∼200k SiPMs are gathered

in the so-called Photo Detector Modules (PDMs) [116] which consist of 5 × 5 cm2

arrays. If neutrons scatter in the TPC and produce a WIMP-like signal, they are

likely to be captured in the 15 cm thick acrylic TPC walls. Neutrons captured in

this way release γ-rays which are detected in the TPC and/or the 32 ton UAr veto

surrounding it. The TPC and this UAr veto are housed in a stainless steel (SS) ves-

sel and read by 480 photo detector channels. This SS vessel is immersed in a bath

of 650 tons of atmospheric argon (AAr), acting as a shield and an outer veto detec-

tor for muons and associated products. The AAr is contained in a ProtoDUNE-like

membrane cryostat [117]. A dedicated material campaign carefully selected the

materials with the lowest radioactivity level possible to reduce the background,

and in this context an extensive simulation of all the background is crucial. Neu-

trinos represent an irreducible background, as they cannot be shielded and their

signal cannot be distinguished from that of dark matter. However, due to the

advancements in the knowledge of neutrino interactions, using the formalism de-

scribed in Chap. 1 it is possible to carefully evaluate the expected rate of neutrino

elastic scattering off nuclei and electrons for the DarkSide-20k experiment, as will

be discussed in the following.

2.4 Astroparticle Neutrino Sources

The impact of the neutrino background in direct dark matter experiments is typ-

ically expressed through the so-called “neutrino floor” [120, 121]. This concept

defines the region in the WIMP mass and cross-section parameter space where the

WIMP signal becomes statistically indistinguishable, at a given confidence level,

from the signal produced by neutrino interactions. The neutrino floor, or better

say neutrino fog, has recently been revisited in Ref. [122]. The neutrino fog marks

the point at which any experiment will start to be limited by the neutrino back-
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Figure 2.4: Reactions in the solar pp chain. Neutrinos (νe) produced in the five reactions
in the top-down order are referred to as pp, pep, hep, 7Be, 8B neutrinos, respectively. The
theoretical branching percentages are taken from Ref. [118]. Figure from Ref. [119].

Figure 2.5: Reactions in the CNO cycle. Neutrinos (νe) are produced from decays of
13N, 15O, and 17F in the first two cycles, Cycle-I and Cycle-II, with the latter suppressed
relatively by ∼ 1%. The electron capture from oxigen and fluorine chains is not shown.
Figure from Ref. [119].

ground. Still, it can be overcome by a deep knowledge of the neutrino signal,

allowing its subtraction during statistical analyses.

This section will discuss the neutrino fluxes which will affect the sensitivity of

direct detection experiments, in order to compute the expected rate for DarkSide-

20k2. The main neutrino fluxes which originate from astroparticle sources could

be divided into three categories: solar (Sec. 2.4.1), atmospheric (Sec. 2.4.2) and

diffuse supernovae neutrinos (Sec. 2.4.3), where the respective origin is encoded

in their name. The neutrino flux at Earth from each component mentioned above

is reported in Fig. 2.6, while Tab. 2.1 lists all the neutrino flux components, with

2The results presented in this thesis, are intended to be an update of the calculation reported
in Ref. [123] and recently in Ref. [124].
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Channel Flux
Eav Emax Flux at Earth
[MeV] [MeV] Total Units

pp Chains
Φpp 0.267 0.423 5.98 ± 0.6% 1010cm−2s−1

ΦB 6.735 16.34 5.46 ± 12% 106cm−2s−1

(β+) Φhep 9.628 18.784 0.80 ± 30% 104cm−2s−1

pp Chains ΦBe
0.863 (89.7%) 4.93 ± 6% 109cm−2s−1
0.386 (10.3%)

(EC) Φpep 1.445 1.44 ± 1% 108cm−2s−1

CNO Cycle
ΦN 0.706 1.198 2.78 ± 15% 108cm−2s−1
ΦO 0.996 1.732 2.05 ± 17%

(β+) ΦF 0.998 1.736 5.29 ± 20% 106cm−2s−1

CNO Cycle
ΦeN 2.220 2.20 ± 15% 105cm−2s−1
ΦeO 2.754 0.81 ± 17%

(EC) ΦeF 2.758 3.11 ± 20% 103 cm−2 s−1

Atm
Φatm

νe+ν̄e 944 3.68±20% 100cm−2s−1
Φatm

νµ+ν̄µ
7.04±20%

DSNB ΦDSNB 82.5 8.74±50% 101 cm−2 s−1

Geo-ν Φgeo
ν̄e

4.4 8.65 ± 20% 107 cm−2 s−1

Table 2.1: Table collecting the flux prediction for solar neutrinos, atmospheric neutrinos,
diffuse supernova and geoneutrinos used in this thesis. The table shows the average
energy for the solar neutrino flux component, Eav, and the maximum energy, Emax. The
total solar neutrino flux is based on the calculation from Ref. [128] from the standard solar
model GS98 [129]. The normalization on the atmospheric neutrino [130], the diffuse
supernova neutrino [131] and the geoneutrino [125] fluxes are also reported.

their respective absolute normalizations. The geoneutrino flux [125, 126] is also

reported for completeness, to assess its impact on the total neutrino budget of

DarkSide-20k. Note that in this study, the contribution of reactor neutrinos has

been neglected. This contribution varies significantly based on the experiment’s

proximity to nuclear reactors and the reactors’ power output. Therefore, it must

be independently estimated during the experiment’s data collection period [127].

2.4.1 Solar Neutrinos

According to the standard solar model [129] solar neutrinos are produced during

the fusion of protons to helium nuclei taking place in the solar core

4p+ 2e− →4 He + 2νe + 26.73 MeV. (2.10)
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Figure 2.6: Neutrino flux at Earth from the solar pp chain and CNO cycle [128], at-
mospheric neutrinos [130], and diffuse supernovae neutrino [131]. The average geo-
neutrino flux [125] is also reported for completeness. The absolute normalization for
each component is reported in Tab. 2.1.

The dominant fusion process in the Sun is the pp chain. In contrast, the CNO

cycle contributes only a subdominant fraction of the total solar energy, relying on

the presence of heavier elements as well as the core’s metallicity3. Both chains are

schematized in Figs. 2.4 and 2.5, and the respective fluxes are indicated in Fig. 2.6.

The majority of neutrinos originate in the pp process and have a continuous energy

spectrum with 0.423 MeV endpoint. The pp chain is also responsible for the mono-

energetic 7Be neutrinos, with 10% branching at 0.386 MeV (excited state) and

∼90% branching at 0.863 MeV (ground state) and the mono-energetic (1.44 MeV)

pep neutrinos. 8B neutrinos are produced but with lower flux and a continuous

energy spectrum that extend up to about 16.3 MeV. The fluxes from the pp chain

have been precisely measured with a global analysis in Ref. [132], while the CNO

cycle neutrino flux has been measured by Borexino [133, 134]. On the other hand,

hep neutrinos with an extremely low flux and 18.784 MeV endpoint energy, have

not been experimentally observed yet.

The neutrino emission from the CNO cycle is dominated by the β+ decay of 13N and

3The metallicity of a star refers to the proportion of elements heavier than hydrogen and helium,
typically measured by the [Fe/H] ratio [129].
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Figure 2.7: Schematic representation of the formation of atmospheric neutrinos. On the
left is reported the decay chain involving π±, while on the right the decay chain from K±.
The image is not in scale.

15O, while 17F decays contribute only at the 1% level. All three components are

continuous spectra of similar shapes with endpoints below 1.8 MeV. In this thesis,

to compute the expected neutrino flux, we also take into account the electron

capture on N, O and F during the CNO chain [135], i.e.

13N + e− →13 C + νe, (2.11)
15O + e− →15 N + νe, (2.12)
17F + e− →17 O + νe. (2.13)

Such neutrinos have never been observed, but their contribution to the back-

ground budget of the experiment will be considered. Their fluxes are suppressed

by about a factor of 10−4 compared to their β+ decay neutrino fluxes [119] and

are reported as mono-energetic lines in Fig. 2.6. The normalization of the absolute

flux used in this thesis will follow Ref. [128], based on the standard solar model

GS98 [129].

2.4.2 Atmospheric Neutrinos

Despite their name, the mechanism that originates atmospheric neutrinos has its

foundation in astrophysical cosmic ray sources. The charged component of the

primary cosmic rays hitting the atmosphere consists mainly of hadrons with a

small fraction of electrons. The hadronic component itself is dominated mainly

by protons and α-particles, with a subdominant component of heavier nuclei [17,
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75]. The interaction of such energetic cosmic rays, O(GeV), with the nuclei in the

outer layer atmosphere generates a cascade of hadrons, referred to as secondary

cosmic rays, with a significant component of charged pions. The charged pions

then decay and produce neutrinos. The decay channel is similar to that of interest

for π-DAR neutrino sources (see Chap. 3), specifically [126, 130]

π+ → νµ + µ+, π− → µ− + ν̄µ, (2.14)

µ+ → e+ + νe + ν̄µ, µ− → e− + ν̄e + νµ. (2.15)

Atmospheric neutrinos can also be produced by kaon decays, i.e.

K± → π0 + e± + νe(ν̄e), (2.16)

K± → µ± + νµ(ν̄µ), (2.17)

K± → π± + π0, (2.18)

whose decay of π± in turn produce neutrinos. A schematic representation of the

decay channel which originates the atmospheric neutrino flux at Earth is shown in

Fig. 2.7, while the normalization used for our calculation is based on Ref. [130].

The fluxes are shown in Fig. 2.6.

2.4.3 Diffuse supernova neutrino backgrounds

Another interesting and widely investigated source of neutrino is the diffuse super-

nova neutrino background (DSNB) [131, 136]. It refers to the flux from the past

history of all supernova explosions in the universe. The DSNB flux is a convolu-

tion of the core-collapse supernova rate as a function of redshift with the neutrino

spectrum per supernova. Even though it has never been observed yet, different

prospects are underway to detect their signal [137], and for our purposes, it rep-

resent a source of background for dark matter searches. The rate of core-collapse

events is calculated based on the star-formation rate and the initial mass function

of stars. Then, the neutrino spectrum resulting from a core-collapse supernova re-

sembles a Fermi-Dirac distribution, with temperatures spanning from 3 to 8 MeV,

so in our calculation, we will consider spectra of 3, 5 and 8 MeV [131]. According

to [131] a systematic uncertainty on the DSNB flux of 50% will be considered, and

the fluxes are shown in Fig. 2.6.
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2.5 Neutrino Background Rate In DarkSide-20k

Figure 2.8: Electron neutrino survival probability P (νe → νe) .= Pee as a function of
neutrino energy. The pink band is the ±1 σ prediction of the MSW effect with oscillation
parameters determined from Ref [138]. The grey band is the vacuum case. Data points
represent the Borexino results. Figure from Ref. [71].

Having described the neutrino fluxes of interest, we can convolve them with

the CEνNS and νES cross sections to calculate their expected rate of events. The

cross section for both channels depends on the neutrino flavor, and so far we

have overlooked a critical phenomenon which determines the solar neutrino flux

at Earth, i.e. neutrino oscillations. Remarkably, solar neutrinos revealed the phe-

nomenon of neutrino oscillation, which requires neutrinos to have mass [17, 75,

139], providing a solution to the well-known solar neutrino problem [140]. In

fact, the reaction described in Sec. 2.4.1 shows that neutrinos produced in the

Sun consist of νe, but due to neutrino oscillations, they are detected on Earth in

different flavors, explaining the discrepancy with experimental observations. In-

deed, measurements of the solar neutrino flux have been pivotal in advancing

our understanding of neutrino oscillations. Moreover, measurements from solar

neutrinos [19] revealed that the standard vacuum oscillation mechanism required

further investigation and the Mikheyev-Smirnov-Wolfenstein (MSW) effect [141],

was crucial to understanding that these oscillations are enhanced when neutrinos

pass through matter. The traveling of neutrinos in the dense solar interior causes

a significant portion of the electron neutrinos to change flavor before reaching the

detectors on Earth. We adopted the MSW scheme to compute the neutrino oscil-

lation from the Sun to our detector.
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Figure 2.9: Event rate from CEνNS (upper panel) and νES (lower panel) expected in
argon for various neutrino sources, whose flux is reported in Fig. 2.6. The orange band
represent the recoil energy range for both CEνNS and νES of interest for the low mass
analysis of DarkSide-20k, while the grey band represents approximately the nuclear recoil
energy range for the DarkSide-20k high mass search.

Fig. 2.8 shows the survival probability of electron neutrinos, i.e. the probability

that a neutrino produced in the Sun as an electron neutrino arrives at the Earth’s

surface with the same flavor, as a function of the neutrino energy. The pink band

represents the MSW prediction, while the grey band represents the standard oscil-

lation in vacuum. Intriguingly, all the experimental points from Borexino [71] are
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in agreement with the MSW prediction.

Therefore, the total SM differential cross section, reported in Chap. 1, for scatter-

ing off nuclei (atoms) N (A) from CEνNS (νES) as a function of the respective

recoil energy, indicated for simplicity with T , is obtained by including the contri-

bution from all neutrino flavours taking into account the oscillation probability in

the 3-neutrino oscillation scheme. Namely, the cross section from solar neutrino is

obtained as [142]

dσν−N (A)

dT
= Pee(Eν)dσνe−N (A)

dT
+

∑
f=µ,τ

Pef (Eν)
dσνf −N (A)

dT
, (2.19)

where the transition probabilities, i.e. P (νe → νµ) .= Peµ and P (νe → ντ ) .= Peτ ,

are

Peµ = (1 − Pee) cos2 θ23, (2.20)

Peτ = (1 − Pee) sin2 θ23, (2.21)

where θ13 and θ23 are the mixing angles responsible for oscillations whose values

are taken from Ref. [19].

Note that at low neutrino energies, which are relevant for νES, the survival prob-

ability can be approximated as Pee = sin4 θ13 + cos4 θ13P
2ν [142], where P 2ν ≃

0.55 [19, 143] is the νe survival probability in the 2-neutrino oscillation scheme.

We are neglecting oscillations from atmospheric, DSNB, and geo-neutrinos, as the

uncertainty in their absolute normalization renders the impact of accounting for

these oscillations negligible. The expected rate in the argon detector is obtained

as a convolution of the cross section with the neutrino flux Φ, specifically

dRν−N (A)

dT
= N(Ar)

∫ Emax
ν

Emin
ν

dΦ
dEν

dσν−N (A)

dT
(Eν , T )dEν , (2.22)

where N(Ar) is the number of Ar atoms in the detector, which is given by N(Ar) =
NAMdet/MAr, where NA is the Avogadro number. Mdet is the detector active

mass, while MAr is the molar mass of argon MAr = 39.9623 g/mol. Emin
ν ≃

1/2
(
T +

√
T 2 + 2mTT

)
is the minimum neutrino energy allowed from the kine-

matics, where mT is the target mass and T the energy deposit in the detector.

Using the values in Tab. 1.1 to parameterize the nuclear structure of Ar and the

SM value of the Weinberg angle, the rates obtained are shown in Fig. 2.9 for an

exposure of 1 ton · year.
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The contribution of neutrino background in DarkSide-20k can be classified into

two main categories based on the WIMP candidate that the experiment wants to

constrain:

• High mass dark matter searches: ∼ 10−2 − 10 TeV [109]. High mass WIMPs

can induce nuclear recoils larger than ≃ 30 keVnr in Ar (right panel in

Fig. 2.2), which allows for the utilization of Ar scintillation properties to

maximize its background-rejection efficiency and enhance the ability to dis-

tinguish between NRs and ERs. A detailed selection of materials is manda-

tory to significantly reduce the neutron budget of the experiment, aiming

to achieve almost-zero, specifically < 0.1 background events in the region of

interest [109] in the whole exposure of 200 ton · year. Therefore, while neu-

trons can be moderated and reduced a-priori, neutrinos cannot be shielded.

As it is clear from the upper panel of Fig. 2.9, only atmospheric and DSNB

contribute for Tnr ≳ 30 keVnr. In DarkSide-20k, about 3 neutrinos are ex-

pected within the full exposure of 200 ton · year, which will limit the sensi-

tivity to high mass DM candidates, but would notably allow pointing toward

the first identification of CEνNS events from atmospheric neutrinos.

• Low mass dark matter searches: ∼ 1 − 10 GeV [144]. Light dark matter can-

didates give an experimental signature at low recoil energies (left panel in

Fig. 2.2). In this regime, the prompt S1 scintillation signal is subdominant

compared to the ionization one, such that, in this case, the search is based

on the S2-only signal. In the S2-only analysis the PSD loses its discrimi-

nation power, it is impossible to reconstruct the interaction vertex and the

ability to discriminate between NR and ER is lost. While, this method allows

for a substantial reduction in the experimental threshold, i.e. ≃ 0.3 keVnr

corresponding to about 3 ionized electron Ne, a detailed characterization

of different background components is pivotal. For the goal of this search,

therefore both CEνNS and νES contribute.

2.6 DarkSide-20k Sensitivity to Low-Mass Dark Mat-

ter Particles

This section outlines the findings from the DarkSide-20k collaboration regarding

the sensitivity of the experiment to light dark matter candidates, as detailed in
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Figure 2.10: Pre-fit background spectra expected in DarkSide-20k in the low mass anal-
ysis, as a function of the number of photoelectrons Ne. The corresponding ER and NR
energy scales are indicated at the top. The contribution from all the components is shown,
together with their uncertainty. Figure from Ref. [9].

Ref. [9]. It also provides context for the neutrino background study conducted in

this thesis. Fig. 2.10 shows the background rate, as a function of the photoelec-

trons Ne, from different components where the spectra have been convoluted with

the detector response model (see Ref. [9] for more detail on the detector response

model, and on the treatment of other backgrounds when scaling from DarkSide-

50 to DarkSide-20k). From Fig. 2.10, it is evident that the intrinsic background in

LAr is dominated by the β-decay of the 39Ar isotope and 85Kr present in the active

volume of UAr. The former is assumed to be at the same level as in DarkSide-50

while the latter is expected to be reduced by a factor of 100 compared to the one

of DarkSide-50, thanks to a new multiple distillation column system that has been

added at the UAr extraction plant. The background is well-known for Ne ≳ 4,

while for lower energies one has to deal with the single-electron problem, faced

for the first time in Ar with the DarkSide-50 detector [144], which limits the sensi-

tivity of the experiment. While the DarkSide-50 collaboration tried to characterize
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this background [154], its origin is still unknown, and remarkably a similar back-

ground has also been observed in xenon detectors [155–157]. This unexpected

sharp rise in the observed energy spectrum is a common feature of low-threshold

experiment and will be discussed separately in Chap. 5.

For comparison, Fig. 2.10 shows also the signal from a WIMP with 2 GeV mass and

a spin independent cross section of σSI = 3 · 10−44 cm2. Due to its impressive mass

and its low-energy threshold, the DarkSide-20k experiment expects to reach the

strongest bounds on low mass dark matter candidates, as shown in Fig. 2.11. The

DarkSide-20k 90% CL upper limit on spin idependent WIMP-nucleon cross section

is reported in Fig. 2.11 according to the statistical analysis described in Ref. [9].

The results on the sensitivity are compared with the published 90% CL limits from

DarkSide-50 [111] and from other experiments [98, 99, 145–150]. An improve-

ment in sensitivity by up to a factor 40 over DarkSide-50 is achieved, even when
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a conservative fit is performed restricting the range between 4 < Ne < 170 .

This increases to a factor 170 at 1.2 GeV/c2 WIMP mass with the assumption

that the single electron problem is solved and the background is known from Ne ≳

2, reaching a σSI of 1×10−43 cm2. In general, a sensitivity to σSI below 1×10−42 cm2

is achieved for WIMP masses above 800 MeV/c2, covering a large uncharted phase

space with one year of data. As the sensitivity scales with the square root of the

exposure, within 10 years of exposure, the sensitivity will improve by a factor 3

compared to one year, whatever the WIMP mass and the neutrino fog in LAr with

index n = 2 [122] could be reached for WIMP masses around 5 GeV/c2.
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3
Legacy From The COHERENT Experiment

Opening

This chapter intends to offer an in-depth account of the CEνNS experiments

conducted by the COHERENT collaboration, whose data will be extensively

used in this thesis. Specifically, this chapter will delve into the details of

the CsI detector, employed to detect CEνNS in 2017 and recently utilized

to achieve the most accurate measurement so far in 2022, along with the

CENNS-10 detector, which subsequently observed this process in argon in

2020. The detector details necessary to perform the analyses conducted

in the rest of the thesis will be presented. Additionally, the COHERENT

collaboration’s future plans will be outlined and will aid in the sensitivity

studies conducted in the next chapters.

3.1 The Spallation Neutron Source and The COHER-

ENT Experiment

The primary actor in the CEνNS era has been the COHERENT experiment, which

first observed this process in 2017 [158] using a cesium-iodine detector doped

with Na (CsI[Na]). At the time of writing this thesis, the COHERENT collabora-

tion stands as the primary experimental facility for definitively detecting CEνNS

with high statistical significance using various target materials. The observation of

CEνNS with argon [159] in 2020 further boosted the experimental research, and

recently the COHERENT collaboration reported a 3.9σ CEνNS observation with

a germanium detector [160]. The COHERENT Collaboration has not publicly re-

leased official data for the germanium observation; therefore, this measurement

will not be considered in the analysis presented in this thesis. Moreover, the CO-

HERENT collaboration is pioneering the measurement of νe charged-current cross
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Figure 3.1: Upper panel: schematic representation of the process leading to neutrino
production via πDAR at the SNS. Lower panel: arrival time distribution of neutrinos at
the CsI[Na] detector normalized to unity [163].

sections [161] and other neutrino inelastic scattering channels [162], providing

a wide and multi-purpose experimental program. This is achieved by taking ad-

vantage of neutrinos within the energy range of approximately 10-50 MeV, gen-

erated at the spallation neutron source (SNS) located at the Oak Ridge National

Laboratory (ORNL) in Tennessee. The SNS is currently the most intense terres-

trial source of neutrinos in the 10’s of MeV energy range1. Such neutrinos are

produced through the decay-at-rest (DAR) of pions π±, the so-called π-DAR neu-

trino source. The SNS works according to the following steps [167]. H− ions are

initially stripped of their electrons using a thin foil. Afterwards, the remaining

protons are injected into a linear accelerator and then circulated within a stor-

1Other similar facilities will hopefully be available in the near future. Among them the European
Spallation Source (ESS) in Lund, Sweden [164], COHERENT Captain Mills (CCM) [165] and the
China Spallation Neutron Source (CSNS) [166].
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age ring, where they form packets of protons with energy reaching the order of

GeV. Over slightly more than a millisecond, proton pulses accumulate before the

beam is extracted and directed toward a liquid mercury target. This entire cycle

repeats about 60 times per second, resulting in an output of roughly 1016 protons

on target (POT) per second at 1.4 MW [158]. At the time of the latest CsI data re-

lease [163], the SNS employed a superconducting linear accelerator to accelerate

the hydrogen ions to a kinetic energy of Ep = 0.984 GeV.

Upon impacting the mercury target, protons interact with individual nucleons, as

their de Broglie wavelength is ∼0.1 fm, much smaller than the dimension of the

nucleus. Kinetic energy is transferred from a proton to the nucleon through elastic

collisions, resulting in an intranuclear cascade [168, 169]. During this cascade

of nucleons, lasting about 10−22 s, neutrons are removed from the target nucleus

which is left in an excited state and loses its remaining energy in approximately

10−16 s, primarily through neutron evaporation [170, 171]. In this process, 20-30

neutrons are approximately emitted per proton-Hg collision [172]. These neutrons

then constitute a background for CEνNS research with an emission time directly

associated with the proton beam. Let’s now analyse in detail how neutrinos are

produced. The scheme of this process is visible in the upper panel of Fig. 3.1. Dur-

ing the nuclear cascade, pions are also produced and stopped inside the target.

About 99% of the π− are captured by the Hg target, while most of the π+, with an

average lifetime of τπ ≃ 26 ns, decay at rest emitting a µ+ and a νµ

π+ → µ+ + νµ. (3.1)

The muon, which has a lifetime of τµ ≃ 2.2 µs, then decays into

µ+ → e+ + νe + νµ. (3.2)

Thus, there is a first prompt emission of muonic neutrinos and a subsequent de-

layed emission of electronic neutrinos and muonic antineutrinos. The arrival time

probability describes the arrival of neutrinos in the detector and can be well ap-

proximated by a Gaussian of mean a and width b, convoluted with the π+ and µ+

neutrino decay lifetimes τπ and τµ respectively. The arrival time distributions can
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be hence parameterized as

Pνµ(t) = 1√
2πb

∫ t

t0
e− (T −a)2

2b2
1
τπ

e− t−T
τπ dT, (3.3)

Pνe,νµ(t) =
∫ t

t′
0

Pνµ(T ′) 1
τµ

e
− t−T ′

τµ dT ′. (3.4)

The parameters t0, t′0, a and b, are tuned to match the characteristics of the neu-

trino beam during the data taking of the experiment. Moreover, it is also possible

to rely on the arrival time distribution obtained from Geant4 simulation [173].

As an example, the lower panel of Fig. 3.1 shows the simulation of the arrival
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Figure 3.2: Neutrino flux divided by flavor: muon neutrinos (red) described as a narrow
Gaussian with mean Eνµ , muon antineutrinos (blue), electron neutrinos (orange). The
flux is calculated considering the COHERENT CsI detector setup with NPOT = 3.198 · 1023,
r = 0.0848, and L = 19.3 m [163].

time of neutrinos at the CsI[Na] detector extracted from the latest CsI data re-

lease [163], where we can clearly identify a prompt and a delayed neutrino emis-

sion. The spectral difference between prompt and delayed neutrinos enhances the

constraining power and is highly effective for background rejection. Specifically,

the fast νµ component originating from the two-body decay of the π+, consists of

a monochromatic component with an energy of Eνµ = 29.792 MeV. The delayed

component, on the other hand, includes the flux of two neutrinos νe, ν̄µ, which

have a continuous spectrum with a maximum corresponding to half the mass of

the muon generating this three-body decay, thus Eend = mµ/2 = 52.8 MeV. The
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Figure 3.3: Detectors of Neutrino Alley [174] and their location for the COHERENT ex-
periment, updated to 2020. The CsI[Na] detector and CENNS-10, sensitive to CEνNS,
stopped taking data in 2019 and 2021, respectively. The 185 kg NaI[Tl] detector is not
sensitive to CEνNS but to charge current interaction on 127I. MARS [175] is a plastic scin-
tillator measuring neutron background. Note that the actual distance of the LAr detector
is 27.5 m.

distributions just described can be formally written as2

dϕνµ

dEν

= rNPOT

4πL2 δ
(
Eν −

m2
π −m2

µ

2mπ

)
, (3.5a)

dϕν̄µ

dEν

= rNPOT

4πL2
64E2

ν

m3
µ

(3
4 − Eν

mµ

)
, (Eν ≤ mµ/2) (3.5b)

dϕνe

dEν

= rNPOT

4πL2
192E2

ν

m3
µ

(1
2 − Eν

mµ

)
, (Eν ≤ mµ/2) (3.5c)

where δ represents is the Dirac delta function, mπ = 139.57039(18) MeV and

mµ = 105.6583755(23) MeV [19] are the masses of the pion and muon respectively,

NPOT is the number of protons striking the target, r is the number of π+ created

per proton in the target and depends on the proton beam energy, while L is the

distance between the target and the detector. Figure 3.2 displays the neutrino flux

for the CsI detector, divided into the different neutrino flavors component. Finally,

the detectors are located in a corridor near the mercury target (between 19 m and

28 m away), the so-called “Neutrino Alley”, shown in Figure 3.3. In the following

2The νµ component can also be parameterized as a narrow Gaussian with mean Eνµ .
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sections, we will have a closer look at the main detectors developed by COHER-

ENT, describing the experimental data of interest for this thesis work as well as

the main backgrounds involved.

3.1.1 Backgrounds for the CEνNS Search at COHERENT

Several backgrounds must be considered for the CEνNS experiments being con-

ducted at the SNS facility. The backgrounds for COHERENT at SNS are divided

into two categories: beam-unrelated backgrounds and beam-related backgrounds.

The first category, also known as “steady state background” (SSB), includes all the

events observed by the detector even when the beam is off. This background, be-

ing the most important and largest, primarily accounts for radioactivity from the

detector itself, the walls of the facility, and cosmic rays and affects each detector

differently. Impurities or unstable isotopes inside the detector contribute to the

SSB. Specifically, regarding the argon detector, the unstable 39Ar isotope repre-

sents a significant background which limits the sensitivity to rare-events search,

as discussed in Chap. 2 in the context of the DarkSide-20k program. However, a

precise characterization of the SSB is possible during the period of beam off and

is very beneficial for background rejection.

On the other hand, beam-related backgrounds are more difficult to characterize

because they must be studied during the period of beam on. Thus, measurements

are made with dedicated detectors designed solely to study background events. In

this case, we can identify three categories of backgrounds

• beam-related prompt neutron background (PBRN),

• beam-related delayed neutron background (DBRN),

• neutrino-induced neutrons (NIN),

where the first two are usually referred to as beam-related neutrons (BRNs) and

are produced during the neutron spallation.

The BRN is hence originated by the SNS target and reaches the detector simulta-

neously with the prompt neutrinos in the case of PBRN and the delayed neutrinos

in the case of DBRN. The DBRN background is often neglected because it is quite

small, but it will still be considered in the analyses conducted in this thesis. The

NIN background, on the other hand, is produced by the interaction of neutrinos

with the detector’s shielding, particularly with 208Pb. These neutrons are produced
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through both charged current interactions according to

νe +208 Pb →208 Bi∗ + e →208−y Bi + x× γ + y × n, (3.6)

and neutral current interactions

νℓ +208 Pb →208 Pb∗ + ν ′
ℓ →208−y Pb + x× γ + y × n, (3.7)

where νℓ represents a neutrino of any flavor, and x and y represent the multiplic-

ity of photons (γ) and neutrons (n), respectively. The NIN cross-section can be

calculated theoretically [176, 177] with good precision using Monte Carlo event

generators for neutrino-nucleus interactions at energies of tens of MeV and below,

such as MARLEY [178]. However, experimental measurements [162] show signif-

icant disagreement with the theory. In particular, the measured NIN cross-section

on 208Pb is 0.29+0.17
−0.16 times the value predicted by MARLEY, although this issue is

still under investigation.

Figure 3.4: Residual counts representing the first observation of CEνNS on the CsI[Na]
detector [158]. Upper panel: residual counts as a function of the recoil energy expressed
in detected photoelectron. Lower panel: residual counts as a function of the trigger time.
Environmental background contributes to both signal groups equally, vanishing upon sub-
traction. Error bars show statistical uncertainty. The data shown here include 153.5 days
of SNS downtime (“BEAM OFF”) and 308.1 days of neutrino production (“BEAM ON”).
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3.2 The COHERENT CsI Detector

The detector that has achieved the highest statistical significance of a CEνNS sig-

nal is the CsI[Na] detector, which utilizes a low-background CsI crystal with a

mass of 14.6 kg. The addition of the Na dopant is very beneficial to increase the

scintillation output after the nuclear recoil [179], and with a fractional mass of

just 10−4 − 10−5, playing no significant role as a target. This detector allowed

the first observation of CEνNS [158] at a confidence level of 6.7 σ compared to

the background-only hypothesis. Intriguingly, a good agreement was found with

the Standard Model expectations, observing 134 ± 22 events compared to the pre-

dicted 173 ± 48 events. Figure 3.4 shows their result derived from fifteen months

of data collection, manifesting the power of performing a timing analysis compar-

ing “BEAM ON” data, where the signal is present with “BEAM OFF” data, used

to characterize the background. To mitigate the backgrounds, the detector is sur-
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Figure 3.5: Theoretical CEνNS rates at the COHERENT CsI detector for different neutrino
flavors as a function of the recoil energy. It represents the rate integrated over the exposure
obtained with L = 19.3 m, NPOT = 3.198 · 1023, r = 0.0848 and a mass of 14.6 kg. The
blue line represents the experimental threshold of the CsI detector of Eth ≃ 7 keVnr.

rounded by multiple layers of materials which shield from gamma and neutron

backgrounds. Before ending its activity in 2019, the experiment provided addi-

tional data [163] corresponding to a total exposure of 13.99 GWhr of integrated

beam power, considered in this thesis. Recalling that the beam power at the time

of the CsI experiment was Pbeam = 1.4 MW, it is possible to convert the integrated
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beam exposure in time units3

tCsI
exp = 13.99 GWhr

1.4 MW ≃ 1.14 yr. (3.8)

Due to maintenance, beam stability, and other technical issues, the SNS operates

for approximately 5000 hours per year, so the total exposure corresponds to about

2 SNS years. This dataset allowed to find ∼ 11.6 σ evidence of the CEνNS signal,

determining the flux-averaged cross section to be 165+30
−25 × 10−40 cm2 [163], con-

sistent with the Standard Model, giving the most precise measurement of CEνNS

yet. The theoretical CEνNS rate in the detector is obtained by convolving the cross

section with the neutrino flux, and integrating over all possible neutrino energies.

Specifically, the theoretical event rate for a neutrino with flavor ℓ is

dRνℓ

dTnr
= N(N )

∫ Emax
ν

Emin
ν

dϕνα

dEν

dσCsI
νℓ

dTnr
(Eν , Tnr)dEν , (3.9)

where the CsI cross section is defined as

dσCsI
νℓ

dTnr
=
dσCs

νℓ

dTnr
+
dσI

νℓ

dTnr
. (3.10)

In Eq. 3.9 N(N ) is the number of N atoms in the detector, which is given by

N(N ) = NAMdet/MN , where NA is the Avogadro number. Mdet is the detector

active mass, which correspond to Mdet = 14.6 kg for CsI, while MN is the molar

mass MCsI = 259.8 g/mol. Emin
ν ≃ 1/2

(
Tnr +

√
T 2

nr + 2mNTnr
)

is the minimum

neutrino energy allowed from the kinematics. Using the values in Tab. 1.1 and

the SM value of the Weinberg angle, the rates obtained for the CsI detector are

shown in Fig. 3.5. Those rates are not yet able to match the outcome of the

detector, as experimental effects will play a crucial role and need to be taken into

account. Specifically, what is actually measured is the scintillation light produced

due to the nuclear recoils, which are known to generate just a fraction of that

produced by an electron recoil of the same energy. When a particle interacts with

the target nuclei, the energy can be deposited through excitation, ionization, and

non-radiative transition (e.g. heat). The quenching factor (QF), fQ(Tnr), accounts

for this effect and it is defined as the reduction of the ionization yield produced by

3Note that the same result can be obtained through the following relation texp =
EpNPOT/Pbeam, where Ep is the energy of the proton beam.
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a nuclear recoil, with respect to an electron recoil Te of the same energy

Te = fQ(Tnr)Tnr. (3.11)

The COHERENT collaboration measured the QF of the CsI crystal in the energy

regime of interest [180], which is a function of the nuclear recoil energy and can

be parameterized with a polynomial of the form

fCsI
Q (Tnr) = 0.0554628 + 4.30681

(
Tnr

MeV

)
− 111.707

(
Tnr

MeV

)2
+ 840.384

(
Tnr

MeV

)3
,

(3.12)

with the values from the nominal scintillation model [163, 180]. The QF for the

CsI detector (COH-CsI) is reported in Fig. 3.6 together with the ±1 σ uncertainty.

The impact of the QF uncertainty on the CEνNS rate is of the order of 3% on

the total number of events. The photomultiplier tubes (PMT) are able to detect
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Figure 3.6: Nominal QF as reported by COHERENT [163] for the CsI detector (blue curve)
together with the ±1 σ uncertainty. The vertical orange lines represent the experimental
nuclear recoil range where the CEνNS signal is present.

the scintillation light produced inside the CsI detector, and the light yield (LY)

defines the amount of photoelectron (PE) emitted for a given nuclear recoil. In

the CsI analysis, it is equal to LY = 13.35 PE/keVee, such that the number of
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Figure 3.7: Energy dependent efficiency curve as a function of PE with the corresponding
±1 σ uncertainty (blue line), and the time efficiency curve as a function of the trigger time
(red line). The ±1 σ uncertainty for the time efficiency is not present in the data release.

photoelectrons, NPE, emitted due to the nuclear recoil is

NPE = LY fQ(Tnr)Tnr. (3.13)

Another ingredient that is needed to match the outcome of the experiment is the

energy resolution function, also known as energy smearing. It describes how the

true energy deposit PE’ is reconstructed in terms of the observed recoil energy PE.

The smearing was modelled with a gamma function

R(x) = (a(1 + b))1+b

Γ(1 + b) xbe−a(1+b)x (3.14)

which, empirically, fit well to simulated recoil distributions using a = 1/PE and

b = 0.716 × PE [163]. Another element relevant for a CEνNS detector is the

energy acceptance, which determines also the experimental threshold. It is worth

remarking that the experimental threshold should be, in principle, as small as

possible to observe the lowest part of the CEνNS spectra, where more events are
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Figure 3.8: Pre-fit experimental data compared to the SSB, BRN, NIN backgrounds and
the CEνNS prediction as a function of energy (left) and recording time (right) for the CsI
data release. The rates have been obtained by integrating the predictions over time and
energy, respectively.

expected and in the case of the CsI detector is ∼ 7 keVnr.

The energy-dependent A(PE) and the time-dependent A(t) efficiency curves are

reported in Fig. 3.7 for the CsI detector. We are now able to write the expected

CEνNS event number NCEνNS
i in each nuclear-recoil energy-bin i, which is given

by

NCEνNS
i =N(N )

∫ T i+1
nr

T i
nr

dTnrA(Tnr)
∫ T ′max

nr

0
dT ′

nr R(Tnr, T
′
nr)
∫ Emax

Emin(T ′
nr)
dEν×

∑
ν=νe,νµ,ν̄µ

dϕν

dEν

(Eν)dσν−N

dTnr
(Eν , T

′
nr). (3.15)

Here Tnr is the reconstructed nuclear recoil kinetic energy while T ′
nr is the true

nuclear recoil kinetic energy. In order to exploit also the arrival time information,

we calculated the CEνNS event number, NCEνNS
ij , in each nuclear recoil energy bin

i and time interval j with

NCEνNS
ij = (NCEνNS

i )νµP
(νµ)
j + (NCEνNS

i )νe,ν̄µP
(νe,ν̄µ)
j , (3.16)

where P (νµ)
j and P

(νe,ν̄µ)
j are obtained by integrating the arrival time distributions

in Fig. 3.1 in the corresponding time intervals with the time-dependent efficiency

function of Fig. 3.7. We are now able to compute the expected event rate in the

CsI as a function of energy and time to compare with the experimental number
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of events obtained from coincidence (C) data. Fig. 3.8 compares the SSB4, BRN

and NIN backgrounds and the CEνNS expected rate with the experimental data as

a function of recorded energy and trigger time. The data clearly shows an excess

of events which is well fitted “by eye” by the CEνNS prediction. It should be no-

ticed that the data distribution is inherently two-dimensional, with each time bin

containing an energy distribution of events. The data presented here have been

obtained by integrating over time and energy respectively. The two-dimensional

data utilized for the analysis can be found in App. B. Moreover, our calculation pre-

dicts 320 ± 42(sys.) events, compared to the 341 ± 42 of the collaboration, where

the small difference might be explained by a different theoretical approach for ra-

diative corrections and parameterization of the nuclear structure. Throughout the

thesis, for certain new physics scenarios, we will also include the νES prediction.

In this case, we evaluate the ES event number NES
i in the i-th bin as

NES
i (CsI) =N(N )

∫ T i+1
e

T i
e

dTe A(Te)
∫ T ′max

e

0
dT ′

e R(Te, T
′
e)
∫ Emax

Emin(T ′
e)
dEν (3.17)

∑
ν=νe,νµ,ν̄µ

dϕν

dEν

(Eν)dσ
ES
ν−A
dT ′

e
(Eν , T

′
e), (3.18)

where NES
i (CsI) = NES

i (Cs) + NES
i (I), Emin(T ′

e) = (T ′
e +

√
T ′2

e + 2meT ′
e)/2, and

T ′max
e = 2E2

max/(2Emax + me). We performed the analysis of the COHERENT CsI

data in the energy and time bins using the Poissonian least-squares function [19,

181]

χ2
CsI = 2

9∑
i=1

11∑
j=1

[ 4∑
z=1

(1 + ηz)N z
ij −N exp

ij +N exp
ij ln

(
N exp

ij∑4
z=1(1 + ηz)N z

ij

)]
+

4∑
z=1

(
ηz

σz

)2
,

(3.19)

where the indices i and j denote the energy and time bins respectively, and the

indices z = 1, 2, 3, 4 stand for CEνNS, BRN, NIN, and SSB respectively. In our nota-

tion, N exp
ij is the experimental number of events from coincidence data, NCEνNS

ij is

the predicted number of CEνNS events from Eq. 3.16, that depends on the physics

model under consideration, NBRN
ij is the estimated BRN background, NNIN

ij is the es-

timated NIN background, and NSSB
ij is the SSB background obtained from AC data.

We took into account the systematic uncertainties described in Ref. [163] with the

nuisance parameters ηz and the corresponding uncertainties σCEνNS = 0.12 which

4The SSB is derived from the anti-coincidence (AC) data and is included in the data release.
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Figure 3.9: Theoretical CEνNS rates at the COHERENT Ar detector for different neutrino
flavors as a function of the recoil energy. It represents the rate integrated over the exposure
obtained with L = 27.5 m, NPOT = 1.37 · 1023, r = 0.09 and a mass of 24.4 kg. The
threshold of the Ar detector is set approximately to 20 keVnr.

encompasses the systematic uncertainty of the signal rate considering the effects

of the 10%, 3.8%, 4.1%, and 3.4% uncertainties of the neutrino flux, quench-

ing factor, CEνNS efficiency, and neutron form factors, respectively. Moreover,

the uncertainties associated to the backgrounds are σBRN = 0.25, σNIN = 0.35, and

σSSB = 0.021. When we include the νES channel, it is necessary to perform the sub-

stitution NCEνNS
ij → NCEνNS

ij +NνES
ij removing the systematic uncertainty associated

to the quenching factor and the nuclear structure.

3.3 The COHERENT CENNS-10 Detector

After the first measurement of CEνNS in 2017 with the CsI detector, CEνNS was

observed for the first time in a single-phase liquid argon detector (LAr) in 2020 [159]

filled with AAr. The CENNS-10 detector, containing 24.4 kg of argon, is located

27.5 meters from the SNS mercury target. The CENNS-10 experiment exploits

PMTs and is sensitive only to the S1 signal produced in argon, and uses the f90

parameter to distinguish between NRs and ERs, as discussed in Chap. 2, which

sets the threshold at about 20 keVnr. The data [159] analysed in this thesis cor-

respond to NPOT = 1.37 · 1023 and r = 0.09, i.e. a total exposure of ≃ 0.49 years

corresponding to approximately 0.86 SNS years. The corresponding theoretical

event rate is reported in Fig. 3.9 for the Ar detector for each neutrino flavor. As for
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Figure 3.10: Energy acceptance for the Ar analysis as a function of the electron recoil
energy (lower axis) and nuclear recoil energy (upper axis).

the CsI analysis, we need to account for various experimental features which are

needed to describe the experimental data. The quenching factor is parameterized

by a simple linear relation

fAr
Q (Tnr) = 0.00078 Tnr + 0.246 for Tnr < 0.125 keVnr (3.20)

and it remains constant and equal to 0.3435 for Tnr > 0.125 keVnr, which provides

a good fit to the available measurements on argon [182–185]. The time accep-

tance is set to 1 for the LAr analysis, while the time arrival time distribution is

obtained with Eqs. 3.3 and 3.4 with a = 0.44 µs, b = 0.15 µs, t0 = 85 ns, t′0 = 0.

The energy acceptance is reported in Fig. 3.10, while the energy resolution can be

parameterized by a Gaussian with standard deviation σE

σE

Te

= a√
Te(keVee)

, (3.21)

with a = 0.58 as reported in [159]. We are now able to evaluate the two-

dimensional distributions of CEνNS events and to compare them with the exper-

imental backgrounds. Adopting our formalism, we predict ∼ 120 ± 16 CEνNS

events. The one-dimensional distribution of the events integrated over energy and

time is reported in Fig. 3.11. Since the SSB is the most significant background, the

data shown here do not include SSB which has already been subtracted for visual

purposes. We perform the Ar analysis by a least square function of the form
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Figure 3.11: Pre-fit SSB subtracted events compared to the DBRN, PBRN backgrounds
and the CEνNS prediction as a function of energy (left) and recording time (right) for the
Ar data release. The rates have been obtained by integrating the predictions over time
and energy respectively.

χ2
LAr =

12∑
i=1

10∑
j=1

1
σ2

ij

[
(1 + β0 + β1∆F90+

CEνNS + β2∆F90−
CEνNS + β3∆ttrig

CEνNS)NCEνNS
ij +

(1 + β4)NSSB
ij +

(1 + β5 + β6∆E+
PBRN + β7∆E−

PBRN + β8∆
t+
trig

PBRN + β9∆
t−
trig

PBRN + β10∆
tW
trig

PBRN)NPBRN
ij +

(1 + β11)NDBRN
ij −N exp

ij

]2
+

∑
k=0,4,5,11

(
βk

σk

)2

+
∑

k=1,2,3,6,7,8,9,10
(βk)2.

(3.22)

Here the indices i and j refer to the energy and time bins, respectively, while

N exp
ij is the number of events observed for each energy and time bin obtained

from coincidence data. The parameters β0, β4, β5, β11 are the nuisance parame-

ters introduced to account for the normalization of CEνNS, SSB, PBRN, and DBRN

with their respective uncertainties. Instead, the nuisance parameters β1, β2, β3, β6,

β7, β8, β9, β10 quantify the systematic uncertainty of the event rate for the theo-

retical predictions of CEνNS, SSB, PBRN, and DBRN, varying them within the

corresponding uncertainty σk. The uncertainties σk are σCEνNS = 0.12 that encom-

pass the neutrino flux (10%), energy efficiency (3.6%), energy calibration (0.8%),

the calibration of the pulse-shape discrimination parameter F90 (7.8%), QF (1%),

and nuclear form factor (2%), σPBRN = 0.32, σDBRN = 1, and σSSB = 0.0079.

Each systematic uncertainty comes from different sources: the distortion intro-

duced by the f90 parameters, ttrig which defines the temporal distribution of events,

and the parameter E, which defines the energy distribution of events. The distri-
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butions introduced in Eq. 3.22 are defined as

∆ξλ
λ =

Nλ,ξλ
ij −Nλ,CV

ij

Nλ,CV
ij

, (3.23)

where λ = {CEνNS,PBRN} and ξλ represents each source of uncertainty (F±
90,

t±trig, E±) related to λ, and CV indicates the central value of the predicted CEνNS
and PBRN distributions. All this information is taken from Tables 2 and 3 of the

data release [186]. The statistical uncertainty for each bin is given by

(σij)2 = (σexp
ij )2 + (σSSB

ij )2, (3.24)

where σexp
ij =

√
N exp

ij and σSSB
ij =

√
NSSB

ij /5. The factor of 1/5 is due to the sam-

pling time being 5 times longer for the SSB background compared to the signal

time window as described in the data release [186]. In the COHERENT LAr anal-

ysis, we do not include νES events since the f90 data already ensure a successful

discrimination of CEνNS- versus νES-induced signals in the detector.

3.4 COHERENT Experimental Program: Future Plan-

ning

The COHERENT collaboration is developing a comprehensive experimental pro-

gram aimed at achieving precision tests of the SM with CEνNS [172, 187]. In this

section, we will outline the key features of the upcoming COHERENT upgrades

and experiments, providing relevant details. In the next chapters, we will present

sensitivity studies to assess to which extent such experiments will be competitive

in the future to various physics scenarios. The experimental program is highly

related to the SNS improvements, which are already underway. At the moment,

the protons are accelerated to a kinetic energy of Ep = 1.01 GeV [187] and a ma-

jor upgrade of the SNS is planned for 2025 [188], when the proton beam energy

will increase to 1.3 GeV. Moreover, the beam power Pbeam will increase to 2 MW,

compared to the current 1.4 MW. Recently, steady operations were achieved with

a record 1.7 MW power [187].

The number of neutrinos per flavor produced for each proton-on-target will in-

crease to a value of 0.123 [189], which is the value that will be used for our

sensitivity studies. A second target station is planned for the 2030s, with a final
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power of 2.8 MW, meaning that the future SNS upgrade will be able to get a much

higher neutrino flux for each neutrino flavor with respect to the current configu-

ration, providing substantial benefits for future CEνNS detectors. In addition, the

systematic uncertainty on the neutrino flux will be strongly reduced thanks to a

dedicated D2O detector [173] and will approach 4.7(2)% statistical uncertainty

after 2(5) SNS-years of operation. For a complete overview of the COHERENT

planning, refer to Ref. [172].

3.4.1 The COH-Cryo-CsI Detectors

The so-called COH-Cryo-CsI I detector, scheduled for 2025 [172], will have a mass

of about 10 kg and will exploit an undoped CsI crystal at cryogenic temperature

(∼ 40 K), which would permit to use SiPM arrays instead of PMTs in order to

remove the Cherenkov radiation background emitted by the latter. Moreover, the

undoped CsI crystals at cryogenic temperature have an increased light yield com-

pared to CsI[Na] crystal at 300 K, namely about LY = 50 PE/keVee. The following

upgrade will be the COH-Cryo-CsI II detector, planned in the 2030s, which will

operate in similar conditions with a 700 kg undoped CsI detector. Both the COH-

Cryo-CsI I and COH-Cryo-CsI II detectors will be able to lower the energy thresh-

old to about ∼ 0.5 keVnr, which is a fundamental requirement for CEνNS precision

physics. In our analyses, we will consider a threshold of 6 PE, corresponding to

about 0.8 keVnr, described by a stepping function. These conservative assumptions

mitigate potential uncertainties in the knowledge of the acceptance shape near the

threshold.

It is also worth noting that increased light yield, beyond lowering the threshold,

will also improve both detector timing and energy resolution [187], which will be

considered equal to unity in this study. For the sensitivity study, we will consider

a quenching factor of 15 ± 1.5% as reported in Ref. [187] and as demonstrated

in previous works [190]. We considered the same time timing distribution as in

the current CsI analysis. We obtained about ∼ 1005 CEνNS events for a 10 kg CsI

crystal located 19 m from the SNS source in one SNS year, which is in good agree-

ment with that reported by the collaboration [187], even though small differences

might arise from a different approach in the evaluation of the CEνNS cross section,

and a different treatment of experimental details, as threshold effects.

A thorough investigation to estimate the experimental backgrounds for this de-

tector is not a simple task. The COHERENT collaboration is currently devel-
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oping a detailed background model which includes events from intrinsic rates,

afterglow effects in the detector, and external sources, by means of extensive

simulations [187]. Luckily, the new detector at cryogenic temperatures is ex-

pected to achieve a lower background level compared to the CsI[Na] detector and

thanks to the low-threshold, increased light yield and quenching factor, a signal-

to-background ratio > 1 is expected such that the sensitivities are not strongly

dependent on the actual background rate. For simplicity, we will consider an op-

timistic background-free experiment as we verified that we are able to reproduce

the results reported in Ref. [187] for some benchmark models. For our sensitiv-

ity studies, we will adopt the Asimov dataset [191] to evaluate the test statistic

with the most-likely dataset (i.e. setting all bin contents to their non-integer ex-

pectation values), which gives the median of the test statistic. For evaluating the

statistical constraints on the parameters, we, therefore, perform a χ2 analysis in

the same form of Eq. 3.19, considering both energy and time distribution, setting

to zero the backgrounds. The systematic uncertainty on the CEνNS signal is set to

6(3)% for COH-Cryo-CsI I(II).

3.4.2 The COH-LAr 750 Detector

The COH-Ar-750 detector represents the next phase of the COHERENT experi-

ment for studying CEνNS in LAr. It will utilize a large cryostat filled with liquid

argon (750 kg), surrounded by a 15 cm water shield that reduces events due to

ambient gamma rays and a 10 cm lead shield that suppresses most of the beam-

related neutrons [172]. The technology will remain basically the same as that of

the CENNS-10 detector, hence we will use the same energy acceptance, QF, and

energy resolution in the sensitivity studies. For this reason, the SSB is scaled with

the mass of the detector, as well as the BRN backgrounds considering the same

time and energy bins. A fiducialization could be in principle performed, to remove

the backgrounds from the detector walls, but it is beyond the goal of this thesis.

On the other hand, the COHERENT collaboration is considering using UAr, instead

of AAr, which has a reduced percentage of 39Ar, resulting in a significant reduc-

tion of background events. In this case, the impact of using the UAr is naively

considered with a reduction of a factor 1400 [108] in the SSB. This simplified sce-

nario assumes that the SSB is composed exclusively of 39Ar, which is in any case a

reasonable assumption as discussed in Ref. [159]. In this case, about 6498 CEνNS

events are foreseen in one SNS year, thanks to the increased neutrino flux resulting
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from the SNS upgrade. Hence, the sensitivity study on the physical parameter of

interest is performed using the χ2 distribution in Eq. 3.22, neglecting the spectral

distortion parameters and setting the systematic uncertainty on the CEνNS signal

to 6%. The systematic uncertainty on the SSB, PBRN and DBRN are the same as

used in the CENNS-10 analysis.
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4
The Hunt For CEνNS From Reactor Antineutrinos

Opening

Measuring the CEνNS process using ν̄e emitted from nuclear reactor power

plants is one of the major challenges for the CEνNS community. As contin-

uous and well-localized sources, they offer the advantage of providing high

fluxes of low-energy antineutrinos, which allow for the study of the full co-

herency regime of the CEνNS interaction. However, this search is highly

challenging due to the tiny recoil produced and the significant background

that must be precisely characterized. Moreover, the need to lower the ex-

perimental threshold pioneers a new frontier in the study of low-energy

physics and detector response. The goal of this chapter is to provide a de-

tailed description of the elements needed to characterize the CEνNS signal

produced at reactors, together with a complete overview of the world-wide

searches. The focus will then be on the widely discussed observation of

CEνNS at the Dresden-II reactor power plant, which relies on an unpre-

dicted enhancement of the quenching factor at low energies. In this frame-

work, based on our work [6], the Migdal effect will be investigated. This

yet-to-be-observed quantum mechanical effect gained significant attention

in this framework, as it was suggested as a potential explanation of the

observed enhancement.

4.1 Reactor Antineutrino Spectra

The search for CEνNS from reactor ν̄e relies on a deep understanding of the reactor

neutrino fluxes produced at nuclear power plants. The measurement of the ν̄e flux

and the spectrum produced by a nuclear reactor has been a persistent challenge

since the initial observation of the neutrino in 1956 by Reines and Cowan [18].
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This section will refer to the recent results in Ref. [192] which provided an updated

method to obtain the ν̄e neutrino flux in the energy range 0-12 MeVs, improving

and methodically revising the so-called summation method often employed to ob-

tain the neutrino spectrum. Reactor antineutrinos primarily arise from the β decay

of neutron-rich by-products following the fission of uranium and plutonium in nu-

clear fuel. Commercial pressurized water reactors (PWR), which are of interest

for this thesis work, are designed for large-scale electricity and release around

5% of the energy in the form of electron antineutrinos generated mainly through

the fission of 235U, 239Pu, 241Pu, and 238U. The different fission fractions typically

evolve with time (see Ref. [193] for a detailed discussion), but for our analysis,

we will consider only average fission fractions equal to 0.559, 0.088, 0.291 and

0.062 for 235U, 238U, 239Pu, and 241Pu respectively. On top of the neutrino flux

produced by fission, an additional ν̄e contribution comes from the β decay of acti-

vation products of fuel and/or structural material. This contribution starts to play

a role when the activated element has a significant capture cross-section and is

present in a significant abundance. The activation element present in the fuel, of

interest for PWR, is 238U and the neutron capture reaction is

n+238 U →239 U + γ, (4.1)

then the 239U undergo β− decays with a lifetime t1/2 = 23.45 min producing the

instable 239Np (t1/2 = 2.36 days), which decays into 239Pu through β− decay. This

decay channel for producing neutrinos is usually referred to as 238U(n, γ)239U. In

Fig. 4.1 the reactor ν̄e spectra are reported from the different fission fragments

as well as the contribution from the activation fuel (left panel), together with

the total spectrum obtained by summing the various components weighting them

for the corresponding abundances of a PWR (right panel). This spectrum will be

referred to as CEA based on the affiliation of the authors [192]. In order to obtain

the neutrino flux, the mean energy released by the fission is needed. We use an

average energy of ⟨E⟩fission ≃ 205.786 MeV/fission [194], such that the number of

neutrinos emitted will be given by PW/⟨E⟩fission, where PW is the reactor power,

usually of the order of a few GWth
1. The neutrino flux Φ at a distance d is given

1The suffix “th” indicates the thermal power produced by the reactor, which is the amount of
thermal energy generated by the nuclear fission process within the reactor.
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Figure 4.1: Left panel: PWR ν̄e spectrum resulting from thermal fission of 235U, 238U,
239Pu, 241Pu and neutron capture in 238U. Right panel: total ν̄e spectrum obtained by
weighting the fission fragments for their abundances and their respective ±1 σ uncertainty.
These neutrino spectra have been obtained following the information in Refs. [192, 193].

by2

dΦ
dEν

= PW

⟨E⟩fission

1
4πd2

dϕ[fission−1MeV−1]
dEν

. (4.2)

The method described previously serves as an illustrative purpose as it clearly

provides all the components that constitute the reactor neutrino flux. However,

in our work, we will also use other reactor flux models, which adopt different

techniques to compute the ν̄e flux.

In particular, the neutrino spectra are built by combining the expected spectra

for antineutrino energies above 2 MeV from either Ref. [195, 196] or Ref. [197],

that we indicate as HM and EF, respectively, with the low-energy part determined

by Ref. [198] and Refs. [199, 200], that we indicate as VE and K, respectively.

Hereby, we derive three distinct combinations, which we denote as HMVE, EFK,

and HMK. These spectra are obtained from the weighted average of the antineu-

trino fluxes from four main fission isotopes, namely 235U, 239Pu, 238U and 241Pu
using the same relative abundances, as described before. In the K prediction [199,

200], the contribution at low energies from radiative neutron capture on 238U is

also taken into account. This contribution results in a higher spectrum for neu-

trino energies under approximately 1 MeV. In Fig. 4.2 we report the neutrino flux

at 10 meters from a 3 GWth PWR reactor, obtained by adopting the different pa-

rameterization discussed above. The total amount of neutrinos can be calculated

2Note that ϕ indicates the differential neutrino spectra in units of [fission MeV]−1, while Φ
describes the reactor flux in units of [MeV cm2 s]−1.
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Figure 4.2: Neutrino flux expected at 10 meters from a 3 GWth reactor obtained under
different parameterizations for the neutrino flux: HM [195, 196]+VE [198] (solid blue),
EF [197]+K [199, 200], HM+K and CEA [192].

by integrating over all neutrino energies, and is about 5.25 × 1013 ν̄e/cm2/s, con-

sistent among the different parameterizations. It is worth noting that the use of

such low-energy neutrinos makes the uncertainty in the nuclear structure almost

completely irrelevant, as the nuclear form factors are usually close to unity in a

CEνNS reactor experiment.

4.2 The Worldwide Reactor CEνNS Search and the

NCC-1701 Observation

The search for CEνNS from reactor ν̄e has posed an exciting technological chal-

lenge to develop innovative detectors capable of spotting the extremely tiny nu-

clear recoils produced as a single outcome of the CEνNS interaction. There are

different detectors currently under operation, but, due to the increased exper-

imental challenge, many experiments obtained so far only upper limits on the

CEνNS signal. Specifically, the CONNIE experiment [201] located ∼ 30 m away

from a 3.95 GWth reactor core, exploits silicon detectors and reported so far only

limits on the CEνNS signal [201–203] as well as very competitive constraints on

new physics model [204, 205]. Similarly, the CONUS [206–208] and νGEN [209]

experiments exploit germanium detectors located 17.1 and 11 meters away from

3.9 GWth and 3.1 GWth commercial reactors, respectively. Both the CONUS and

νGEN Collaborations achieved extremely low experimental thresholds (∼ 1 keVnr)
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and background levels, being able to set very stringent upper limits on CEνNS tak-

ing advantage of their very high exposure of reactor ON and OFF data. Moreover,

thanks to the high statistic and reduced background, the latest CONUS result [210]

put a limit within a factor of two from the rate predicted by the Standard Model. In

order to explore the regime of full coherency and to be sensitive to the lower part

of the CEνNS spectrum where more events are expected, cryogenic detectors are

under construction to further reduce the threshold. Among them, the NUCLEUS

experiment [211, 212], which will be discussed in Chap. 5, in its first phase will

make use of a gram-scale CaWO4 cryogenic detector, which benefits from a bigger

CEνNS cross section compared to lighter elements, e.g. germanium or silicon, and

a O(20) eV detector threshold, thanks to the excellent energy resolution. A similar

technology is being developed by the Ricochet experiment at the ILL site, 8.8 m

away from the core of the 58.3 MWth research nuclear reactor, which is also aim-

ing to measure CEνNS down to the sub-100 eV nuclear energy recoil regime [213–

216].

Many other experimental programs are under development; among them, there

are MINER [217], RED-100 [218], NEON [219], TEXONO [220], νBDX-DRIFT [221,

222], νIOLETA [223], NEWS-G3 and Bullkid [224]. Fig. 4.3 shows a world map

that summarizes the main experimental efforts both at reactor (indicated with red

dots) and stopped pion beams (green dots), the latter including also the Coher-

ent Captain-Mills (CCM) [165], CSNS [166] and ESS facilities [164], the latter

operating with the GanESS experiment [225]. Underground experiments sensi-

tive to CEνNS are also indicated, specifically XENONnT [102], PandaX [101] and

DarkSide-20k [114] which can exploit solar neutrinos, and RES-NOVA [35], which

aims to detector CEνNS from supernovae neutrinos.

Within this worldwide search, the results reported in Ref. [226] from Collar et

al. have gained significant attention and discussion, as they reported the first ob-

servation of CEνNS at the Dresden-II nuclear reactor power plant with significant

implications for the physics that can be extracted within the SM and beyond [3,

227–229]. They used an ultra-low noise 2.924 kg p-type point-contact germa-

nium detector, called NCC-1701, located 10.39 meters away from the Dresden-II

PWR collecting about 96.4 days of effective exposure. Thanks to the low-energy

threshold of such a detector, namely 0.2 keVee, they presented an event spectrum

with an excess of events that can be interpreted as a CEνNS signal when an in-

creased quenching factor at low energies is considered. However, this observation
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Figure 4.3: World map illustrating CEνNS experiments and facilities currently operat-
ing or under development. Red dots indicate reactor experiments, i.e. CONUS [206],
νGeN [209], NUCLEUS [211, 212], Bullkid [224], CONNIE [201], νIOLETA [223],
MINER [217], νBDX-DRIFT [221, 222], Dresden-II [226], Ricochet [213], NEON [219]
and TEXONO [220], while green dots indicate Stopped Pion Source facilities, i.e. CO-
HERENT [172], CCM [165], CSNS [166] and ESS [164] with the GanESS experi-
ment [225]. Underground experiments sensitive to CEνNS are also indicated, specifically
XENONnT [102], PandaX [101] and DarkSide-20k [114] which can exploit solar neutri-
nos, and RES-NOVA [35], which aims to detector CEνNS from supernovae neutrinos.

motivated several discussions within the CEνNS community, inspiring our study in

Ref. [6] (see Sec. 4.3) where we explore effects which might enhance the observed

spectrum at low energies.

For the Dresden-II analysis, the ν̄e flux has been normalized to the estimate re-

ported in Ref. [226], which corresponds to Φest = 4.8×1013 cm−2s−1, that has been

determined considering a reactor power P = 2.96 GWth and a reactor-detector dis-

tance of L = 10.39 m [226] adopting the HMVE parameterization. In the energy

region of interest of Dresden-II, 0.2 keVee < Te < 1.5 keVee, the background comes

from the elastic scattering of epithermal neutrons and the electron capture in 71Ge.

The epithermal neutron contribution, which is the dominant one in the CEνNS re-

coil energy region, Te ≲ 0.5 keVee, is described by an exponential function with

decay constant Tepith plus a constant term Nepith, while the electron capture peaks

from 71Ge, namely the L1-, L2- and M-shell peaks, are described each by a Gaus-

sian function. The latter is parametrized by an amplitude Ai, the centroid Ti and

the standard deviation σi, where i = L1, L2 and M. Thus, the expected event rate
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Figure 4.4: Dresden-II data from the data release [226] compared to the best-fit back-
ground model (dashed red) and the CEνNS prediction under different quenching factors
hypothesis.

of background is given by

dNbkg

dTe
= Nepith + Aepithe

−Te/Tepith +
∑

i=L1,L2,M

Ai√
2πσi

e
− (Te−Ti)2

2σ2
i . (4.3)

Following Ref. [226], the total amount of free parameters for the background

prediction reduces to: Nepith, Aepith, Tepith, AL1, TL1, σL1 and βM/L1. In fact, the

amplitude of the L2 shell contribution can be expressed in terms of the amplitude

of the L1 shell (AL1), in particular AL2/AL1 = 0.008, and σL2 = σL1. The centroid

of the L2 Gaussian can be safely set to the nominal value TL2 = 1.142 keV. The

standard deviation of the M-shell contribution can be fixed to the electronic noise

uncertainty, which is σn = 68.5 eV for the Rx-ON (reactor operation period) data.

The centroid of the M-shell Gaussian is fixed to its nominal value TM = 0.158 keV,

being smaller than the experimental threshold whereas its amplitude is left free to

vary in the fit with a constraint corresponding to the experimentally determined

ratio βM/L1 = AM/AL1 = 0.16 ± 0.03. The best-fit background model to the data is

shown in Fig. 4.4 (dashed red).

The expected CEνNS event-number NCEνNS
i in each electron-recoil energy-bin i is
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given by

NCEνNS
i (N ) = N(Ge)

∫ T i+1
e

T i
e

dTe

∫ T ′max
nr

T ′min
nr

dT ′
nr R(Te, T

′
e(T ′

nr))×∫ Emax

Emin(T ′
nr)
dE

dΦν

dE
(E)dσν−N

dT ′
nr

(E, T ′
nr), (4.4)

where N = A
ZGe with A = 70, 72, 73, 74, 76, with the corresponding natural abun-

dances f(A
ZGe) of 0.2057, 0.2745, 0.0775, 0.3650, 0.0773 [230]. The expected

CEνNS is obtained by weighting for the corresponding isotopic abundance, i.e.

NCEνNS
i (Ge) = ∑

A f(A
ZGe)NCEνNS

i (A
ZGe). Moreover, N(Ge) = 2.43 × 1025 is the

number of germanium atoms, T ′min
nr ≃ 2.96 eV is the minimum average ionization

energy in Ge, R(Te, T
′
e(T ′

nr)) is the detector energy resolution function, T ′
e(T ′

nr) =
fQ(T ′

nr)T ′
nr is the ionization energy where fQ is the germanium quenching fac-

tor which will be addressed in Sec. 4.2.1. dΦ/dEν is the neutrino flux defined in

Eq. 4.2, and for our analyses, we will use the HMVE parameterizations consistently

with the data release [226]. In Ref. [3] we showed that different parameterization

provide very compatible results when physical parameters are extracted.

The detector energy-resolution function is described as a truncated Gaussian

R (Te, T
′
e(T ′

nr)) =

 2
1 + Erf

(
T ′

e(T ′
nr)√

2σ′
e

)
 1√

2πσ′
e

e
− (Te−T ′

e(T ′
nr))2

2σ′
e

2
, (4.5)

with a standard deviation equal to σ′
e =

√
σ2

n + ηFfTe, where the average energy

of electron-hole formation is η = 2.96 eV and the Fano factor is Ff = 0.11 for

Ge [226]. It is important to note that in Eq. (4.4) the experimental acceptance

does not appear since the data points provided in the data release are already cor-

rected for it. The details reported here, as well as analysis strategy methods, fol-

low closely the prescription described in the supplemental material of Ref. [226],

adopted also in other phenomenology studies [227].

To perform the analysis of the Dresden-II Ge data under the hypothesis of a CEνNS

signal, we use the least-squares function

χ2
Ge,CEνNS =

130∑
i=1

(
Nbkg

i + αNCEνNS
i −N exp

i

σexp

)2
+
(
β − βM/L1

σβM/L1

)2
+
(
α− 1
σα

)2
, (4.6)

where Nbkg
i and NCEνNS

i are the predictions in the i-th electron recoil energy bin

for the background and the CEνNS signal, and N exp
i is the experimental number of
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Figure 4.5: Schematic representation of the reduction of the ionization yield produced
after the nuclear recoil, in this case, produced by the scattering of a neutrino off a ger-
manium nucleus, due to the quenching effect. The ionized electrons produce the signal
observed in the detector, while the heat is produced by inelastic collisions.

events in the i-th bin. The nuisance parameter α takes into account the uncertainty

on the neutrino flux (with σα = 2%), while βM/L1 is a prior for the M- to L1-shells

ratio, with βM/L1 = 0.16 and σβM/L1 = 0.03. The χ2 in Eq. 4.6 will be used also

to constrain different physics scenarios, modifying the expected NCEνNS
i according

to the model considered in order to find the set of values which minimize the χ2.

When we consider the electron scattering channel, the signal will be NCEνNS
i →

NCEνNS
i + NES

i , where NES
i is the expected number of electron scattering events

occurring in the i-th bin and is given by

NES
i = N(Ge)

∫ T i+1
e

T i
e

dTe

∫ T ′max
e

T ′min
e

dT ′
e R(Te, T

′
e)
∫ Emax

Emin(T ′
e)
dE

dNν

dE
(E)dσ

ES
ν−Ge
dT ′

e
(E, T ′

e), (4.7)

with the difference that in the energy resolution, the quenching factor must be set

to unity.

4.2.1 The Germanium Quenching Factor Puzzle

The QF, introduced in Sec. 3.2 and schematically shown in Fig. 4.5, is a crucial pa-

rameter for CEνNS experiments looking for the ionization signal produced at low

recoil energies. Although QF measurements for CsI and Ar are quite constrained

and well known at nuclear recoil energies ≳ 10 keVnr, the germanium quenching

factor is not very well known at low energies relevant for reactor searches. This

has profound implications for understanding the experimental data. First of all,
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we can make use of the standard Lindhard theory [231] to describe the behaviour

of QF in a wide range of nuclear recoil energies. This theory predicts the amount

of ionization due to the nuclear recoil under the following assumptions

• the contribution of the moving electrons is negligible;

• the electronic cloud follows immediately the nucleus;

• the energy transferred to ionized electrons is small compared to that trans-

ferred to recoiling ions;

• the effects of electronic and atomic collisions can be treated separately;

• the nuclear recoil energy is much smaller than the energy of the incident

particle.

Under these assumptions, the quenching factor predicted by the Lindhard theory

is given by

fLind.
Q = kg(ϵ)

1 + kg(ϵ) , (4.8)

where g(ϵ) ≃ 3 ϵ0.15 + 0.7 ϵ0.6 + ϵ with ϵ ≃ 11.5 Z−7/3 Tnr. The parameter k is found

to be k = 0.133 Z2/3A−1/3 which gives k ≃ 0.158 for Germanium. The Lindhard

prediction shows a good agreement with experimental data for Tnr ≳ 5 keVnr,

which is the range for CEνNS experiments conducted at the SNS. On the other

hand, there is an ongoing discussion regarding the behaviour of the Ge QF for

lower energies. Indeed, the CEνNS observation by Dresden-II depends crucially

on the two new QF measurements reported in Ref. [243]. The first one is deter-

mined from photo-neutron source measurements, so-called YBe [243], and the

second one is derived from iron-filtered monochromatic neutrons, so-called Fef,

that consists in a simple linear fit of the four data points for Tnr ≲ 1.35 keV

and is extended above this range with the standard Lindhard model with k =
0.157 [231]. However, these two QF determinations are in contrast with and

significantly higher than the standard Lindhard prediction with the parameter

k = 0.157 [231] and other independent experimental measurements. Moreover,

CONUS data disfavours quenching parameters above k = 0.27 [207] and a recent

low-energy determination of the QF finds a good agreement with the Lindhard

theory with a parameter k = 0.162 ± 0.004 (stat+sys) [236]. In Fig. 4.6 we com-

pare the more relevant measurements of the germanium QF for Tnr < 4 keVnr at

the moment of writing this thesis [232–238, 241, 242]. We also report the YBe
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Figure 4.6: Summary plot representing the state-of-the-art measurements of the germa-
nium quenching factor in the low-energy nuclear recoil range, i.e. 0.2 ≲ Tnr[keVnr] ≲ 4, of
interest for CEνNS searches at reactor, from Jones et al [232, 233], CoGeNT [234], CDMS-
II [235], CONUS [236], Messous [237], Texono [238], Scholz [239], Edelweiss [240] and
a recent measurement from Kavner and Jovanovic (K-J) [241]. The purple arrows indi-
cate that the latter measurement is to be intended at 0.254 keVnr. CONUS data have been
obtained by considering different nominal neutron beam energies, and this plot presents
the weighted average for data points at the same nuclear recoil energies. CONUS data
below Tnr are reported at the 90% CL The best fit reported by the CONUS Collaboration
yields k = 0.162±0.004. The work by Collar et al. [242] reports three different approaches
to measure the ionization yield in germanium, i.e. photo-neutron source (YBe) indicated
by the red band, iron-filtered low-energy neutron beam (Fef) and thermal neutron cap-
ture. As a comparison, the theoretical prediction from the standard Lindhard theory with
k = 0.157 is also reported. See Fig. 1 of Ref. [235] for a complete summary of the quench-
ing factor measurements at higher nuclear recoil energies.

and Fef QFs [242] which allowed the CEνNS evidence in Ref. [226]. Moreover,

another recent measurement [241] (purple) performed at Tnr = 254 eVnr seems to

support the evidence of an enhancement of the QF at low energies, even though

there is a clear tension with previous measurements [232, 233] and the Lindhard

prediction. Modifications to the Lindhard theory have been proposed to explain its

enhancement at low energies [244, 245] by means of phenomenological parame-
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Step 1 Step 2 Step 3
𝛾 𝑒−

𝜈ℓ
𝑛
𝜒

Figure 4.7: Simplified representation of the Migdal effect induced by nuclear recoil. An
incoming neutral particle, e.g. neutrino (νℓ), neutron (n) or dark matter (χ) interacts with
the nucleus (step 1). The nucleus is displaced from its initial position, and the electronic
cloud does not follow immediately the motion of the recoiling nucleus (step 2). To restore
the equilibrium an electron can be emitted together with de-excitation light (step 3).

ters [246] to adjust the standard Lindhard prediction to accommodate Fef and YBe

data. However, the approach exploited in these studies neglects the microscopic

physics of the processes which are causing this ionization. One possible physical

process which provides extra ionization on top of the standard nuclear recoil is the

Migdal effect, which will be explored in detail in the next section.

4.3 Migdal Effect In Reactor CEνNS Searches

As discussed in the previous section, some data seem to be indicating a devia-

tion from the QF Lindhard theory at low energies, resulting in extra ionization

compared to the prediction, boosting theoretical investigations to explain this ev-

idence. A suitable candidate is the Migdal effect, which refers to a phenomenon

proposed by Migdal in the 1940s [247]. The Migdal effect predicts extra radiation

being emitted from the atom after a nuclear process, i.e. α and β decays [248–

250] or neutral particle scattering [247, 251]. Although the Migdal emission has

been observed in α decay [252–254], β decay [255, 256], and β+ decay [257], the

first observation in the case of nuclear recoil is still missing at the time of writing

this thesis. From a qualitative point of view we can imagine that atomic electrons

do not immediately follow the motion of the recoiling nucleus, and, to restore
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equilibrium, extra ionization can be injected into the detector, as schematically

shown in Fig. 4.7. Many experimental programs are under development to unam-

biguously detect the electron produced by this process. Among these efforts, the

MIGDAL Collaboration [258] has deployed an Optical Time Projection Chamber

filled with a low-pressure gas based on CF4, which reconstructs the topology of

the emission to provide an image of the event. It is also relevant to mention that

the authors in Ref. [259] reported the first direct search for the Migdal effect in liq-

uid xenon using nuclear recoils produced by tagged neutron scatters. Intriguingly,

they did not observe a signal consistent with predictions, pointing to the need to

further investigate this effect both theoretically and experimentally. Moreover, the

Migdal effect induced by dark matter (DM) particles has been recently taken into

serious consideration in the context of dark matter searches [112, 260–266] as it

enables to improve the constraints for DM candidates within the MeV range.

For our purposes, it is crucial to characterize the impact of the Migdal effect on

top of the standard Lindhard theory to verify whether or not can be the source

of enhancement observed by the Dresden-II Collaboration. We first calculate the

Migdal rate using the formalism of Ibe et al. [260], which considers the target

as composed of isolated atoms, which is clearly not a satisfying assumption for

a semiconductor. In this section, we will only outline the key features of the Ibe

et al. formalism, as it has already been previously adopted in the context of neu-

trino scattering [266, 267].3

This formalism relies on the dipole approximation that allows one to write the

Migdal transition matrix element, Mfi, in the form

Mfi = ⟨ψf |e−imev⃗·
∑Z

i=1 r⃗i |ψi⟩ ≃

≃ −imev⃗ · ⟨ψf |
Z∑

i=1
r⃗i|ψi⟩

≡ −imev⃗ · D⃗fi, (4.9)

where r⃗i is the position operator of the Z electrons, D⃗fi is the dipole matrix el-

ement, me is the electron mass, v⃗ is the nuclear recoil velocity, while ψf and ψi

are the wavefunctions of the final and the initial atomic states in the nucleus rest

frame. The final state wavefunctions are boosted to the rest frame of the recoiling

3Note that the authors in Refs. [266, 267] provided some public codes to compute the CEνNS
rate and the Migdal contribution using the formalism of Ibe et al. which have been used to validate
our results.
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nucleus by a Galilean transformation and are computed using the Dirac-Hartree-

Fock method. Under these assumptions, the CEνNS differential cross section for

the Migdal effect can be written as

(
dσν̄e-N

dTnr

)Ibe et al.

Migdal
= G2

FmN

π

(
1 − mNTnr

2E2
ν

)
Q2

W |Zion(qe)|2 , (4.10)

where |Zion(qe)| is the ionization rate of an individual electron in the target with

momentum qe. It is defined as

|Zion(qe)|2 = 1
2π

∑
n,ℓ

∫
dTe

d

dTe

pc
qe

(nℓ → Te), (4.11)

where pc
qe

(nℓ → Te) are the ionization probabilities for an atomic electron with

quantum numbers n and ℓ that is ionized with a final energy Te and are reported in

Fig. 4.8. It should be noticed that very similar results are expected if one relies on

n=1 n=2

n=3 n=4

0.001 0.010 0.100 1 10
10-8

10-5

0.01

10

Te [keVee]

1 2
π

dp
c

dT
e
[k
eV

ee
-
1 ]

Ge

Figure 4.8: The differential ionization probabilities as a function of the emitted electron
energy, Te, for isolated Ge atoms. The contributions from different ℓ’s quantum numbers
are summed. The ionization probabilities are available in ancillary files of Ref. [260], and
the integrated probabilities are given in Tab. II of the same reference.

the probabilities calculated in Ref. [258] with an independent approach. Indeed,

the authors found a very good agreement with the results obtained with the Ibe

et al. formalism that is also used in this thesis, demonstrating that the addition

of sub-leading contributions to the ionization probabilities is not significant at low

recoil energies for atomic germanium.

The double differential cross section under the Ibe et al. formalism, for the (n, ℓ)
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state, as a function of both the electron and the nuclear recoil energy, is hence

(
d2σν̄e-N

dTnrdTe

)Ibe et al.

nℓ

= G2
FmN

π

(
1 − mNTnr

2E2
ν

)
Q2

W

1
2π

d

dTe

pc
qe

(nℓ → Te). (4.12)

If the nuclear recoil is followed by a Migdal emission, the total energy deposit of

the event in the detector is

Edet = fQTnr + Te + Enℓ, (4.13)

where the first term is the nuclear recoil energy deposit, while Te and Enℓ account

for the extra energy injected in the detector, Enℓ being the atomic de-excitation

energy for Ge [260]. We evaluate the theoretical event rate as a function of the

detected energy, which is given by

(
dR

dEdet

)Ibe et al.

Migdal

= N(Ge)
∑
n,ℓ

∫ Emax
ν

Emin
ν

dEν
dNν̄e

dEν

∫
dTe

∫ T max
nr

T min
nr

dTnr

(
d2σν̄e-N

dTnrdTe

)Ibe et al.

nℓ

×

δ(Edet − fQTnr − Te − Enℓ). (4.14)

In this calculation, it is convenient to impose energy conservation using the Dirac

δ, and Tnr is now constrained within the values Tmin
nr and Tmax

nr given by [268]

(Te + Enℓ)2

2mN

≤ Tnr ≤ (2Eν − (Te + Enℓ))2

2(mN + 2Eν) . (4.15)

The rate in Eq. (4.14) represents the Migdal contribution summed over all the

possible (n, ℓ) atomic states and is shown in Fig. 4.11. On the other hand, to

display the CEνNS rate in the same scale as a function of the ionization energy, we

define Edet = fQTnr such that

(
dR

dEdet

)CEνNS

= N(Ge)
∫ Emax

ν

Emin
ν

dEν
dNν̄e

dEν

dσν̄e-N

dTnr

(
fQ + Tnr

dfQ

dTnr

)−1

. (4.16)

The last term in Eq. (4.16) is dTnr/dEdet, which is needed to express the rate in

terms of the electron-equivalent nuclear recoil energy. The total predicted event

rate is thus given by the sum of Eq. (4.16) and Eq. (4.14).
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4.4 Migdal Photo Absorption

The formalism described so far to compute the dipole matrix element for the

Migdal rate relies on the assumption that the target atom is isolated. While this as-

sumption is acceptable for noble elements, as for argon or xenon detectors [267],

it is expected to be less valid in semiconductors, where solid-state effects might

be relevant. However, developing a first-principle theory that goes beyond the

isolated atom approximation is challenging because of the many-body effects that

need to be taken into account. Remarkably, the formalism developed in Ref. [263]

relates the photoabsorption cross section σγ to the dipole matrix element, nec-

essary to compute the Migdal ionization rate, without requiring any many-body

calculation. This scheme will be referred to as Migdal photoabsorption approxi-

mation (MPA). One of the major advantages of MPA is that the photoabsorption

cross section is experimentally known, such that the Migdal rate suffers from very

small uncertainties [263], well below the precision required in this work. MPA has

been so far adopted in the context of dark matter searches, where the power of

the formalism has been proved by comparing it to other computations for silicon

and xenon [260, 261]. However, MPA has never been exploited in the context

of neutrino scattering. In Ref. [6], for the first time, we apply this formalism in

CEνNS searches and we compare its predictions with the formalism of Ibe et al. for

germanium detectors. Explicitly, to derive the Migdal contribution to the CEνNS

cross section under MPA, we recall that the Migdal transition matrix element un-

der the dipole approximation, |Mfi|2, is related to the ionization probability due

to the Migdal effect. It is convenient to define the double differential cross section

for ν̄e scattering off a nucleus N as

(
d2σν̄e-N

dTnrdEr

)
Migdal

=
(
dσν̄e-N

dTnr

)
|Mfi|2, (4.17)

where Tnr is the nuclear recoil energy, and the matrix element is a function of Er,

which in this notation is the energy deposit due to atomic excitation or ioniza-

tion such that Edet = fQTnr + Er. The square of the transition matrix element in

Eq. (4.17) can be recasted to

|Mfi|2 =
(
me

mN

)2
2mNTnrD2

fi, (4.18)
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where we have used the fact that mN |v⃗| =
√

2mNTnr is the momentum transfer of

the recoiling nucleus, with v⃗ the nuclear recoil velocity. Here, D2
fi is the average

of the squared dipole matrix element. Under the MPA scheme, one has to relate

D2
fi with the photoabsorption cross section σγ through [263]

D2
fi = σγ(Er)

4π2αEMEr

, (4.19)

where the photoabsorption cross section σGe
γ (Er) for Ge has been taken from

Refs. [81, 269] for Er ≥ 10 eVee. The double differential Migdal cross section

as a function of Er is given by

(
d2σν̄e-N

dTnrdEr

)MPA

Migdal
= G2

FmNT

π

(
1 − mNTnr

2E2
ν

)
Q2

W

1
2π2αEM

m2
e

mN

Tnr

Er

σGe
γ (Er). (4.20)

We derive the differential Migdal cross section as a function of Edet by integrating

over all possible nuclear recoils, i.e.

(
dσν̄e-N

dEdet

)MPA

Migdal
= G2

F

π

∫ T max
nr

T min
nr

dTnr

(
1 − MTnr

2E2
ν

)
Q2

W

m2
e

2π2αEM
×

Tnr

Edet − fQTnr
σGe

γ (Edet − fQTnr). (4.21)

In Fig. 4.9 we show the germanium photoabsorption cross section extracted from

Ref. [269] as used in this thesis, along with the differential Migdal cross section as

a function of Edet for Eν = 3 MeV. The two cross sections are reported at different

energy scales indicated in the corresponding y axes. In Fig. 4.9, it is possible to

see that the features that characterize the differential Migdal cross section within

the MPA scheme are tightly connected with the photoabsorption peaks. On the

other hand, in Fig. 4.10 we show the comparison between the differential Migdal

cross section and the CEνNS one as a function of the observed energy Edet, for

a neutrino energy of Eν = 6 MeV and assuming the standard Lindhard quench-

ing factor. We are now finally able to evaluate the theoretical Migdal event rate

under MPA as a function of Edet, which is obtained by integrating over all possi-

ble nuclear recoil energies. The results are shown in Fig. 4.11, which compares

the Migdal ionization rate under MPA and Ibe et al. formalisms with the CEνNS

rate as a function of the detected energy considering a 1 kg Ge detector located

10 m away from a 3 GWth reactor power plant, whose ν̄e spectrum is given by the

HMVE parameterization and adopting the Lindhard theory. This configuration re-
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Figure 4.9: Photoabsorption cross section for Germanium taken from Ref. [269] (purple)
and differential Migdal cross section for Eν = 3 MeV. The dots represent the photoabsorp-
tion cross section for each x-ray emission as listed in Ref. [269].

sembles current CEνNS reactor experiments, like Dresden-II, CONUS and νGEN.

For the Ibe et al. rate in Fig. 4.11, we isolated the contributions from the differ-

ent n shells, obtained by summing over all the different orbital angular momenta

ℓ in the initial state. We found intriguingly that the two formalisms give practi-

cally identical results in the energy range considered. Moreover, in both cases, the

Migdal contribution is completely subdominant with respect to the CEνNS one for

energies below ∼ 0.6 keVee, with the most significant contribution given by the

n = 2, 3 shells. Above ∼ 0.6 keVee it starts to dominate4, and it could provide the

possibility to observe CEνNS above this threshold, even if being so small it would

require extremely low levels of background.

It is worth discussing the validity of our formalism. It should be noticed that de-

pending on the crystal scale that one is able to probe, other effects that account

4Note that a similar trend is also found in Ref. [267], where a comparison between the CEνNS
rate and the Migdal contribution using the formalism of Ibe et al. has been evaluated for xenon
and argon detectors in a reactor site.
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Figure 4.10: Comparison between the Migdal cross section (under the MPA scheme) and
the CEνNS one as a function of the observed energy Edet, assuming the standard Lindhard
quenching factor and a neutrino energy of Eν = 6 MeV.

for the response of multiple atoms at once should be considered, as they have

been proven to highly enhance the Migdal rate [270–273]. However, although

the range of Tnr in Eq. (4.15) includes very small values, the main contribution

in current Ge CEνNS reactor experiments comes from Tnr of the order of 1 keV.

Thus, the momentum transfer is |q⃗| ≃
√

2mNTnr ∼ 10 MeV with a corresponding

de Broglie wavelength of about 20 fm. The latter is much smaller than the scale

of the interparticle spacing in the crystal so, in this work, we can safely neglect

these effects. We point here, that at lower ionization energies, multiple atom ef-

fects must be better taken into consideration. Moreover, it has been suggested

that in germanium a larger amount of secondary nuclear recoils may be produced

following a low-energy primary one [243]. This, in addition to possible more com-

plex crystal response models [274–276], can significantly affect the microscopic

description of the Migdal effect. However, the inclusion of these possible effects,

which still needs to be investigated both theoretically and experimentally, is be-

yond the scope of our work.
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Figure 4.11: CEνNS theoretical differential rate for a Ge detector located 10 m away from
a 3 GWth reactor using the Lindhard QF (black solid line). We also show the Migdal rate
obtained under the Ibe et al. formalism (solid blue line), highlighting also the contribu-
tions of the different n = 2, 3, 4 atomic shells (dashed curves), and the rate obtained with
the MPA formalism (solid red line).

4.4.1 Impact of The Migdal Effect in The Dresden-II CEνNS Ob-

servation

In this section, we will study the implications of the Migdal effect on the Dresden-

II science case. Here, as already stated in Sec. 4.2.1, the Migdal effect has been

invoked as a possible explanation of the enhancement measured in the Fef and

YBe quenching factors at low energies that in turn enabled the observation of

CEνNS in the Dresden-II data. In the top panel of Fig. 4.12, we show the Dresden-

II reactor ON (Rx-ON) data along with the standard CEνNS predictions obtained

with three different QFs, namely Lindhard, Fef and YBe. To derive these spectra

we used all the experimental information on the Dresden-II detector, including

energy-smearing effects, following Refs. [3, 226, 227] and discussed in Sec. 4.2.

In the bottom panel of Fig. 4.12 we show the same spectra for the three QFs

but we compare them to the Dresden-II data residuals after background subtrac-

tion [226]. It is evident that only the Fef and marginally the YBe QFs fit the excess
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Figure 4.12: Expected number of CEνNS events in the Dresden-II detector obtained using
different quenching factors, i.e. Fef (blue line), YBe (cyan line) and Lindhard (purple
line). The Migdal contribution corresponds to the red curve, while the neutrino electron
scattering contribution is given by the green line. In the top panel, we compare these
curves with the Dresden-II reactor ON data, while in the bottom panel, we show the
Dresden-II data residuals after background subtraction. The inset shows a comparison of
Dresden-II reactor ON (Rx-ON) [226], νGEN [209] and CONUS (C1 Run-1) [207] data,
all rescaled to the same units.
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and lead to a statistically significant CEνNS observation for Edet ≲ 0.3 keVee. In

the same figure, we also show the Migdal contribution using the MPA formalism.

It is clear that adding the Migdal contribution to the CEνNS Lindhard predic-

tion is not sufficient to explain the CEνNS Fef or YBe predictions, given that the

former is completely negligible with respect to the CEνNS signal. Moreover, we

find that the neutrino-electron scattering (νES) [3, 4] exceeds the Migdal rate for

Edet ≳ 0.7 keVee, as shown in the top panel of Fig. 4.12. Overall, both Migdal and

νES rates are so small that with the current experimental precision can be over-

looked in SM CEνNS searches. However, in some scenarios of physics beyond the

SM, like non-standard properties of neutrinos, their contribution could be signif-

icantly enhanced and thus they need to be taken into account [3, 227] to derive

meaningful limits.

In the inset of Fig. 4.12, for comparison purposes, we show a review of existing

data from germanium detectors searching for CEνNS at a reactor site, i.e. Dresden-

II [226], νGEN [209] and CONUS (C1 Run-1) [207]5. Interestingly, despite the

fact that CONUS and νGen have reached a much lower background level compared

to Dresden-II, they have not detected CEνNS yet. Nevertheless, despite the low

background level reached, the Migdal contribution is so small that it could be

safely neglected also in experiments like νGEN and CONUS, which show a good

agreement with the expected background. Similar conclusions are expected also

for silicon detectors like CONNIE [202, 203] that operate in a similar energy range.

To conclude, we have shown that the Migdal contribution is orders-of-magnitude

subdominant in the region of interest for reactor CEνNS searches with germanium

detectors, independently of the formalism used to model the Migdal effect. Thus,

the enhancement of the quenching factor at low energies found in Ref. [226] that

enabled the observation of CEνNS at the Dresden-II site requires a different expla-

nation than the standard Migdal effect.

5After the realization of our work, CONUS released updated measurements [210] with a lower
background and threshold. However, this does not affect the conclusion of our work, and it
strengthens the fact that they do not find an excess compatible with that reported in Ref. [226].
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5
The NUCLEUS Experiment: Current Challenges

and Physics Reach

Opening

The NUCLEUS project aims to measure the CEνNS cross section with high

precision to probe the regime of full coherence of the CEνNS interaction.

To do so, an extremely sensitive cryogenic detector will be deployed at

the Chooz nuclear power plant in France, to exploit the high ν̄e flux from

the reactor core. During my PhD, I worked at the Technical University

of Munich to explore the physics potential of such a detector within the

NUCLEUS Collaboration. The goal of this chapter is therefore to assess

the main features of the NUCLEUS experimental program, to describe the

main physics challenges which might be limiting the observation of CEνNS,

and to describe the details needed to perform the sensitivity to electroweak

parameters and BSM theories which will be presented in this thesis. Note

that in the following studies, no private information will be used, hence the

sensitivities presented here are not intended to be the official one from the

Collaboration.

5.1 The Very Near Site Facility at Chooz

The NUCLEUS detector [211] will be housed at the so-called very near site (VNS)

facility at the Chooz-B nuclear power plant, operated by Electricité de France. The

VNS sits between two N4-type PWRs, separated by 160 meters and their respec-

tive cores are located approximately 7 meters above the Chooz ground level. Each

reactor runs at a nominal power of 4.25 GWth and is turned off to refuel approx-

imately one month per year. Remarkably, since 2008, the Chooz power plant has

already hosted the Double Chooz experiment, which provided very important re-
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Figure 5.1: Sketch of the Chooz nuclear power plant and of the Very-Near-Site (VNS).
The VNS is located 72 and 102 meters away the B1 and B2 reactors. The inset on the top
right shows the office building between the reactor cores hosting the VNS. Figure from
Ref. [211].

sults for neutrino oscillations [277–279].

The VNS, whose location is schematized in Fig. 5.1, is a 24 m2 room, situated

in the basement of a five-story office building, which allows having approximately

three meters of water equivalent shielding. For this reason, special care must be

taken when addressing the issue of cosmic ray background in the detector [211]

and a cryogenic muon veto has been deployed to strongly mitigate muon-induced

background events [280]. On the other hand, since the detector is located about

102 and 72 meters away from the two reactors, the reactor-related backgrounds

are completely negligible.

For the NUCLEUS analyses, the CEA model described in Sec. 4.1 will be adopted

to compute the expected neutrino flux. Moreover, the configuration is equivalent

to considering an average reactor located at a distance d ≃ 58.8 m, with a power

3.4 GWth, where a duty cycle of 0.8 is considered. The expected flux obtained is

shown in Fig. 5.2 with the ±1 σ uncertainty. This parameterization will be also

used by the NUCLEUS Collaboration for extracting the physics reach of the exper-

iment, and it gives an integrated neutrino flux of (1.72 ± 0.06) × 1013 ν/cm2/s.
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Figure 5.2: Reactor ν̄e flux, obtained using the method in [192], expected at the VNS for
the NUCLEUS experiment. The shaded bands represent the expected ±1 σ uncertainty.
The integrated neutrino flux is (1.72 ± 0.06) × 1013 ν/cm2/s.

5.2 The NUCLEUS Experiment

This section will focus on the characteristics which make the NUCLEUS detector

very suitable for CEνNS searches. Specifically, the NUCLEUS experiment will take

advantage of a cryogenic detector (∼ 10 mK) with the goal of reaching an excep-

tionally low-energy threshold, i.e. about 20 eVnr, thanks to the excellent energy

resolution achievable [281]. The NUCLEUS Collaboration planned to use a 10

gram-scale calcium tungstate (CaWO4) as a target material to detect CEνNS, and

a sapphire (Al2O3) detector to characterize the particle background. As we will

discuss in Sec. 5.3, unexpected backgrounds arising at low energies might modify

the strategy of the experiment, but in any case, the first stage of NUCLEUS will

be referred to as NUCLEUS-10g which is indicative of the mass scale of the de-

tector. To reach such low-energy thresholds, a transition-edge sensor, commonly

referred to as TES, will be deposited on the target material. This sensor exploits

the strongly temperature-dependent resistance of the superconducting phase tran-

sition to measure the passage of a particle through the active part of the detector.

Once the neutrino undergoes a scattering in the absorber material, the nuclear

displacement generates phonons, hence a temperature gradient, which are then

absorbed by the TES and converted into a difference in the resistance of the sen-
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Figure 5.3: Theoretical event rate expected at the VNS for CaWO4, Al2O3, Si and Ge.
The target background level of 100 dru is also shown. The low threshold of the order
of 20 eVnr reachable by NUCLEUS will allow exploring the low-energy regime of CEνNS,
compared to other reactor experiments, like Dresden-II where the threshold of about 1
keVnr is shown for comparison.

sor. See Ref. [282] for a detailed description of the working principle of TESs and

their application for NUCLEUS. Remarkably, TESs have been widely used by the

CRESST collaboration in the context of dark matter searches [283, 284], COSI-

NUS [285, 286] and will also be exploited by RES-NOVA [35, 287]. Relying on

this technology, a 0.5 g prototype detector made of Al2O3 cubic crystal, achieved

an unprecedented ultra-low threshold of Eth = 19.7 ± 0.9 eV [212], demonstrat-

ing the capability of probing such small recoil energies, to scale up the detector to

increase the exposure.

Fig. 5.3 shows the theoretical event rate in units of dru (keV kg day) expected

at the VNS for different target materials, i.e. CaWO4, Al2O3, while Si and Ge

are suitable candidates for the next stages of the NUCLEUS experiment. One of

the advantages of probing such low-energetic regime is that the nuclear structure,

which is not well-known for a heavy element as tungsten, does not affect the pre-

diction and the experiment is sensitive to the normalization of the weak charge

QW . This allows for a clean extraction of electroweak parameters and makes the

combination with CEνNS data from SNS source very compelling.
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5.2.1 Future NUCLEUS Upgrades

A possible way to increase the active mass within the current NUCLEUS setup

would be to increase the mass of the calcium tungstate cubes. Specifically, the

configuration employing eighteen (5 mm)3 cubes allows reaching an active mass

of 13.5 g. Increasing the size of the cubes to (1 cm)3 might be feasible and would

allow the experiment to reach a total mass of 108 grams. On the other hand,

scaling the cryogenic CaWO4 to higher mass, O(kg), is experimentally challeng-

ing. In fact, the TES readout is based on the use of superconducting quantum

interference devices (SQUIDs), which are magnetically coupled to the TES circuit

to probe its impedance [282]. Keeping the SQUID in the correct operating condi-

tions is a difficult task that must be planned with care. While a dedicated SQUID

for each absorber module is possible for the NUCLEUS-10g [211, 282], up-scaling

to the NUCLEUS-1kg array keeping a good energy resolution require TES multi-

plexing and further readout techniques need to be developed. A possible way to

increase the mass of a CEνNS cryogenic detector could rely on the use of different

readout technology, which makes Kinetic Inductance Detectors (KIDs) [288, 289]

very suitable, as scaling to a higher mass is more feasible. In this context, the

BULLKID experiment [290, 291], designed primarily to detect dark matter, can

also be used as a CEνNS detector. In fact, an excellent baseline energy resolution

of 26 ± 7 eVnr [224] and an energy threshold of 160 ± 16 eVnr [291] have been

demonstrated, making this detector suitable for rare events searches.

5.3 The Low-Energy Excess

The NUCLEUS experiment aims to reach an environmental background level of

about 100 dru, as shown in Fig. 5.3 taking advantage of a dedicated shielding and

veto systems [212, 280, 282]. This would allow the observation of CEνNS on top

of background events during the reactor ON period.

Unfortunately, the quest to push the experimental threshold towards unprece-

dented low-energies unveiled new unexpected effects limiting the discovery po-

tential to rare events. Indeed, several experiments have observed a sharply rising

rate of events below the few hundred electronvolts, whose origin is still myste-

rious. Such unexpected background is often referred to as the low-energy ex-

cess (LEE). Its explanation in terms of new physics in the dark sector has been

ruled out, since the intensity and properties of such LEEs are different for each
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units) and corrected for the energy acceptance, fitted with a double exponential as a func-
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The different excesses are compared with the CEνNS rate on CaWO4 expected at the VNS
(green) and at a distance of 15 m (orange), without accounting for the reactor duty cycle
factor. See text for more details.

experiment and depend on the data-taking configuration. In particular, this excess

manifests itself not only in solid-state cryogenic detectors [292], but also in noble

liquids detectors [154, 293] even though it is unlikely that the physical process

originating this emission is the same. For this reason, the community is making

significant efforts to understand the characteristics of LEE and uncover its origin,

both through theoretical studies [294] and by developing innovative data analysis

frameworks that can distinguish between particle hits and LEE events in the detec-

tor [295]. Remarkably, due to the significant impact of this excess on the dark mat-

ter searches [283, 284, 296–298] and neutrino physics experiments [212, 217], a

collective effort has been started to share the knowledge about the individual ob-

servations within the EXCESS Workshop. This dedicated series of events gathers

different experts, providing a detailed summary of the state-of-the-art knowledge

on the LEE [292]. The latest measurements from CRESST [301] on a double TES

operating in a single active cube, have shown the ability to discriminate between

the LEE events occurring in the proximity of the sensor, and the events occurring
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inside the target crystal, but a huge amount of excess is still not under control.

In addition, the data presented in Ref. [291] above ground from the KID tech-

nology do not show LEE. Even though it is not clear if the LEE is hidden in the

background level, this might be pointing toward an understanding of the origin of

the LEE. Moreover, given that different experimental measurements are pointing

to the fact that the LEE is decaying with time [292], predicting the amount of LEE

expected for NUCLEUS is not an easy task.

In this thesis, we will adopt two different LEE hypotheses:

• optimistic scenario. We consider a situtation in which the NUCLEUS experi-

ment, with further research and development, will be able to achieve an LEE

level comparable to that of CRESST-III [284]. CRESST-III dat currently holds

the record for the lowest LEE level in underground experiments conducted

at the LNGS with a 23.6 g CaWO4 detector. Their data release [299] con-

sists of a total exposure of 5.689 kg · days and have been scaled to dru units,

accounting for exposure and energy efficiency;

• realistic scenario. A more realistic hypothesis assumes that the experimental

realization at the VNS will reach a LEE level comparable to what was ob-

served at the underground laboratory at TUM (so-called UGL). In this case,

the shared events obtained with a 0.75 g Al2O3 detector and reported in slide

11 of Ref. [300] will be used as a reference. Although this measurement was

taken with an Al2O3 detector, it serves as valuable indications of the physics

that could be extracted using CaWO4, even in cases where a high LEE is

observed. See Ref. [302] for a discussion of recent NUCLEUS results during

the commissioning phase, including a detailed description of the NUCLEUS

apparatus.

The LEE can be modelled with a double exponential as a function of energy, i.e.

dRLEE

dTnr
= a+ b e−Tnr[keVnr]/c + d e−Tnr[keVnr]/e, (5.1)

and the best fit curve is shown in Fig. 5.4 for both the CRESST-III and UGL LEEs.

Moreover, they have been extrapolated to 20 eVnr using the best fit exponen-

tial. Fig. 5.4 shows a comparison of the expected LEE from the aforementioned

CRESST-III and UGL data with the CEνNS expected rates.

Let’s now discuss the different configurations. In case the experimental data will
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show a LEE similar to the CRESST-III one, the CEνNS signal at VNS would be in-

distinguishable from the background unless a detailed characterization of the LEE

is achievable during the reactor OFF period. Hence, a precise estimation of the

systematic uncertainty associated with the background is needed, otherwise, the

normalization of the LEE in the statistical analysis will completely hide the signal.

In this thesis, we will refer to another configuration where the detector is hypo-

thetically located 15 meters from one of the two reactors of the Chooz site. In this

case, the CEνNS rate would be a factor ∼ 15.4 higher. The higher signal would be

crucial for a solid statistical analysis, where the systematic uncertainty on the nor-

malization of the CRESST-III LEE would play a marginal role as the signal-to-noise

ratio will be greater than 1 for Tnr ≳ 50 eVnr. In this case, the LEE would still need

to be characterized during the period of reactor OFF, but can be safely subtracted

in a likelihood analysis, allowing the normalization on the overall spectra to vary

freely in a much wider range without significantly affecting the result. Note, how-

ever, that reactor-related background might start to play a role in the proximity

of the reactor, hence this study can be considered as too optimistic. On the other

hand, the observation of the UGL LEE would always completely hide the CEνNS

signal. In the next section, we will describe the statistical method which can be

adopted in the presence of an unknown background that cannot be subtracted,

and we will assess the physics potential of NUCLEUS-10g in the presence of a LEE

at the VNS.

5.4 Physics Reach of NUCLEUS-10g With and With-

out the LEE

In this sensitivity study, we will consider a detector made solely of 13.5 g of

CaWO4, which is equivalent to considering two arrays of nine (5 mm)3 cubes each,

while the particle background is assumed to be flat and equal to 100 dru. First

of all, we will consider the optimistic scenario in which the excess is removed,

achievable if its origin is known or with analysis discrimination methods [295], to

assess the sensitivity to the CEνNS signal as a function of the exposure time. To

do so, we performed a χ2 analysis to get the significance of the signal compared

108



CHAPTER 5. CEνNS SEARCHES WITH NUCLEUS

1 5 10 50 100
0

2

4

6

8

10

12

14

Exposure [days]

C
L
[σ

]

CaWO4
13.5 g -100 dru

VN
S

15
m

COH-CsI 11.6 σ

COH-LAr 3.5 σ

COH-Ge 3.9 σ

Figure 5.5: Statistical significance of CEνNS observation as a function of live time for
13.5 g of CaWO4 at the VNS, considering a flat background of 100 dru and a threshold
of 20 eVnr. The sensitivity has been evaluated using the Asimov dataset. The comparison
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to the background-only hypothesis

χ2
CaWO4 = 2

∑
i

[
β Nbkg

i −N exp
i +N exp

i ln
(
N exp

i

β Nbkg
i

)]
+
(
β − 1
σβ

)2

, (5.2)

where N exp
i represents the Asimov dataset with the expected flat background and

the expected CEνNS rate in the i-th bin with 5 eV width. The uncertainty in the

normalization of the background, Nbkg
i , is encoded by the nuisance parameter β,

whose uncertainty is fixed to σβ = 10%.

Fig. 5.5 shows the statistical significance of the CEνNS signal expected at VNS

and at 15 m from the reactor core.

Remarkably, without the LEE, a statistical significance of about 10 σ is achieved

at VNS in about 1 year of full-data taking1, during which about 124 ± 6 CEνNS

events are expected, while a great improvement is foreseen if the detector is placed

15 m from the reactor core with about 1913 ± 96 CEνNS events collected during

one year of exposure. On the other hand, the extraction of the physical parameters

1Note that the results reported here for this configuration are less stringent than that reported
in Ref. [211], but small differences are expected due to the different treatment of systematic un-
certainties and a different threshold.
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Figure 5.6: Comparison of the experimental outcome in the presence of the CaWO4 LEE
on top of the flat 100 dru background, compared to Poissonian realizations of CEνNS
counts in each bin according to the SM (blue) and a model hypothesis where the CEνNS
cross section is ten times higher (blue dashed). This comparison serves as an example of
the use of the Erickeck et al. method [303] to find an upper limit on the CEνNS signal
in the presence of an unknown background. The Erickcek et al. method is capable of
excluding the latter signal as it is too high. See text for more details.

is performed with a χ2 function of the form

χ2
CaWO4 =2

∑
i

[
α NCEνNS

i + β Nbkg
i −N exp

i +N exp
i ln

(
N exp

i

α NCEνNS
i + β Nbkg

i

)]

+
(
α− 1
σα

)2
+
(
β − 1
σβ

)2

, (5.3)

where NCEνNS
i is the expected number of events expected in the physics scenario

of interest, while the systematic uncertainty on the normalization of the CEνNS

signal is set to σα = 0.05.

Let’s now discuss the statistical procedure to follow in the presence of the LEE,

where the standard χ2 analysis, i.e. binned likelihood, which foresees a back-

ground subtraction cannot be employed. In the context of dark matter searches the

maximum gap [304] and the optimum interval method [305], the latter usually

referred to as the Yellin’s method, have been developed, and they work quite well

when the number of events is rather small. While the maximum gap method tends

to be too conservative, Yellin’s method became computationally very demanding

when the event rate from the unknown source becomes big, as it is necessary to
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Figure 5.7: Limit on the CEνNS cross section obtained from CaWO4 mock Asimov data,
with an exposure of 13.5 gram in 1 year exposure at the VNS. This limit has been obtained
by adopting the Erickcek et al. method [303] in the presence of an unknown background.

work with unbinned data. For this reason, in this thesis, we will adopt the method

derived by Erickeck et al. [303], which enables to work with binned data, and

enables to exclude a signal hypothesis with an unknown background. While this

method has been considered for Dark Matter limits [306], it has never been used

in the context of neutrino scattering.

The first step of the Erickcek et al. method is to define the quantity

χ2
σ ≡

∑
i

(Ni(σ) −Oi)2

Ni(σ) Θ(Ni(σ) −Oi) , (5.4)

where {Oi} is the observed number of events in a certain energy bin, Ni(σ) is the

expected number of events for a given model hypothesis, and Θ is the Heaviside

function such that only bins in which the predicted number is larger than the

observed number are included in the sum. The idea of the Erickcek et al. method

is to find the set of parameters for which a statistical realization of such model is

excluded by the data at a given confidence level. To do so, one has to generate

mock Oi data from a Poisson distribution from the mean number of counts Ni

predicted by the model in each bin. Then the χ2 value is calculated for each mock

{Oi}, using Eq. 5.4. In order for the result to be statistically reliable, one has

to compute many experimental realizations to get the mean value of the χ2 for

the specific set of parameters. We consider N = 104 statistical realization of the
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mock data {Oi} for each model hypothesis. To have a quantitative comparison,

in Fig. 5.6 we show the experimental outcome in the presence of the CaWO4 LEE

on top of the flat 100 dru background, compared to the Poissonian realizations of

CEνNS counts in each bin according to the SM (blue) an model hypothesis where

the CEνNS cross section is ten times higher (blue dashed). The Erickcek et al.

method is capable of excluding the latter signal, as it is too high.

The number of cases in which the value of χ2 is smaller than the original value

of χ2 is counted, and the confidence level is calculated using CL = counts/(total

number of trials). Another advantage of this model is that there is no need to

assume any systematic uncertainty on the normalization of the background. The

result of the analysis is shown in Fig. 5.7, which presents the upper limit on the

CEνNS cross section that can be obtained in the presence of an unknown back-

ground. Specifically, the Asimov data of the CRESST-III LEE on top of a flat 100

dru background excludes a CEνNS cross section about seven times bigger than the

SM. For comparison, the latest CONUS [210] data are able to exclude cross sec-

tions about a factor of two bigger than the SM, while CONNIE can put an upper

limit of about a factor 60 [203]. This method will be adopted in Chap. 8 to evalu-

ate the sensitivity of NUCLEUS to light mediators models in the presence of a LEE.

This method can also be used to deal with other situations where the background

is unknown, as in the case of the single electron problem in the DarkSide-50 ex-

periment [154].
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6
Insights Into Electroweak and Nuclear Physics

Opening

This chapter will present the constraints on the weak mixing angle at low

energies derived from COHERENT CsI and LAr data, as well as measure-

ments of the nuclear neutron distribution radius of the target material. Ad-

ditionally, the results on the weak mixing angle from the Dresden-II reactor

data will be discussed. Furthermore, the complementarity of CEνNS with

other electroweak probes will be demonstrated, aiming to achieve a refined

determination of the weak mixing angle at low energies through a global

fit. Finally, the sensitivity to these quantities expected in future CEνNS de-

tectors will be presented. Most of the results discussed here are based on

Refs. [1, 5, 8].

6.1 Overview on the Weak Mixing Angle and Neu-

tron Radius Measurements

In recent years, CEνNS has proven to be one of the most profitable tools to per-

form intriguing tests of nuclear physics and electroweak interactions [45, 51, 307–

314]. Indeed, it has been shown [45, 307, 308, 310, 311, 315] that CEνNS can be

exploited to extract information on the distribution of neutrons inside the nucleus,

through the neutron rms radius, Rn. Such a quantity, introduced in Sec. 1.2.2, is of

extreme interest in nuclear physics and astrophysics since it provides valuable in-

formation on the equation of state (EOS) of neutron-rich matter [316], which is at

the basis of the formation, structure, and stability of atomic nuclei [317], whether

stars collapse into neutron stars or black holes [318], as well as the understanding

of gravitational wave events [319–323].

Despite its importance, Rn is experimentally poorly known, as the nuclear neu-
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tron distribution can only be probed through strong or weak interactions. The for-

mer is usually model-dependent and influenced by non-perturbative effects [322],

while the latter is typically limited by statistical uncertainties. However, the effects

of weak neutral-current interactions are embodied in the weak charge of the nu-

cleus and are well understood, making electroweak measurements systematically

clean.

This lack of knowledge was behind the construction of the Lead Radius Experiment

(PREX) at the Jefferson Laboratory in order to precisely determine the neutron ra-

dius of lead by exploiting parity violation electron scattering (PVES) on 208Pb [323,

324]. Notably, they demonstrated the feasibility of measuring the neutron rms ra-

dius of 208Pb at the percent level [323], being able to obtain the current most

accurate determination of the neutron skin ∆Rnp, i.e. the difference between Rn

and the proton distribution rms radius Rp, of a heavy and neutron-rich nucleus

like lead. More recently, the CREX experiment, the twin experiment of PREX that

uses calcium, has reported a very precise determination of the neutron radius of
48Ca [325].

On the other hand, COHERENT CsI data provide a compelling tool to probe the

neutron nuclear structure of Cs and I. On the other hand, the determination of the

cesium neutron radius using hadronic probes has historically been experimentally

challenging due to its low melting point and tendency to spontaneously ignite

in air. However, recently, a new direct measurement of the cesium neutron skin

appeared [326], yielding 0.12 ± 0.21 fm. This result was obtained using proton-

cesium elastic scattering at low momentum transfer at the Cooler Storage Ring

(CSRe) at the Heavy Ion Research Facility in Lanzhou.

These achievements strengthen the importance of further exploiting electroweak

probes to obtain direct, reliable and precise determinations of the neutron distribu-

tion radius. It is worth stressing that CEνNS provides a promising and long-lasting

tool, especially as the community is putting a lot of effort into developing the fu-

ture CEνNS program (see Sec. 4.2).

Here an important point should be highlighted. The extraction of the nuclear

distribution from electroweak probes is usually dependent on the value of weak

mixing angle at low energies, introduced in Sec. 1.1. This quantity is very sen-

sitive to BSM models [327, 328], such as in the presence of dark Z bosons [2,

227, 314, 328, 329], and the determination of its value represents an important

test of the SM. At the moment, the most precise determination of the weak mixing

angle available in the low-energy sector comes from another electroweak probe,
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the so-called Atomic Parity Violation (APV) experiments, also known as parity

non-conservation (PNC) experiments, on cesium atoms [22, 330]. In particular,

an APV experiment exploits an atomic transition which can happen only through

the weak interaction, as it involves states with the same parity. By isolating such

parity-violating transition it is possible to probe the weak mixing angle and the nu-

clear distributions. In the case of APV on cesium, the transition between 6S→7S

states was exploited. The work in Refs. [308, 313], revisited in Ref. [5], demon-

strated the complementarity of CEνNS and APV experiments to simultaneously

extract information on the weak mixing angle and nuclear physics parameters.

This approach was surpassed in Ref. [7] where we showed the complementarity

of electroweak probes on Cs and Pb to simultaneously extract information on the

Weinberg angle and the nuclear neutron radius. This complementarity, together

with a description of the approach used, is briefly summarized in Sec. 6.5, while a

more detailed discussion can be found in Ref. [124].

This thesis will discuss in detail the constraints obtained from CEνNS, specif-

ically from COHERENT LAr (Sec. 6.2), COHERENT CsI (Sec. 6.3), Dresden-II

(Sec. 6.4) and the expectation from future CEνNS experiments (Sec. 6.6). The

accuracy of such determinations will be compared with the aforementioned re-

sults from the combined fit.

6.2 COHERENT LAr

This section presents the results on the weak mixing angle and nuclear physics

obtained from the analysis of COHERENT LAr data [159]. The details of the data

analysis strategy have been described in Sec. 3.3. Since the CEνNS cross section

depends on both the weak mixing angle and on the nuclear neutron radius, one

can choose to fix one of the two parameters to its standard prediction: sin2 ϑW =
0.23863(5) for the weak mixing angle, and the reference value adopted in this

thesis for the neutron radius of 40Ar, based on nuclear shell models, which is

Rn(40Ar) = 3.55 fm [41], as also reported in Table 1.1. In this way, by using the

chi-square function in Eq. 3.22, one can measure the parameter of interest. After

fixing the neutron radius to the chosen theoretical reference value, we can perform

a measurement of the weak mixing angle at the experimental energy scale, namely

QCOH−LAr ≃ 50 − 60 MeV. The result of the fit is shown in Fig. 6.1 (left panel)

which shows the ∆χ2 values, i.e. the difference between the χ2
min in this fit and
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the χ2 obtained for a given value of the fitting parameter, as a function of sin2 ϑW .

Numerically, the constraints on the weak mixing angle correspond to

sin2 ϑW (COH − Ar) = 0.29 ± 0.06(1σ),+0.097
−0.11 (90%CL),+0.12

−0.13 (2σ). (6.1)

Even though a good agreement within the SM is found, the uncertainty on the

extraction of sin2 ϑW is too big to perform an accurate test of the SM. Similarly,

COHERENT LAr data do not allow one to determine the neutron radius of argon-

40, but only to set an upper bound, namely

Rn(40Ar) < 4.4(1σ), 6.7(2σ), 12.3(3σ) fm, (6.2)

which is shown in the right panel of Fig. 6.1. This limit was derived by imposing

the condition Rp(40Ar) < Rn(40Ar), as nuclear models predict a positive neutron

skin for argon [41]. Note that the results reported here are slightly different for

both Rn and sin2 ϑW compared to that in the previous study [51], which was dated

before the official data release from the COHERENT Collaboration. In fact the

analysis was performed without accounting for the time distribution of the data as

well as the shape parameters that are now used in the χ2 definition (Eq. 3.22).

The COHERENT Collaboration is planning another data release of the CENNS-

10 detector with increased statistics [331], and the future COHERENT liquid argon

detector, thanks to the increased mass and reduced backgrounds, will be able to

significantly improve the extraction of both Rn and sin2 ϑW , as will be discussed in

Sec. 6.6.

6.3 COHERENT CsI Constraints

This section will focus on the results obtained with the current CsI data set [163],

following the data analysis strategy described in Sec. 3.2. As in the Ar analysis, it

is possible to extract the rms neutron distribution radius, in order to obtain infor-

mation on it. To do so, we fix the weak mixing angle to the SM low-energy value

to let the average CsI neutron distribution radius Rn(CsI) free to vary in the fit.

Indeed, given the fact that the difference between the rms neutron radii of Cs and

I is expected to be small compared to the current precision of experimental data,

the choice to fit for an average value appears to be a fair approximation. Clearly,

in this case, the contribution due to the neutron form factor to the total systematic
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Figure 6.1: Left panel: marginalized ∆χ2 curves for the fit of the weak mixing angle from
COHERENT LAr data, COH-LAr (2020) and the latest COHERENT CsI data release,COH-
CsI (2022). As a comparison, the constraint obtained in Ref. [51] from the first CsI
data release [158] is also reported, together with the SM value of the weak mixing angle
sin2 ϑSM

W ≃ 0.23863(5). Right panel: marginalized ∆χ2 curves for the fit of the average CsI
neutron nuclear radius Rn(CsI) from the latest COHERENT CsI data release, compared to
the constraints [51] obtained from the first CsI data release [158], and the ∆χ2 profile
for Rn(Ar) from COHERENT LAr data. The average nuclear neutron radius from Cs and I
from NSM [41] (RNSM

n (CsI) ≃ 5.06 fm) and for Ar (RNSM
n (Ar) ≃ 3.55 fm) are also shown.

uncertainty on NCEνNS
ij is removed in the least-square function evaluation. The

result of the fit is shown in the right panel of Fig. 6.1 and at the 1σ, 90% and 2σ
CL we found

Rn(COH − CsI) = 5.47 ± 0.38(1σ),+0.63
−0.72 (90%CL),+0.76

−0.89 (2σ) fm, (6.3)

which is in agreement, within the uncertainty, with the NSM expected value for

RNSM
n (CsI) [41], despite the central value pointing toward larger neutron skin.

The figure also reports the constraint of Rn(CsI) obtained from the first CsI data

release dated in 2017 [45, 158], showing a great improvement in the extraction

of such a quantity given that the original accuracy was of the order of 20%, com-

pared to ∼ 7% obtained in this analysis. In addition, this result is almost 10% more

precise than the previous determination of Ref. [308].

To better appreciate the sensitivity of CEνNS to Rn, Fig. 6.2 shows the impact of

the nuclear structure to the theoretical prediction of the CEνNS event rates. In

particular, we show the COHERENT excess counts, namely the background sub-

tracted COHERENT data, as a function of both the photoelectrons (PE) and the

corresponding nuclear recoil energy (Tnr) and we compare them with the predic-

tion obtained in case of full coherence, i.e., setting all nuclear form factors equal

117



CHAPTER 6. INSIGHTS INTO ELECTROWEAK AND NUCLEAR PHYSICS

CEνNS best-fit (± 1 σ)

Full coherence

Data Residual

0 10 20 30 40 50 60

0

10

20

30

40
0 10 20 30 40

PE

E
ve
nt
s
/
P
E

Tnr[keV]

Figure 6.2: Background subtracted COHERENT CEνNS data versus the number of photo-
electrons (PE) and the nuclear kinetic recoil energy (Tnr). The histograms represent the
theoretical prediction in the case of full coherence (blue dash-dotted line) and the best fit
obtained leaving Rn free to vary (red dashed line). The red shadowed area represents the
±1σ variation in the Rn value.

to unity, and with the best fit obtained leaving Rn free to vary, as described in

this section. We find that COHERENT data shows a ∼ 6 σ evidence of the nuclear

structure suppression of the full coherence, making it an extremely powerful probe

to determine nuclear parameters.

On the other hand, it is possible to rely on the theoretical prediction for the neu-

tron radius, by fixing the average of the neutron Cs and I radius to the values in

Tab. 1.1 to perform a fit to extract the weak mixing angle at the energy scale of the

experiment, i.e. QCOH−CsI ≃ 100 MeV, using the least-square function in Eq. 3.19.

The result is shown graphically in Fig. 6.1 (left panel) and at the 1σ, 90% and 2σ
CL we found

sin2 ϑW(COH − CsI) = 0.231+0.027
−0.024(1σ)+0.046

−0.039(90%CL)+0.058
−0.047 (2σ). (6.4)

This is in agreement with the expected SM running and the result recently pre-

sented in Ref. [314] when fitting the COHERENT CsI data with a different ap-

proach. Another derivation performed by the COHERENT Collaboration [163]

reports sin2 ϑW(CsI) = 0.220+0.028
−0.026, which agrees rather well with our result al-

though some small differences are expected due to the different description of the
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Figure 6.3: Constraints obtained from a simultaneous fit of the COHERENT CsI data on
the weak mixing angle and the average rms CsI neutron radius (left) and on the plane of
Rn(133Cs) and Rn(127I) (right) together with their marginalizations, at different CLs. The
green lines indicate the theoretical low-energy value of the weak mixing angle and the
NSM prediction for the corresponding rms neutron distribution radius.

nuclear structure, i.e. different choices of the reference values for the neutron nu-

clear radii, and a different approach to radiative corrections for neutrino-nucleus

scattering. Moreover, we checked the impact of using a different quenching fac-

tor, by comparing our nominal results obtained using Refs. [163, 332] and the

derivation in Ref. [190]. The latter lower QF decreases the total number of CEνNS

events resulting in a larger sin2 ϑW by about 10%. Also in this case, the extraction

of sin2 ϑW from the latest CsI data release is significantly stronger compared to

previous determinations [51].

6.3.1 Simultaneous determination of sin2 ϑW vs Rn(CsI)

In this section, we extend the analysis presented in Sec. 6.3, by letting both the

weak mixing angle and the average CsI neutron radius vary freely in the fit such

that the correlation between these two observables is properly taken into account.

This allows one to obtain simultaneous information on both parameters, consid-

ering their degeneracy, and obtaining thus a more reliable result. The contours at

different CLs of the allowed regions in the plane of the weak mixing angle and the

average CsI neutron radius are reported in Fig. 6.3, using COHERENT CsI data. At
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the 1σ CL we obtain

COH − CsI : sin2 ϑW = 0.31+0.08
−0.07, Rn(CsI) = 6.6+1.4

−1.1 fm. (6.5)

The fit indicates a preference for values larger than expected for both parame-

ters, with the expected value of the weak mixing angle and the average rms CsI

neutron radius lying approximately ∼ 1σ and ∼ 1.3σ outside the marginalized al-

lowed region, despite the large uncertainties. Indeed, the dataset is better fitted

considering unusually large values for the weak mixing angle and the average rms

neutron radius. In fact, it is interesting to note that the minimum χ2 obtained

when both sin2ϑW and Rn are free to vary (χ2
min = 83.9) improves compared to the

case in which both parameters are fixed to their theoretical value, which yields

χ2
min = 85.2.

6.3.2 Simultaneous determination of Rn(I) vs Rn(Cs)

In this section, we describe the study of the correlation between Rn(Cs) − Rn(I)
using the latest COHERENT CsI data. In fact, since COHERENT CsI result depends

on both Rn(133Cs) and Rn(127I), it is interesting to fix the weak mixing angle to its

SM value and to fit for both radii simultaneously. The result of the COHERENT CsI

analysis is reported in the right panel of Fig. 6.3, where the contours at different

CLs in the plane of Rn(Cs) and Rn(I) are shown. Namely, we get

COH − CsI : Rn(Cs) = 5.3+1.3
−1.2 fm, Rn(I) = 5.6+1.6

−1.2 fm. (6.6)

As expected, COHERENT CsI data alone does not allow for disentangling the two

contributions. However, theoretical nuclear models predict the neutron skin of
133Cs to be slightly larger than that of 131I, being the former composed by two

more neutrons. We thus redetermine these measurements after imposing the well-

motivated constraint Rn(I) ≤ Rn(Cs). In this case, the measurements performed

in this section become

COH − CsI [Rn(I) ≤ Rn(Cs)] : Rn(Cs) = 5.5+1.1
−0.4 fm, Rn(I) = 5.4+0.4

−1.0 fm, (6.7)

which enables to reduce the uncertainty on the extraction of Rn(Cs). The corre-

sponding constraints on the plane of Rn(133Cs) and Rn(127I) together with their

marginalizations, at different CLs can be found in Ref. [5].
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Figure 6.4: Marginal ∆χ2’s for sin2 ϑW obtained from the analysis of the Dresden-II
data assuming the HMVE, HMK, or EFK reactor antineutrino flux and the Fef (blue), YBe
(green) or Lindhard (green) quenching.

6.4 Dresden-II Results

This section will focus on the analysis of data from Dresden-II, as it is the only

reactor experiment for which an official data release has been made public. As

pointed out in Sec. 4.1, in the analysis of the Dresden-II data the form factor

of both protons and neutrons is practically equal to unity, making the particular

choice of the value of Rn(Ge) completely irrelevant. For consistency, however, the

analysis reported here employs the nuclear structure parameterization for germa-

nium according to Tab. 1.1, but it is not possible to get relevant information on

Rn(Ge) from a fit to the data. Here, we show the result of a fit of the Dresden-II

data aimed at the determination of the value of the weak mixing angle using three

different antineutrino flux parameterizations, indicated as HMVE, HMK and EFK,

and different germanium QF functional forms, i.e. Fef and YBe and Lindhard. The

results of these fits are depicted in Fig. 6.4, where it is clear that the impact of

the different antineutrino fluxes is minimal. On the contrary, the impact of the

different QFs is non-negligible, being the YBe results shifted to larger values of

the weak mixing angle and also less precise. On the other hand, the constraints

obtained with Lindhard are completely out of scale and ∼ 2σ in tension with the

121



CHAPTER 6. INSIGHTS INTO ELECTROWEAK AND NUCLEAR PHYSICS

SM expectation, due to the fact that the Dresden-II excess cannot be reproduced

assuming this QF parameterization and exotic values are found to accommodate

the data. Focusing thus only on the HMVE flux, our numerical results are

sin2 ϑW(Dresden − II Fef) = 0.219+0.06
−0.05 (1σ),+0.11

−0.08 (90%),+0.14
−0.09 (2σ), (6.8)

sin2 ϑW(Dresden − II YBe) = 0.286+0.08
−0.07 (1σ),+0.16

−0.11 (90%),+0.22
−0.13 (2σ), (6.9)

sin2 ϑW(Dresden − II Lind) = 0.48+0.11
−0.13 (1σ),+0.17

−0.25 (90%),+0.20
−0.34 (2σ), (6.10)

for the Fef, YBe and Lindhard quenching factors respectively. The fact that the

results are dependent on the particular choice of the used QF, makes pivotal the

need to clarify the germanium quenching factor puzzle (see Sec. 4.5). For com-

pleteness, Tab. 1 of Ref. [3] reports the statistical bounds on sin2 ϑW obtained from

the analysis of the Dresden-II data assuming the HMK and EFK neutrino fluxes and

the Fef and YBe QFs.

6.5 Global Electroweak Fit at Low Energies

In this section, we will present the results of a global analysis conducted in Ref. [8]

to obtain a refined determination of the mixing angle measurements at low ener-

gies, exploiting various electroweak probes, specifically COHERENT CsI, PVES on

lead and APV measurements on both cesium and lead.

In fact, the weak mixing angle measurements performed in the previous sec-

tions using COHERENT and Dresden-II data are still far from the precision achieved

by APV experiments on cesium. The extraction of sin2ϑW from APV observables de-

pends upon the nuclear distribution of both protons and neutrons. In fact, the APV

interaction Hamiltonian (H) for a single electron operator and under the assump-

tion of non-relativistic nucleons is described by [124, 333]

H = GF

2
√

2
QWρ(r)γ5, (6.11)

whereQW is the weak charge of the nucleus while ρ(r) represents the nucleon den-

sity distribution. By looking at Eq. 6.11 it is thus clear that APV depends on the

weak mixing angle through the weak charge, but also on the nuclear distributions

and therefore their rms radii. In the following, we will make use of APV mea-

surements on both 133Cs [22, 330] and 208Pb [334] atoms. Moreover, the nominal

derivation of the weak mixing angle from APV(Cs), as reported in the PDG [19],
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uses ∆Rnp(Cs) = 0.13 fm from antiprotonic atom x-ray data [335], which are

known to be affected by considerable model dependencies. For this reason, the

combination of APV(Cs) with COHERENT CsI data [5, 308, 313] is particularly in-

teresting to break the degeneracy in the sin2 ϑW −Rn(133Cs) plane for a data-driven

extraction of the weak mixing angle where no assumption on Rn(133Cs) is made.

The Rn − sin2 ϑW correlation is particularly relevant also in PVES. In fact, the ex-

perimental observable of a PVES measurement is the parity-violating asymmetry,

APV, which isolates the weak contribution to the electron-nucleus interaction. As-

suming the so-called plane-wave Born approximation, i.e. neglecting the effect of

Coulomb distortion on the electron wavefunction due to the potential generated

by the nuclear charge distribution, the asymmetry takes the form [336, 337]

APV = − GFQ
2

4
√

2παEM

QW

Z

Fwk(Q2)
Fch(Q2) , (6.12)

where Q2 is the four-momentum transfer squared. The dependence on the weak

mixing angle is encoded in the weak charge QW , while Fwk(Q2)
Fch(Q2) is the ratio of the

weak and charge form factors and encodes the effect of the nuclear structure.

The PREX Collaboration [323, 324] exploited PVES on 208Pb to obtain a precise

measurement of Rn(208Pb), by fixing sin2ϑW to its SM expectation. Interestingly

the PREX Collaboration reported a rather large value for the lead neutron skin

with respect to the predictions from nuclear shell models. In our study [1], we

demonstrated for the first time that the extracted value of the neutron radius of

lead-208 (208Pb) depends on the value of the weak mixing angle at low energies.

This finding suggests that the aforementioned discrepancy could be alleviated if

the weak mixing angle is lower than the SM prediction at the energy scale of the

experiment. Similarly to what has been discussed for cesium, the available mea-

surement of APV on 208Pb [338] can be used in combination with PREX to break

the degeneracy among the two observables, as shown in Ref. [1].

To summarise, the usage of an extrapolated or imprecise value of the neutron

radius of cesium or lead biases the extraction of sin2ϑW and vice-versa, misinter-

preting potential signs of BSM physics. It is thus of pivotal importance to exploit

all available inputs on ∆Rnp and sin2ϑW in a combined measurement, in order to

take advantage of possible correlations and minimize external assumptions. For

this reason, in Ref. [7], we performed a global fit using CEνNS on CsI, APV on

Cs and Pb, and PVES from PREX-II. For more details on the PREX-II and APV(Pb)

analyses refer to Refs. [1, 124]. The results from the global analysis will be shown
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here for consistency, to show the state-of-the-art determination of the weak mixing

angle at low energies. The Dresden-II results on sin2ϑW have not been included in

the fit due QF dependence of the results, while Ar constraints are too weak to be

statistically relevant. CREX results [325] on 48Ca, on the other hand, refer to a

higher energy regime compared to PREX-II, and the use of such a lighter element

compared to 133Cs or 208Pb, makes more complex the interpretation of a global fit.
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Figure 6.5: Individual and combined contours at 1σ CL of the available electroweak
probes. Namely, APV(Cs) (orange dash-dotted line), APV(Pb)+PREX-II already converted
into Rn(Cs) (dotted green line), and COH CsI (light-blue dashed line). The red solid con-
tour is the combination of all these EW probes, with the red cross indicating the best-fit
values.

It is worth mentioning here that, in order to combine Cs and Pb probes, we

relied on a practically model-independent correlation between the cesium and

lead neutron skins predicted by a large sample of nuclear shell models, follow-

ing the method developed in Ref. [328] and briefly summarised in Appendix A

of Ref. [7], which allows one to translate a Rn(Pb) determination into a mea-

surement of Rn(Cs). This allows us to obtain PREX+APV(Pb) constraints in the

sin2 ϑW −Rn(Cs) plane from the one obtained in Ref. [1], as shown in Fig. 6.5 at 1σ

CL. In the same figure, it is possible to appreciate the good agreement between the

different EW probes available nowadays, namely APV(Cs) 211, APV(Pb)+PREX-II,

and COHERENT CsI. Since these probes show a different sin2ϑW -Rn correlation,
1The attribute “21” indicates that we are using the parity-non-conserving amplitude, EPNC
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Figure 6.6: Running of the weak mixing angle in the SM (blue line) as a function of
the energy scale Q. The black experimental determination represents the status of the
art of the measurements at different energy scales [19, 23–26]. The red point shows the
determinations from the combined analysis of APV(Cs), APV(Pb), PREX and COHERENT
CsI measurements retrieved from our global electroweak fit, which supersedes the nominal
APV(Cs) determination depicted in grey [22].

e.g. APV(Cs) is more sensitive to sin2ϑW while PREX is more sensitive to the neu-

tron radius, they can be combined together to get a fully EW determination of

sin2ϑW and Rn(Cs), as shown by the red contour at 1 σ CL in Fig. 6.5. Numerically,

they correspond to

EW − Combined : sin2 ϑW = 0.2396 ± 0.0017, Rn(Cs) = 5.04 ± 0.06 fm. (6.13)

Our combined analysis reveals that all results consistently point in the same direc-

tion to a value of the weak mixing angle compatible with the expected running

and should surpass the previous PDG measurement, as shown in Fig. 6.6. More-

over, the marginalization of Rn(Cs) is consistent with the recent measurement

from proton-cesium elastic scattering [326] of Rn(Cs) = 4.94 ± 0.21 fm2. This

refined approach underscores the importance of combining diverse experimental

reported in Ref. [339] for the APV(Cs) calculation, which provides a different result compared to
the PDG choice of using EPNC from Ref. [23]. The results obtained with the PDG choice can be
found in Ref [7].

2The latter radius has been obtained starting from the skin measured in Ref. [326] and using
the rms proton radius of cesium Rp(Cs) = 4.821(5) fm [5, 47, 48] and the neutron radius ⟨r2

n⟩ ≃
⟨r2

p⟩ = 0.708 fm2 [51].
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Figure 6.7: Left: sensitivity on the average rms neutron radius of CsI, expected for COH-
Cryo-CsI I(II), with 10 (700) kg of active mass, in three SNS-year of data taking. The
expected theoretical CsI-average NSM prediction is also shown. Right: sensitivity on the
neutron rms radius of Ar evaluated from the COH-LAr-750 kg detector, under the hypoth-
esis of AAr and UAr, compared to the expected value from NSM (green line).

data based on complementary physical effects to enhance our understanding of

electroweak and nuclear physics.

6.6 Sensitivity Study for Future CEνNS Experiments

This section presents the sensitivities on sin2ϑW and Rn for the future COH-Cryo-

CsI and COH-LAr-750 detectors planned by the COHERENT Collaboration, follow-

ing the experimental details described in Sec. 3.4.1 and 3.4.2 respectively3. Addi-

tionally, the sensitivity to the weak mixing angle expected from a NUCLEUS-like

13.5 g CaWO4 detector, as discussed in Chap. 5, will also be evaluated. Fig. 6.7

shows the expected sensitivity on the neutron radius of Cs (left panel) and Ar

(right panel), achievable within three SNS-years of data taking obtained by fix-

ing the weak mixing angle to its SM value. For the COH-Cryo-CsI science case,

both the COH-Cryo-CsI I and the COH-Cryo-CsI II are considered, while the COH-

Ar-750 analysis has been conducted assuming both AAr and UAr background hy-

potheses. We find that COH-Cryo-CsI I will be able to measure the neutron rms

CsI radius with a precision of σ(Rn(CsI)) ≃ 0.12 fm corresponding to a relative

accuracy of about 2.4%. For the COH-CryoCsI II scenario we obtain a sensitivity

projection for Rn(CsI) that corresponds to σ(Rn(CsI)) = 0.013 fm, meaning that

COH-CryoCsI II will be able to reach a per-mille accuracy level, i.e., about 0.3%.

3The sensitivities reported here are part of a work in preparation which will update the results
in Ref. [5], thanks to an improved description of the COH-Cryo-CsI detectors [187].
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Figure 6.8: Left: expected sensitivity to the weak mixing angle obtained with the COH-
Cryo I and II detectors, COH-LAr-750 with AAr and UAr assuming three SNS-years of data
taking. Right: the blue lines show the expected sensitivity on the weak mixing angle
expected for 13.5 g and 108 g of CaWO4, located at the VNS and assuming three years
of data taking, without the low-energy excess. The sensitivity obtained with the same
detectors located 15 m from the reactor core is shown in red under the hypothesis that the
LEE is present.

It is worth noticing that, in this regime, the projected uncertainty on the neutron

radius will become smaller than the difference between the Cs and I radius, ex-

pected to be ∼ 0.06 fm. Thus, it will be of paramount importance to keep into

account the different contributions of Cs and I by performing a simultaneous fit

on these two quantities, as shown in Sec. 6.3.2, or to account for the correlation

between the neutron radii of such nuclei, similarly to the discussion in Sec. 6.5.

Moreover, a more accurate description of the nuclear form factors might play a

significant role in this regime [42, 340].

Regarding the constraints from the COH-LAr-750 detector, it will be possible to

reach a precision on the neutron radius of 40Ar of about ≃ 0.36 fm, i.e. about 10%,

within three years of data taking in the case of AAr, which is reduced to ∼ 3% in

the presence of UAr which would represent the most precise direct measurement

on the neutron radius of such element.

Moving to the weak mixing angle, the expected sensitivity is shown in Fig. 6.8

for the COH-Cryo-CsI I and II detectors as well as the COH-LAr-750 sensitivity

under different assumptions for the 39Ar background (left panel), while the right

panel shows the sensitivities for NUCLEUS-like detectors in different configura-

tions. Specifically, the sensitivity study assumes a CaWO4 detector located at the

VNS considering the LEE to be removed, assuming two different masses: 13.5 g

and 108 g. Another configuration considered is the one where the detector is lo-

cated 15 m away from the reactor core, which allows a signal-to-noise ratio good
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enough to perform a likelihood analysis even in the presence of unknown LEE as

discussed in Sec. 5.4. For the NUCLEUS analyses, 3 years of exposure have been

considered, assuming a reactor duty cycle of 0.8.

Let us now discuss the results of the sensitivities. The determinations with COH-

Cryo-CsI will allow one to reach a precision of about 5%, which will improve to

≃2% with COH-Cryo-CsI II. The COH-LAr-750 detector will reach a precision of

about 4(3)% with AAr(UAr). The NUCLEUS-like detector will be able to reach a

precision of the order of 6% in the 13.5 g (VNS) configuration, which is compara-

ble with the precision of the current CsI detector, which will be improved to about

≃ 4% in the 108 g (15 m) configuration.

Here an important point should be noticed about the sensitivity on sin2ϑW and Rn.

While the weak mixing angle impacts the rates approximately as a modification to

the normalization of the overall spectrum, the neutron radius modifies its shape.

As a result, the normalization of the neutrino flux, which is not precisely known

and carries its own uncertainty, is strongly degenerate with any modification of

sin2ϑW . This effect is shown graphically in the left panel of Fig. 6.9, which shows

the comparison between the expected SM CEνNS spectrum of COH-Cryo-CsI I in

one year of data taking (solid black), compared with the spectra expected with

a ±0.01 shift in the weak mixing angle (blue dashed) and the realization with a

neutron radius 0.1 fm larger (green). The effect of the systematic uncertainty in

the neutrino flux normalization is simulated via a 10% variation in the overall

normalization of the CEνNS spectrum (solid red). It is therefore clear that the

extraction of sin2ϑW is degenerate with the systematic uncertainty associated with

the neutrino flux.

To assess the impact of this effect, the right panel of Fig. 6.9 shows the 1 σ

precision on the determination on sin2ϑW , considering only one year of data tak-

ing, as a function of the systematic uncertainty on the normalization of the CEνNS

signal, σCEνNS, which is dominated by the uncertainty on the neutrino flux. The

uncertainties associated with the detector response model and nuclear structure

have been neglected to highlight this effect. With few-% systematic uncertainty

on the normalization of the CEνNS spectrum, the COH-Cryo-CsI II detector would

be able to reach an uncertainty similar to that of APV with one year of data taking.

Therefore, as discussed in Sec. 3.4, the D2O detector [173] will be fundamental to

achieve a precise measurement of the weak mixing angle at COHERENT via a pre-

cise measurement of the neutrino flux. Note that it is a common feature also for

CEνNS detectors exploiting different nuclei and neutrino sources. Reactor neutri-
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Figure 6.9: Left panel: SM CEνNS excess counts for the COH-Cryo-CsI I detector (solid
black), compared with the spectra expected for a ±0.01 shift in the weak mixing angle
(blue dashed), the realization with a neutron radius 0.1 fm larger (green), and a CEνNS
rate 10% higher due to the uncertainty on the neutrino flux. Right panel: relative precision
on the sin2ϑW determination as a function of the systematic uncertainty on the CEνNS
signal normalization, σCEνNS for the COH-Cryo-CsI I and II detectors, compared with the
relative uncertainty obtained by current CsI and APV(Cs) data.

nos are subject to the same degeneracy, which could be overcome with a thorough

understanding of the neutrino flux at the nuclear reactor. On the other hand,

the extraction of Rn is less sensitive to this effect because the spectral distortions

mainly constrain the nuclear radius.

Note that the sensitivity projections on the weak mixing angle for the COH-

Cryo-CsI I and LAr750 detectors have been reported also in Ref. [172] by the CO-

HERENT Collaboration. The results presented here for the CsI detector are slightly

different because of the updated description of the CsI cryogenic detector [187].

Moreover, the sensitivity to the weak mixing angle depends strongly on the values

of Rn used to describe the loss of coherence for increasing recoil energies. The val-

ues from the NSM calculations adopted in our work differ from the significantly

larger values used in the aforementioned works. See also Refs. [42, 341] for a

sensitivity study on future CEνNS detectors.

6.7 Summary of Current and Future Constraints

Given the variety of results presented in the previous sections for both the neutron

radius distribution and sin2ϑW , here we will summarise all these results which will

be compared with determinations from other electroweak probes.

Regarding the neutron radius Rn, Fig. 6.10 summarize the previous constraints

from CsI crystal detectors [45, 308, 310] as well as the results discussed in this

thesis, and shows the other available and currently world-leading measurements

129



CHAPTER 6. INSIGHTS INTO ELECTROWEAK AND NUCLEAR PHYSICS

4.5

5.0

5.5

6.0

R
n(
C
sI
)

[f
m
]

COHERENT

CsI

COH 2022

(This work)

COH-Cryo-CsI I

(This work)

COH-Cryo-CsI II

(This work)

3.0

3.5

4.0

4.5

R
n(
40
A
r)

[f
m
]

COH

LAr 24 kg COH

LAr 750

AAr

(This work)

COH

LAr 750

UAr

(This work)

◆◆ ◆◆

2015 2020 2025 2030

4.5

5.0

5.5

6.0

year

R
n(
20
8 P
b)

[f
m
]

PREX-I PREX-II MREX

◆◆

2020 2025 2030

3.4

3.6

3.8

4.0

4.2

year

R
n(
48
C
a)

[f
m
]

CREX

Figure 6.10: Current status and future projections for neutron distribution radii of dif-
ferent nuclei measured via electroweak probes. The upper plots show the current and
foreseen measurements of Rn(Cs) from CEνNS with CsI crystal detectors [45, 308, 310]
(left) and of Rn(Ar) from liquid Ar detectors [51, 172] (right), compared to the lower
plots where the current and foreseen measurements from parity-violating electron scat-
tering are shown, for the case of Pb [323, 324] (left) and Ca [325] (right). Note that
the timescale of the experiments foreseen by COHERENT is not the official one from the
Collaboration, and it might change in the future.

on heavy and neutron-rich nuclei from PVES, specifically for 208Pb [323, 324] as

measured by PREX-I and PREX-II, respectively. It is worth noticing that the MREX

experiment [342] also plans to measure the 208Pb neutron radius with an accuracy

of about 0.5%. Talking about lighter nuclei, the right panel shows the available

measurements on 40Ar, discussed in this thesis, and 48Ca [325] from the CREX

experiment exploiting again parity-violating electron scattering. The two nuclear

systems are expected to have similar dimensions, even if argon is not as rich in

neutrons as calcium. It is evident that even if the expected precision of the future

COHERENT LAr detector is intriguing, it remains worse than the one achieved

by CREX. On the contrary, the CREX experimental program does not foresee any

future measurement, so, in principle, with next-to-next generation CEνNS LAr

detector, there might be a chance to reach the current PVES precision. It is also

worth mentioning that an intriguing ∼ 0.34% precision on the weak radius of 12C

and a ∼ 0.3% determination on sin2ϑW may be achieved at the MESA facility in

the near future [124, 337]. These results depicted in Fig. 6.11, summarize the

current status of the weak mixing angle measurements at low energies. It is worth

noting that CEνNS from reactor antineutrinos has already demonstrated the ability

to determine the weak mixing angle, although the current uncertainty is still too

large to be depicted in Fig. 6.11. Similar uncertainties are expected to be achieved
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thanks to the detectors planned at the ESS [164] and at the CSNS [166].
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7
Constraints on Neutrino Electromagnetic

Properties in the Standard Model and Beyond

Opening

This chapter will focus on the so-called neutrino electromagnetic proper-

ties, which are of great interest in the neutrino and dark matter communi-

ties. Such properties describe possible photon-mediated neutrino interac-

tions and their study represents a powerful tool to test the Standard Model

picture, as well as beyond the Standard Model scenarios. In particular, we

will present the current status of constraints on the neutrino charge ra-

dius, the neutrino magnetic moment and the neutrino electric charge from

CEνNS and νES by the analysis of COHERENT, Dresden-II and LUX-ZEPLIN

data. Most of the results have been taken from [3, 7] regarding the results

from COHERENT and Dresden-II experiments and from Ref. [4] in the case

of LUX-ZEPLIN data.

7.1 General Framework For ν Electromagnetic Prop-

erties

Since neutrinos do not carry electric charge, they can not couple to photons at

tree level. However, such interactions can arise at the quantum level from loop dia-

grams of a higher order of the perturbative expansion of the interaction. The study

of neutrino electromagnetic properties is a very active field of investigation, as they

can be used to distinguish between Dirac and Majorana neutrinos [347–352] and

also as insights of new physics that might exist beyond the SM. [353–355]. The

one-photon neutrino electromagnetic interaction is shown in Fig. 7.1, where the

electromagnetic vertex function Λµ is introduced and embodies the whole set of
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Figure 7.1: Diagram showing the effective one-photon coupling of a neutrino with a
photon. The electromagnetic vertex function Λµ encompasses all the possible neutrino
electromagnetic interactions [76].

neutrino electromagnetic characteristics. Λµ is a N × N matrix in spinor space

and can be decomposed in terms of linearly independent products of Dirac matri-

ces and the available kinematical variables of the process. The dimension of the

matrix depends on the BSM theory considered. In the flavor basis, diagonal terms

refer to electromagnetic interactions which left unchanged the neutrino flavor,

while off-diagonal terms are responsible for a change in the neutrino flavor. In the

most general case consistent with Lorentz and electromagnetic gauge invariance,

the vertex function Λµ(q) is defined in terms of four form factors [76, 350–352,

356], namely

Λµ(q) = fQ(q2)γµ − fM(q2)iσµνq
ν + fE(q2)σµνq

νγ5 + fA(q2)(q2γµ − qµ/q)γ5,

where fQ, fM , fE and fA are the real charge, dipole magnetic and electric, and

anapole neutrino form factors. See Refs. [76, 356] for a detailed overview of

neutrino electromagnetic properties and their phenomenology. In the following,

we will explore the neutrino properties relevant to this thesis and the constraints

we obtained by exploiting the CEνNS and νES channels.

7.1.1 Neutrino Magnetic Moment

The neutrino magnetic moment (MM), associated to the magnetic fM form fac-

tor, is the most investigated neutrino electromagnetic property both theoretically

and experimentally. Indeed, its existence is predicted by many BSM theories, es-

pecially those that include right-handed neutrinos, see the reviews in Refs. [76,

357]. In the SM, neutrinos are considered massless, and therefore neutrino MMs

are vanishing. Nevertheless, from the fact that neutrinos oscillate, we know that

134



CHAPTER 7. CONSTRAINTS ON NEUTRINO ELECTROMAGNETIC PROPERTIES

the SM must be extended to give masses to the neutrinos. In the minimal exten-

sion of the SM in which neutrinos acquire Dirac masses through the introduction

of right-handed neutrinos, the neutrino MM is given by [76, 347–351, 357, 358]

µν = 3e0GF

8
√

2π2
mν ≃ 3.2 × 10−19

(
mν

eV

)
µB, (7.1)

where µB is the Bohr magneton and mν is the neutrino mass. Taking into account

the current upper limit on the neutrino mass [19], this value is less than µν ∼
10−18µB, which is too small to be observed experimentally. Nevertheless, given

that in some BSM scenarios the neutrino MM is predicted to be larger [357],

a positive observation would represent a clear signature of physics beyond the

minimally extended SM.

The differential CEνNS cross section that takes into account the contribution

of the neutrino magnetic moment is obtained by adding to the SM cross section in

Eq. 1.64 the MM component, namely

dσMM
νℓ-N

dTnr
(Eν , Tnr) = πα2

m2
e

( 1
Tnr

− 1
Eν

)
Z2F 2

p (|q⃗|2)
∣∣∣∣∣µνℓ

µB

∣∣∣∣∣
2

, (7.2)

where µνℓ
is the effective MM of the flavor neutrino νℓ in elastic scattering [76].

In the case of neutrino-electron scattering, we will adopt the FEA+Zeff scheme

discussed in Sec. 1.3, corrected for the presence of the BSM physics under in-

vestigation. Specifically, the cross section in Eq. 1.88 in the presence of neutrino

magnetic moments receives a contribution equal to

dσES, MM
νℓ-A

dTe
(Eν , Te) = ZA

eff(Te)
πα2

m2
e

( 1
Te

− 1
Eν

) ∣∣∣∣∣µνℓ

µB

∣∣∣∣∣
2

. (7.3)

It is important to emphasize that both the CEνNS and νES cross sections are in-

versely proportional to the recoil energy, which leads to a significant enhancement

in the expected event rate. For this reason, a low-threshold experiment has the

potential to be highly sensitive to such new physics effects. It is also worth com-

menting that the cross section obtained in Eq. 7.3 is very similar to that obtained

from ab initio calculation event for sub-keVs electron recoil energies [81] for dif-

ferent target materials.

Let us now discuss the constraints obtained with COHERENT CsI, LAr and

Dresden-II data, following the discussion in Ref. [3]. Specifically, we studied the

bounds on the neutrino MM, namely on |µνe| and |µνµ | using the COHERENT data
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Figure 7.2: Marginal ∆χ2’s for |µνe | (left panel) and |µνµ | (right panel) obtained from: the
separate analyses of the COHERENT Ar (magenta) and CsI (darkviolet) data with CEνNS
interactions; the combined analyses of the COHERENT Ar and CsI data with CEνNS inter-
actions only (dark red) and with CEνNS+ES interactions (red); the CEνNS-only analyses
of Dresden-II data assuming the HMVE reactor antineutrino flux and the YBe (cyan) or Fef
(dark cyan) quenching; the CEνNS+ES analyses of Dresden-II data assuming the HMVE,
HMK, or EFK reactor antineutrino flux and the YBe (green) or Fef (blue) quenching. The
short vertical gray, orange, and yellow lines show, respectively, the 90% CL upper bounds
on: |µνe | obtained in the MUNU [359], TEXONO [66], and GEMMA [68] experiments
on the left panel; |µνµ | obtained in the BNL-E734 [360], LAMPF [361], and LSND [362]
experiments on the right panel.

and |µνe| only using the Dresden-II data. The results of our analysis for the neu-

trino MM are shown in Tab. 7.1 and Tab. 7.2 for COHERENT CsI and Ar data set

and for the Dresden-II data1, respectively. In both cases, we separate the scenarios

in which ES is not considered, from those in which the ES contribution is added

in the COHERENT CsI and the Dresden-II data set analyses. In the latter case,

the different antineutrino fluxes are considered, as well as the YBe and Fef QF

parameterizations. The constraints obtained with the Lindhard QF have not been

considered since the corresponding CEνNS signal is not able to accommodate ex-

perimental data, and exotic results might arise. In fact, the residual excess counts

might be explained by new physics, giving results in clear tension with those ob-

tained with the Fef and YBe QFs.

By comparing Tab. 7.1 and Tab. 7.2, it is clear that the Dresden-II data allow us to

1The tables reported here do not include all the limits reported in Ref. [3]. Refer to the latter
reference for a complete overview.
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1σ 90% 2σ 3σ 1σ 90% 2σ 3σ
CsI (CEvNS) CsI (CEvNS+ES)

|µνe| < 36 < 44 < 49 < 62 < 32 < 41 < 46 < 58
|µνµ | < 12 < 18 < 21 < 28 < 11 < 17 < 19 < 27

Ar (CEvNS)
|µνe| < 53 < 65 < 72 < 91
|µνµ | < 32 < 39 < 43 < 54

CsI (CEvNS) + Ar (CEvNS) CsI (CEvNS+ES) + Ar (CEvNS)
|µνe| < 37 < 44 < 48 < 59 < 34 < 42 < 46 < 56
|µνµ | < 13 < 19 < 21 < 28 < 12 < 18 < 20 < 27

Table 7.1: Bounds on the neutrino magnetic moments in units of 10−10 µB obtained from
the analysis of the COHERENT CsI and Ar data. We show the results of the analyses of CsI
data with CEνNS only interactions and with CEνNS+ES interactions.

significantly reduce the bound on |µνe| with respect to COHERENT by more than

one order of magnitude. Also in this case, the different antineutrino fluxes result

in a negligible difference, while the two QFs produce a much more noticeable ef-

fect, with the Fef QF limits being almost a factor of two more precise. Finally, the

inclusion of ES results in a marginal improvement of the Dresden-II limits of about

10%. At 90% CL, the bounds on the neutrino MM are

|µνe| < 2.13 × 10−10 µB Dresden − II (CEνNS + ES), (7.4)

|µνµ| < 18 × 10−10 µB CsI (CEνNS + ES) + Ar (CEνNS), (7.5)

where for the Dresden-II data the Fef QF and HMVE neutrino flux parameteriza-

tions have been considered. These limits can be compared with the bounds ob-

tained in accelerator experiments with νµ −e scattering (see Table IV of Ref. [76]).

The most stringent is the LSND bound |µνµ| < 6.8 × 10−10 µB at 90% CL [362],

and that on |µνe| established in reactor neutrino experiments, namely |µνe| <
2.9 × 10−11 µB [19, 76].

In Fig. 7.2 we show the marginal ∆χ2’s for |µνe| and |µνµ| obtained from the

COHERENT Ar and CsI data as well as their combination with the CEνNS-only

analyses of Dresden-II data assuming the HMVE reactor antineutrino flux and the

YBe or Fef QF. We also show the impact of the ES contribution assuming the HMVE,

HMK, or EFK reactor antineutrino flux and the YBe or Fef QF. For comparison,

we also show the 90% CL upper bounds on |µνe| obtained in the MUNU [359],

TEXONO [66], and GEMMA [68] experiments; and |µνµ| obtained in the BNL-

E734 [360], LAMPF [361], and LSND [362] experiments. Here we compare the

results of our analyses with the works in Refs. [227, 245]. Similar bounds to those
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1σ 90% 2σ 3σ Interaction
Dresden-II (HMVE-Fef)

|µνe|
< 1.65 < 2.34 < 2.66 < 3.41 CEvNS
< 1.45 < 2.13 < 2.45 < 3.20 CEvNS+ES

Dresden-II (HMVE-YBe)

|µνe|
< 3.02 < 3.68 < 4.00 < 4.79 CEvNS
< 2.51 < 3.25 < 3.58 < 4.41 CEvNS+ES

Table 7.2: Bounds on the electron neutrino magnetic moment |µνe | in units of 10−10 µB
obtained from the analysis of the Dresden-II data assuming the HMVE reactor antineu-
trino flux and the Fef or YBe quenching. We show the results obtained with CEνNS only
interactions and with CEνNS+ES interactions.

found in this work for |µνe| have been obtained, although with some differences

among the various data analyses. Namely, in Ref. [245] a bound at 90% CL of

|µνe| < 2.7 × 10−10 µB is found when using a modified QF model and ignoring the

ES contribution. Similarly to Ref. [363] only the CEνNS Dresden-II residuals after

the subtraction of the background are fitted, with no background uncertainty prop-

agated in the analysis. In Ref. [227], a bound at 90% CL of |µνe| < 2.2×10−10 µB is

found when using the Dresden-II data in combination with ES, also using the Fef

QF. In this latter case, a very similar treatment of the Dresden-II data with respect

to this work has been followed by the authors, with only minimal differences in

the antineutrino flux treatment and least-squares function definition.

7.1.2 Neutrino Electric Charge

It is usually believed that neutrinos are neutral particles. However, in some BSM

theories, they can acquire a small electric charge (EC), qν , usually referred to

as millicharge [76]. The strongest bound on the neutrino EC is of the order of

qν ≤ 4 × 10−35e0 and comes from the neutrality of the universe [364] inferred

from cosmological data. Other strong constraints are obtained by exploiting the

observation of astrophysical objects, such as supernovae explosions or the rotation

of magnetized stars [76]. It is nevertheless interesting to obtain a direct constraint

exploiting the CEνNS and νES scattering processes.

Here, we want to constrain possible BSM effects that could contribute to the

neutrino EC. Thus, we consider the general case in which neutrinos can have both

diagonal and off-diagonal, also referred to as transition, EC in the flavor basis that

can be generated by BSM physics. The differential CEνNS cross section therefore

138



CHAPTER 7. CONSTRAINTS ON NEUTRINO ELECTROMAGNETIC PROPERTIES

reads [365]

dσEC
νℓ-N

dTnr
(Eν , Tnr) =G

2
FmT

π

(
1 − mTTnr

2E2
ν

){[
(gp

V −Qℓℓ)ZFp(|q⃗|2) + gn
VNFn(|q⃗|2)

]2
+

Z2F 2
p (|q⃗|2)

∑
ℓ′ ̸=ℓ

|Qℓℓ′ |2
 , (7.6)

where the quantity Qℓℓ′

Qℓℓ′ = 2
√

2πα
GFq2 qνℓℓ′ , (7.7)

defines the strength of the neutrino electric charge, qℓℓ for diagonal EC and qℓℓ′ for

transition EC in units of the elementary charge e0 . Specifically, the vector neu-

trino coupling, which already accounts for the radiative corrections as described

in Chap. 1, receives another contribution from the diagonal EC ℓℓ-term, while the

off-diagonal, or flavor changing ℓℓ′-terms give an incoherent contribution.

In the case of ν̄ℓ-N scattering, we have gp,n
V → −gp,n

V and qνℓℓ′ → qν̄ℓℓ′ = −qνℓℓ′ .

Therefore, the EC of flavor neutrinos and antineutrinos contribute with the same

sign to the shift of the vector coupling in the CEνNS cross section. Regarding

neutrino-electron elastic scattering, in the presence of a neutrino EC, the cross

section is [365]

dσES,EC
νℓ−A

dTe


SM+Q

=
dσES,EC

νℓ−A

dTe


SM+Qℓℓ

+
∑
ℓ′ ̸=ℓ

dσES,EC
νℓ−A

dTe


Qℓℓ′

, (7.8)

where (dσES,EC
νℓ−A/dTe)SM+Qℓℓ

is given by Eq. (1.88) with

gνℓ
V → gνℓ

V +Qℓℓ, (7.9)

and dσES,EC
νℓ−A

dTe


Qℓℓ′

= ZA
eff(Te)

πα2

meT 2
e

[
1 +

(
1 − Te

E

)2
− meTe

E2

]
|qνℓℓ′ |2, (7.10)

for ℓ′ ̸= ℓ. There are five electric charges that can be determined with the CO-

HERENT CEνNS data: the two diagonal EC qνee and qνµµ, and the absolute values

of the three transition EC qνeµ = q∗
νµe

, qνeτ , and qνµτ . Using the Dresden-II data

instead, only qνee, |qνeµ|, |qνeτ | can be tested. Given the extremely low momentum

transfer and low-energy thresholds of reactor experiments, the q2 dependence in
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1σ 90% 2σ 3σ
CsI (CEvNS)

qνee (−1.6, 45.2) × 10−8 (−1.6, 5.8) × 10−7 (−1.9, 6.2) × 10−7 (−2.6, 7.0) × 10−7

qνµµ (−8.0, 136.0) × 10−9 (−3.2, 25.2) × 10−8 (−4.4, 30.8) × 10−8 (−8.4, 43.2) × 10−8

|qνeµ| < 1.8 × 10−7 < 2.3 × 10−7 < 2.5 × 10−7 < 2.9 × 10−7

|qνeτ | (1.5, 4.0) × 10−7 < 4.3 × 10−7 < 4.6 × 10−7 < 5.2 × 10−7

|qνµτ | < 1.8 × 10−7 < 2.3 × 10−7 < 2.5 × 10−7 < 3.0 × 10−7

CsI (CEvNS+ES)
qνee (−3.6, 3.6) × 10−10 (−5.0, 5.0) × 10−10 (−5.6, 5.6) × 10−10 (−7.5, 7.5) × 10−10

qνµµ (−1.2, 1.2) × 10−10 (−1.9, 1.9) × 10−10 (−2.2, 2.2) × 10−10 (−3.2, 3.2) × 10−10

|qνeµ| < 1.2 × 10−10 < 1.8 × 10−10 < 2.2 × 10−10 < 3.1 × 10−10

|qνeτ | < 3.5 × 10−10 < 5.0 × 10−10 < 5.6 × 10−10 < 7.5 × 10−10

|qνµτ | < 1.2 × 10−10 < 1.9 × 10−10 < 2.2 × 10−10 < 3.2 × 10−10

Ar (CEvNS)
qνee (−1.3, 1.7) × 10−7 (−1.7, 3.2) × 10−7 (−2.0, 3.5) × 10−7 (−2.7, 4.4) × 10−7

qνµµ (−4.4, 10.0) × 10−8 (−6.8, 21.6) × 10−8 (−8.0, 24.4) × 10−8 (−1.2, 3.0) × 10−7

|qνeµ| < 1.0 × 10−7 < 1.4 × 10−7 < 1.5 × 10−7 < 1.8 × 10−7

|qνeτ | < 2.0 × 10−7 < 2.5 × 10−7 < 2.8 × 10−7 < 3.6 × 10−7

|qνµτ | < 1.1 × 10−7 < 1.5 × 10−7 < 1.7 × 10−7 < 2.1 × 10−7

CsI (CEvNS) + Ar (CEvNS)
qνee (−12.4, 8.0) × 10−8 (−1.6, 1.7) × 10−7 (−1.7, 2.2) × 10−7 (−2.2, 3.5) × 10−7

qνµµ (−1.2, 7.6) × 10−8 (−3.2, 11.2) × 10−8 (−4.0, 12.8) × 10−8 (−6.8, 18.4) × 10−8

|qνeµ| < 1.1 × 10−7 < 1.4 × 10−7 < 1.5 × 10−7 < 1.9 × 10−7

|qνeτ | < 2.4 × 10−7 < 2.9 × 10−7 < 3.1 × 10−7 < 3.7 × 10−7

|qνµτ | < 1.2 × 10−7 < 1.5 × 10−7 < 1.6 × 10−7 < 2.0 × 10−7

CsI (CEvNS+ES) + Ar (CEvNS)
qνee (−3.5, 3.5) × 10−10 (−5.0, 5.0) × 10−10 (−5.6, 5.6) × 10−10 (−7.5, 7.5) × 10−10

qνµµ (−1.2, 1.2) × 10−10 (−1.9, 1.9) × 10−10 (−2.2, 2.2) × 10−10 (−3.2, 3.2) × 10−10

|qνeµ| < 1.2 × 10−10 < 1.8 × 10−10 < 2.2 × 10−10 < 3.1 × 10−10

|qνeτ | < 3.6 × 10−10 < 5.0 × 10−10 < 5.6 × 10−10 < 7.5 × 10−10

|qνµτ | < 1.2 × 10−10 < 1.9 × 10−10 < 2.2 × 10−10 < 3.2 × 10−10

Table 7.3: Bounds on the neutrino electric charges in units of the elementary charge e0
obtained from the analysis of the COHERENT CsI and Ar data. We show the results of the
analyses of CsI data with CEνNS only interactions and with CEνNS+ES interactions.

the denominator of Eq. 7.7 helps to set more stringent constraints using the data

of Dresden-II with respect to COHERENT, as it will be shown in the following. The

results of our analyses are shown in Tab. 7.3 and Tab. 7.4 for the COHERENT CsI

and Ar data set and for the Dresden-II data, respectively. Focusing on the results

shown in Tab. 7.3, the contribution of Ar data is dominant in the combined CO-

HERENT analysis of the neutrino electric charges, although the CsI data set has

more statistics. It follows from the enhancement of the neutrino electric charge

effect in CEνNS at low q2, because of the denominator in Eq. 7.7. However, the

expected enhancement due to the different CsI and Ar masses, is mitigated by the

different sizes of the energy bins: in the Ar experiment the first bin includes en-

ergies from the threshold, of about 5 keVnr, to about 36 keVnr, whereas the first

CsI energy bin has a much smaller size. Therefore, the enhancement of the EC
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1σ 90% 2σ 3σ
Dresden-II (HMVE-Fef CEvNS)

qνee (−1.5, 10.1) × 10−10 (−3.4, 12.5) × 10−10 (−4.3, 13.6) × 10−10 (−6.5, 16.0) × 10−10

|qνeµ|, |qνeτ | < 6.0 × 10−10 < 8.2 × 10−10 < 9.1 × 10−10 < 1.1 × 10−9

Dresden-II (HMVE-Fef CEvNS+ES)
qνee (−7.3, 7.6) × 10−12 (−9.3, 9.5) × 10−12 (−1.0, 1.0) × 10−11 (−1.2, 1.3) × 10−11

|qνeµ|, |qνeτ | < 7.4 × 10−12 < 9.4 × 10−12 < 1.0 × 10−11 < 1.3 × 10−11

Dresden-II (HMVE-YBe CEvNS)
qνee (−4.8, 12.4) × 10−10 (−6.6, 15.2) × 10−10 (−7.5, 16.3) × 10−10 (−9.8, 18.9) × 10−10

|qνeµ|, |qνeτ | < 8.9 × 10−10 < 1.1 × 10−9 < 1.2 × 10−9 < 1.4 × 10−9

Dresden-II (HMVE-YBe CEvNS+ES)
qνee (−1.1, 1.1) × 10−11 (−1.2, 1.3) × 10−11 (−1.3, 1.3) × 10−11 (−1.5, 1.5) × 10−11

|qνeµ|, |qνeτ | < 1.1 × 10−11 < 1.2 × 10−11 < 1.3 × 10−11 < 1.5 × 10−11

Table 7.4: Bounds on the neutrino electric charges in units of the elementary charge e0
obtained from the analysis of the Dresden-II data assuming the HMVE reactor antineutrino
flux and the Fef or YBe quenching. For the HMVE reactor antineutrino flux we show the
results obtained with CEνNS only interactions and with CEνNS+ES interactions.

effect occurs only in the first energy bin of the Ar experiment. Nevertheless, this

enhancement is sufficient to achieve a slightly better performance of the Ar data

in constraining the neutrino EC in spite of the larger uncertainties. In Tab. 7.3 we

also explicitly show the impact of including the ES in the CsI analysis, also when

combining it with Ar. Thanks to the presence of the q2 term in the denominator of

Eq. 7.7, a large improvement of more than 2 orders of magnitude with respect to

the limits derived ignoring the ES contribution is obtained.

In Tab. 7.4 we show the bounds on the EC found using the Dresden-II data.

As for the neutrino MM limits discussed above, the different flux parameteriza-

tions cause only negligible differences in the bounds. As already anticipated, the

|q2| corresponding to ES is much smaller than the CEνNS |q2|, resulting in im-

proved sensitivity when the ES contribution is included with respect to CEνNS

only. Namely, with CEνNS only there is an improvement with respect to COHER-

ENT CEνNS only of about 2 orders of magnitude, while with CEνNS + ES the

improvement is of about 4 orders of magnitude, as is also visible from Fig. 7.3.

Specifically, it shows the marginal ∆χ2’s for |qνee | obtained from the separate anal-

yses of the COHERENT Ar and CsI data and their combinations, with CEνNS in-

teractions only and with the ES contribution, as well as the CEνNS -only analyses

of Dresden-II data assuming the HMVE reactor antineutrino flux and the YBe or

Fef QF. Moreover, also the CEνNS + ES analysis of Dresden-II data assuming the

HMVE, HMK, or EFK reactor antineutrino flux and the YBe or Fef QF is drawn. We

also show the 90% CL upper bounds on |qνee | obtained, respectively, in Ref. [366]

from TEXONO data [367], in Ref. [368] from the GEMMA [68] bound on |µνe|,
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Figure 7.3: Marginal ∆χ2’s for |qνee | obtained from: the separate analyses of the CO-
HERENT Ar (magenta) and CsI (darkviolet) data with CEνNS interactions; the combined
analyses of the COHERENT Ar and CsI data with CEνNS interactions only (dark red) and
with CEνNS +ES interactions (red); the CEνNS -only analyses of Dresden-II data assum-
ing the HMVE reactor antineutrino flux and the YBe (cyan) or Fef (dark cyan) quenching;
the CEνNS +ES analyses of Dresden-II data assuming the HMVE, HMK, or EFK reactor
antineutrino flux and the YBe (green) or Fef (blue) quenching. The short vertical orange,
gray, and yellow lines show the 90% CL upper bounds on |qνee | obtained, respectively, in
Ref. [366] from TEXONO data [367], in Ref. [368] from the GEMMA [68] bound on |µνe |,
and in Ref. [369] from the combined analysis of the latter data.

and in Ref. [369] from the combined analysis of the latter data. Intriguingly, the

bounds on |qνee | obtained from the combination of COHERENT with the Dresden-II

CEνNS + ES data set are much more stringent than the COHERENT ones and the

CEνNS only fit, namely at 90% CL and using the Fef quenching factor

−9.3 < qνee [10−12 e0] < 9.5. (7.11)

This limit is competitive with respect to the other aforementioned bounds, that are

at the level of 10−12 e0, the best laboratory limit being |qνee | < 1.0 × 10−12 e [369].

However, when comparing these limits one has to keep in mind that the results

in Ref. [369] have been derived using for the neutrino-electron cross section the

MCRRPA theory [79, 80, 370]. The effect from many-body physics becomes rele-

vant for data from Ge detectors at sub-keV sensitivities and allows them to achieve

more stringent limits with respect to FEA in particular for the neutrino EC. Thus,

the limits reported here can be considered conservative.

Finally, in Fig. 7.4 we show similar marginal ∆χ2’s for |qνµµ| using COHER-
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Figure 7.4: Marginal ∆χ2’s for |qνµµ | obtained from: the separate analyses of the CO-
HERENT Ar (magenta) and CsI (darkviolet) data with CEνNS interactions; the combined
analyses of the COHERENT Ar and CsI data with CEνNS interactions only (dark red) and
with CEνNS+ES interactions (red). The short vertical orange and yellow lines show the
90% CL upper bounds on |qνµµ | obtained, respectively, in Ref. [371] from the LSND [362]
bound and in the XMASS-I experiment [372] from solar neutrino ES.

ENT data only. Here we also show the 90% CL upper bounds on |qνµµ | obtained,

respectively, in Ref. [371] from the LSND [362] bound on |qνµ | and in the XMASS-

I experiment [372] from solar neutrino νES2. Also in this case, the inclusion of

the ES contribution significantly improves the bounds obtained for COHERENT,

superseding the existing bounds from LSND. For a dedicated discussion on the off-

diagonal constraints, as well as their ∆χ2 profiles which are numerically reported

in Tab. 7.4, see Ref. [3]. A detailed discussion of other bounds from dark matter

experiment can be found Sec. 7.2.

7.1.3 Neutrino Charge Radius

From the previous discussions, it is now clear that even if neutrinos are neutral

particles and cannot couple directly with photons, electromagnetic interactions are

encoded in the electromagnetic vertex function defined in Eq. 7.1. Among them,

there is a neutrino electromagnetic property which is predicted to be non-zero

within the SM. It is the neutrino charge radius, introduced in Sec. 1.2.3, which is

2Also in the case of the XMASS-I limit, the electron-neutrino cross section is derived using an
ab-initio multi-configuration relativistic random phase approximation [372] that allows them to
set more stringent limits.
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related to the charge form factor, fQ(q2), whose SM contribution can be related to

that of the analpole moment fA (see Ref. [76] for a theoretical discussion). In the

following we will only focus on fQ(q2), which carries non-trivial information about

the neutrino electric properties, even if the neutrino electric charge is null. In fact,

a neutral particle can be characterized by a superposition of two different charge

distributions of opposite signs described by a charge form factor which is non-zero

only for momentum transfers different from zero, q2 ̸= 0 [76]. Expanding the

form factor in a series of powers of q2 we get

fQ(q2) = fQ(0) + q2dfQ(q2)
dq2

∣∣∣∣
q2=0

+ . . . . (7.12)

In the “Breit frame”, the charge form factor depends only on |q⃗| and it can be

interpreted as the Fourier transform of a spherically symmetric charge distribution,

ρ(r), so that [76]

fQ(q2) =
∫
ρ(r)e−iq⃗·r⃗d3r =

∫
ρ(r)sin(qr)

qr
d3r . (7.13)

From this interpretation, it is easy to understand that the first term in the ex-

pansion in Eq. 7.12, fQ(0), has to be zero, since neutrinos are neutral, while the

second term is identified as the neutrino charge radius, i.e. the radius of the elec-

tric charge distribution. By deriving the expression in Eq. 7.13 with respect to q2

and taking the limit for q2 → 0, we obtain

lim
q2→0

dfQ(q2)
dq2 =

∫
ρ(r)r

2

6 d
3r = ⟨r2⟩

6 , (7.14)

where ⟨r2⟩ is the neutrino charge radius which is defined as

⟨r2⟩ ≡ 6dfQ(q2)
dq2

∣∣∣∣
q2=0

. (7.15)

Let us note that ⟨r2⟩ has no defined sign because ρ(r) is not a positively defined

quantity.

Practically, the charge radius of a neutrino is generated by a loop insertion into

the νℓ line, where W boson(s) and charged lepton(s) ℓ can enter, as shown by the

WWℓ loop (left diagram) and the ℓℓW loop (right diagram) in Fig. 7.5. The contri-

bution arising from these diagrams can be calculated and, according to Refs. [373–

375], the NCR corresponds to a physical observable, being finite and gauge invari-
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Figure 7.5: Diagrams describing the neutrino charge radius contributions to the photon-
neutrino vertices.

ant. Recalling Eq. 1.65, the SM calculation for the NCR gives

⟨r2
νℓ

⟩SM = − GF

2
√

2π2

[
3 − 2 ln

(
m2

ℓ

M2
W

)]
, (7.16)

where we can now recognise that the two terms appearing in the sum arise from

the two diagrams mentioned above. Specifically, one constant term arises from the

WWℓ loop diagram, where the photon interacts with the W boson, and another

is generated by the photon’s interaction with the lepton ℓ. The latter generates

an electroweak logarithm, which is divergent in the UV range, that is regularized

at the lepton mass, mℓ, thus introducing a dependence of the NCR from the lep-

ton flavor [60, 375]. As anticipated in Chap. 1, the neutrino charge radius has

an impact on the scattering of neutrinos with charged particles through radiative

corrections. In the case of CEνNS, it contributes only to the neutrino-proton cou-

pling, and not to the neutron one, as visible in Eqs. 1.56 and 1.59. There, the NCR

contribution modifies the proton coupling according to

gp
V (νℓ) → g̃p

V −
√

2πα
3GF

⟨r2
νℓ

⟩eff , (7.17)

where g̃p
V ≃ 0.0184 is the neutrino-proton coupling without the contribution of the

SM NCR, and we are already taking into account the effect of the NCR momentum-

dependent radiative correction defined in Eqs. 1.69 and 1.72. In the case of

ν̄ℓ-N scattering, it is sufficient to operate the substitutions: gp,n
V → −gp,n

V and

⟨r2
νℓ

⟩ → ⟨r2
ν̄ℓ

⟩ = −⟨r2
νℓ

⟩. Therefore, the NCR of neutrinos and antineutrinos con-

tribute with the same sign to the shift of the weak mixing angle in the CEνNS

cross-section.

Despite the fact that a measurement of the NCR would represent a fundamental

test of the SM, the available data are still insufficient to provide a first determina-

tion. So far, only constraints have been placed on its value [3, 19, 67, 314, 376].

One has to keep in mind that when considering BSM effects that affect the NCR, it
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Figure 7.6: Allowed regions at 90% CL from the analysis of the latest COHERENT CsI and
Ar data (COH), Dresden-II (DII) and their combination (COH+DII) in the ⟨r2

νe
⟩ vs ⟨r2

νµ
⟩

plane in case of momentum-independent (left) and -dependent (right) neutrino charge
radii correction. The red cross indicates the SM values in Eqs. 1.66 and 1.67.

is also possible to have so-called off-diagonal flavor-changing contributions, sim-

ilar to those described for the neutrino electric charge, which are often referred

to as transition charge radii. In Ref. [3] we computed limits on transition charge

radii using available CEνNS data.

Nevertheless, in the following, we will focus only on diagonal NCRs to probe the

values of the NCR in the SM. However, it is also likely that BSM physics generates

off-diagonal neutrino charge radii that are much smaller than the diagonal ones

and that can thus be neglected in a first approximation.

This section, based on the results in Ref. [6], will present the results of the

analysis of the diagonal neutrino charge radii, ⟨r2
νe

⟩ and ⟨r2
νµ

⟩, obtained using the

latest COHERENT cesium iodide and argon dataset, both alone and in combination

with the germanium NCC-1701 data from the Dresden-II nuclear reactor power

plant3. To do so, we account for the energy-dependence of the radiative correction

associated with the NCR by making use of the form factor Fνℓ
definition in Eq. 1.71

and shown in Fig. 1.8. Here we assume that possible BSM contributions affect only

the value of the neutrino charge radius defined at zero-momentum transfer and

the momentum dependence of the NCR radiative correction is the same as in the

3For simplicity, in this study we model the antineutrino spectra from the Dresden-II reactor
considering only the HMVE parametrization, and use the Fef quenching factor.
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SM. Therefore, the neutrino-proton coupling defined in Eq. 7.17 is modified by

gp
V (νℓ, Tnr) → g̃p

V −
√

2πα
3GF

⟨r2
νℓ

⟩Fνℓ
(Tnr) , (7.18)

where ⟨r2
νℓ

⟩ is the physical value of the neutrino charge radius at zero-momentum

transfer that we aim to measure through the data.

In particular, we focus on the comparison between the neutrino charge radii

COH+DII ℱνℓ(q
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Figure 7.7: Allowed contours at 90% CL from the combined analysis of COHERENT
and Dresden-II data in the ⟨r2

νe
⟩ vs ⟨r2

νµ
⟩ plane (allowing only for diagonal NCR contri-

butions). The red cross indicates the SM value of the neutrino charge radii as reported
in Eqs. 1.66 and 1.67. We compare the results with the current best limits on ⟨r2

νµ
⟩ from

BNL-E734 [376] (gold) and ⟨r2
νe

⟩ from TEXONO [67] (brown).

results obtained from CEνNS data that are present in literature (see e.g. our pre-

vious work Ref. [3] for a strict comparison, but also Ref. [314]), which are ob-

tained considering the NCR correction without any momentum dependence (i.e.

Fνℓ
≡ 1), with our reanalysis in which we include the impact of a momentum-

dependent form factor (i.e. Fνℓ
(Tnr)). In the latter case, we are attempting to

extract the physical value of the NCR at zero momentum transfer, whereas, ne-

glecting the momentum dependence, one is measuring only an average effective

neutrino charge radius relative to the typical momentum transfer of the experi-

ment. The results from the analysis of COHERENT CsI, Ar and Dresden-II Ge data

are shown in Fig. 7.6 at 90% CL, where the left plot shows the Fνℓ
= 1 limit,

while in the right plot a momentum-dependent charge radius form factor Fνℓ
(Tnr)

has been used. Since reactors provide only a flux of electron antineutrinos, the

analysis of the Dresden-II data results in two degenerate vertical bands, in cor-
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respondence of the SM ⟨r2
νe

⟩ value and for a large negative one, which produces

a degenerate value of the CEνNS cross-section as defined in Eq. 1.64. Instead,

the COHERENT CsI and Ar data analyses produce 4 closed contours, since they

are also sensitive to the muonic flavor. These allowed regions correspond to the

SM values of the electron and muon neutrino charge radii and to large negative

charge radius values which produce a degenerate cross-section.

COH+DII ℱνℓ=1

COH+DII ℱνℓ(q
2)

TEXONO

-80 -60 -40 -20 0 20
0

2

4

6

8

10

〈rνe
2 〉 [10-32 cm2]

Δ
χ
2

1σ

90 % CL

2σ

99 % CL

3σ

COH+DII ℱνℓ=1

COH+DII ℱνℓ(q
2)

BNL-E734

-80 -60 -40 -20 0 20
0

2

4

6

8

10

〈rνμ
2 〉 [10-32 cm2]

Δ
χ
2

1σ

90 % CL

2σ

99 % CL

3σ

Figure 7.8: Marginal ∆χ2’s for ⟨r2
νe

⟩ (left) and ⟨r2
νµ

⟩ (right) obtained from the analysis
of the COHERENT (CsI and Ar) data in combination with Dresden-II considering Fνℓ

= 1
(dot-dashed magenta) and Fνℓ

(Tnr) (solid blue). The red line near the origin indicates the
SM predictions. The short vertical dashed lines show the lower and upper 90% bounds on
⟨r2

νe
⟩ obtained in the TEXONO [67] (left) experiment and on ⟨r2

νµ
⟩ obtained in the BNL-

E734 [376] (right) experiment.

By comparing the two figures in Fig. 7.6 we observe that the effect of the NCR

form factor leads, as expected, to a small shift of the Dresden-II bands, while the

closed contours allowed by the COHERENT CsI and Ar data are more significantly

affected. This can be understood considering that COHERENT and Dresden-II data

refer to different momentum transfer regimes. Namely, the Dresden-II data come

from a reactor experiment, which is operated at a much lower energy. Moreover,

all of the obtained contours are slightly enlarged by the introduction of the form

factor.

The main impact of accounting for the NCR form factor is that, by combining

different measurements, it is possible to significantly reduce the allowed regions in

the parameter space. Indeed, the different momentum transfer regimes relative to

the various data, produce a reduced overlap between the allowed regions for non-
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Process Collaboration Limit [10−32 cm2] CL Ref.

Reactor ν̄e-e
Krasnoyarsk |⟨r2

νe
⟩| < 7.3 90% [377]

TEXONO −4.2 < ⟨r2
νe

⟩ < 6.6 90% [67]

Accelerator νe-e
LAMPF −7.12 < ⟨r2

νe
⟩ < 10.88 90% [361]

LSND −5.94 < ⟨r2
νe

⟩ < 8.28 90% [362]

Accelerator νµ-e and ν̄µ-e
BNL-E734 −5.7 < ⟨r2

νµ
⟩ < 1.1 90% [360]

CHARM-II |⟨r2
νµ

⟩| < 1.2 90% [378]

CEνNS CsI+LAr+DII −9.5 < ⟨r2
νe

⟩ < 5.5 90% [7]

CEνNS CsI+LAr+DII −5.9 < ⟨r2
νµ

⟩| < 4.1 90% [7]

Table 7.5: Experimental limits for the neutrino charge radii obtained from the combined
analysis of COHERENT CsI, LAr and Dresden II (assuming the Fef quenching factor) [7]
discussed in this thesis compared with existing bounds. Note that the results from TEX-
ONO [67], LAMPF [361], LSND [362], BNL-E734 [360], CHARM-II [378] have been
corrected by a factor of two due to a different convention [379].

SM values of ⟨r2
νe

⟩, as shown in Fig. 7.7, where the current best limits from BNL-

E734 [376] on ⟨r2
νµ

⟩ and TEXONO [67] on ⟨r2
νe

⟩ are also shown. Interestingly, the

SM predicted values for the neutrino charge radii fall within the allowed regions

from all the experimental data.

Finally, in Fig. 7.8, we show the marginal ∆χ2’s for ⟨r2
νe

⟩ (left) and ⟨r2
νµ

⟩ (right)

obtained from the combined COHERENT and Dresden-II data in the two NCR

form factor regimes. As expected, recalling Eq. 1.71 and the NCR dependence

on the recoil energy described in Fig. 1.8, the momentum dependence impacts

primarily the constraints only for the electron flavor, leaving the results for the

muon flavor practically unchanged. In particular, the presence of the NCR form

factor decreases the significance of the allowed ⟨r2
νe

⟩ values particularly different

from the SM prediction. In particular, we obtain a competitive limit on ⟨r2
νe

⟩ at

90% CL, namely

−9.5 < ⟨r2
νe

⟩ [10−32 cm2] < 5.5, (7.19)

and on ⟨r2
νµ

⟩,

−59.2 < ⟨r2
νµ

⟩ [10−32 cm2] < −51.0 and − 5.9 < ⟨r2
νµ

⟩[10−32 cm2] < 4.1. (7.20)

The numerical results obtained from our reanalysis are compared in Tab. 7.5, at

90% CL, with other leading existing laboratory bounds, while the reader can refer
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Figure 7.9: Marginal ∆χ2’s for ⟨r2
νe

⟩ (left), ⟨r2
νµ

⟩ (right) obtained from the sensitivity
for the future COHERENT experiments assuming three SNS-year of data taking. The SM
NCR predictions are reported, and for comparison, the current leading constraints from
TEXONO [67] (left) and BNL-E734 [376] (right) are also reported.

to Tab. 1 of Ref. [7] for a complete summary of the constraints at different C.Ls.

from COHERENT alone and in combination with Dresden-II data. Interestingly,

we are able to improve the best upper bound limit for ⟨r2
νe

⟩ previously set by

TEXONO [67]4.

7.1.3.1 Toward A Neutrino Charge Radius Observation From Future CEνNS

Data

This section will explore the sensitivity of future COHERENT experiments to the

neutrino charge radius, based on a work in preparation, as well as the forecast

for a NUCLEUS-like experiment assuming different configurations. We start by as-

sessing the sensitivity of COH-Cryo-CsI (Sec. 3.4.1) and COH-LAr 750 (Sec. 3.4.2)

detectors, allowing both ⟨r2
νe

⟩ and ⟨r2
νµ

⟩ to be free to vary in the fit and assuming

three SNS year of data taking. The expected precision on the neutrino charge radii

will significantly benefit from the increased statistics, as shown in Fig. 7.9. Here

we limit the sensitivity in the proximity of the expected SM value for the neu-

trino charge radii. We found that the next COHERENT upgrades will significantly

improve the current constraints. Specifically, even with COH-Cryo-CsI I, it will

be possible to reach the same level of accuracy or even surpass the limits set by

TEXONO on ⟨r2
νe

⟩ and by BNL on ⟨r2
νµ

⟩. In fact, the unique feature of COHERENT

4Both TEXONO and BNL-E734 results have been corrected by a factor of two due to a different
convention, see Ref. [379]. Moreover, for the latter, we use the corrected value in Ref. [380].
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Figure 7.10: 90% CL allowed region in the ⟨r2
νe

⟩ vs ⟨r2
νµ

⟩ plane obtained from the sen-
sitivity for the future COHERENT experiments assuming three SNS-year of data taking.
The SM NCR predictions are reported, and for comparison, the current constraints from
the CsI+LAr+Dresden-II analysis, (Tab. 7.5), TEXONO [67] and BNL-E734 [376] are also
reported.

is that it offers a distinctive way to simultaneously constrain both parameters, as

shown in the lower panel of Fig. 7.10. Since the SNS νµ flux is higher compared

to νe, the constraints are weaker for the latter. Moreover, the COH-LAr-750 de-

tector will significantly benefit from the use of UAr instead of AAr, as shown in

the upper left panel of Fig. 7.9. Despite the increase in statistical precision, the

data from the next detectors will not be able to provide the first measurement of

the NCR, according to our studies. Only the future COH-Cryo-CsI II detector will

have sufficient precision to achieve about 1 σ significance for the simultaneous

determination of the two NCRs in the event rate5. Specifically, the COH-Cryo-CsI

constraints at 90% CL are

COH − Cryo − CsI I : − 3.8 < ⟨r2
e⟩ [10−32cm2] < 2.2, (7.21)

−2.1 < ⟨r2
µ⟩ [10−32cm2] < 1.3, (7.22)

COH − Cryo − CsI II : − 1.73 < ⟨r2
e⟩[10−32cm2] < 0.16, (7.23)

−1.16 < ⟨r2
µ⟩[10−32cm2] < 0.25. (7.24)

5The significance is evaluated as the difference of the χ2 assuming the SM values for the NCRs
and χ2 from the null hypothesis, i.e. setting the NCRs to zero.
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The COH-LAr 750 constraints, assuming UAr, are stronger (weaker) than COH-

Cryo-CsI I (II) for both flavors.

These findings strengthen the need to perform complementarity analysis with

reactor data, which are sensitive only to ⟨r2
νe

⟩ in a different energy regime. In this

context, Fig. 7.11 shows the expected sensitivity for a NUCLEUS-like experiment,

obtained under different hypotheses for the signal and background as discussed

in Chap. 5. In the scenario where the background is flat and equal to 100 dru, the

90% constraint reads

NUCLEUS 13.5 g @VNS (no LEE) : − 2.9 < ⟨r2
e⟩[10−32cm2] < 1.4, (7.25)

while increasing the mass at the VNS to 108 grams or considering the experiment

located at 15 meters from the reactor core, assuming a background component

with a CRESST-III level LEE, enables us to improve the constraints. At 90% CL

they read

NUCLEUS 108 g @VNS (no LEE) : − 2.1 < ⟨r2
e⟩[10−32cm2] < 0.6. (7.26)

We found the sensitivity predictions to be very promising. This is because only

⟨r2
νe

⟩ can be constrained with reactor data, such that the marginalization on the

electron flavor is not affected by any correlation with the muonic flavor, unlike in

the case of COHERENT.
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Figure 7.11: Marginal ∆χ2’s for ⟨r2
νe

⟩ obtained from the sensitivity for a NUCLEUS-like
experiment assuming 3 years of data taking. The sensitivity is reported for 13.5 g and
108 g of CaWO4 located at the VNS, as well as 15 meters from a 4.25 GWth reactor core
assuming the presence of the best LEE measured by CRESST-III (see Sec. 5.3). The SM
NCR predictions are reported as well as the 90% CL constraints from TEXONO [67].
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7.2 The LUX-ZEPLIN Dark Matter Experiment Science

case

As already widely discussed, given that the presence of neutrino MMs and ECs

manifest mainly at low recoil energies, experiments with low thresholds can set

stronger constraints. Indeed, in Sec. 7.1.1 and 7.1.2 we showed that reactor

CEνNS experiments, such as the Dresden-II one, are able to reach low thresholds

leading to very stringent constraints. For this reason, a very strong complemen-

tarity exists between CEνNS and low-threshold dark matter detectors discussed in

Chap. 2. The latter, being sensitive to solar neutrinos, represents a very profitable

tool to study such neutrino electromagnetic properties. This section presents the

results presented in our work [2], based on recent LUX-ZEPLIN (LZ) Collabora-

tion data [73] searching for WIMPs. The LZ experiment is located at the Sanford

Underground Research Facility in Lead, South Dakota. Its core is a dual-phase

time TPC filled with about 10 tons of liquid xenon (LXe), of which 7 (5.5) tons of

the active (fiducial) region. In liquid xenon, the interaction of a neutral particle

with xenon nuclei inside the detector produces two detectable signals if the NR

is above the ∼5 keVnr threshold, namely scintillation photons (S1) in the detector

bulk and a secondary scintillation signal (S2) produced by the ionized electrons

that drift due to an electric field to the gas pocket on top of the detector, simi-

larly to the DarkSide-20k technology (see Sec. 2.3). Both signals are captured by

494 photomultiplier tubes located at the top and the bottom of the TPC. The re-

sults reported correspond to 60.3 live days and given that the data are consistent

with a background-only hypothesis, permit setting the most stringent limits on the

spin-independent and spin-dependent WIMP-nucleon scattering cross section for

masses greater than 9 GeV/c2 [73], as well as new competitive limits on the spin-

dependent WIMP-proton cross section.

Among the different background components that are kept into account in the

data analysis, the solar νES inside the TPC gives a non-negligible contribution.

Indeed, in the LZ analysis, the total number of such electron recoils (ERs) that

is found after the combined fit of the background model plus a 30 GeV/c2 WIMP

signal is 27.2 ± 1.6 [73] and represents about 10% of the total background, giving

room to put sensitive constraints on neutrino MM and EC. It is worth mentioning
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that the MM measured for solar νES is an effective value given by

µ2,eff
ν =

∑
j

|
∑

k

µjkAk(Eν , L)|2, (7.27)

where µjk is an element of the neutrino electromagnetic moments matrix and

Ak(Eν , L) is the amplitude of the k-mass state at the point of scattering [142].

Similarly, it is possible to define also an effective neutrino millicharge parameter

qeff
ν as a combination of the three flavor components. In the following analyses, we

will separate the neutrino MM and EC contribution from the different flavors to

extract the constrain on the parameter associated with a specific flavor. Here we

are neglecting the possibility of transition neutrino electromagnetic properties to

simplify the computation, as it would require the computation of three diagonal

(ee, µµ, ττ) plus four off-diagonal terms (eµ, eτ , µe and µτ) and would be compu-

tationally very expensive. This means that the results obtained here, in principle,

could not be directly compared with reactor or COHERENT constraints in case off

diagonal terms are considered.

To conclude, the XENONnT collaboration reported its first result based on

the analysis of low-energy ER data collected with a dual-phase TPC filled with

4.37 tons of LXe fiducial mass and a total exposure of 1.16 ton · year [74]. The

experiment obtained the lowest ER background level among current dark matter

detectors in its energy range of interest. No excess above the background is found,

allowing the collaboration to rule out the well-known XENON-1T excess [381],

which motivated a considerable theoretical effort to interpret this anomaly [121,

382–384] which most probably produced by an unaccounted tritium background.

Moreover, they also reported a limit on the neutrino magnetic moment that will

be compared to that obtained in our work.

7.2.1 LZ Data Analysis Strategy

For the analysis of the LZ dataset, we obtained information on all the quantities

used from Ref. [73] and the accompanying data release and supplemental material

unless noted otherwise.

Since neutrinos are a mixture of mass eigenstates due to the phenomenon of

oscillations, the cross section is calculated according to Eq. 2.19, and the total

differential neutrino flux, Φ is given by the sum of all the different solar neutrino

components described in Sec. 2.4.1. The most relevant for the sensitivity range
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Figure 7.12: LZ signal efficiency as a function of the ER energy Te, obtained from the
NEST 2.3.7 software [385] using the details provided by the LZ collaboration.

of LZ are the continuous pp flux and the monochromatic 7Be 861 keV line, even

though there are many additional contributions from other mechanisms that are

included in this analysis. In each ER energy bin i, the theoretical νES event number

NνES
i is given by

N νES
i = N(Xe)

∫ T i+1
e

T i
e

dTe A(Te)
∫ Emax

Emin(Te)
dEν

dΦ
dEν

dσν

dTe
(Eν , Te),

where N(Xe) is the number of xenon targets contained in the detector, Te is the

ER kinetic energy, A(Te) is the energy-dependent detector efficiency, Emin(Te) =
(Te +

√
T 2

e + 2meTe)/2, and Emax ∼ 2 MeV. The number of target xenon atoms in

the detector is given by N(Xe) = NAMdet/mXe, where NA is the Avogadro number,

Mdet = 5.5 ton is the detector fiducial mass and mXe is the average xenon molar

mass. While the LZ collaboration provided the detector efficiency as a function

of the NR energy Tnr, the energy observed in the detector is the ER energy Te.

For this reason, we derived the detector efficiency as a function of Te using the

NEST [385] 2.3.7 software, following the information provided by the LZ collab-

oration. The efficiency obtained and used in our analysis is shown in Fig. 7.12.

Besides the solar νES, the background components that survive the selection in

the region of interest come from different sources, the dominant one being the

ERs from radioactive decay of impurities dispersed in the xenon, commonly re-

ferred to as β background. Together with a small (< 1%) fraction due to ER from
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γ rays originating in the detector components and cavern walls, this background

represents about 79% of the total one. Other background sources include the nat-

urally occurring isotopes of xenon, which also contribute to ER events, as well as

isotopes that are activated cosmogenically, such as 127Xe and 37Ar. Moreover, the

NR background has contributions from radiogenic neutrons and coherent elastic

neutrino-nucleus scattering (CEνNS) from 8B solar neutrinos. Finally, there is a

small component of accidental backgrounds that is also kept into account. Over-

all, the LZ collaboration reports a background of 333±17 events, of which 27.2±1.6
are due to solar νES, see Table I in Ref. [73]. Moreover, thanks to the excellent en-

ergy resolution achieved by LZ, we verified that its inclusion does not significantly

modify the limit obtained.

We performed the analysis of the LZ data using a Poissonian least-squares func-

tion [19, 181], given that in some energy bins the number of events is small,

namely

χ2 = 2
51∑

i=1
[(1 + α)Nbkg

i + (1 + β)N νES
i −N exp

i

+N exp
i ln

(
N exp

i

(1 + α)Nbkg
i + (1 + β)N νES

i

)
] +

(
α

σα

)2
+
(
β

σβ

)2
, (7.28)

where Nbkg
i is the number of residual background events found in the i-th bin fit

by the LZ collaboration minus that due to solar νES (both extracted from Fig. 6

of Ref. [73]), N νES
i is the prediction in the i-th bin for the νES signal, and N exp

i

is the experimental number of events in the i-th bin, also extracted from Fig. 6

of Ref. [73]. The nuisance parameter α takes into account the uncertainty on

the background (with σα = 5.1%)6, while β keeps into account the uncertainty

on the neutrino flux (with σβ = 7%)7. By using this procedure we ignore that

a possible non-zero neutrino MM should also increase the CEνNS contribution

from 8B solar neutrinos. However, given that the latter contribution is only 0.15 ±
0.01 [73], we verified that we can safely neglect it. For the future, we note that

a lower experimental energy threshold would increase the CEνNS contribution,

thus contributing to further strengthening the MM and EC limits. We highlight

that, differently from all the other background sources, the number of 37Ar events

6We note that this procedure ignores the fact that the different background contributions have
a different relative uncertainty. However, given that the total background is dominated by the β
decays this approximation is valid.

7The flux uncertainty is about 7% for 7Be and 0.6% for pp (see Tab. 2.1), we conservatively use
the first one for both fluxes.
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Figure 7.13: LZ energy spectrum (black points) as extracted from Fig. 6 of Ref. [73]
with superimposed the sum of all background contributions minus the νES contribution
(blue solid), the 37Ar contribution (orange), the νES SM prediction (purple), and for
illustration purposes the νES with µeff

ν = 2.8 × 10−11 µB, that corresponds to the 90%
CL limit from BOREXINO [142], with (green dashed) and without (red dashed) the νES
subtracted background. The dark blue and the light blue bands represent the systematic
and systematic plus statistical uncertainties, respectively, used in this analysis.

is not well constrained theoretically. It is estimated by calculating the exposure

of Xe to cosmic rays before it was brought underground, then correcting for the

decay time before the data taking [386]. A flat constraint of 0 to three times

(i.e., 288) the estimate of 96 events is imposed because of large uncertainties in

the prediction. The fit to the data using this prior finds 52.5+9.6
−8.9 events. In order

to keep into account this large uncertainty, we performed a second analysis in

which we separate the 37Ar contribution from the total background such that the

least-squares function becomes

χ2
37Ar = 2

51∑
i=1

[αNbkg
i + βN νES

i + δN
37Ar
i −N exp

i

+N exp
i ln

(
N exp

i

αNbkg
i + βN νES

i + δN
37Ar
i

)
]

+
(
α− 1
σα

)2
+
(
β − 1
σβ

)2
+
(
δ − 1
σδ

)2
, (7.29)

where Nbkg
i is the number of residual background events minus those due to νES

and 37Ar as found in the i-th electron recoil energy bin fit by the LZ collaboration,
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ν obtained from the analysis of the LZ data with the χ2

in Eq. 7.28 (black solid line) and the marginalized flavor components (dashed red lines).
The solid purple (orange) line shows the 90% CL upper bound on the effective neutrino
MM obtained in the XENONnT [74] (BOREXINO [142]) experiment.

and N 37Ar
i is the number of 37Ar background events found in the i-th bin fit by the

LZ collaboration, scaled such that the integral is equal to 96 events, as estimated

in Ref. [73]. We leave the latter free to vary in the fit with a Gaussian constraint

given by the nuisance parameter δ, which takes into account the uncertainty on

the 37Ar background, with σδ = 100%. In this case, we set σα = 13%, which is the

uncertainty on the expected number of background events provided in Ref. [73]

when not considering the 37Ar contribution. In Fig. 7.13 we show an example of

the νES prediction in the presence of a possible neutrino MM for the LZ spectrum

compared with the data, the SM νES prediction and the other background com-

ponents, considering e.g. µeff
ν = 2.8 × 10−11 µB, which corresponds to the previous

best limit at 90 % CL on the neutrino MM from Borexino [142].

7.2.2 LZ Constraints on the Neutrino Magnetic Moment

In Fig. 7.14 we show the marginal ∆χ2s at different confidence levels, obtained

using the χ2 in Eq. 7.28, for both the effective MM and the marginalization over

the three flavor components. The numerical values of the limits derived consider-

ing the three different flavors are reported in Tab. 7.6. At 90% CL, the bound on
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|µν |[×10−11µB] qν [×10−13e0]
FEA EPA

νeff < 1.1 [-3.0, 4.7] [-1.5, 1.5]
νe < 1.5 [-3.6, 6.5] [-2.1, 2.0]
νµ < 2.3 [-8.9, 8.8] [-3.1, 3.1]
ντ < 2.1 [-8.1, 8.1] [-2.8, 2.8]

Table 7.6: Limits on the neutrino magnetic moment and neutrino millicharge at 90% CL
obtained with a χ2 analysis as defined in Eq. 7.28. For the neutrino millicharge, the limits
are reported for both the FEA and the EPA formalism.

the effective neutrino MM we obtained is

µeff
ν < 1.1 × 10−11 µB, (7.30)

with the minimum of the chi-square being χ2
min = 100.0, which corresponds to

an integrated number of ∼50 νES events. It can be compared with the limit

recently reported by the XENONnT collaboration corresponding to µeff
ν < 6.4 ×

10−12 µB [74], which is about a factor of 2 more stringent due to their lower back-

ground with respect to LZ. Further neutrino MM analyses exploiting XENONnT

data can be found in Refs. [387–389]. These LZ and XENONnT limits, both ob-

tained using a LXe double-phase TPC technology originally designed to search for

dark matter and a similar analysis approach, are significantly tighter than the pre-

vious laboratory bounds, highlighting the potentiality that such a technique can

offer thanks to the low-energy threshold and low level of background achieved.

Finally, we investigated the possibility of leaving the 37Ar component free to

vary in the fit using a prior similar to that implemented by the LZ collaboration, as

defined in Eq. 7.29. Interestingly, the fit retrieves a number of 37Ar events similar

to that found by LZ, namely ∼ 48 with χ2
min = 99.6. Thus, also in this case, the

limits do not substantially change and for reference the bound on the effective

neutrino MM at 90% CL becomes µeff
ν (37Ar) < 1.2 × 10−11 µB. Fig. 7.16 (left) com-

pares the results we obtained from LZ data with other leading constraints, includ-

ing those from CEνNS presented in this thesis. We start by comparing our results

with the obtained by the Super-Kamiokande collaboration of 3.6 × 10−10µB (90%

CL), derived by fitting day/night solar neutrino spectra above 5 MeV. With addi-

tional information from other solar neutrino and KamLAND experiments a limit of

1.1 × 10−10µB (90% CL) was obtained [390]. The Borexino collaboration reported

the previous best current limit on the effective MM by laboratory experiments of
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2.8 × 10−11µB (90% CL) using the ER spectrum from solar neutrinos [142]. The

best MM limit from reactor antineutrinos is 2.9 × 10−11µB (90% CL) [68]. When

considering non-laboratory experiments, the most stringent limits on the neutrino

MM of up to ∼ 10−12µB come from astrophysical observations [391–393], which

however are rather indirect. A complete historical record of limits on the neu-

trino MM can be found in Ref. [19] and a large collection of existing bounds is

summarized in Fig. 7.16. It is possible to see that in our analysis of the LZ data

we significantly improve the limits on the electron, muon and tau neutrino MM

compared to the other laboratory bounds8. It is worth mentioning that after the

publication of our work, the LZ collaboration released their official analysis [103],

finding µeff
ν < 1.36 × 10−11 µB, which is very compatible with our results.

Remarkably, the results of our analysis have been considered in the latest version

of the particle data group [31] together with the official LZ limits.

-5 0 5 10
0

2

4

6

8

10

qν[10
-13e0]

Δ
χ
2

1σ

90% CL

2σ

99% CL

3σ

ν
ef
f

ν e
ffν
e

ν
τ

ν μ

E
P
A

E
P
A

E
PA

E
PA

FE
A

Figure 7.15: ∆χ2 profiles of the effective (solid black) and flavor dependent (dashed red)
neutrino millicharge obtained adopting the EPA formalism. As a comparison, the curve
for the effective neutrino millicharge under the FEA approximation is also shown (solid
blue).

8Let us note that one has to be careful when comparing laboratory bounds on the neutrino MMs
to the ones from solar neutrinos. Indeed, due to the phenomenon of neutrino oscillations, the
extracted constraints for MMs correspond to different combinations of the magnetic contributions
relative to the mass eigenstates [365]. In this sense, the comparison in Fig. 7.16 (left) should be
considered rather qualitative.
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7.2.3 LZ Constraints on the Neutrino Electric Charge

Given that for low ER energies the momentum transfer is small, the analysis of the

LZ data is expected to be particularly promising for millicharged neutrino searches.

Moreover, in this analysis, we adopt a more accurate approach to compute the

interaction of the millicharged neutrino with the atom. It is the so called equiva-

lent photon approximation (EPA) which relates the ionization cross section to the

photo-absorption one, and gives s a cross section more than one order of magni-

tude bigger than that obtained with the corrected FEA. Moreover, the EPA scheme

provides a very similar result when compared to ab-initio RRPA approach [81,

394]. In this regard, we can consider the neutrino EC limit obtained within the

FEA formalism as a conservative one. On the other hand, the EPA approach should

lead to tighter constraints on the neutrino millicharge. In particular, the EPA cross

section for a millicharged ultrarelativistic particle reads [81, 394]

dσνℓ

dTe

∣∣∣∣EC

EPA
= 2α

π

σγ(Te)
Te

log
[
Eν

mν

]
q2

νℓ
, (7.31)

where mν is the neutrino mass, and σγ(Te) is the photoelectric cross section by a

real photon, which can be extracted from Ref. [269] for Xe. By looking at Eq. 7.31

it can be seen that the cross section in the EPA approximation is independent of

the sign of the electric charge, differently from the case of the FEA approxima-

tion. We should underline that, although the EPA approach describes very well

the cross section for ER energies below a few keVs, it is known to underestimate

the scattering cross section for larger energies where the FEA formalism works

better. For this reason, we will rely on the EPA scheme only when its cross section

is larger than that of the corrected FEA, following the same procedure adopted in

Ref. [395]. In the following, for simplicity, we will refer to this strategy as EPA.

In Fig. 7.15 we present the limits on the neutrino EC obtained in this work within

the FEA and EPA formalisms, using the χ2 in Eq. 7.28. We note that the EPA cross

section depends on the neutrino mass, as can be seen in Eq. 7.31, which is not yet

precisely measured. We used a conservative value of mν = 1 eV, which is close

to the current laboratory upper bounds on the neutrino mass [19]. On the other

hand, we verified that the limit is not significantly modified even when considering

smaller values for mν . The 90% CL bounds on the effective millicharge are

FEA : − 3.0 < qeff
ν [10−13 e0] < 4.7, (7.32)
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EPA : − 1.5 < qeff
ν [10−13 e0] < 1.5. (7.33)

The values for the flavor-dependent neutrino millicharges are summarized in Tab. 7.6

both for the FEA and EPA analyses. It is clear that the limits obtained with the more

realistic EPA formalism are much stronger than those obtained within FEA and

hence, for simplicity, in Fig. 7.15 we showed only the effective EC limit for FEA.

We note also that the limits obtained with FEA are comparable with those reported

in Ref. [387], which exploits the ER energy efficiency derived in this work for the

LZ analysis, and are less stringent than those obtained with XENONnT [387, 388].

On the other hand, the limits obtained adopting EPA when analyzing the LZ data

are even stronger than the XENONnT limits obtained in Refs. [387, 388] that were

determined using FEA.

For completeness, also in this case we investigated the impact of repeating the

analysis leaving the 37Ar component free to vary, similarly to what was done for

the neutrino MM limits. In this case, the bounds on the effective neutrino mil-

licharge become

FEA : − 3.3 < qeff
ν (37Ar) [10−13 e0] < 5.0, (7.34)

EPA : − 1.6 < qeff
ν (37Ar) [10−13 e0] < 1.5. (7.35)

As before, leaving the 37Ar component free to vary does not impact significantly

the results. Moreover, we foresee that, in the future, this should be even less prob-

lematic given that 37Ar has a half-life of about 35 days and thus should be not

present in future LZ data samples.

Fig. 7.16 shows a collection of existing bounds coming from different experi-

ments. It can be seen that the limits derived using the LZ data and the more

realistic EPA formalism significantly improve the previous best laboratory limits,

that for the electron neutrino electric charge was obtained in Ref. [369] by com-

bining TEXONO [66] and GEMMA [68] data, finding |qνe| < 1.0 × 10−12 e0. Also in

this case we can compare our results with the official LZ limit for the neutrino elec-

tric charge obtained using a different approach to describe the interaction [103]:

qeff
ν < 2.24 × 10−13e0, which are a bit weaker compared to the results of our anal-

ysis. Also for the neutrino EC, the results of our analysis have been considered

in the latest version of the particle data group [31] together with the official LZ

limits.
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Figure 7.16: Summary of existing limits at 90% CL on the neutrino magnetic moment
(left) and the neutrino millicharge (right) coming from a variety of experiments [19, 66,
68, 76, 142, 359–362, 372, 390, 396]. The limits are divided in flavor components µνe

(qνe) (dots), µνµ (qνµ) (crosses), and µντ (qντ ) (diamonds) and also the ones on the ef-
fective magnetic moment µeff

ν (qeff
ν ) (squares) are shown. In orange, we highlighted the

best limits before the LZ data release and in red the XENONnT limit on the MM [74]. The
results derived from our analysis of the LZ data [4] are shown by the blue stars both for
the effective parameter and divided in flavors.
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8
Direct Search for New Neutral Boson Mediators

Opening

This chapter explores extensions of the SM through additional U(1)′ gauge

groups, which generate new light vector mediators. The phenomenology of

interactions involving a light scalar boson mediator will also be considered.

Since the COHERENT CEνNS data are well-fitted with the cross section

predicted by the SM, the analysis of the data yields constraints for the mass

and coupling of the new boson mediator that depends on the charges of

quarks and neutrinos in each model under consideration. We will compare

these constraints with limits obtained from other experiments and examine

their compatibility with the values required to explain the longstanding

muon g − 2 anomaly, particularly in models where the muon couples to

the new boson mediator. Most of the results presented here are based on

Ref. [4]. Additionally, the expected sensitivity to light mediators for future

CEνNS experiments, based on ongoing work, will be discussed.

8.1 U(1)′ Models and the (g − 2)µ Anomaly

The search for extensions of the SM is of pivotal importance to enhance our un-

derstanding of the fundamental laws of nature, and one possible way is to look

for new particles. If the SM is extended to include a new gauge symmetry U(1)′,

we can study the interaction of the corresponding massive gauge boson with Stan-

dard Model fermions. Therefore, we also consider the BSM scenarios in which

the new physics manifests through a novel interaction mediated by a light vector

boson, usually called Z ′, or scalar boson, usually named ϕ. Historically, one of the

strongest motivations behind the Z ′ searches was the possibility of explaining the

long-standing tension between experimental measurements and the SM prediction
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of the muon anomalous magnetic moment, so-called (g− 2)µ anomaly, in terms of

such light mediator hypotheses. The muon magnetic moment, indicated as gµ, is

predicted to be equal to 2 at tree level, and radiative corrections are responsible

for a deviation from this value, which originates an anomalous muon magnetic

moment [397]. For this reason, the muon anomalous magnetic moment is usually

parameterized in terms of aµ = (gµ −2)µ/2, which accounts for the deviation of the

value of the anomalous magnetic moment compared to its tree-level value. From

the theoretical point of view, the SM prediction of the muon anomalous magnetic

moment is defined as a sum of different contributions involving loop diagrams

from QED, electroweak diagrams plus hadronic contributions. Therefore, aµ has

the potential to be sensitive to new physics effects which might arise at the loop

level, but the calculation is also quite challenging (see e.g. Refs. [398, 399] for a

review).

Here an intriguing anomaly has emerged: recently, the Fermilab Muon g−2 experi-

ment [400] confirmed their previous measurement [400, 401] and the 2006 result

by the Muon E821 experiment at Brookhaven National Laboratory [402], leading

to the combined ∼ 5σ deviation from the SM gµ prediction. Specifically, the dis-

crepancy between the SM expectation (aSM
µ ) and the experimental measurement

(aexp
µ ) gives

∆aµ = (24.9 ± 4.8) × 10−10, (8.1)

where ∆aµ = aexp
µ −aSM

µ . Even if the (g−2)µ anomaly has been notably considered

as an indication of physics beyond the SM [403–432], recent developments from

lattice calculation re-evaluated the hadronic vacuum polarization contribution to

the muon anomalous magnetic moment [31, 433–435] pointing toward a mitiga-

tion of the tension. For this reason, the (g − 2)µ anomaly picture might change in

the near future. Indeed, light mediator models [328, 436–444] have been invoked

to solve the tension [403, 439]. Specifically, an additional neutral boson B with

mass mB, which interacts with muons with coupling gB, contributes to the muon

anomalous magnetic moment with [445]

δaB
µ = g2

B

8π2

∫ 1

0
dx

Q(x)
x2 + (1 − x)m2

B/m
2
µ

(8.2)
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where Q(x) depends on the scalar or vector nature of the neutral boson B

Q(x) =

 x2 (2 − x) (scalar),

2x2 (1 − x) (vector).
(8.3)

The most appealing candidate models to solve the anomaly must present a direct

interaction with the muonic flavor. In this sense, the COHERENT measurements

of CEνNS provide a suitable setup to search for the mentioned signatures thanks

to the presence of a νµ and ν̄µ neutrino flux. The diagrams mediating the CEνNS

process in the presence of a new mediator are shown in Fig. 8.1, with Z ′ vector in-

teraction in the left panel and a scalar interaction mediated by ϕ in the right panel.

Moreover, light mediator models have gained significant popularity also because

Z ′

(Z,N)

( — )

ν e,µ,τ

(Z,N)

( — )

ν e,µ,τ

ϕ

(Z,N)

( — )

ν e,µ,τ

(Z,N)

( — )

ν e,µ,τ

Figure 8.1: Feynman diagrams depicting the CEνNS process via a new mediator. The
left panel shows the interaction mediated by a Z ′ vector boson, while the right panel
represents the scalar interaction mediated by ϕ. The U(1)’ charges of quarks and leptons
in the vector mediator models considered are reported in Tab. 8.1.

they can alleviate the well-known cosmological Hubble tension [446] and might

play a significant role in the process of supernovae explosion [447, 448], which

makes it particularly relevant to test these model using available data. We will

present the constraints obtained by analysing the COHERENT 2022 CsI data [163]

and the COHERENT 2020 LAr data [159, 186] when considering the vector and

scalar models. We will consider a smaller ensemble of models with respect to

Ref. [2], where a more detailed discussion of Z ′ was provided. The constraints

will be presented as exclusion limits in the mass and coupling of the light vector

or scalar boson mediator parameter space and will be compared to the constraints

coming from other experimental measurements.
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8.1.1 Light Vector Z ′ Models

Here we are interested in the interaction vertex that describes the interaction of

the Z ′ vector boson with the neutrino and quark fields, as schematically shown in

the left panel of Fig. 8.1. The generic Lagrangian responsible for the interaction is

LV
Z′ = −Z ′

µ

 ∑
ℓ=e,µ,τ

gνℓV
Z′ νℓLγ

µνℓL +
∑

q=u,d

gqV
Z′ qγµq

 , (8.4)

where gqV
Z′ and gνℓV

Z′ are the coupling constants, whose structure depends upon

the specific model considered and their strength is a free parameter of the model.

The coupling constants are proportional to the charges Q′
q and Q′

ℓ of quarks and

neutrinos under the new gauge symmetry: gqV
Z′ = gZ′Q′

q and gνℓV
Z′ = gZ′Q′

ℓ, where

gZ′ is the coupling constant of the symmetry group. Since both the SM and the

Z ′ interactions are of vector type, they contribute coherently to the CEνNS cross

section. Moreover, since the vector current is conserved, the proton and neutron

coupling are given by the sums of the couplings of their valence quarks. Therefore,

the total cross section is obtained by replacing the SM weak charge QV
ℓ,SM with the

new total weak charge (see App. C)

QV
ℓ,SM+V = QV

ℓ,SM+ g2
Z′Q′

ℓ√
2GF (|q⃗|2 +M2

Z′)
[
(2Q′

u +Q′
d)ZFp(|q⃗|2) + (Q′

u + 2Q′
d)NFn(|q⃗|2)

]
,

(8.5)

with |q⃗|2 ≃ 2MTnr. There are many models beyond the SM with an additional

massive Z ′ vector boson associated with a new U(1)′ gauge symmetry [449]. A

necessary requirement is that the theory is anomaly-free. However, it is possible to

consider effective anomalous models that describe the interactions of SM fermions

with the implicit requirement that the contributions of the non-standard fermions

of the full theory cancel the anomalies. This is the case of the first model that

we consider: a Z ′ boson which couples universally to all SM fermions [311, 450–

455]. In this case Q′
ℓ = Q′

u = Q′
d = 1, and the coupling is same for all the fermions.

Other models that we consider are anomaly-free if the SM is extended with the

introduction of three right-handed neutrinos (see, e.g., Ref. [456]), which are also

beneficial for the generation of the neutrino masses [17, 19]. In this case, there is

an infinite set of anomaly-free U(1)′ gauge groups generated by

G(c1, c2, c3, ce, cµ, cτ ) = c1B1 + c2B2 + c3B3 − ceLe − cµLµ − cτLτ , (8.6)
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Model Q′
u Q′

d Q′
e Q′

µ Q′
τ

universal 1 1 1 1 1

B − L 1/3 1/3 −1 −1 −1

B − 3Le 1/3 1/3 −3 0 0

B − 3Lµ 1/3 1/3 0 −3 0

B − 2Le − Lµ 1/3 1/3 −2 −1 0

B − Le − 2Lµ 1/3 1/3 −1 −2 0

By + Lµ + Lτ 1/3 1/3 0 1 1

Le − Lµ 0 0 1 −1 0

Le − Lτ 0 0 1 0 −1

Lµ − Lτ 0 0 0 1 −1

Table 8.1: The U(1)′ charges of quarks and leptons in the vector mediator models consid-
ered in our work [2].

where B1, B2, and B3 are the baryon numbers of the three generations and Lα are

the lepton numbers for α = e, µ, τ . We assume that for each generation the U(1)′

couplings of the right-handed neutrino are the same as that of the left-handed

neutrino in order to have vectorial U(1)′ interactions. Therefore, we extend the

SM gauge group SU(3)C ⊗ SU(2)L ⊗ U(1)Y to SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)′.

The request for an anomaly-free theory leads to the condition [4]

c1 + c2 + c3 − ce − cµ − cτ = 0. (8.7)

It is often assumed that the quark charges are universal, in order to avoid

unobserved flavor-changing neutral currents in the quark sector. In this case, we

have

GB(cB, ce, cµ, cτ ) = cBB − ceLe − cµLµ − cτLτ , (8.8)

with the constraint [457, 458]

3cB − ce − cµ − cτ = 0. (8.9)

Here B = B1 + B2 + B3 is the usual baryon number. In this work, we consider

the models listed in Tab 8.1, and the expected event rate are shown in Fig. 8.2 for

fixed values of the coupling gZ′ and light mediator mass mZ′. Remarkably, these
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Figure 8.2: Predicted CEνNS differential event rates corresponding to the experimental
configuration and data taking time of the COHERENT Ar and CsI detectors for different
vector mediator models considered in this work.

models predict a considerable enhancement of the expected rate for small values

of Tnr because of the propagator in Eq. 8.5. Moreover, in the case of the universal

Z ′ model, there is a deep dip due to a cancellation between the negative SM and

the positive Z ′ contributions to the weak charge in Eq. 8.5. This occurs only in

the universal model because only in this case all the quark and lepton charges are

positive and both νe and νµ interact with the Z ′. Indeed, there is a cancellation for

Tnr = − 1
2M

(
3g2

Z′√
2GF

ZFp(|q⃗|2) +NFn(|q⃗|2)
gp

VZFp(|q⃗|2) + gn
VNFn(|q⃗|2) +M2

Z′

)
, (8.10)

which occurs at Tnr ≃ 92 keV for Ar and Tnr ≃ 27 keV for CsI in Fig 8.2. Considering

the last three models in Tab. 8.1, the Z ′ vector boson does not couple to quarks

and there are no tree-level interactions that contribute to CEνNS , as shown in the

Feynman diagram in the left panel of Fig. 8.3. However, there is kinetic mixing of

the Z ′ and the photon at the one-loop level that induces a contribution to CEνNS

through the photon interaction with quarks [443, 459–461]. The CEνNS cross

section in these three models is [454, 459]1

(
dσ

dTnr

)νℓ−N

Lα−Lβ

(E, Tnr) = G2
FM

π

(
1 − MTnr

2E2

)
(8.11)

×
{[
gp

V (νℓ) +
√

2αEMg
2
Z′ (δℓαεβα(|q⃗|) + δℓβεαβ(|q⃗|))
πGF (|q⃗|2 +M2

Z′)

]
ZFp(|q⃗|2) + gn

VNFn(|q⃗|2)
}2

,

where αEM is the electromagnetic fine-structure constant and εβα(|q⃗|) is the one-

1We correct here the sign of the Z ′ contribution with respect to that used in Ref. [454]. Let us
also note that in the analysis in Ref. [461] the Z ′ contribution has the correct sign, but there is an
additional factor 1/2 that is incorrect, as shown in App. C.
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Figure 8.3: Left panel: Feynman diagram representing the CEνNS process mediated by a
Z ′ model which interacts only with the α and β flavors. The interaction with the nucleus
happens at the loop level through the kinetic mixing between the Z ′ boson and the SM Z0

or γ. The loop kinetic mixing coupling εβα in Eq. 8.12 is shown in the right panel for each
of the three Lα − Lβ symmetries as a function of q = |q⃗| ≃

√
2MTnr in the range of the

COHERENT CEνNS data.

loop kinetic mixing coupling, that is given by [443, 460, 461]

εβα(|q⃗|) =
∫ 1

0
x(1 − x) ln

(
m2

β + x(1 − x)|q⃗|2

m2
α + x(1 − x)|q⃗|2

)
dx , (8.12)

where mβ and mα are the charged lepton masses.

Note that the Z ′ contribution is invariant for α ⇆ β since Lα −Lβ and Lβ −Lα

are physically equivalent. Note also that the sign of the loop contribution of the i

charged lepton to νℓ scattering is given by −Q′
iQ

′
ℓ, where the minus comes from the

negative electric charge of the charged lepton propagating in the loop. Therefore,

the mass of the charged lepton with the same flavor ℓ of the scattering neutrino is

always at the denominator of the logarithm in Eq. 8.12 and the mass of the other

charged lepton taking part to the new symmetry is always at the numerator. The

right panel of Fig. 8.3 shows the behaviour of εβα(|q⃗|) for each of the three Lα −Lβ

symmetries as a function of |q⃗| in the range of the COHERENT CEνNS . One can

see that only ετµ is almost constant, because |q⃗| ≪ mτ and |q⃗| < mµ. In this case,

it is possible to approximate ετµ ≃ ln(m2
τ/m

2
µ)/6, as done in Refs. [454, 455, 459].

On the other hand, for the symmetries Le − Lµ and Le − Lτ the |q⃗| dependence

of εβα on |q⃗| must be taken into account, because |q⃗| ≫ me. Fig. 8.4 illustrates

the effects of the Z ′ contribution to the CEνNS differential event rates that are
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Figure 8.4: Predicted CEνNS differential event rates corresponding to the experimental
configuration and data taking time of the COHERENT Ar and CsI detectors in the vector
mediator models considered in this work.

predicted for the COHERENT Ar and CsI detectors in the Lα −Lβ models. In these

figures, we choose gZ′ = 2 × 10−3 and MZ′ = 10 MeV and we compared the model

predictions with that of the SM.

In the case of the Lµ −Lτ model the Z ′ contribution to QV
µ,SM+V is positive and

there can be a cancellation with the negative SM contribution.

8.1.2 Light Scalar Mediator

Non-standard neutrino interactions mediated by a scalar boson ϕ are possible if the

SM fermion content is extended with the addition of right-handed neutrinos. The

generic Lagrangian that describes the interaction of ϕ with neutrinos and quarks

is

LS
ϕ = −ϕ

 ∑
ℓ=e,µ,τ

gνℓ
ϕ νℓ νℓ +

∑
q=u,d

gq
ϕ q q

 , (8.13)

where νℓ = νℓL +νℓR and gνℓ
ϕ and gq

ϕ are the coupling constants. The contribution of

the scalar boson interaction adds incoherently to the SM cross section [100, 312,

462–464]
dσνℓ-N

dTnr
=
(
dσνℓ-N

dTnr

)
SM

+
(
dσνℓ-N

dTnr

)
scalar

, (8.14)

with (
dσνℓ-N

dTnr

)
scalar

= M2Tnr

4πE2
(gνℓ

ϕ )2Q2
ϕ

(|q⃗|2 +M2
ϕ)2 , (8.15)

where Qϕ is the scalar charge of the nucleus, given by

Qϕ = ZFp(|q⃗|2)
∑

q=u,d

gq
ϕ⟨p|q̄q|p⟩ +NFn(|q⃗|2)

∑
q=u,d

gq
ϕ⟨n|q̄q|n⟩. (8.16)
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Figure 8.5: Predicted CEνNS differential event rates corresponding to the experimental
configuration and data taking time of the COHERENT Ar and CsI detectors in the universal
scalar mediator model.

It is sometimes written as [100, 312, 463, 464]

Qϕ = ZFp(|q⃗|2)
∑

q=u,d

gq
ϕ

mp

mq

fp
q +NFn(|q⃗|2)

∑
q=u,d

gq
ϕ

mn

mq

fn
q , (8.17)

with the quark contributions to the nucleon masses

fN
q = mq

mn

⟨N|q̄q|N⟩, (8.18)

for N = p, n. Since the scalar currents are not conserved, the scalar charges of the

nucleons are not simply given by the sums of the charges of their valence quarks,

as in the case of a vector boson mediator (see Eq. 8.5). The proton and neutron

matrix elements of the scalar quark current must be calculated [465–468]. For

simplicity, we consider equal couplings for the u and d quarks and equal couplings

for νe and νµ

gu
ϕ = gd

ϕ = gq
ϕ and gνe

ϕ = g
νµ

ϕ = gν
ϕ. (8.19)

Then, we have

Qϕ = gq
ϕ

[
ZFp(|q⃗|2)⟨p|ūu+ d̄d|p⟩ +NFn(|q⃗|2)⟨n|ūu+ d̄d|n⟩

]
. (8.20)

Considering the isospin approximation, we obtain2

⟨p|ūu+ d̄d|p⟩ = ⟨n|ūu+ d̄d|n⟩ = ⟨N |ūu+ d̄d|N⟩ = σπN

mud

, (8.21)

2We neglect the small |q⃗|-dependent corrections discussed in Ref. [41].
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where mud = (mu + md)/2 and σπN is the pion-nucleon σ-term that has been de-

termined in different ways in the literature (for a recent review see Ref. [469]).

Recent values have been obtained from pionic atoms and pion-nucleon scatter-

ing [465, 470, 471] and from lattice calculations [466, 468]. Since there are

large uncertainties on the values of σπN and mud, we choose a reference value for

σπN/mud given by the ratio of the central value of σπN determined in Ref. [465]

(σπN = 59.1 MeV) and the central PDG values [19] mu = 2.16 MeV md = 4.67 MeV,

that gives (
σπN

mud

)
ref

= 17.3, (8.22)

that allows us to write the scalar cross section 8.15 as(
dσνℓ-N

dTnr

)
scalar

= M2Tnr

4πE2
g̃4

ϕ

(|q⃗|2 +M2
ϕ)2

(
σπN

mud

)2

ref

[
ZFp(|q⃗|2) +NFn(|q⃗|2)

]2
, (8.23)

with

g̃2
ϕ = gνℓ

ϕ g
q
ϕ

σπN/mud

(σπN/mud)ref
. (8.24)

In this way, the results of other calculations can be compared with our results

by appropriate rescaling of g̃ϕ according with the assumptions. We guess that g̃ϕ

is practically equal to gϕ in Ref. [307], where the expression 8.17 was used for

the scalar charge of the nucleus, with the values of the fN
q ’s given in Ref. [465],

although the assumed values of the quark masses are not specified. Indeed, the

values of the fN
q ’s in Ref. [465] have been obtained from the value of σπN using

Eq. (13) of Ref. [472], which implies

∑
q=u,d

mp

mq

fp
q =

∑
q=u,d

mn

mq

fn
q = σπN

mud

. (8.25)

On the other hand, the approach in Refs. [100, 453, 473] considered different val-

ues for the proton and neutron matrix elements in Eq. 8.20: ⟨p|ūu + d̄d|p⟩ = 15.1
and ⟨n|ūu+ d̄d|n⟩ = 14. These values correspond to a rather large 8% violation of

the isospin symmetry. Let us also note that our treatment neglected the contribu-

tion of the strange and heavier quarks, whose contributions to the nucleon mass

have very large uncertainties (see, e.g., Table 4 of Ref. [474]). If one wants to

consider them, their contributions can be taken into account by rescaling appro-

priately g̃ϕ, assuming that the coupling of ϕ with all quarks is the same.

Fig. 8.5 illustrates the effect of the scalar boson mediator on the CEνNS differ-

ential event rates that are predicted for the COHERENT Ar and CsI detectors for
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g̃ϕ = 10−4 and Mϕ = 50 MeV. One can see that the total CEνNS rates are larger

than the SM rates for all values of Tnr, because the scalar boson cross section adds

incoherently to the SM cross section, according to Eq. 8.14. In the two panels of

Fig. 8.5 one can also notice that the total CEνNS rates represented by the grey

lines have small discontinuities at Tnr = 47.7 keV for Ar and Tnr ≃ 15 keV for CsI.

These values correspond to the maximum nuclear kinetic energy Tmax
nr = 2E2

ν/mN

for the monoenergetic νµ from pion decay (Eν = 29.8 MeV), as shown by the

green-dashed lines that represent the νµ contributions. One can see that there is

an effect also for the SM differential event rates, which change the slope at the

same values of Tnr. The effect for the scalar boson contribution is larger because

it is enhanced by the Tnr in the numerator of the scalar cross section, see Eq. 8.15.

Such a dependence causes also the decrease of the scalar contribution for very low

values of Tnr that is visible in Fig. 8.5.

8.2 Constraints on Light Mediator Models

In this section, we present the results of the analyses of the COHERENT CsI and

Ar data with the light-mediator models described in Sec. 8.1. Since the data are

fitted well by the SM CEνNS prediction, we obtain constraints on the mass and

coupling of the light mediator in each model. Let us note that the constraints that

can be obtained with previous COHERENT CsI and Ar data have been presented in

Refs. [450, 454, 461, 475–477] for the more popular universal, B−L, and Lµ −Lτ

models.

In the following subsections, we present the 2σ limits obtained from the CO-

HERENT Ar and CsI data for the models discussed in Sec. 8.1 and we compare

them with the constraints of other experiments by using the darkcast [478] code

for recasting the limits in the different models under consideration. In particular,

we compare the constraints on the light vector boson mediator obtained from the

COHERENT data with the excluded regions obtained from searches of visible dark

photon decays in beam dump (E141 [479], E137 [480], E774 [481], KEK [482],

Orsay [483–485], ν-CAL I [486–489], CHARM [490, 491], NOMAD [492], and

PS191 [493, 494]), fixed target (A1 [495] and APEX [496]), collider (BaBar [497],

KLOE [498, 499], LHCb [500]), and rare-meson-decay (NA48/2 [501]) exper-

iments, and searches of invisible dark photons decays in the NA64 [502] and

BaBar [503] experiments. We also compare the constraints with the excluded
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CsI+Ar
model gZ′(low MZ′)

gZ′

MZ′
(high MZ′)

universal 2.07 × 10−5 0.48 × 10−3

B − L 4.42 × 10−5 0.99 × 10−3

Lµ − Lτ 103 × 10−5 24.2 × 10−3

g̃ϕ(low Mϕ)
g̃ϕ

Mϕ

(high Mϕ)

scalar 1.68 × 10−5 0.30 × 10−3

Table 8.2: The 2σ upper bounds on the coupling of the new boson mediator obtained
from the combined analyses of the Ar and CsI COHERENT CEνNS data for low and high
values of the boson mass for the selection of the models considered in this thesis. gZ′/MZ′

and g̃ϕ/Mϕ are in units of GeV−1. See Tab. II of Ref. [2] for the constraints on the models
listed in Tab. 8.1.
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Figure 8.6: Excluded regions (2σ) in the MZ′-gZ′ plane for the universal vector mediator
model (left panel), B − L vector mediator (right panel).

regions obtained from the global analysis of oscillation data (OSC)[504].

8.2.1 Universal Z ′ model

Fig. 8.6 shows the 2σ limits that we obtained from the COHERENT Ar and CsI

data for the universal Z ′ model [311, 450–455]. The black lines delimits the 2σ
allowed regions obtained from the combined analysis of the CsI and Ar data, while

the blue and red lines delimit the excluded regions obtained from the CsI and Ar

data, respectively. Considering the combined analysis of the CsI and Ar data, one

can see that in the low-mass region the black line, which represents the upper
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boundary of the 2σ allowed region, flattens due to the fact that the contribution of

the Z ′ boson mass to QV
ℓ,SM+V is small. This happens for MZ′ ≪ 100 MeV, because

gZ′ is small and the boundary does not depend on MZ′ since |q⃗| ≫ MZ′ in the Z ′

boson propagator. On the other hand, for higher masses, the contribution of the Z ′

boson is suppressed by a large MZ′, which is dominant in the propagator, and the

boundary is given by a diagonal line proportional to MZ′. The numerical values of

the 2σ limits in these two simple cases are given in Table 8.2. In the upper-middle

part of Fig. 8.6, for the universal model, one can see that a thin diagonal strip is

present: this is generated by the degeneracy between the SM cross section and the

light mediator contribution,QV
ℓ,SM+V ≃ −QV

SM. Neglecting the form factors and the

small proton SM contribution, one can find that the thin allowed strip corresponds

to

(guniv
Z′ )strip ≃

√
N

A

√
2GFM2

Z′

3 ≃ 1.8 × 10−3 MZ′

GeV
, (8.26)

taking into account that (N/A)Ar ≃ (N/A)CsI ≃ 0.58. Note that the existence of

the allowed strip in the universal model is related to the possibility of having a

cancellation of the CEνNS differential event rate as a consequence of the different

signs of the SM and Z ′ contributions to QV
ℓ,SM+V as shown in Eq. 8.10. Indeed, all

the models that can have a cancellation of the CEνNS differential as discussed in

Sec. 8.1 (i.e. the universal, By + Lµ + Lτ , Le − Lτ , and Lµ − Lτ models) have an

allowed strip. The cancellation occurs in the excluded parameter space between

the lower allowed region and the thin allowed strip for

(guniv
Z′ )canc ≃

√
N

A

√
2GFM2

Z′

6 ≃ 1.3 × 10−3 MZ′

GeV
, (8.27)

where we neglected the form factors and the small proton SM contribution. One

can see from Fig. 8.6 that the limits obtained from the CsI data are stricter than

those obtained from the Ar data and are close to those of the combined fit.

In Fig. 8.6 we compared the limits obtained from the COHERENT CEνNS data

with those of non-CEνNS experiments and those of the CONNIE reactor CEνNS

experiment [204]. Fig. 8.6 shows also the (g − 2)µ 2σ allowed band which can

explain the anomalous magnetic moment of the muon in this model [401, 403].

One can see that the explanation of the (g− 2)µ anomaly with the universal model

is excluded by the combination of the non-CEνNS exclusion limits in Fig. 8.6, by

the CONNIE CEνNS bounds alone, and by the COHERENT CEνNS limits alone,

which confirm and extend the CONNIE CEνNS bounds. Moreover, the COHER-

177



CHAPTER 8. DIRECT SEARCH FOR NEW NEUTRAL BOSON MEDIATORS

ENT CEνNS limits extend the total exclusion region by covering a previously not-

excluded area for 20 MeV ≲ MZ′ ≲ 200 MeV and 2 × 10−5 ≲ gZ′ ≲ 10−4. The new

COHERENT CEνNS limits are consistent with those obtained in Ref. [454] using

the first COHERENT CsI data and slightly extend the COHERENT CEνNS exclu-

sion region. It is worth mentioning that the inclusion of the electron scattering

channel, which has not been included in this work, is responsible for a significant

improvement of the constraints for MZ′ ≲ 0.1 MeV [227, 314].

8.2.2 B-L model

The gauged B − L model is the most popular Z ′ model (see, e.g., the reviews in

Refs. [449, 505, 506]) and its effects in CEνNS have been studied in Refs. [307,

454, 455, 504, 507] using previous COHERENT data. The right panel of Fig. 8.6

shows the 2σ limits that we obtained from the COHERENT Ar and CsI data, com-

pared with the limits obtained from other experiments and the (g−2)µ 2σ allowed

band in this model. One can see that the bounds obtained by experiments using

only leptonic probes are the same as those for the universal model in Fig. 8.6, be-

cause of the same magnitudes of the lepton charges (see Tab. 8.1). The coupling

gZ′ is well constrained by the accelerator experiments for large values of MZ′ and

fixed target experiments for small values of MZ′. Note also that the allowed re-

gion for (g − 2)µ is the same as that in the universal model, because the magnetic

moment of the muon is not dependent on the couplings of quarks.

On the other hand, the CEνNS bounds are different from the universal model,

because the Z ′ contribution to QV
µ,SM+V is negative and adds to the negative SM

contribution. Therefore, in Fig. 8.6 there are only the upper bounds shown by

the blue-dashed, red-dashed, and black-solid lines that we obtained from the CsI,

Ar, and combined analyses, respectively. These limits have the same behaviour

as the corresponding ones discussed in Subsec. 8.2.1 for the universal model but

are weaker because the quark charges are smaller by a factor of 3, as shown in

Tab. 8.1. The numerical values of the limits for small and large values of MZ′ are

given in Table 8.2.

Fig. 8.6 shows that, as in the universal model, the COHERENT CEνNS limit

confirms the exclusion of the explanation of the (g − 2)µ anomaly with the B −
L model and extends the total exclusion region of non-CEνNS experiments by

covering a previously not-excluded area for 10 MeV ≲ MZ′ ≲ 200 MeV and 5 ×
10−5 ≲ gZ′ ≲ 3 × 10−4. Also in this case, the new COHERENT CEνNS limits are

178



CHAPTER 8. DIRECT SEARCH FOR NEW NEUTRAL BOSON MEDIATORS

consistent with those obtained in Ref. [454] using the first COHERENT CsI data

and slightly extend the COHERENT CEνNS exclusion region.

8.2.3 Lµ − Lτ model

The left panel of Fig. 8.7 shows the 2σ limits that we obtained from the COHER-

ENT Ar and CsI data in the popular Lµ −Lτ model [436, 454, 455, 459–461, 508,

509].

From Fig. 8.7, one can also see that there is an allowed diagonal strip that is

the region of the parameters where QV
ℓ,SM+V ≃ −QV

SM, which is due to the differ-

ent signs of the SM and Z ′ contributions to QV
ℓ,SM+V, as discussed above. Since

ετµ ≃ ln(m2
τ/m

2
µ)/6, as discussed in Subsec. 8.1.1, the allowed diagonal strip cor-

responds to

(gLµ−Lτ

Z′ )strip ≈

√√√√N

Z

6πGFM2
Z′√

2αEM ln(m2
τ/m

2
µ)

≈ 7 × 10−2 MZ′

GeV
, (8.28)

where we considered N/Z ≈ 1.3. One can see from Fig. 8.7 that in the Lµ −
Lτ model there are several non-CEνNS constraints whose combination is more

stringent than those given by the current COHERENT CEνNS data: CMS [510]

(Z → Z ′µµ → 4µ), BaBar [511] (e+e− → Z ′µµ → 4µ), CCFR [512, 513] (neutrino

trident production), and Borexino [509, 514, 515] (Z ′-mediated solar neutrino

interactions). These non-CEνNS constraints exclude the allowed diagonal strip

corresponding to Eq. 8.28. On the other hand, they do not completely exclude the

(g− 2)µ 2σ allowed band in this model, that is shown in Fig. 8.7. One can see that

the part of this band for 10 MeV ≲ MZ′ ≲ 200 MeV and 3 × 10−4 ≲ gZ′ ≲ 10−3

eludes the exclusions, but will be covered by future COHERENT experiments as

discussed in Sec. 8.3.

8.2.4 Scalar model

The right panel of Fig. 8.7 shows the 2σ limits that we obtained from the CO-

HERENT Ar and CsI data in the scalar boson mediator model described in Sub-

sec. 8.1.2. The figure shows also the (g − 2)µ 2σ allowed band in this model

and the constraints obtained from the measurement of neutrons scattering on a
208Pb target [516–518], the measurement of τ , mesons, and Z decays [519–524],

and double-beta decay experiments [519, 525–527] (see also the summary in

179



CHAPTER 8. DIRECT SEARCH FOR NEW NEUTRAL BOSON MEDIATORS

10−2 10−1 100 101 102

MZ ′ [GeV]

10−5

10−4

10−3

10−2

10−1

g Z
′

(g − 2)µ

Lµ-Lτ vector boson

CsI

Ar

CsI+Ar

CMS 4µ

CCFR

Borexino

BaBar

10−3 10−2 10−1 100 101 102

Mφ [GeV]

10−6

10−5

10−4

10−3

10−2

10−1

g̃ φ

scalar boson

CsI

Ar

CsI+Ar

(g − 2)µ

n-Pb

lab decay

0νββ

Figure 8.7: Excluded regions (2σ) in the MZ′-gZ′ plane for the Lµ − Lτ vector mediator
(left panel) and scalar model (right panel).

Ref. [473]). One can see from Fig. 8.7 that the COHERENT CEνNS constraints are

much more stringent than the non-CEνNS bounds for Mϕ ≳ 2 MeV and they ex-

clude the explanation of the (g− 2)µ anomaly in the scalar boson mediator model.

8.3 Projections on Light Mediator Models From Fu-

ture CEνNS Detectors

The aim of this concluding section is to highlight the potential of the upcoming

COH-Cryo-CsI and NUCLEUS detectors in constraining light mediator models. The

studies presented will focus on the Lµ −Lτ model for the COH-Cryo-CsI detectors,

while the NUCLEUS sensitivities will address the universal3 light mediator sce-

nario. We anticipate that the Cryo-CsI constraints will surpass those from the

Ar-750 detector, primarily due to the lower experimental threshold. A more de-

tailed analysis regarding the COHERENT sensitivities, including a broader range

of models and the Ar-750 constraints, will be presented in an upcoming publi-

cation. The sensitivities are obtained by considering 3 SNS-years of data taking

for COH-Cryo-CsI and 3 years of exposure with 0.8 reactor duty cycle factor for a

NUCLEUS-like detector located at the VNS.

The results are presented in Fig. 8.8. The left panel shows the constraints on

the Lµ − Lτ model, where, thanks to the increased statistics and the lower energy

3Since reactor data consist of ν̄e, they cannot be used to probe the Lµ − Lτ model.
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three years of exposure and 0.8 duty cycle factor.

threshold, the new Cryo-CsI detectors will substantially improve the constraints

compared to the current CsI ones. Notably, the results from COH-Cryo-CsI I are

in perfect agreement with the official COHERENT results reported in Ref. [187].

Looking forward, the future COH-Cryo-CsI II detectors will explore nearly the en-

tire parameter space for explaining the (g − 2)µ anomaly in terms of a Lµ − Lτ

gauge boson for MZ′ ≲ 200 MeV.

The right panel of Fig. 8.8 shows the expected sensitivity for the universal light

mediator model under different physics cases. The sensitivities are compared with

existing CEνNS constraints from COHERENT (Fig. 8.6), CONUS [208] and CON-

NIE [204]. For future perspectives with the CONUS experiment refer to Refs. [343,

528].

Since light vector mediator models predict an enhancement of the event rate

at low energies, as shown e.g. Fig. 8.2, the NUCLEUS-like experiment located at

the VNS will significantly benefit from the exceptionally low threshold of 20 eVnr

assumed in this study. Here we do not consider the situation where the NUCLEUS

detector is located 15 meters from the reactor core, which would benefit from

increased statistics. Specifically, if the LEE is not observed and a 100 dru flat

background is reached at the VNS, the experiment will be able to probe a huge

unexplored region of the parameter space, being even stronger than COH-Cryo-

CsI II for MZ′ ≲ 3 MeV. Let us now focus on the situation where the LEE is

observed at the VNS such that the signal-to-background ratio would be ≪ 1. In
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this case, the standard χ2 analysis cannot be performed in the presence of un-

known background, and one should rely on statistical methods to put an upper

limit without performing any background subtraction analysis. Here, the Erick-

ceck et al. method [303] described in Chap. 5 comes into play. Intriguingly, if the

NUCLEUS Collaboration reaches a LEE level compatible with CRESST-III, the ex-

periment will be able to place a limit which would improve compared to existing

CEνNS bounds for MZ′ ≲ 8 MeV. Even the observation of a LEE about four orders

of magnitude higher compared to the SM CEνNS, i.e. the UGL LEE described in

Sec. 5.3, would permit to obtain a limit competitive compared to CEνNS existing

bounds. These results demonstrate that NUCLEUS has the potential to explore

new physics scenarios even in the presence of a consistent low-energy excess, by

leveraging the low-detection threshold of the experiment.
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This thesis investigated the phenomenology of neutrino interactions at low en-

ergies to examine electroweak physics and to search for signatures beyond the

Standard Model. To do so, we exploited the promising avenue of coherent elas-

tic neutrino-nucleus scattering (CEνNS), together with the well-established elastic

neutrino-electron scattering (νES) process. As described in Chap. 1, a precise de-

scription of the CEνNS cross section, including radiative corrections and accurate

nuclear form factor models, is essential for interpreting current data and will be

even more critical for future high-precision detectors.

In particular, we discussed the COHERENT experiments, which marked a signif-

icant milestone in neutrino physics providing the first observation of CEνNS by

employing neutrinos from the stopped pion decay-at-rest. The results from CO-

HERENT not only validated the theoretical predictions but also set the stage for

future experiments aiming to perform precision tests of the Standard Model with

CEνNS.

In addition, we examined the rapidly growing field of reactor-based CEνNS searches,

discussing the current state-of-the-art and presenting the main challenges. Specif-

ically, we focused on the behavior of the germanium quenching factor at low en-

ergies, which remains a topic of ongoing debate and is crucial for interpreting the

observations from the NCC-1701 detector at the Dresden-II power plant in terms

of a CEνNS signal. By investigating the Migdal effect, we gained new insights

into low-energy mechanisms that could leave observable imprints in the data.

We demonstrated that the standard Migdal contribution is orders of magnitude

subdominant in the region of interest for reactor CEνNS searches using germa-

nium detectors, and it cannot explain the unexpected low-energy enhancement

observed by Dresden-II regardless of the formalism employed to model the Migdal

effect [6]. Within this worldwide search, the NUCLEUS project, with its ultra-low-

threshold detectors, represents an innovative experiment for the precise measure-
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ment of the CEνNS cross sections from reactor ν̄e. In this thesis, we have given a

description of the NUCLEUS detectors addressing the primary challenges that limit

the experiment’s sensitivity, particularly the unexpected low-energy-excess (LEE)

which affects many low-threshold rare-event searches.

In addition, we have demonstrated the extensive physics potential of CEνNS mea-

surements from available COHERENT data on CsI and LAr measurements, as well

as Dresden-II data, to pose exciting determinations on the weak mixing angle and

nuclear physics parameters [5]. In this sense, we found that the COHERENT CsI

data shows about 6 σ evidence for the coherency loss due to nuclear structure, as

shown in Fig. 6.2. In turn, this has been translated into a determination of the av-

erage rms neutron distribution radius of 133Cs and 127I at the ∼7% precision level.

Interestingly, we have noticed that a common feature of electroweak probes is

an intrinsic degeneracy between the weak mixing angle and the nuclear neutron

radius in the cross section. Despite the tendency of this degeneracy to broaden

the precision of the analysis of various experimental data, it is possible to break

it by combining different probes. Specifically, we presented the result of a global

fit including COHERENT CsI data in combination with atomic parity violation ex-

periments on cesium and lead, as well as parity violation electron scattering data

on lead, to obtain a refined extraction of these parameters through a data-driven

approach. Fig. 6.5, shows the result of our global fit, and at 1σ confidence level

we found [8]

EW − Combined : sin2 ϑW = 0.2396 ± 0.0017, Rn(Cs) = 5.04 ± 0.06 fm.

These results are consistent with the Standard Model predictions for the weak

mixing angle and align well with the neutron distribution radius estimated by nu-

clear shell models. The extraction of the weak mixing angle from this data-driven

approach should surpass the value reported by the Particle Data Group. We also

explored the sensitivity of future CEνNS experiments in constraining such param-

eters, finding that the next generation of COHERENT detectors might be able to

enter the era of precision physics with CEνNS, offering complementary insights

compared to other electroweak probes. We found that the future COHERENT

Cryo-CsI detectors will be able to reach a percent level precision in the extraction

of the weak mixing angle, as well as a sub percent level in the extraction of the

neutron distribution radius of cesium and iodine. In addition, we foresee that the

future COHERENT liquid argon detector will be able to provide a first determina-
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tion of the neutron radius of 40Ar which will benefit from the use of underground

argon to reduce intrinsic background. The complementarity with reactor CEνNS

experiments was also investigated. Since precision physics requires a thorough

understanding of the background, we considered the scenario where the LEE is

removed by NUCLEUS, demonstrating that the experiment could achieve a mea-

surement of the weak mixing angle with an accuracy of approximately 10%. Al-

though this precision is less robust compared to the expected accuracy attainable

with future COHERENT data, this extraction is unaffected by nuclear structure

uncertainties and is conducted at an even lower and unexplored energy regime.

We also studied the electromagnetic properties of neutrinos, such as the neutrino

magnetic moment, neutrino electric charge and neutrino charge radius. The latter

is, remarkably, the only neutrino electromagnetic property predicted to be non-

zero in the Standard Model. In this thesis, we discussed the need to properly

account for the non-null momentum transfer of the experiments in the calcula-

tion of the neutrino charge radius radiative correction, with a significant impact

in the interpretation of current and future neutrino scattering experiments aiming

to extract this quantity. Building upon the formalism developed, we significantly

reduce the allowed parameter space when combining available CEνNS data [7].

In particular, we obtained a competitive limit on ⟨r2
νe

⟩ at 90% CL, namely

−9.5 < ⟨r2
νe

⟩ [10−32 cm2] < 5.5,

which is able to improve the best upper bound limit for ⟨r2
νe

⟩ previously set by

TEXONO. Unfortunately, the available CEνNS and νES data only allow setting

constraints that are one order of magnitude larger than the SM prediction for the

neutrino charge radii. However, we show that the next generation of detectors

being developed by COHERENT will significantly improve the current constraints

on both electronic and muonic flavors, while also demonstrating that NUCLEUS

will play a crucial role in constraining the neutrino charge radius associated with

the electronic flavor. In addition, we found that the next-to-next generation of the

COHERENT cryogenic CsI detector will collect enough statistics to exclude the null

hypothesis of no neutrino charge radius for both electronic and muonic flavors at

approximately 1 σ CL.

Moreover, while we discussed that neutrino-induced backgrounds from CEνNS

and νES could pose a significant challenge for the detection of low-mass dark

matter candidates in the DarkSide-20k dark matter experiment, we showed that
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νES from solar neutrinos can also be the source of a signal in presence of some

beyond the standard model neutrino properties. In fact, one of the main results

obtained in this thesis was the examination of new physics scenarios predicting the

existence of a neutrino magnetic moment and electric charge within the context

of the LUX-ZEPLIN data, which allowed us to set some of the strongest laboratory

limits available in the literature. Specifically, at the 90% CL we obtained

µeff
ν < 1.1 · 10−11 µB, |qeff

ν | < 1.5 · 10−13 e0.

Remarkably, such constraints have been considered in the latest version of the Par-

ticle Data Group [31] as being only one order of magnitude less stringent than the

indirect constraints determined by the observation of astrophysical sources.

In conclusion, we also illustrated various scenarios beyond the Standard Model

predicting the existence of light gauge boson mediators from a novel U(1)′ gauge

symmetry, which could manifest as a signature in the experimental data. We pre-

sented different models, considering both vector and scalar mediators, and anal-

ysed the COHERENT data to set constraints on the strength of the new interaction

and the mass of the additional mediator. In most of the considered models, the

COHERENT data allowed us to extend existing bounds, particularly in the inter-

mediate mass range, around a few hundred MeVs. In particular, we compared our

results with the parameter space which would explain the famous muon anoma-

lous magnetic moment discrepancy, which remains one of the most compelling

measurements in modern physics. Thanks to the bounds obtained, the explana-

tion of the (g − 2)µ anomaly in terms of an extra light mediator is rather unlikely.

However, it is worth mentioning that the particular Lµ −Lτ model, where the new

gauge boson couples only to the µ and τ flavor, is still quite unconstrained for

masses M ′
Z ∼ [10 − 200] MeV but will be probed with future COHERENT exper-

iments. In fact, extending these light mediator model studies to the future CO-

HERENT and NUCLEUS detectors, we show that the former will play a major role

in constraining the Lµ −Lτ model. Furthermore, as shown in Fig. 8.8, we demon-

strated that NUCLEUS, thanks to its low experimental threshold, will set relevant

constraints on such a new physics model which predicts an increased number of

events at low energies, even in the presence of the unknown LEE background,

which might be orders of magnitude larger than the CEνNS signal.
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Zeff tables

The effective electron charge of the target atom, ZA
eff(Te), for Ge A.4, I A.1, Xe A.2,

Cs A.3.

ZI
eff=

53, Te > 33.17 keV

51, 33.17 keV ≥ Te >5.19 keV

49, 5.19 keV ≥ Te >4.86 keV

47, 4.86 keV ≥ Te >4.56 keV

43, 4.56 keV ≥ Te >1.07 keV

41, 1.07 keV ≥ Te >0.93 keV

39, 0.93 keV ≥ Te >0.88 keV

35, 0.88 keV ≥ Te >0.63 keV

31, 0.63 keV ≥ Te >0.62 keV

25, 0.62 keV ≥ Te >0.19 keV

23, 0.19 keV ≥ Te >0.124 keV

21, 0.124 keV ≥ Te >0.123 keV

17, Te < 0.123 keV

Table A.1: The effective electron charge of the target atom, ZA
eff(Te), for I.

189



APPENDIX A. EFFECTIVE ELECTRON CHARGE OF THE TARGET ATOM

ZXe
eff =

54, Te > 34.561 keV

52, 34.561 keV ≥ Te >5.4528 keV

50, 5.4528 keV ≥ Te >5.1037 keV

48, 5.1037 keV ≥ Te >4.7822 keV

44, 4.7822 keV ≥ Te >1.1487 keV

42, 1.1487 keV ≥ Te >1.0021 keV

40, 1.0021 keV ≥ Te >0.9406 keV

36, 0.9406 keV ≥ Te >0.689 keV

32, 0.689 keV ≥ Te >0.6764 keV

26, 0.6764 keV ≥ Te >0.2132 keV

24, 0.2132 keV ≥ Te >0.1467 keV

22, 0.1467 keV ≥ Te >0.1455 keV

18, 0.1455 keV ≥ Te >0.0695 keV

14, 0.0695 keV ≥ Te >0.0675 keV

10, 0.0675 keV ≥ Te >0.0233 keV

4, 0.0233 keV ≥ Te >0.0134 keV

2, 0.0134 keV ≥ Te >0.0121 keV

0, Te ≤0.0121 keV

Table A.2: The effective electron charge of the target atom, ZXe
eff (Te).
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ZCs
eff =

55, Te > 35.99 keV

53, 35.99 keV ≥ Te >5.71 keV

51, 5.71 keV ≥ Te >5.36 keV

49, 5.36 keV ≥ Te >5.01 keV

45, 5.01 keV ≥ Te >1.21 keV

43, 1.21 keV ≥ Te >1.07 keV

41, 1.07 keV ≥ Te >1 keV

37, 1 keV ≥ Te >0.74 keV

33, 0.74 keV ≥ Te >0.73 keV

27, 0.73 keV ≥ Te >0.23 keV

25, 0.23 keV ≥ Te >0.17 keV

23, 0.17 keV ≥ Te >0.16 keV

19 Te < 0.16 keV

Table A.3: The effective electron charge of the target atom, ZA
eff(Te), for Cs.

ZGe
eff =

32, Te > 11.103 keV

30, 11.103 keV ≥ Te >1.4146 keV

28, 1.4146 keV ≥ Te >1.2481 keV

26, 1.2481 keV ≥ Te >1.217 keV

22, 1.217 keV ≥ Te >0.1801 keV

20, 0.1801 keV ≥ Te >0.1249 keV

18, 0.1249 keV ≥ Te >0.1208 keV

14, 0.1208 keV ≥ Te >0.0298 keV

10, 0.0298 keV ≥ Te >0.0292 keV

4, Te ≤ 0.0292 keV

Table A.4: The effective electron charge of the target atom, ZA
eff(Te), for Ge.
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B
2-D Distribution of COHERENT CsI Data
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Figure B.1: 2-Dimensional distribution of events recorded by the CsI detector [163].
The data are compared with the SSB, BRN and NIN backgrounds, as well as the CEνNS
prediction.
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C
Comments on the Z ′ coupling

Let us start by considering the relevant vector part of the Standard Model neutral-

current weak interaction Lagrangian (see, e.g., Refs. [17, 19])

LV
Z = − g

2 cosϑW
Zµ

2gν
V

∑
ℓ=e,µ,τ

νℓLγ
µνℓL +

∑
q=u,d

gq
V qγ

µq

 , (C.1)

with the tree-level couplings

gν
V = 1

2 , gu
V = 1

2 − 4
3 sin2 ϑW, and gd

V = −1
2 + 2

3 sin2 ϑW. (C.2)

Confronting Eq. (C.1) with the Lagrangian (8.4), one can see that the Z ′ vector

interaction of left-handed neutrinos with quarks is obtained from the vector part

of the Standard Model neutral-current interaction with the substitutions

g

2 cosϑW
2gν

V → gνℓV
Z′ ,

g

2 cosϑW
gq

V → gqV
Z′ , and mZ → mZ′ . (C.3)

This correspondence is shown in Fig. C.1, where we depicted the two Feynman

diagrams that describe the neutrino-quarks interactions that contribute to CEνNS

at tree level. The total amplitude is given by the sum of the two diagrams

A ∝ g2

4 cos2 ϑW

2gν
V g

q
V

q2 −m2
Z

+ gνℓV
Z′ g

qV
Z′

q2 −m2
Z′
. (C.4)

Taking into account that gν
V = 1/2 and

g2

4 cos2 ϑWm2
Z

=
√

2GF, (C.5)

for q2 ≪ m2
Z we obtain

A ∝ gq
V + gνℓV

Z′ g
qV
Z′√

2GF (q2 −m2
Z′)

. (C.6)
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Z
1

q2 −m2

Z

−→

ναL ναL

q q

−ig

2 cosϑW

2gνV

↓

x





−ig

2 cosϑW

g
q

V

Z ′

1

q2 −m2

Z′

−→

ναL ναL

q q

−igναZ′

↓

↑
−ig

q

Z′

Figure C.1: Feynman diagrams describing the vector part of the Standard Model neutral-
current interaction (left panel) and the Z ′ vector interaction of left-handed neutrinos with
quarks (right panel).

This relation leads to Eq. (8.5), taking into account that the conservation of the

vector current implies that

gp
Z′ = 2guV

Z′ + gdV
Z′ and gn

Z′ = guV
Z′ + 2gdV

Z′ . (C.7)

In conclusion of this Appendix, let us note that the results of the analyses in

Refs. [450, 451, 453, 476, 529, 530], where the Z ′ contribution to the weak

charge in CEνNS is half of that in Eq. (8.5), must be reinterpreted by rescaling

their Z ′ coupling gZ′ by a factor
√

2.
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