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Abstract
The observation of coherent elastic neutrino-nucleus scattering (CEνNS) opens up new
possibilities for the standard model (SM) neutrino sector and beyond. As a leading
reactor experiment, Conus aims for its detection in the coherent interaction regime
with antineutrinos emitted from the 3.9GWth reactor core of the Brokdorf nuclear
power plant. The experiment makes use of four high-purity germanium detectors within
a compact shield at 17m distance. In this thesis spectral investigations of CEνNS
and further neutrino interactions beyond the standard model (BSM) are performed,
which are based on data collected between April 2018 and June 2019. The analysis
scheme relies on signal predictions incorporating the evolution of the reactor’s fuel
composition and of its thermal power. The spectral analysis constrains CEνNS to
contribute with . 85 events (90%C.L.) assuming the favored quenching parameter
k = 0.16, which is a factor of ∼ 10 above its SM prediction. BSM investigations of
CEνNS and elastic neutrino-electron scattering (EνeS) yield competitive bounds for non-
standard interactions (NSIs) and simplified mediator models. The energy scales of vector
and tensor NSIs are individually constrained to lie above 100GeV and 360GeV. Universal
couplings of simplified mediators can be probed down to ∼ 10−5 and ∼ 10−6 for CEνNS
and EνeS, respectively. Finally, 90% C.L. limits on the neutrino’s effective magnetic
moment (µνe < 7.5 · 10−11µB) and millicharge (|qνe | < 3.3 · 10−12e) are determined.

Zusammenfassung
Die Beobachtung von kohärenter elastischer Neutrino-Kern-Streuung (CEνNS) eröffnet
neue Möglichkeiten für den Neutrinosektor des Standardmodells (SM) und darüber
hinaus. Als ein führendes Reaktorexperiment strebt Conus einen Nachweis im ko-
härenten Wechselwirkungsbereich mit Antineutrinos an, die vom 3,9GWth-Reaktorkern
des Kernkraftwerks Brokdorf emittiert werden. Das Experiment nutzt vier hochreine Ger-
maniumdetektoren innerhalb einer kompakten Abschirmung in 17m Entfernung. In dieser
Arbeit werden spektrale Analysen von CEνNS und weiteren Neutrino-Wechselwirkungen
jenseits des Standardmodells (BSM) durchgeführt, welche auf Daten basieren, die
zwischen April 2018 und Juni 2019 gesammelt wurden. Das Analyseschema stützt
sich auf Signalvorhersagen, welche die Entwicklung der Brennstoffzusammensetzung
des Reaktors und seiner thermischen Leistung berücksichtigen. Unter Annahme des
bevorzugten Quenching-Parameters k = 0,16, erlaubt die spektrale SM-Analyse ein
Limit von . 85CEνNS-Signalen (90%C.L.) zu bestimmen, welches sich einen Fak-
tor ∼ 10 über der SM-Vorhersage befindet. BSM-Untersuchungen von CEνNS und
elastischer Neutrino-Elektron-Streuung (EνeS) ergeben kompetitive Grenzen für Nicht-
Standard-Wechselwirkungen des Neutrinos (NSIs) und vereinfachte Modelle neuer Aus-
tauschteilchen. Die Energieskalen von vektoriellen und tensoriellen NSIs werden jeweils
auf Werte oberhalb von 100GeV und 360GeV beschränkt. Universelle Kopplungen vere-
infachter Austauschteilchen können bis auf ∼ 10−5 und ∼ 10−6 für CEνNS bzw. EνeS
erprobt werden. Schließlich werden 90% C.L.-Grenzwerte für das effektive magnetische
Moment (µνe < 7,5 ·10−11µB) und für die Milliladung (|qνe | < 3,3 ·10−12e) des Neutrinos
bestimmt.
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Chapter 1

Introduction

It is fascinating and also slightly disturbing that fundamental properties of the second
most abundant particle of our Universe, the neutrino, still provide mysteries with the
ability of questioning our knowledge gained from decades-long investigations. However,
looking at the history of neutrino research, unanswered questions and at first irritating
experimental results have been quite the rule rather than the exception, cf. Ref. [1, 2].
Accepting this and acknowledging the developments both in experimental and theoretical
areas lets one appreciate the impressive journey neutrino physics has undertaken within
the last century.
Postulated by W. Pauli in 1930 as a stopgap in order to explain the continuous beta

decay emission spectrum [3], neutrino physics flourished from a theoretical idea, which
was never expected to be measured, to an independent and highly active research field
that, up to now, accumulated four Nobel prices [4]. While W. Pauli assumed it to be a
massive but electrically neutral particle, E. Fermi [5] and F. Perrin [6] established the
neutrino to be massless. Its elusive character as very weakly interacting particle caused
experimental physics to take over two decades to proof its existence [7, 8]. Only by using a
nuclear reactor as powerful antineutrino source and large target masses it was possible for
Reines and Cowan to claim its first detection via inverse beta decay (IBD) in 1956. The
observation of solar neutrinos by the Homestake experiment [9] another two decades later,
was a further milestone for neutrino physics although the lack of expected events triggered
new discussions, i.e. the so-called solar neutrino problem [10]. Potential solutions were
also discussed in context of new neutrino properties and interactions, cf. Refs. [11–13].
The problem was finally solved by measurements of the experiments Sno [14] and Super-
Kamiokande [15, 16] which proved the existence of neutrino flavor conversion during their
propagation (neutrino oscillations) [17–19]. The picture got complete by inclusion of the
Mikheyev-Smirnov-Wolfenstein (MSW) effect for high energy neutrinos, i.e. enhanced flavor
conversions due to resonant neutrino interaction with matter [20, 21]. The implication
that neutrinos exhibit tiny masses is the first concrete hint that the Standard Model of
Particle Physics (SM) is incomplete! After years of investigations most of the parameters
that underlie neutrino oscillations have been determined, i.e. the three angles within
their mixing matrix θ12, θ23, θ13 and their mass squared differences ∆m2

21, |∆m2
32|, while

the unknown sign of the latter still allows for different mass orderings among the three
detected neutrinos [22]. Upcoming experiments are likely to determine this ordering and
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1. Introduction

might test for a non-zero phase within the neutrino mixing matrix (lepton CP violation).
However, we are still far away from understanding the neutrinos’ full nature. Simple

questions like the origin of their masses and why neutrinos are much lighter than all
other SM fermions are yet not answered. Even whether neutrinos are Dirac or Majorana
fermions, which would have strong phenomenological consequences like lepton number
violation (LNV), remains unclear.

Neutrinos and their interactions play important roles in several physics branches and
connect a wide range of physical scales, from the largest scales of cosmology to the smallest
scales of nuclear and particle physics. They take part in primordial [23] as well as stellar
nucleosynthesis [24, 25] and could affect the formation of large-scale structures [26]. More-
over, they might even be related to the creation of the observed baryon asymmetry of the
universe (BAU) [27] and thus basically to our entire existence. Their weak interacting na-
ture allows to obtain insights of far cosmological distances and from extreme environments,
like supernova explosions [28–30], the interior of stars [31, 32] or even black holes [33].
Especially in the later stages of stellar evolution, neutrino emission is the primary energy
loss mechanism and coherently enhanced momentum transfer from neutrinos to nuclei is
important in blowing off outer matter layers of stars [28, 34].

Neutrino mass, as the concrete indicator for the existence of Beyond the Standard Model
(BSM) physics, might also be related to other unanswered questions of particle physics.
Therefore, it is not surprising that neutrinos and their properties are discussed in various
contexts, e.g. in connection to the BAU via leptogenesis [35–37], dark matter (DM) [38–40],
the flavor problem as well as gauge unification [41, 42] or even extra dimensions [43].
Further, neutrinos have been considered as a solution to the muon anomalous magnetic
moment [44], an observed tension in determinations of the Hubble parameter H0 [45, 46]
as well as a recently detected excess in measurements of the Xenon1T experiment [47].
From a theoretical perspective, there exists a large number of models capable of explaining
neutrino masses, cf. Ref. [48, Section 9], and corresponding predictions such as new
neutrino interactions or additional neutrino properties can be used to test them.

Although approached from various directions, the SM so far withstands all experimental
tests and thus remains the most successful and consistent framework to describe particle
interactions, except neutrino masses of course. Due to the lack of smocking gun signatures
for distinct BSM models, e.g. the Minimal Supersymmetric Standard Model (MSSM),
phenomenologists nowadays tend to rely on more model-independent frameworks. For
example, effective field theories (EFTs) as well as so-called simplified models have become
popular in order to test interaction channels on more general grounds.
All these points make neutrino interactions and their properties an interesting field of

study. In particular, in the absence of clear evidence for certain BSM physics, neutrinos
remain the only guiding principle towards a more complete understanding of nature. Over
the years a broad neutrino research program developed with experiments tackling the
yet unknown neutrino parameters, i.e. their fermionic nature and mass hierarchy through
neutrinoless double beta decay (0νββ) (Gerda [49], Legend [50], Majorana Demonstra-
tor [51], even future DM experiments like XenonnT [52]...), the absolute neutrino mass
scale (Echo [53], Katrin [54], Project8 [55]...), leptonic CP violation and mass hierarchy
(Dune [56], Hyper-K [57], Juno [58]...). Further, experiments have been set up to test the
existence of sterile neutrinos (Prospect [59], Stereo [60], ...). In astronomical context,
several telescopes that rely on neutrino detection have been built or are in consideration
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(Antares [61], IceCube [62], KM3NeT [63], Rno-G [64]...), and together with light and
gravitational waves they opened the era of multi-messenger astronomy [65]. In any case,
the neutrino’s weak coupling to other SM particles pushes the applied technologies to
their boundaries. Therefore, large detector masses or instrumented volumes are still a
general feature of neutrino experiments until recently.

Developments in the last decades have reached a status where the detection of coherent
elastic neutrino-nucleus scattering (CEνNS) has become possible for several detector
technologies. CEνNS is a SM channel that has been predicted shortly after the discovery
of the Z boson as a new weak neutral-current (NC) interaction by D. Freeman in 1974 [28,
34, 66, 67]. As illustrated in Fig. 1.1, its coherent nature, reflected by its scaling with the
squared neutron number of the target nucleus, renders it the strongest known neutrino
interaction, which is about two and four orders of magnitude stronger than IBD and
elastic neutrino-electron scattering (EνeS), respectively. Hence, via CEνNS neutrinos may
be detected with kg-size detectors and high event rates! The difficulty, however, lies in
the corresponding observable, i.e. (very small) nuclear recoils, which is why it remained
undetected for over forty years. In 2017 and subsequently in 2021 the Coherent
Collaboration reported first observations with a Spallation Neutron Source (SNS) at
the Oak Ridge National Laboratory by using a CsI(Na) [68] and a liquid argon (LAr)
detector [69], respectively. The strongest CEνNS limits from a reactor site so far have been
reported by the COherent elastic Neutrino-nUcleus Scattering (CONUS) experiment [70].
Likewise further attempts close to nuclear reactors have been established: Connie [71],
Miner [72], Ncc-1701 at Dresden-II [73], Neon [74], ν-cleus [75], νGen [76], Red-
100 [77], Ricochet [78] and Texono [79]. Thus, CEνNS is approached with the full
repertoire of modern detection technologies and various target materials, i.e. charge-coupled
device (CCD) sensors [80], cryogenic calorimeters [81], high-purity germanium (HPGe)
crystals [82], liquid noble gas detectors [83] as well as scintillating crystals [84].

This newly accessible interaction channel is not only interesting to confirm SM neutrino
interactions. It is additionally linked to a rich neutrino phenomenology in both, SM and
BSM context. In principle, important (CEνNS) applications like reactor monitoring and
controlling of nuclear non-proliferation might become possible in the future [85–87].

While so far no deviations from its SM prediction have been observed, CEνNS already
stimulated various BSM studies [88–92]. Within the SM context, it allows to determine the
neutron density distribution of the target nucleus [93–96]. Although only mildly depending
on the Weinberg angle sin2 θW , measurements in the MeV-regime are possible as well [97–
100]. Moreover, as a NC it provides the opportunity to be threshold-free and sensitive to all
neutrino flavors. Thus, flavor-blind neutrino detection (in contrast to IBD measurements)
of certain sources can be done, e.g. of reactor, solar or supernova (anti)neutrinos. In
particular, the future generation of DM direct detection (DD) experiments is going to
probe the so-called neutrino floor [101–104], i.e. an irreducible background for DM DD
experiments by coherent interaction of atmospheric, solar and (diffuse) supernova neutrinos.
First investigations of high-energy solar neutrinos will become possible already with the
next generation of experiments, especially of neutrinos from 8B decays [104–106]. Thus, the
sun itself is likely to become a source for future (SM and BSM) CEνNS investigations [107–
110].

3



1. Introduction

0 10 20 30 40 50
Neutrino energy [MeV]

10−9

10−7

10−5

10−3

10−1

101

103

C
ro

ss
se

ct
io

n
σ

[1
0−

38
cm

2
]

SM CEνNS (Ge)

IBD

SM EνeS

µν = 2.8 · 10−11 µB

qν = 1.5 · 10−12 e

Figure 1.1.: Comparison of different SM and BSM neutrino interactions. Assuming a
germanium target, the total CEνNS cross section exceeds the ones of IBD and
EνeS by two and four orders of magnitude, respectively. The IBD threshold
energy Emin

IBD = 1.806MeV [149] is indicated in gray. Further, we indicate
cross sections of EνeS induced by an effective νMM as well as an effective
νMC. For both we assume the current best limits given by Ref. [150] and
Ref. [151].

In the general context of BSM neutrino physics, CEνNS is interesting for testing new
non-standard (neutrino) interactions (NSIs) among neutrinos and quarks [111–117]. Neu-
trino electromagnetic properties, in particular a neutrino magnetic moment (νMM), can
be studied in two-fold way, either directly via CEνNS or via EνeS, and benefit from the
low backgrounds and low thresholds of CEνNS-measuring experiments [118–122]. Both
interactions are in principle induced by a finite νMM. This is especially interesting as the
Xenon1T Collaboration [47] reported an excess in the energy region of [2, 3] keV, that
could, among others solutions, be explained by a νMM slightly below its current best limits.
Although being in tension with astrophysical constraints [123–125], CEνNS measuring
devices with low threshold energy could shed light on this matter. Further, searches
for light mediators can be conducted via CEνNS [92, 126–128]. In particular, spectral
distortions in the recoil energy spectrum could hint for new light scalars [129–131] or light
vectors [132–134]. In this spirit, CEνNS measurements might contribute to axion-like
particle [131] and dark photon searches [135, 136]. Investigations of new fermions [137,
138] have been discussed as well as CEνNS searches for eV-mass sterile neutrinos [139–143],
which could explain the observed reactor antineutrino anomaly (RAA) [144–146]. Of
course, DM investigation might also profit from this new interaction channel [126, 147, 148].

This work deals with spectral investigations of CEνNS and related BSM phenomena of
the first two data collection periods conducted by the CONUS experiment from April 2018
to June 2019. CONUS uses four kg-size HPGe detectors in an elaborated shield design

4



and is located at 17m-distance to the 3.9GWth-single-unit pressurized water reactor
(PWR) core of the commercial nuclear power in Brokdorf (Germany). Besides a flux
orders of magnitude larger than pion decay-at-rest (π-DAR) sources, the energy of reactor
antineutrinos allows a CEνNS detection in the fully coherent regime. Thus, the cross
section receives no reduction by nuclear form factors, which quantify the transition from
scattering off a point-like object. However, this advantage comes at the price of having
lower nuclear recoils, which are even harder to detect. CEνNS at a reactor site represents
a complementary approach to measurements at π-DAR sources and provides further
possibilities for νMM or sterile neutrino searches as well as for reactor investigations. A
spectral analysis of SM CEνNS is performed with data obtained in the first two data
collection periods. Subsequently, BSM models that are commonly investigated in the
context of CEνNS, such as NSIs of vector- and tensor-type as well as simplified mediator
models for light scalar and vector particles, are tested. EνeS induced within the latter
framework is searched for with data sets at slightly higher energies. In addition, these
data sets are used to deduce constraints on electromagnetic properties of the neutrino, i.e.
a finite νMM and with it, a limit on the neutrino millicharge (νMC). Future aspects of the
CONUS experiment as well as opportunities of CEνNS related to further measurements
are discussed as well.

This thesis has been carried out in the context of the CONUS experiment which searches
for CEνNS and BSM physics. The findings presented in this work are the result of a
long-lasting process in which the author himself already contributed with first sensitivity
studies during and after his bachelor’s thesis and accompanied the experiment’s design
and development phase in parallel to his master’s studies. Further, the author had the
opportunity to visit the experimental site while contributing to the commissioning process.

This work is structured in the following way:
In Chapter 2, we introduce the fundamentals of CEνNS and the performed analysis
method, whereby we approach the topic from theoretical and experimental perspective.
The interaction’s characteristics are highlighted and the experimental challenges are pointed
out, after which we lay down the statistical essentials of the performed investigations.
The first spectral analysis of the CONUS experiment is content of Chapter 3. Here, the
ingredients underlying a realistic signal prediction are illustrated and the analysis scheme
that is applied throughout this work is described, before we present collaborative effort in
setting the best CEνNS limits from a reactor-based experiment so far. Chapter 4 covers
subsequent analyses of potential BSM signatures of the collected CONUS data sets. With
a refined analysis method, NSIs of vector- and tensor-type, simplified mediator model of
light scalar and vector particles in addition to electromagnetic neutrino properties (effective
νMM and νMC) are investigated. Afterwards, a discussion about further opportunities
of CEνNS within CONUS and in the future is given in Chapter 5. Improvements of
the CONUS set-up and further investigation possibilities are illustrated, while CEνNS
measurements are also discussed in terms of their complementarity among each other and
to further physics branches. In the end, we put our findings into context and conclude
with Chapter 6. Formal and technical aspects of this work and supplementary material
are collected in several appendices.
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Chapter 2

Theoretical Foundations

The first investigation of CEνNS at a reactor site as well as subsequent analyses in the
context of BSM neutrino phenomenology require a broad range of topics, ranging from
experimental prerequisites necessary for its detection, over knowledge about statistical
inference to its theoretical modifications in the context of BSM physics. This chapter
provides an overview into the individual topics, starting with the derivation of the CEνNS
cross section. Afterwards, the subject is illuminated from the experimental side and
developments recently discussed as detection possibilities are introduced. In the end, we
close with statistical data analyses and present techniques that are used throughout this
work.

2.1 Coherent elastic neutrino-nucleus scattering

At first we start with a derivation of the CEνNS cross section from the SM Lagrangian,
while we introduce additional knowledge needed for its extensions. Subsequently, we
elaborate on the channel’s characteristic properties, i.e. its coherent nature, and further,
quantify experimental requirements for its detection. This section is mainly based is
knowledge presented in Refs. [28, 115, 152–154].

2.1.1 Scattering amplitude: from quarks to nuclei

In (high-energy) particle physics, interactions are commonly defined at the most fundamen-
tal level we know today, i.e. leptons, quarks and bosons. Altogether they constitute the
so-called Standard Model of Particle Physics defined by the corresponding Lagrangian [152,
Chapter 7]. Hence, BSM physics of new particles and new interactions are usually in-
troduced at the same level. Since the energy scale of CEνNS is well below the scale of
quark confinement, the relevant degrees of freedom (DOFs) are not quarks but nuclei.
Therefore, we have to understand how one obtains the interaction cross section at hadron
or nucleus level from a theory that is formulated at quark level. In doing so, we also
introduce expressions that are relevant in the context of new BSM neutrino interactions,
cf. Ch. 4.
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2. Theoretical Foundations

2.1.1.1 Standard Model Lagrangian below the electroweak scale

We start with the SM Lagrangian after spontaneous symmetry breaking (SSB) and
focus only on the Gauge and Higgs sector, while choosing unitary gauge, i.e. φ →

1√
2

(
0 h+ ν

)T [152, Chapter 7.2.2]. After the symmetry breaking of SU(2)L × U(1)Y →
U(1)em, the corresponding weak and hypercharge gauge bosons acquire mass through the
kinetic term of the Higgs boson, which takes the form

Lφ ⊃ (Dµφ)†(Dµφ) =
1

2
(0 ν)

[
g

2
τ iW i

µ +
g′

2
Bµ

]2(
0
ν

)
+ h-terms , (2.1)

with the Pauli matrices τ i , i = 1, 2, 3 and the SU(2)L and hypercharge couplings g and
g′, respectively. While the weak charged-current (CC) mediators W± = 1√

2

(
W 1 ∓ iW 2

)
obtain similar masses, the weak NC mediator becomes a mixed state of the SU(2)L and
U(1)Y bosons, i.e. Z ≡ − sin θWB + cos θWW

3, which in addition acquires a different
mass. The corresponding gauge boson masses are defined according to1

M2
WW

+µW−µ +
M2
Z

2
ZµZµ ≡

g2ν2

4
W+µW−µ +

1

2

(
g2 + g′2

) ν2

4

[
−g′Bµ + gW 3

µ√
g2 + g′2

]2

, (2.2)

and the weak mixing angle θW 2 is obtained from a combination of the couplings g and g′,

sin θW =
g′√

g2 + g′2
, cos θW =

g√
g2 + g′2

. (2.3)

In addition to the massive neutral gauge boson Z, there is a massless one associated with
the electromagnetic interaction U(1)em, i.e. the photon A = cos θθB + sin θWW

3. All in
all, after SSB the (tree-level) gauge boson masses are given by

mW =
g ν

2
, mZ =

√
g2 + g′2 ν

2
=

mW

cos θW
, mA = 0 , (2.4)

with ν ' 246GeV being the vacuum expectation value (VEV) of the Higgs boson.

For CEνNS only the NC interactions is relevant, which are obtained from the fermion
and Yukawa part of the SM Lagrangian [152, Chapter 7.2.2], yielding

LΨ + LYuk ⊃ −eJµQAµ −
g

2 cos θW
JµZZµ , (2.5)

with the elementary charge being defined as e ≡ g sin θW . The corresponding currents are

1Equation (2.2) is a direct consequence of Eq. (2.1) under application of τ iW i
µ = τ3W 3

µ +
√

2τ+W+
µ +√

2τ−W−µ with τ± = 1√
2

(
τ1 ∓ iτ2

)
.

2Throughout this work, we will use the terms Weinberg angle or weak mixing angle as synonyms for any
expression containing θW , i.e. sin(2) θW and cos(2) θW .
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2.1 Coherent elastic neutrino-nucleus scattering (CEνNS)

fermions charge vector coupling gV axial-vector coupling gA

νe, νµ, ντ 0 1
2

1
2

e, µ, τ −1 −1
2 + 2 sin2 θW −1

2

u, c, t 2
3

1
2 − 4

3 sin2 θW
1
2

d, s, b −1
3 −1

2 + 2
3 sin2 θW −1

2

Table 2.1.: Overview of weak neutral-current coupling constants for all SM fermions.

defined according to

JµQ =
∑
r

qrψ̄rγ
µψr , JµZ =

∑
r

ψ̄rγ
µ
(
grV − grAγ5

)
ψr , (2.6)

where r runs over all fermion species. Further, q represents the electric charge of the
fermion (generation) and the vector and axial-vector couplings of the NC are given by

grV = t3rL − 2qr sin2 θW qr grA = t3rL , (2.7)

with t3rL being the value of the weak isospin’s third component. An overview of all SM
fermion couplings is given in Tab. 2.1.

In the limit of small momentum transfer, i.e. q2 � m2
Z , the weak gauge bosons can only

exist as virtual particles, whose propagator is dominated by the mediator mass such that
the weak NC part reduces to an effective “four-fermion” interaction with coupling strength
given by the Fermi constant GF ,

LNC
eff = −GF√

2
JµZJZµ , with

GF√
2

=
g2

8m2
W

=
1

2ν2
. (2.8)

This is the classical example of an EFT, where the physics at a given scale q2 � m2
Z is given

in terms of the relevant DOFs and higher-dimensional (non-renormalizable) operators. The
(Wilson) coefficients are experimentally determined or calculated from the underlying (UV)
theory. More details about the effective NC interaction, especially how one determines
Eq. (2.8) is given in App. A.1.

2.1.1.2 Single-nucleon scattering amplitudes

Now we derive the scattering amplitude for CEνNS, while following closely derivations
in the context of DM DD summarized in Ref. [154]. Since we later deal with scalar and
vector modifications of CEνNS, we will only focus on these aspects. For the derivation of
the CEνNS cross section we assume the nucleus to be a spin-0 particle for simplicity.
For the first step in the calculation of the CEνNS amplitudeMCEνNS, the hadronic

matrix elements of gluon and quark operators are needed, with which one can calculate the
individual scattering amplitudes of neutrino-nucleon scattering. We follow the convention
of Ref. [154] and define the neutrino-nucleon scattering amplitude MνN in relation to
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2. Theoretical Foundations

the corresponding scattering matrix SνN = 〈ν ′, N ′|ν,N〉+ (2π)4δ(4)(p+ k− p′− k′) iMνN,
with k, k′ being the initial and final momenta of the nucleon and p, p′ being the respective
expressions for the (anti)neutrino. The first term represents no scattering at all and
is irrelevant for the following considerations. We further define the shorthand notation
|N〉 ≡ |N(k, r)〉 with N ∈ {p, n} for the nucleon state vector with momentum k and spin
r and imply operator matrix elements always to be evaluated at the origin. For spinors,
we apply the same notation, i.e. uN ≡ uN (k, r) for a spinor with momentum k and spin r.

Here, we consider the following two Lagrangians which will serve as basic examples for
SM and BSM CEνNS interactions,

LI = cq,gOν(x)Oq,g(x) , LII = Oν(x)S(x) +Oq(x)S(x) , (2.9)

with the operators Oν and Oq,g being constructed from neutrino and quark/gluon fields, re-
spectively. S(x) represents a scalar mediator that couples neutrinos to quarks. Lagrangian
LI describes an effective interaction between neutrinos and quarks where the mediating
DOF is much heavier than the energy scale under consideration, i.e. q2 � M2, which
could be in its simplest form the four-fermion interaction of Eq. (2.8). A propagating
scalar particle that mediates between neutrinos and quarks could, for instance, take the
form of LII . Note that the individual mass dimension of operators and couplings depends
on the underlying Lorentz structure of the corresponding quantities.
To calculate the individual scattering processes one uses the perturbative expansion

of the scattering matrix. The contact interaction of LI is already obtained at first order
in perturbation theory while the tree-level scalar interaction of LII is gained at second
order. Then, the corresponding scattering amplitudes separate into matrix elements for
the neutrino and nucleon current and are given by [154, Section E]

MI = 〈ν ′| Oν |ν〉 cq 〈N ′| Oq,g |N〉 , (2.10)

MII = −〈ν ′| Oν |ν〉
1

q2 −m2
S

〈N ′| Oq |N〉 , (2.11)

with N representing either protons or neutron N ∈ {p, n} and a scalar mediator of mass
mS . While the evaluation of neutrino matrix elements is usually straightforward, the step
from quarks to the nucleons is more involved and is explained in the following. The quark
or gluon matrix elements appearing in both amplitudes are usually parameterized in terms
of nucleon-spinor-bilinears

〈N ′| Oq,g |N〉 =
∑

Γ

FNΓ (q2)ū′NΓ(q,K)uN , (2.12)

with the spinor matrices Γ being generally dependent on the two momenta q = k′ − k and
K = k+ k′, while one can express the (operator-specific) form factors FNΓ (q2) as functions
of q2 only. A summary of potential Lorentz bilinears (in the context of DM DD) can be
found in Ref. [155]. Since we are only interested in color and electrically neutral, hermitian
and flavor-diagonal Lorentz bilinears for Oq,g we restrict ourselves to combinations that
contain the 16 matrices Γ = I4, iγ

5, γµ, iγ5γµ, σµν for µ, ν = 1, ..., 4.
Now, we want to explicitly state two single-nucleon matrix elements, i.e. for scalar and

the vector couplings. Since we are interested in the coherent regime where the momentum
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2.1 Coherent elastic neutrino-nucleus scattering (CEνNS)

transfer is very small, we also elaborate on the meaning of form factors at q2 = 0.
The operators that form a scalar quark bilinear are

Oq = q̄q , Og =
αs

12π
Ga,µνGaµν , (2.13)

with Ga,µν being the quantum chromodynamics (QCD) field strength tensors and αs being
the strong coupling constant. Following the convention of Eq. (2.12), the corresponding
hadronic matrix elements imply form factors F q/g,NS (q2) which are real functions only
depending on the momentum transfer q2. Expressions of these matrix elements can be
derived by evaluating the trace of the QCD energy-momentum tensor at zero momentum
transfer,3 which yields the nucleon mass [157, 158]

mN 〈N ′| N̄N |N〉 = 〈N ′|Θµ
µ |N〉 , with Θµ

µ =
∑

q=u,d,s

mq q̄q −
9αs
8π

Ga,µνGaµν , (2.14)

with N ∈ {p, n} representing the proton and the neutron, respectively. In this expression
heavier quarks qh = {c, b, t} are already integrated out since they only contribute through
gluon lines, e.g. via triangle diagrams. With this, the desired expressions for the hadronic
matrix elements can be linked with the (light) quark and gluon contribution to the nucleon
mass4

f
(N)
Tq ≡

〈N ′|mq q̄q |N〉
2m2

N

=
mq

mN
F q,NS (0) , f

(N)
TG ≡ 1−

∑
q=u,d,s

f
(N)
Tq = −27

2

F g,N (0)

mN
, (2.15)

where f (N)
Tq and f (N)

TG represent the (light) quark and gluon contribution to the nucleon
mass, respectively. The individual terms are either determined via lattice QCD calculations
or pion-nucleus scattering [159]. A summary of values is presented in Table 4 of Ref. [156].
With this knowledge, a scalar-quark coupling cq q̄q can be described through an effective
scalar-nucleon coupling SN̄N with coefficient

cN =
∑

q=u,d,s

cq
mN

mq
f

(N)
Tq +

2

27
f

(N)
TG

 ∑
q=c,b,t

cq
mN

mq
− cq

mN

Λ

 , (2.16)

where the last part reflects a scalar-gluon coupling that is induced by a quark loop and Λ
is associated with the mass of the loop particle.
Now we draw our attention to nuclear matrix elements of vector operators like

Oq = V µ
q ≡ q̄γµq , (2.17)

3The QCD energy-momentum tensor under application of the individual equations of motion (EOMs)
is given by Θµ

µ =
∑
qmq q̄q + β(αs)

4αs
GaµνGµνa. Substituting the heavier quark contributions with

mq q̄q → − αs
12α

GaµνGµνa for q ∈ {c, b, t} at lowest order in αs [156, Appendix B] and applying the beta

function β(αs) = −(11− 2
3
Nf )

α2
s

2π
+O(α3

s) for Nf = 6 [154, Section E.2] leads to the stated expression.
4In literature, definitions of f (N)

Tq with only a factor of mN in the denominator can be found, e.g. in
Ref. [156, Section E.2]. As pointed out there, this difference is due to a different normalization of the
state vectors, i.e. exchange |N〉 ↔ 1√

2mN
|N〉 for a nucleon at rest.
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2. Theoretical Foundations

which can generally be parameterized according to [160, Section 6.2]

〈N ′|V µ
q |N〉 = ū′N

(
F q,N1 (q2)γµ + F q,N2 (q2)

iσµνqν
2mN

)
uN , (2.18)

with V µ
q being hermitian and the so-called Dirac and Pauli form factors F q,N1 (q2) and

F q,N2 (q2), respectively. When the heavy quarks c, b, t are neglected, QCD exhibits an
approximate U(3) flavor symmetry in the limit of equal light quark masses, i.e. mu ∼ md ∼
ms, which is valid at 25%-level [152, Chapter 5.1]. Neglecting quantum electrodynamics
(QED)5 is valid under the approximation of nucleon structures to be insensitive to electric
charge. Assuming this unbroken U(3) flavor symmetry, the corresponding nine vector
currents are conserved Vaµ = f̄γµT

af , with f ≡ (u, d, s)T and T a for a = 1, ..., 9 being the
nine generators of U(3) = U(1)× SU(3). For all currents, corresponding matrix elements
similar to Eq. (2.18) can be constructed, each with its on form factors F a,N1,2 . Further, the
diagonal operators T 0,3,8 induce relations among light quark currents. After some algebra,
cf. Ref. [154, Chapter E.4], and under the assumption of isospin symmetry6 one obtains
the following form factor relations

F u,pi (q2) = F d,ni (q2) = 2F pi (q2) + Fni (q2) + F s,Ni (q2) , (2.19)

F d,pi (q2) = F u,ni (q2) = F pi (q2) + 2Fni (q2) + F s,Ni (q2) , (2.20)

F s,pi (q2) = F s,n(q2) ≡ F s,Ni (q2) , (2.21)

where FNi represents the form factor of the whole nucleon. As we are in the context of
CEνNS mainly interested in the coherent regime, thus very small q2, we can set q2 → 0. In
such a case, the individual vector currents related to the form factors F1 simply measure
the nucleon’s quark content, while the form factors F2 yield the proton and neutron
anomalous magnetic moments in units of the nuclear magneton µ̂N , i.e.

F u,p1 (0) = 2 , F d,p1 (0) = 1 , F s,p1 (0) = 0 , F p2 (0) = κp , Fn2 (0) = κn . (2.22)

Further, the small momentum transfer in CEνNS implies qµ/mN � 1 such that neglecting
the terms including the form factors F2 is a valid approximation.
Of course, there are pure pseudoscalar and axial vector operators as well, i.e. for
Oq = q̄iγ5q and Oq = q̄γµγ5q. However, since we focus only on spin-0 nuclei as targets
within the main analysis of Ch. 3 and, further, only consider BSM extensions of scalar- and
vector-type, we will not cover them here and, instead, refer to the literature, cf. Refs. [1,
154, 161].

2.1.1.3 From nucleons to the nucleus

The step from single-nucleon matrix elements to the full nuclear response is quite complex
and involves many-body interactions, especially when the nucleon matrix elements of
the considered operators involve a certain spin structure, cf. Ref. [154, Chapter G]. In
the coherent regime, the (nuclear) charge operator is the leading contribution to the

5This could source additional symmetry breaking due to different up-type and down-type quark charges.
6Isospin symmetry implies 〈p′|V µq |p〉 = 〈n′|V µq |n〉 for q ∈ {u, d, s}.
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2.1 Coherent elastic neutrino-nucleus scattering (CEνNS)

nuclear response since it is the only one that is fully coherent. Additional semi-coherent
contributions related to spin-orbit corrections or axial-vector operators may exhibit some
enhancements through interference with the charge operator, cf. Ref. [161]. However, at
approximate zero momentum transfer such factors either vanish or stay finite and can be
ignored when focusing on the fully coherent regime.

Further, in the context of CEνNS the (anti)neutrino is usually such low in energy that
internal structure cannot be resolved. Similar to DD of DM (except the neutrino being
relativistic), we assume that the matrix elements of nucleon-level operators with nuclear
states are encoded in nuclear form factors, whose computation relies on the underlying
nuclear physics, i.e. a model of bound nucleons inside a nucleus [162, Section 4].

In what follows we show a heuristic derivation of the leading contribution to CEνNS
scattering amplitude, i.e. the vector part, by closely following Ref. [115]. The underlying
assumptions are a spinless nucleus, such that parity is (at least statistically) conserved, a
spherical and equal distribution of nucleons7 and energies that guarantee a coherent inter-
action, i.e. q2 → 0, between the neutrino and the nucleus. In doing so, the corresponding
cross section is derived at zero momentum transfer and multiplied with a form factor that
takes into account deviations from scattering of a point-like nucleus [163].

Thus, by ignoring the axial-vector part of the NC interaction with the nucleus, cf. Eq. (2.6),
the Z boson simply behaves as a massive photon that couples to the charge gqV for q ∈ {u, d}.
From the previous section we know that vector currents in the limit of zero momentum
transfer basically probe the content of valence quarks. Thus, for the nucleon matrix
element of the NC interaction, cf. Eq. (2.18), at zero momentum transfer, we obtain

〈N ′| JµvNC |N〉 =

{
2guV 〈p′| ūγµu |p〉+ gdV 〈p′| d̄γµd |p〉 , for N = p ,

guV 〈n′| d̄γµd |n〉+ 2gdV 〈n′| d̄γµd |n〉 , for N = n .
(2.23)

The matrix element for the whole nucleus is then obtained via summation of the con-
tributions of the individual nucleons with the addition of a form factor that takes into
account the deviation from scattering off a point-like object. Since we assume the nucleus
to be a spinless object, analogies can be drawn from scalar QED [115, 153], where the
scalar-photon interaction vertex is momentum dependent [164, Chapter 9]. Taking all
this into account one receives for the NC matrix element of the nucleus A the following
expression

〈A(k′)| JµvNC |A(k)〉 = (k + k′)µF (q2)

[∑
p

(
2guV + gdV

)
+
∑
n

(
guV + 2gdV

)]
≡ (k + k′)µF (q2)

[
ZgpV +NgnV

]
,

(2.24)

with the nuclear form factor F (q2) depending on the momentum transfer q2 = (k′ − k)2

7As Ref. [115] has pointed out, even for a spinless nucleus, the number of spin-up and spin-down quarks
of a certain flavor might not be exactly the same as well as the distribution of protons and neutrons
could be aspherical. However, for larger atomic numbers this is a valid approximation and, furthermore,
the impact of unpaired quark spins and occurring spin-flips becomes negligible.
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2. Theoretical Foundations

and the vector-like nucleon couplings

gpV =
1

2
− 2 sin2 θW , gnV = −1

2
. (2.25)

One further defines the weak nuclear charge according to

QW =
1

2

[
(1− 4 sin2 θW )Z −N

]
. (2.26)

2.1.2 Scattering cross section and channel properties

Next, we can derive the actual CEνNS matrix element for the process given in Fig. 2.1.
The general matrix element iM (ν(p) +A(k)→ ν(p′) +A(k′)) is obtained by simple
application of tree-level Feynman rules, cf. Fig. 2.1,

iM = 〈ν(p′)| JµvNC |ν(p)〉 −ig
2 cos θW

−i
(
gµν − qµqν

m2
Z

)
q2 −m2

Z

−ig
2 cos θW

〈A(k′)| JνvNC |A(k)〉

' i g2gµν
4 cos2 θWm2

Z

〈ν(p′)| JµvNC |ν(p)〉 〈A(k′)| JνvNC |A(k)〉 ,
(2.27)

where we simplified the Z boson propagator under the assumption of q2 �M2
Z , as we did

to obtain Eq. (2.8). Inserting the neutrino current in analogy to Eq. (2.6), the definition
of the Fermi constant of Eq. (2.8) and the gauge boson masses given by Eq. (2.4) as well
as the matrix element of the nucleus current in Eq. (2.24), one obtains the effective matrix
element of CEνNS with antineutrinos

iM = i
GF√

2
QWF (q2)gνL(k + k′)µv̄s(p)γµ(1− γ5)vs

′
(p′) , (2.28)

with the momentum transfer of the scattering process given by the Mandelstam variable
q2 = t = (k − k′)2, the helicities of initial and final state neutrinos s, s′ and their coupling
to the vector component of the Z boson gνL = 1

2 .
For the neutrino, the full V −A coupling structure of the Z boson is considered, while

we neglected axial vector coupling to the nucleus A, cf. Sec. 2.1.1.3. Squaring and summing
over the initial and final neutrino helicities yields the squared matrix element

|M|2 =
∑
s,s′

|iM|2 = 32G2
FQ

2
WF

2(q2)(gνL)2m2
AE

2
ν

(
1− TA

Eν
− mATA

2E2
ν

)
, (2.29)

with the nucleus’ weak charge QW , the nuclear form factor F (q2), the neutrino energy Eν
and the nuclear recoil energy in the lab frame TA. The associated momentum transfer
mediated by the process is given by t = q2 = −2mATA. The explicit derivation of the
squared matrix element is given in App. A.2.2. Recall that the whole nucleus is assumed
to be a spinless object throughout this calculation. Assuming it to be a spin-1

2 object,
results in the replacement (p2 +k2)µ → ūr

′
(k2)γµur(p2) with r, r′ being the initial and final

helicities of the nucleus spinors. However, the obtained final expression equals the result of
the calculation with a spinless nucleus up to a small (kinematic) correction that is usually
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2.1 Coherent elastic neutrino-nucleus scattering (CEνNS)

Figure 2.1.: Feynman diagram of the CEνNS process ν̄(p) +A(k)→ ν̄(p′) +A(k′). Since
CONUS will detect CEνNS with reactor antineutrinos, we derive the cross
section under consideration of reactor antineutrinos. However, ignoring axial
vector couplings yields a similar expression as for the case of neutrinos.

negligible.8 This is in line with the general assumption that the nucleon spins (almost)
cancel among each other. Furthermore, the nucleus is considered to be a point-like object
whose internal (nucleon) status cannot be probed/resolved with coherently interacting
(anti)neutrinos. In addition, exchanging antineutrinos with neutrinos yields the same
squared matrix element because of the assumption of a parity-conserving nucleus. However,
matrix elements for neutrinos and antineutrinos would be different if the axial-vector
contribution in JµNC would have been considered.

The nuclear recoil energy TA in the lab frame depends on the scattering angle θ (between
initial and final neutrino momenta) and is given by

TA =
2mAE

2
ν cos2 θ

(m2
A + Eν)2 − E2

ν cos2 θ

θ→0−−−→ 2E2
ν

mA + 2Eν
, (2.30)

where the last step yields the expression for a maximal nuclear recoil Tmax
A . For instance,

CEνNS off a heavy nucleus with mA ∼ 100GeV at a reactor site, i.e. Eν . 10MeV, leads
to nuclear recoil energies below O(1) keV.
Adjusting the cross section for general 2 → 2 scattering for lab frame kinematics,

cf. App. A.2.2, and inserting the squared matrix element of Eq. (2.29) yields the desired
expression of the CEνNS cross section,

dσ

dTA
(TA, Eν) =

G2
F

4π
Q2
WmA

(
1− mATA

2E2
ν

)
F 2(q2) , (2.31)

where we have already inserted the left-handed neutrino coupling (gνL)2 = 1
4 and ignored

8To obtain the corrections for a spin- 1
2
, simply replace

(
1− TA

Eν
− mATA

2E2
ν

)
with

(
1− TA

Eν
− mATA

2E2
ν

+
T2
A

2E2
ν

)
,

cf. Ref. [115].
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2. Theoretical Foundations

Figure 2.2.: CEνNS cross section for different neutrino energies and target materials.
Its characteristic scaling with the squared neutron number leads to large
cross sections for heavy elements. However, the maximum recoil energy is
suppressed at the same time. This “push-pull” situation needs to be solved
for CEνNS detection.

the (TA/Eν)-term in the bracket since it is would be negligible anyway. The corresponding
momentum transfer is given by q2 = −2mATA. Note that the dependence on the proton
number of the nuclear weak charge in Eq. (2.26) nearly cancels, such that the CEνNS
cross section scales approximately with the squared neutron number.
An alternative expression of the differential cross section in terms of the lab frame

scattering angle is given in Eq. (A.18). The total CEνNS cross section is given by
integrating over the nuclear recoil energy TA [67]9

σ ≈ G2
FN

2

4π
E2
ν ' 0.42 · 10−44N2

(
Eν

1MeV

)
cm2 . (2.32)

Although the axial vector contribution has been ignored in the previous derivation,
Equation (2.31) is accurate enough for the analyses in this work. However, the full CEνNS
cross section is given by [111, 165]

dσ

dTA
=
G2
FmA

2π

[
(GV +GA)2 + (GV −GA)2

(
1− TA

Eν

)2

−
(
G2
V −G2

A

) mATA
E2
ν

]
, (2.33)

with the vector and axial-vector GV = FpZg
p
V + FnNg

n
V and GA = Fp∆Zg

p
A + Fn∆NgnA,

respectively. Further, with Fx being the form factor and gxV,A the (axial) vector coupling
to protons and neutrons, i.e. q ∈ {p, n}, and ∆Z and ∆N the number of unpaired proton
and neutrons spins, i.e. the differences between nucleons with spin-up and spin-down
configuration. Equation (2.31) is recovered by assuming the (TA/Eν)-term to be negligible

9Starting from Eq. (2.31), the nuclear recoil energy TA is integrated from 0 to Tmax
A ≈ 2E2

ν
mA

. The
approximation is valid as the (TA/Eν)-term in Eq. (2.29) is negligible.
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2.1 Coherent elastic neutrino-nucleus scattering (CEνNS)

as well as setting gpV → 0 and ignoring the nucleus spin [165].
After the derivation of the CEνNS cross section, we want to emphasis the main features

of this reaction channel [67]: First, a general characteristic is the coherent enhancement of
the cross section, i.e. its scaling with the squared neutron number, which, in combination
with the quadratic dependence on the neutrino energy Eν , renders it to be larger than
any other neutrino interaction channel, cf. Fig. 1.1. Second, in contrast to IBD there is
no kinematic threshold which is of special interest for reactor antineutrino investigations
since detection of antineutrinos below the IBD threshold of Emin

IBD = 1.806MeV becomes in
principle feasible [87]. A third advantage of this reaction channel is its flavor-blind nature,
thus, it is equally sensitive to all neutrino flavors and of special advantage if the source
neutrino composition is not known. However, all these benefits come with the drawback
of having to detect very low nuclear recoil energies, i.e. impacts with recoil energies of
O(keV) and below.

2.1.3 Coherence condition and nuclear form factors

Now, we elaborate on the circumstances that need to be guaranteed for this characteristic
enhancement to appear and discuss the role of the nuclear form factor in Eq. (2.31).
In doing so, we follow considerations of Ref. [28], introduce form factors according to
Ref. [166] and finally discuss their application in the context of CEνNS.

The coherent enhancement appearing in the CEνNS cross section is a beautiful example
of coherence appearing in quantum mechanics (QM). Thus, it is based on the superposition
principle, when the individual scattering amplitudes of neutrino-nucleon scattering are
indistinguishable. Assuming the neutrino to scatter elastically off a composite object that
consists of n individual constituents, i.e. nucleons at given positions xi with i = 1, .., n,
the scattering amplitude from an incident neutrino with momentum p to an outgoing
neutrino with momentum p′ is given by the sum of individual contributions10

A(p′,p) =
n∑
i=1

Ai(p
′,p)ei(p

′−p)xi , (2.34)

where the individual amplitudes Ai are weighted with a phase factor that incorporates
the relative phases among the scatterings. The corresponding differential cross section
scales with |A(p′,p)|2. Further, the momentum transfer is given by q = p′ − p and one
defines the size of the composite object as R = maxi,j |xi − xj |.
In the case of qR � 1, the individual phase factors are negligible and all amplitudes

add up coherently dσ
dΩ ' N2|Ã(p′,p)|2 with the average amplitude Ã(p′,p) = A/n. If

there are several constituents, i.e. protons and neutrons with different spin configurations,
there might be cancellations among the individual scattering amplitudes. Otherwise,
the cross section scales with the squared number of scattering centers. On the other
hand, for qR ∼ 1 the relative phase factor becomes important and contributions from the
individual amplitudes might cancel each other and, thus, reduce the overall scattering

10Here, we neglect multiple scatterings. Further, assuming the constituents at defined locations xj is not
relevant as the argumentation can be generalized to a full QM treatment. A necessary condition is that
the considered quantum states must not change, i.e. through spin-flip or charge exchange, otherwise
amplitudes do not add up in a coherent manner.
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Element N rA [fm] Emax
ν [MeV] Tmax

A [keV]
Na 12 3.6 27.7 71.5
Si 14 3.8 25.9 51.3
Ar 22 4.4 23.1 28.5
Ge 38/40/42 5.2 18.9 10.5
I 74 6.3 15.7 4.16
Xe 75/77/78 6.4 15.5 3.93
Cs 78 6.4 15.4 3.85

Table 2.2.: Coherence condition for potential CEνNS detector materials with their neutron
number N (three most abundant isotopes) and approximate nucleus radius
rA ' 1.25 · 3

√
N + Z fm. The maximally allowed neutrino energies Emax

ν ∼
(2rA)−1 that is needed to fulfill a coherent interactions as well as the resulting
maximal nuclear recoil energy Tmax

A are estimated, cf. Eq. (2.30).

amplitude. The condition qR� 1 can be expressed more intuitively: If the wavelength
of the mediating particle is larger than the target size, the individual amplitudes add up
coherently. However, in Ref. [154, Section C] is was pointed out that the above condition
for a mediator’s wavelength is only meaningful if one-particle exchanges are considered.
For intermediate particles in loops this condition is not required, but occurring loop factors
lead to suppression of higher order contributions.

In the fully coherent regime, the target nucleus behaves like a point-like object. To
account for the finite extent of some (nuclear) charge distribution, usually form factors
are introduced which take into account the phase differences between the contributions of
scattered wave packages. In the case of non-relativistic electromagnetic electron-proton
scattering, one can show, for instance cf. Ref. [166, Chapter 7.3], that the matrix element
M separates into the matrix element of point-like scattering times the form factor F (q2),

Mfi →Mpoint
fi F (q2) , with F (q2) =

∫
ρ(r)eiq·rd3r . (2.35)

Mpoint
fi represents the matrix element for scattering off a point-like charge Q and F (q2) is

the Fourier transform of a (normalized) charge distribution ρ(r). In the coherent regime,
i.e. for mediator wavelengths larger than the charge distribution, q ·r ∼ 0, the form factors
equals approximately unity and, thus, the charge distribution appears to be point-like. For
a wavelength much smaller than the charge distribution, rapid oscillations in the phase
factors occur such that the overall quantity tends to zero, i.e. F (q2 →∞) = 0. However,
in the case of relativistic kinematics the interpretation of Form factors is more involved
due to their dependence on the corresponding four-vector Q2 ≡ −q2 = −(p′ − p)2. In the
limit of small momentum transfer Q2 � 4m2

A, which is fulfilled in the case of CEνNS,
the time-like component becomes small such that Q2 ≈ q2 and the interpretation of the
form factor as Fourier transform of the underlying weak charge distribution is restored,
cf. Ref. [166, Section 7.5].
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Neutrino source Target Tmax
A [keV] E (QF ∈ {0.1, 0.15, 0.2}) [keV]

Nuclear reactor Na 9.33 0.93 / 1.40 / 1.87
(10MeV) Si 7.64 0.76 / 1.15 / 1.53

Ar 5.37 0.54 / 0.81 / 1.07
Ge 2.96 0.30 / 0.44 / 0.59
I 1.69 0.17 / 0.25 / 0.34
Xe 1.64 0.16 / 0.25 / 0.33
Cs 1.62 0.16 / 0.24 / 0.32

π-DAR source Na 232.4 23.2 / 34.9 / 46.5
(50MeV) Si 190.4 19.0 / 28.6 / 38.1

Ar 134.0 13.4 / 20.1 / 26.8
Ge 73.8 7.38 / 11.1 / 14.8
I 42.3 4.23 / 6.34 / 8.45
Xe 40.9 4.09 / 6.13 / 8.17
Cs 40.4 4.04 / 6.03 / 8.07

Table 2.3.: Detection requirements at different neutrino sources given for potential target
materials. Values are given for two typical sources that are used in the context of
CEνNS investigations, i.e. nuclear reactors and π-DAR sources, while assuming
neutrino energies Eν at the higher ends of the individual emission spectra.
The maximal expected nuclear recoil energy Tmax

A , cf. Eq. 2.30, and the
corresponding detectable energy E assuming energy-independent quenching
factors (QFs) QF ∈ {0.1, 0.15, 0.20} are calculated, whereby the value are
chosen for illustrative purposes and do not necessarily represent quenching
within the chosen materials.

2.1.4 Nuclear recoils, signal quenching and detectable energy

Finally, we take a more quantitative look onto the CEνNS cross section. For this, we
select several target materials as examples and check their requirements for a potential
detection at reactors and π-DAR sources, respectively.
When comparing the expression of the CEνNS cross section and the corresponding

observable, the (maximal) recoil energy TA, one recognizes a “push-pull” situation in terms
of ideal target isotope selection. While the cross section of Eq. (2.31) scales approximately
with the squared neutron number, the maximal nuclear recoil energy in Eq. (2.30) scales
inversely proportional with the atomic number of the target material, i.e. T ∝ (Z +N)−1.
Hence for a fixed neutrino energy Eν , enhancing the cross section by selecting heavier
nuclei (with higher neutron number), the observable is lowered at the same time. As a
consequence, target materials with intermediate atomic numbers are a good compromise
since they represent a certain trade-off between coherent enhancement and detection
possibility.
In addition, to initially guarantee this enhancement, (anti)neutrinos within the right

energy range have to fulfill the coherence condition qR� 1, with R being the maximal
nucleon distance, cf. Ref. [28], which we assume to be the nuclear diameter, thus twice

19
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its radius R ∼ 2rA. Table 2.2 shows a selection of target materials that are already used
or at least under consideration for CEνNS detection. Besides the approximate nuclear
diameter d, the maximal neutrino energy Emax

ν that allows for a coherent interaction as
well as the corresponding maximal nuclear recoil energy Tmax

A are shown, ordered according
to the elements’ neutron number. The neutrino energies indicate that at a reactor site
CEνNS might be detected with full coherence for most of the accessible neutrino energies,
cf. Sec. 2.2.1. From the maximal recoil energies Tmax

A , one can derive specifications a
potential detector should satisfy in order to achieve a successful detection.
A nuclear recoil that is stored in the detector after a CEνNS event cannot directly

be measured. Hence, secondary processes like ionization or scintillation need to be used.
Unfortunately, this stored energy is not only converted into detectable signals but also
lost in dissipative processes such that only a fraction of the initial energy is actually
measured. The conversion from stored nuclear recoil energy TA to detectable (heat or
ionization) energy E is called signal quenching and the corresponding energy ratio E/TA
is referred to as quenching factor (QF) [167].11 As a consequence signal quenching imposes
even stronger requirements on the detector’s energy threshold. In Tab. 2.3, we list the
maximum nuclear recoil energy Tmax

A , cf. Eq. (2.30), expected from an experiment using a
common target materials close to a nuclear reactor and a π-DAR source, respectively. To
roughly illustrate the effect of quenching, we estimate the detectable energy after signal
quenching for a selection of QFs that are currently discussed in the context of germanium
detectors [168, 169].12 The values indicate threshold requirements that detectors of the
individual target material and at the corresponding source have to fulfill for a potential
CEνNS detection. In the next section, the individual experimental requirements for a
CEνNS-measuring device are discussed in detail. However, for the CONUS analyses of
Ch. 3 and Ch. 4 the estimates for a germanium detector at a reactor site are relevant.

2.2 Requirements for successful CEνNS detection

A successful CEνNS detection has taken about forty years since its prediction, and not
without any reason. As with any other endeavor in the history of neutrino physics,
experimental efforts were pushed to their boundaries, but detecting keV-energy nuclear
recoils has been an unsolved issue for a long time [66, 68]. In general, there are three main
obstacles any CEνNS-measuring experiment has to overcome, namely

• an intense and controllable neutrino source,

• lowest possible background levels,

• a very low-threshold detection technology for nuclear recoils.

11In the literature, the difference between nuclear recoil energy and ionization energy (in terms of electron
equivalents) is sometimes indicated by subscripts at the energy unit, eVnr and eVee, respectively. Since
we are mainly interested in the detectable energy, whenever not explicitly stated, the unit electron volt
refers to ionization energy in the detector context.

12Note that signal quenching is complex and depends, among others, on the used target material, detection
technology and on the nuclear recoil [170]. However, for the illustrative purposes at this point, we
ignore all these subtleties.
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These three ingredients are necessary to ensure the detection of small nuclear recoil energies
with high interaction probability and clear signal significance. In what follows, we give a
short overview of potential candidates that exist in each topic. Moreover, we show which
kind of solutions already exist or are currently discussed in the CEνNS community.

2.2.1 The neutrino source

In Nature, there is a plethora of potential neutrino sources, ranging from cosmological
over astronomical to artificial (human-made) sources, cf. Ref. [171]. But not every
source, however appealing, is appropriate since it has to be in agreement with the overall
experimental design. A neutrino source appropriate for the investigation of neutrino
interactions has to guarantee an intense neutrino flux, whose spectral shape is to be known
precisely [172]. Especially important in the context of CEνNS are neutrino energies high
enough to allow a detection of low nuclear recoils, cf. Eq. (2.30). For practical purposes, a
controllable and stoppable neutrino source is usually preferred as it is helpful in terms of
background discrimination. Possibilities suitable for CEνNS investigations are neutrinos
originating from pion decays at a SNS [173] or from nuclear reactors [174]. More recently,
new approaches making use of artificial sources have been discussed [175]. In what follows
we shortly introduce individual characteristics of the two recently applied neutrino source:
π-DAR sources and nuclear reactors.

2.2.1.1 Pion decay-at-rest neutrino sources

The SNS at the Oak Ridge National Laboratory provides an integrated neutrino flux of
4.3 · 107 cm−2 s−1 at 20m-distance and is currently the strongest π-DAR neutrino source.
This renders it a perfect facility for various SM and BSM CEνNS investigations [173,
176]. Since the emitted neutrinos reach energies up to 53MeV, the nuclear recoils result
in high detectable energies, which are in the reach of today’s low-threshold detectors,
cf. Tab. 2.3. The SNS’s neutrino spectrum consists of three different neutrino flavors νµ,
νe, ν̄µ reflecting the different emission processes: a pion-decay-at-rest and a subsequent
decay of the emitted muon. The facility’s neutrons are created by the interaction of an
intense proton beam with a dense mercury target. As byproducts of this collision, mesons
such as pions, are produced and stopped in the high-density target while neutrinos are
emitted in subsequent decays, i.e. pion and muon decays. The overall neutrino spectrum is
well-known since major particle emission takes place in decay-at-rest processes where the
kinematics are known and the flavor content is entirely determined from π+ decays. Within
the mercury target almost all π mesons are stopped. While the π− fraction is captured in
mercury, the remaining π+ mesons decay at rest according to π+ → µ+ + νµ and leaving
the emitted muon neutrinos with a monochromatic energy of 30MeV. Within a few µs
(with T1/2 = 2.2µs), electron neutrinos νe and muon antineutrinos ν̄µ are emitted with
energies up to 52.6MeV. The muon’s three-body-decay results in a continuous spectrum
of the latter two neutrino species. Further, the proton beam energy guarantees only a
small contamination from decay-in-flight pions. The left plot in Fig. 2.3 shows a π-DAR
neutrino simulation of mono-energetic 1GeV-proton incident on mercury target. The
(prompt) monoenergetic 30MeV peak of muon neutrinos from pion decays is the dominant
contribution to the whole emission spectrum. The continuous energies of electron neutrinos
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Figure 2.3.: Left: Simulated neutrino spectrum of the SNS at Oak Ridge National Labo-
ratory. The peak in muon-neutrinos comes from (prompt) π+ decays at rest,
while the continuous spectrum of muon antineutrinos and electron neutrinos
are created by the delayed three-body muon decay within a few µs later.
Figure is taken from Ref. [181]. Right: Reactor antineutrino spectrum of the
four main fission isotopes responsible for antineutrino emission. The threshold
of IBD is indicated by a vertical dashed line. The low energy contribution
due to neutron capture 238U(n,γ)239U is rescaled by a factor of 1/20. Figure
is taken from Ref. [171].

and muon antineutrinos reflect the underlying kinematics of muon decays and reach up to
about 50MeV. Other contribution, e.g. from pion-decays-in-flight are negligible.

The beam pulse structure with collision frequency of 60Hz is beneficial for background
discrimination, such that rejection factors of 10−3-10−4 are achievable [177]. In principle,
beam-related high-energy neutrons can mimic a CEνNS signal, so-called neutron-induced
neutrinos, and spoil potential measurement, but appropriate shielding and an off-axis
location of the experimental set-up helped to mitigate this issue.

Besides the SNS in Oak Ridge, there are additional beam facilities for potential future
CEνNS investigation. For example, the Booster Neutrino Beam (BNB) at Fermilab, which
might be operated at slightly smaller neutrino fluxes, is already in consideration [178].
Further, the J-PARC Material and Life Science Experimental Facility (MLF) spallation
neutron source in Japan uses a proton beam with higher energies which increases the
concentration of neutrinos from non-decay-at-rest processes and thus, exhibits a more
complex neutrino emission spectrum [179]. The physics potential of the European Spalla-
tion Neutron Source (ESS) in its capabilities of CEνNS investigations has already been
studied in Ref. [180].13

2.2.1.2 Nuclear reactors

Nuclear fission reactors provide an intense and controllable flux of low-energy antineutrinos
which emit ∼ 4% of their produced energy in form of MeV-scale neutrinos that have been
created in decays of nuclear fission products. Reactors have been involved in the first
13A summary of potential π-DAR neutrino facilities with their individual specification is given in Tab. 1

of Ref. [173].
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experimental neutrino detection by Cowan and Reines [7, 8] and, since then, antineutrinos
from nuclear fission have been widely applied in investigations of neutrino interactions
and properties [174, 182, 183]. In PWRs, which are mainly used for commercial purposes,
99.9% of the energy produced in nuclear reactor cores originates from fissions of only four
isotopes: 235U, 239Pu, 238U, 241Pu. Their fraction among all occurring fissions, from now
on referred to as “fission fractions”, varies with time but is on average given of about 55%,
32%, 7%, 6% [171]. Electron antineutrinos are emitted in beta decays of neutron-rich
nuclei that appear in the individual fission chains. Hence, a reactor’s antineutrino emission
varies with the composition of the underlying fission fragments of the four main isotopes.14

During a PWR cycle, 235U is depleted and plutonium is bred, while the fraction of 238U
fission remains approximately constant at about 10%. As the resulting antineutrino spectra
of the four main isotopes are different in shape and magnitude, the total reactor emission
spectrum changes over a reactor burn-up cycle, i.e. the per-fission contribution of 235U is
about 45% higher than the one of 241Pu and about 60% lower than contributions of 238U.
Thus, over a reactor cycle of about 550 d the overall effect in the expected IBD count rate
can be of about 10%, cf. Ref. [185].

All in all, an average six neutrinos are emitted per fission with a total energy of about
200MeV [186]. Below the IBD threshold, neutron captures of 238U lead to a subsequent
decay of the created 239U, usually written as 238U(n,γ)239U, which in turn contributes
additional 1.2 antineutrinos, cf. Ref. [186, 187]. This leads to a powerful antineutrino
emission of about 2 · 1020 GW−1 s−1, which makes nuclear reactors the most powerful
human-made neutrino source on Earth. Although their (electric and thermal) power is
frequently monitored and compared with detailed simulation, a prediction of the expected
reactor spectrum is more involved. The right plot in Fig. 2.3 illustrates the typical shape
of antineutrino emission spectra in terms of the four main isotopes. About 75% of the
antineutrino emission occurs at energies below 1.8MeV and is thus inaccessible to IBD.
Moreover, this part is more reactor-specific as it subject to neutron capture of long-lived
fission fractions, whose abundances depend on the neutron flux in the reactor core as well
as the expose to it. Consequently, only 25% of a reactor’s total antineutrino emission
occurs at energies above the IBD threshold, cf. the right plot of Fig. 2.3.

The so-called ab-initio approach (or summation method) tries to determine the individual
antineutrino fission spectra by summing contributions from all beta decay branches of
all fission fragments [118, 187, 188]. In such way, recent methods sum up hundred of
branches [187] to determine the final aggregation of antineutrinos that are emitted from
the isotope or the reactor in general. Although straightforward, several obstacles in the
procedure lead to large uncertainties in flux and spectrum. Fission yields, branching ratios
and endpoint energies of the decays are sometimes, especially in the case of short-lived
fragments, not well know and, thus, need to be estimated. Further, the beta spectrum of
about 30% of the involved transitions are attributed to so-called first forbidden transitions,
whose calculations are more difficult and noticeable different from allowed transition.

14The subsequent beta decays responsible for the actual antineutrino emission do not proceed instanta-
neously as the corresponding states exhibit finite lifetimes. At the beginning of a fission cycle a certain
time is needed for the isotopes to reach steady equilibrium, i.e. higher energies require shorter time
intervals. Thus, the same applies to the resulting antineutrino spectrum. Here, we neglect effects of
reactor burn-up and cool-down and directly assume equilibrated decay states. Effect of non-equilibrium
reactor fluxes are for instance discussed in Ref. [184].
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Additional smaller corrections arise for example from radiative and nuclear finite size
contributions who might also depend in the transition, cf. Ref. [185]. In the end, these
systematic uncertainties and correction add to overall model uncertainties of 10− 20%.

A complementary approach, the so-called conversion method, is to use experimentally
determined beta decay spectra of the isotopes of interest. Besides small corrections, which
take into account that spectra have not reached full equilibrium, such electron emission
spectra already reflect the aggregation of all fission yields and branching ratios. In the
general procedure, the determined electron spectrum is fitted with a set of up to 30 virtual
branches with an assumed spectral shape. Ignoring nuclear recoil energies, the electron
spectrum can in principle be converted into the corresponding electron antineutrino
spectrum due to energy conservation. Experimental determinations of the individual
isotope spectra have been done in the past, i.e. Refs. [189–191] for thermal neutron fissions
and Ref. [192] for fast fission and provided corresponding antineutrino spectra.

Finally, there are direct measurements of antineutrino spectra at reactor-site that have
been recorded via IBD interactions [149, 193]. The collaborations of Daya Bay [194,
195] and RENO [196] applied unfolding techniques to deliver data-based reactor spectra
that are free from experiment-specific features, e.g. efficiencies and resolutions. In this
context, CEνNS might be an interesting option as it allows, in principle, measurements of
a reactor’s spectrum below the IBD threshold [87], cf. Sec. 5.2.

However, two anomalies appear when these directly measured IBD spectra are compared
to theoretical predictions, i.e. the RAA and the so-called “reactor bump“ [197]. The
first is related to an observed neutrino flux deficit of 6.5%, which could be related to
uncertainties underlying the theoretical predictions or the existence of a fourth sterile
neutrino, cf. Sec. 5.2 and Sec. 5.4.3. The later refers to a shape distortion (compared to
theoretical predictions) above 4MeV [198, 199], which might be explained by contributions
of certain fission isotopes, cf. Sec. 5.2.

All in all, nuclear fission reactors are a favorable choice in the quest of measuring
CEνNS as they exhibit huge antineutrino fluxes. The emitted antineutrino energy is below
10MeV and, thus, safely in the coherent regime of CEνNS for currently discussed detector
materials, cf. Tab. 2.2. Nuclear reactors are generally well-monitored and duty cycles
of about one year allow regular acquisition of pure reactor OFF time. However, these
outages, in which the reactor is maintained and the core loaded with new fuel elements,
are with a duration of about one month per year short in comparison to normal operation.

2.2.2 Background in low energy threshold CEνNS experiments

We now address the second issue a reactor or π-DAR-based CEνNS experiment has to
overcome: low-level background at shallow depths. To understand how this is achieved
with the CONUS set-up, a general introduction into backgrounds of low-energy rare-event
experiments is given in the following. This section is mainly based on the review of
Refs. [200, 201]. For more details and quantitative expressions, the author refers the
inclined reader to Ref. [202].
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2.2.2.1 Overview of different background components

Low background levels are in general necessary for any rare-event search. With increasing
sensitivity of modern experiments, the experimental requirements on background events
are pushed further. Since the expected number of physics events is only of a few counts
per day or year, the experimental reach is often limited by background events. Thus,
discrimination of potential signal from background events and electronic noise becomes
crucial.
The very broad term “background” summarizes events that cover a wide range of

energies (keV up to GeV), involve different particle types (α, β, γ, neutrons, etc.) and
originate from various interactions (electron/nuclear recoils, hadronic interactions, neutron
production). To distinguish physics signals from unwanted background, several methods
can be applied depending on the actual experimental design. For example, these can be
reduction of external and internal radiation (shielding, materials selection and surface
cleaning), event-by-event selection (active tagging) or utilizing characteristic signal features
(pulse-shape discrimination (PSD)). Usually, the expected signal rates are limited by
experimental parameters and economic reasoning such that compromises between a clear
event signature, experimental design, data collection and financial budget have to be found.
Simulation techniques have become popular practice to estimate an experiment’s expected
background level in order to check requirements on background rejection, components’
internal radiopurity and cosmic radiation, cf. Refs. [202, 203].

In general, the background of low-event experiments can be grouped into the following
categories on which we discuss further below: environmental radioactivity, intrinsic material
contamination of detector components, airborne activity (radon and it progenies), cosmic
rays as well as neutrons from natural fission and (α,n) reactions.

Environmental radioactivity Radionuclides present in nature can be generally grouped
into three categories: primordial, cosmogenic and anthropogenic origin. During their
(and subsequent daughter) decay, gamma radiation is emitted, which generally needs
consideration in rare-event searches. The naturally occurring (long-lived) radioisotopes
238U, 232Th ad 40K are the dominant contributors with largely varying local concentration.
Direct cosmic ray gamma radiation at ground level only contributes a small portion, i.e.
≤ 1%.
At surface or near-surface environments, the activity of daughter nuclides can deviate

from the activity of their parent nuclides due to physical and chemical processes.
The most important cosmic ray-produced radionuclides in the atmosphere are 7Be, 10Be,

14C. Although cosmogenic radionuclides only reach permille-level activity of primordial
radionuclides in the upper soil layers, these isotopes require attention when the applied
detector technology contains them, e.g. in the case of scintillators (C, H, Be, Cl) and
(liquid) gas detectors (via the cosmogenically produced isotopes 37,39,42Ar).

Anthropogenic radioactivity originates above ground from nuclear tests and operation
of nuclear power plants that have added the radionuclides 3H, 14C, 90Sr and 137Cs to
the atmosphere. Especially, the nuclear accidents of Chernobyl and Fukushima have
resulted in large surface contamination with 137Cs [204]. Further, 85Kr that is released
in the atmosphere by nuclear reactors and nuclear fuel re-processing facilities might be
problematic as it is highly solvable in organic materials.
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Radioimpurities in detectors and shield material Radioimpurities due to environ-
mental radioactivity can be found in manufactured products as well, and therefore also in
detector components and shield materials or attached to their surfaces. As a consequence,
components for rare-event purposes have to be specially treated previous to and during
their processing and manufacturing stages. Thus, dedicated material selection, monitoring
for acceptable contamination levels and minimizing contact with other materials and
the environment are crucial to guarantee low background rates in the final experiment.
A general guideline is, for example, that electron detecting experiments, e.g. for 0νββ
and IBD, are more limited by intrinsic radioactivity, while nuclear recoil detection, e.g.
in CEνNS and DM experiments, is more likely to be limited by neutrons originating
from radioactive decay-induced nuclear reactions [200, Section 36.6.3]. Refined materials
seem to be more radiopure than their natural form, although this depends highly on the
individual manufacturing steps. Further, semiconducting materials like Si and Ge profited
from industrial developments and are among the cleanest materials available. Plastic
material or liquid hydrocarbons are more demanding since most of them consist of C, H
and O and thus incorporate 3H and 14C. If refined, e.g. by distillation methods, they can
become very radiopure.

Special care must be given to electronic components, e.g. resistors, capacitors, etc., since
their components often carry high radioimpurities.
For shielding purposes, lead turns out to be an almost ideal shielding material due

to its high atomic number, acceptable costs and material properties. Its low interaction
probability with neutrons and cosmic rays, also in terms of radionuclide production,
renders it perfect for rare-event searches. However, its intrinsic radioactivity might not be
negligible mainly because of 210Pb and its daughter nuclides 210Bi and 210Po. Due to the
22-year-long half life of 210Pb, low-uranium ores or lead that has been produced several
half lives ago are preferred.

During an experiment’s commissioning surface contamination can occur through dust or
contact with other materials. Thus, components are stored in sealed bags and the whole
assembly might be done in an enclosed environment, i.e. under clean-room conditions; also
to reduce radon deposition. The most demanding low-rate experiments require material
screening of all components, detailed understanding of the radioactivity at experimental
site, usually gained with sophisticated simulations and the whole repertoire of radiation
detection instruments to achieve their desired background specifications.

Radon and it progenies Airborne radioactivity is an issue during an experiment’s
commissioning but also during its operation. Especially, the noble gas and α-emitter 222Rn,
which originates from 238U, is released from surface soil and found everywhere in the atmo-
sphere. Its typical values of 10− 100mBqL−1 outdoors or 100− few 1000mBqL−1 [200,
Section 36.6.4] and its half life of 3.8 d renders it the strongest source of airborne ra-
dioactivity. The radionuclide 220Rn, originating from the thorium series, has a much
shorter half-life of 55.6 s and decays within its host material leaving its daughter materials
immobile. Further, there is 219Rn of the actinium series with a half-life of 3.96 s, which is
negligible in most low background considerations.
Generally, the airborne radon concentration depends on the barometric pressure and

shows daily as well as seasonal variation. It is highly solvent in water and organic solvents
and, as a consequence, lowest concentrated above oceans.
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Direct radon progenies are either free or attached to aerosols. Further, radon deposition
is strongly enhanced on electrostatically charged surfaces, i.e. on glas or plastic. An
established practice to protect a device against radon is to encase the whole system with
metallic radon-tight foil and apply a small overpressure of old compressed air or (purified)
nitrogen. This should expel incorporated radon and prevents further influx from cracks or
small openings.
For electron detection, radon itself is not harmful but its progenies 214Pb, 214Bi, 210Bi

emit energetic beta and gamma radiation. On the contrary, recoils of α particles from
radon decays might become problematic in the case of nuclear recoil detection.

Cosmic ray-induced background Cosmic ray particles cannot only create radionu-
clides by activation of experimental materials but also directly contribute background
events. The Earth’s atmosphere is permanently hit by primary cosmic ray particle (90%
protons, 9% α and 1% heavier particles), whose interactions generate secondary particles
(π±, p+, e±, n, µ±) which penetrate the atmosphere further. At sea level, the relative
intensity of π±: p+: e±: n : µ± is 1 : 13 : 340 : 480 : 1420 with 1.34 · 10−5 cm−2 s−1 for
charged pions [200, Section 36.6.5]. Charged pions and protons contribute to cosmogenic
production only in the first few 10 g/cm2 of material below rock surface, while electrons
and protons are generally absorbed by overburden of the experimental building. Thus, only
muons and neutrons are harmful for low-event background searches. In general, cosmic
neutrons loose their energy via inelastic scattering before they are typically captured
or decay. Neutron production in high-Z materials is strongly enhanced, i.e. via capture
of negative muons, photonuclear reactions and photofission of photons associated with
fast neutrons. This makes tertiary neutrons the dominant background contribution in
massive Pb shield already below a few meters of water equivalent (mw.e.). Fission and
(α, n)-derived neutrons become important only below a few 100mw.e. [201, Section 3].

Muons, in contrary, are attenuated on longer scales (2 kg cm−2) by several kinds of
interactions, i.e. ionization, pair production, bremsstrahlung and nuclear interaction [201,
Section 3]. Besides direct production of background events, cosmic rays might contribute
indirectly higher radiation levels through cosmogenic production of radionuclides in
detector components. Especially, hadronic components can induce radioactivity levels
that exceeds contamination of primordial components at sea level and becomes important
for intermediate-Z materials like copper and iron, where short-lived radionuclides, e.g.
56,58,60Co, might spoil desired background levels. Muons also contribute to radioisotope
production as they produce energetic showers of proton, neutrons and pions, which can
extend over several cubic meters (mostly in forward direction). Neutrons on the other side
can activate components through nuclear desintigration, capture of negative muons, (α, n)
reactions and natural fission. To avoid high cosmogenic activation, detector components
and material should be stored above ground only for manufacturing and transport.

Next to it, the production of cosmic neutrons can directly induce background events via
inelastic scattering or radiative capture in shielding or detector material which renders
them an important source of low-energy background. They are even more problematic as
sufficiently energetic neutron might fake weakly interacting massive particle (WIMP) or
neutrino recoils in elastic scattering. At an overburden of 15 mw.e., secondary neutrons
are already filtered out and tertiary neutrons created by muons become the dominate
background component. Especially, high-Z shielding used to suppress external gamma
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radiation can be a source for cosmogenic tertiary neutrons. Depending on the experiment
and its overburden, additional neutron absorbers, e.g. borated polyethylene, might be an
option to effectively reduce tertiary neutrons.
Direct interactions of muons are almost exclusively of electromagnetic origin with the

transversed medium. Their deceleration happens in small fractions of their primary energy
and creates energetic showers of electrons, positions and gamma rays, direct electron pair
production and bremsstrahlung. The small energy loss in combination with a relativistically
enlarged decay time allows large penetration depth into the Earth’s crust. At rest, muons
either decay under emission of another shower or if negatively charged, they are captured
by a nucleus which results in emission of further neutrons or photonuclear disintegration
of the entire nucleus.

2.2.2.2 Background suppression techniques

After the discussion of individual background sources, we summarize which techniques are
available to suppress or avoid events induced by cosmic rays or from radioactive decays.
All of them are applied within the context of the CONUS experiment.

Shielding The ideal shield against external gamma radiation at sea-level is made out of
low-activity lead. Since lead with low 210Pb contamination is rare, an onion-like structure
with increasing radiopurity towards the detector chamber is a valid possibility, whereas
the radiopurity level of the inner layers is determined by the muon flux, whether or not a
veto system is used and the overall background specifications. The individual lead layer
must not be too thick, otherwise muon-induced components and secondary neutrons begin
dominating the background spectrum which cannot be further suppressed with additional
lead layers. At very low muon flux, either by more effective veto counters or larger amount
of overburden, electrolytically produced copper proved to be superior as inner shield since
its higher radiopurity balances the lower self-absorption for bremsstrahlung induced by
secondary charged particles. Measures against radon aggregation should be established
to avoid rising background levels due to radon diffusion. In solid-state detector-shield
configurations, boil-off nitrogen is typically used to mitigate airborne radon.

Radioassay techniques and material treatment Material screening and selection
as well as proper storage is a key ingredient for low-background experiments. Spectroscopy
with germanium detectors has proven beneficial for screening purposes as they are sensitive
to all types of radiation and exhibit high radiopurity [205]. With them the detection of
typical environmental radioimpurities is possible at the sub-mBqkg−1-level. Low-energy
contamination, e.g. from 3H and 14C can be measured with liquid scintillators as well.
Additional methods are α counting, neutron activation analysis, and mass spectrometry.
Especially, α counters are useful devices for measuring radon levels at storage locations or
during the experiment’s runtime. Not only selection of radiopure materials is important,
also processing and manufacturing can increase surface contamination. Thus, surface
cleaning might be necessary afterwards.

Active background discrimination techniques Further background reduction can
be achieved by application of active discrimination techniques. Such methods can be

28



2.2 Requirements for successful CEνNS detection

Figure 2.4.: Overview of detection signals and techniques that can be used for CEνNS and
DM DD experiments. Since DM-nucleus scattering and CEνNS are similar
in nature and share (very roughly) same energy ranges, similar detection
technologies can be applied. Picture taken from Ref. [207] and adapted for
our aim of measuring CEνNS.

anticoincidence veto systems (muon-induced events), detector-detector coincidence (decays,
scatter sequences), signal pattern identification (PSD) or multiple detection mechanism.
A general rule for the selection of active components is that as long as radiopurity is an
issue for active shielding techniques, passive shielding is a preferred choice because of
fewer construction constraints, easier screening possibilities and long time stability [201,
Section 4.3]. Since experiments looking for CEνNS are most likely to be performed at
shallow depth, cosmic ray muons and corresponding neutrons will be an issue. As the
distribution angle of muons grows steeper with growing overburden (at sea level sinϕ with
ϕ being the azimuthal angel), an active muon veto system encapsulating the whole detector
is a necessary choice. Plastic and liquid scintillators have proven to be more effective
at sea level and shallow depth than gas counters, while they further reduce background
events from secondary neutrons.

2.2.3 Detection techniques

In the last section of this experimental introduction, we address technologies that can
be used to detect CEνNS. They can be grouped according to the signal type that a
potential interaction might leave in the detector, e.g. heat/phonons, charge and light or
combinations of the latter, cf. Fig. 2.4. Since (WIMP)DM-nucleus interactions and CEνNS
are similar in nature and share approximately the same recoil energies, both investigations
have to fulfill similar experimental requirements and thus we can take advantage of this
complementarity. We mainly focus on technologies that are already applied in experiments
or planned in upcoming CEνNS investigations, while we select representatives for each of
the available signal types. This section is based on Refs. [200, 206, 207].
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2.2.3.1 Scintillation detectors

Scintillation detectors exhibit a simple working principle and experience common appli-
cation in particle physics. While particles cross the scintillating medium, they transfer
energy to the material’s atoms or molecules and excite them to short-lived states. After a
certain period of time, these states return to their ground states under emission of photons,
which are detected by photodetectors. Although the efficiency of light emission after
excitation of typical scintillation material range from 10−15%, appropriate photodetectors
with high photon counting and collection efficiency, e.g. photomultiplier tubes (PMTs),
allow for efficient particle detection [208]. Scintillators can be separated into two main
groups: organic and inorganic media. Organic scintillators have the advantage that they
are widely used in several forms, i.e. as plastic, liquid or crystalline, and can be customized
to any geometry and application. Inorganic scintillators are mainly applied in crystalline
structures with the advantage of having higher densities and higher atomic numbers than
their organic counterpart. This is advantageous when high stopping power of the incident
particle or radiation is needed. Higher light yields are obtained with inorganic scintillators
as well.

In DM investigations with scintillation detectors, usually NaI(Tl) and CsI(Tl) crystals
are used due to the advantages of inorganic components. In such crystals, inhomogeneities,
such as thallium, are added on purpose to modify the scintillator’s properties. In the case
of NaI(Tl) and CsI(Tl), thallium increases the total light yield and shifts the wavelength
of the pure crystal. Further, the energy resolution can be improved and lower thresholds
are achieved.

Since scintillation light is emitted almost isotropic, no particle discrimination or position
reconstruction is possible. Besides multiple-hit rejection, active background suppression
techniques are valid choices to reduce background events. An example for the application
of pure scintillation detectors in DM searches is the Dama/Libre experiment where a
NaI(Tl) crystal has been used [209]. Further, the first CEνNS detection was achieved with
a CsI(Na) crystal with a mass of 14 kg [68]. Instead of thallium, sodium has been used to
reduce the scintillator’s de-excitation times and allow an operation at shallow depth.15

Another, proposal exists that pursues CEνNS detection with NaI(Tl), i.e. Neon [74].

2.2.3.2 Semiconductor detectors

Semiconductor detectors use the characteristic band structure of semiconducting materials
for particle or radiation detection. Among the various possibilities, crystalline silicon and
germanium are among the most commonly applied detectors while the overall detection
principle remains the same.

When ionizing radiation or energetic particles pass through the detector medium, they
create electron-hole pairs that are collected via an electric field and further processed by
appropriate electronics. The advantage of semiconductors is that the energy needed for
the creation of an electron-hole pair is quite small, i.e. 2.96 eV (at 77K) for germanium
and 3.81 eV (at 77K) for silicon [211]. The remaining energy released into the detector
medium is available for ionization events which is beneficial for the detector’s resolution.
15Otherwise, frequent cosmic ray interactions would contribute a continuum of light emissions and spoil

the desired detector specifications, cf. Ref. [210].
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Thus, semiconducting crystals exhibit excellent energy resolution, e.g. 2.4% at 5.9 keV,
0.41% at 122 keV [212, Table 3.2], 0.15% at 1.3MeV [211, Section 10.7.3], which also
qualifies them best for material screening purposes [205]. Moreover, they are capable
of reaching sub-keV detection thresholds and generally show a high degree of purity, i.e.
< 1010atoms cm−3 [211]. A high density (5.2 and 2.3 g cm−3 for germanium and silicon,
respectively) which results in a large stopping power as well as compact size and fast
response time are further characteristics of this detector type.

However, semiconductors usually require cooling during operation to suppress thermal
noise. This is commonly done with liquid nitrogen at 77K. The ionization signal generally
allows no direct discrimination between signal and background although PSD enables
the rejection of specific background events [213–216]. The circumstance that the noise
level scales with crystal size due to the diode’s increasing capacitance is not beneficial for
low-energy investigations since it implies that the limiting factor could be the detector
itself.

In a pure semiconductor the number of holes equals on average the number of electrons.
Modification of charge carriers is achieved by introduction of impurities, the so-called
doping, in the crystal structure which perturbs the semiconductor’s band structure and
generally exists in two variants: In n-type doped semiconductors elements like arsenic,
phosphorous or antimony are used to create an excess in electrons in the material. P-type
doped semiconductors incorporate elements like boron, gallium and indium that absorb
electrons and create an excess of holes within the crystal. Both detector types differ,
among other, in the position of anode and cathode and the location and thickness of their
dead layer, a layer of decreased detection efficiency. P-type semiconductors have their
dead layer around the crystal’s top and lateral surface which is beneficial in shielding
against external α and β particles.
HPGe detectors have been widely applied in particle physics for radiation detection

and, further, solved as target material for DM and various neutrino experiments. For
instance, the experiments CoGeNT [214] and Cdex [217] used them in their DM searches.
Many neutrino experiments applied these technology in searches for 0νββ, e.g. Majorana
Demonstrator [51] and Gerda [49], or investigations of finite νMMs, such as Texono [218]
and Gemma [186]. Because of this experimental history it is not surprising that semicon-
ductors are also considered in attempts to measure CEνNS: Connie [71], CONUS [82],
Miner [219], Ncc-1701 at Dresden-II [73], νGen [76], Texono [220].

2.2.3.3 Sub-Kelvin detectors

Sub-Kelvin detectors use primarily phonon excitation within a crystal to detect scattering
events. These bosonic quasiparticles arise in the conversion of a scatterer’s kinetic energy
to a crystal lattice and have typical energy scales of a few meV, much lower than energies
of light quanta or charge carries in other detectors. Since these detectors are generally
operated at sub-Kelvin temperatures they benefit from reduced thermal noise, lower
material specific heat and thermal conductivity. As a consequence, very low detection
thresholds and excellent energy resolution can be achieved. In combination with other
signals, e.g. light or charges, discrimination between nuclear and electronic recoils becomes
possible since the energy transfer into detectable signals differ between these processes.
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An interaction within the detector medium deposits energy which is subsequently
dissipated in the crystal by nuclei and electron collisions. These processes create phonons,
i.e. crystal excitation, which can by detected in the following whereby two different
categories are distinguished: thermal and athermal phonons. Thermal phonons are
measured via the induced temperature rise in equilibrium detectors and insensitive to the
processes that are involved in reaching thermal equilibrium. Athermal phonons, on the
other side, carry information about an energy deposition and its position and appear as
prompt signals or excitations of the material.

Cryogenic devices are usually limited to kg-crystal size and thermally coupled to a heat
reservoir of constant sub-Kelvin temperature, i.e. 10− 100mK, while temperature sensors
monitor the crystal’s thermal behavior.

In DM searches, thermal phonons in combination with ionization signal are used in the
Edelweiss-III experiment [221], while athermal phonons are measured in combination
with scintillation light in Cresst-II [222] and with charge signals in SuperCDMS [223].
Cryogenic detectors have been further applied in sensitive beta decay measurement to
determine the absolute neutrino masses, i.e. in the ECHo experiment [53], or searches for
0νββ like in the Cuore experiment [224]. For CEνNS investigations they are considered
in the experimental approaches of ν-clues [81] and Ricochet [78].

2.3 Statistical data analysis

The main parts of this work are dedicated to the analysis of data provided by the CONUS
experiment, either in the context of the first spectral (SM) CEνNS analysis [70] or in the
context of a follow-up BSM investigation [225]. Here, we introduce the basic ingredients
that are needed for the following investigations, such as the maximum likelihood method,
hypothesis tests and confidence intervals (CIs). The following section is based on the
content of Refs. [226–229].

2.3.1 Parameter estimation and maximum likelihood method

In this part we summarize the concept of parameter estimation via maximum likelihood
(ML) methods. Next to general properties of estimators and likelihood functions, the
treatment of systematic uncertainties is covered, which should enable the reader to
comprehend the construction of likelihood functions used in the analysis of Ch. 3 and 4.

2.3.1.1 Parameter estimation

One of the core tools within statistics is the deduction of information from an experimental
measurement about a certain observable x that is subject to statistical fluctuations. The
observable can be understood as a random variable, which is distributed according to a
certain probability density function (PDF), while the so-called sample space is spanned
by all possible values that x might occupy. An experiment that performs n measurements
can be understood as a single n-dimensional vector x = (x1, ..., xn), whose entries xi have
been drawn from the underlying PDF. Usually, the vector x is referred to as a sample of
size n. Generally, it is assumed that the individual observations are independent from

32



2.3 Statistical data analysis

each other and that they are distributed according to the same PDF f(xi). In such
cases the sample’s joint PDF is simply given by the product of the individual PDFs, thus
fsample(x1, ..., xn) =

∏n
i=1 f(xi). In reality, one often encounters the situation in which

an experiment has provided n measurements of a random variable x, or equivalently the
sample x, while the explicit form of the underlying PDF remains unknown. More explicitly,
one is usually interested in properties, e.g. unknown parameters θ = (θ1, ..., θm), of a
hypothesized PDF f(x;θ) that are to be inferred on the basis of available observations x.
A function that depends only on the sample x is called a statistic, while it is referred to as
an estimator when it is used to infer some properties of the PDF. Further, the evaluation
of an estimator with a certain sample is called an estimate, which we indicate with a hat.16

The main properties of an useful estimator are consistency, bias and efficiency. Consis-
tency means that an estimator θ̂ should converge, in terms of probability, to the parameter’s
true value θ. Bias quantifies an estimator’s average deviation from the true value θ, i.e.
b[θ̂] = 〈θ̂ − θ〉 = 〈θ̂〉 − θ. Thus, an unbiased estimators exhibits b[θ̂] = 0. Finally, the
property “efficiency” refers to the estimator’s variance and will be covered in the context of
likelihood properties in the next section. Examples for familiar estimators are the sample
mean x̄ =

∑n
i=1 xi or the sample variance s2 = 1

n−1

∑n
i=1(xi − x̄)2.

2.3.1.2 Maximum likelihood method

Now we want to focus on a more advanced technique to estimate unknown parameters
from a given data sample of size n, i.e. the ML method. In doing so, we assume a random
variable x that is distributed according to a PDF f(xi;θ) with m unknown parameters
θ = (θ1, ..., θm). The unknown parameters might represent model parameters such as
coupling constants or particle masses or could take into account experimental effects, e.g.
detector efficiency and resolution, that have to be determined from the data sample.

Assuming the individual observations to be independent of each other and to rely on
the same underlying PDF, the overall probability for the xi to lie within an infinitesimal
interval is given by

probability for xi in [xi, xi + dxi] ∀ i =

n∏
i=1

f(xi;θ)dxi . (2.36)

The product in this expression implies that the probability is maximal if the assumed PDFs
are correct and the corresponding parameter values θ are close to their true values. Since
the dxi are independent of any parameters, the same is true for the so-called likelihood
function which is nothing but the product of the individual PDFs, L(θ) =

∏n
i=1 f(xi;θ) .

Thus, the likelihood function is a function of the unknown parameter θj , while the
sample points xi remain fixed. Since the likelihood function becomes extremal when
the parameters θj are close to their true values, the corresponding ML estimators θ̂j are

16For obvious reasons, the whole procedure of estimating parameter from a given data sample x is called
parameter fitting.
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defined as the solutions to the equations,17

∂L
∂θj

= 0, j = 1, ..,m . (2.37)

In the case of several maxima, the global maximum is chosen. ML estimators are consistent
and have a bias that, however, vanishes for a very large number of measurements, the
so-called large sample limit. Further, they are said to be efficient in the large sample limit
as they exhibit the smallest variance of all possible consistent estimators [228], which holds
up to the point where the extent of the sample space explicitly depends on the estimated
parameter.

Another useful feature of the ML approach is its invariance under variable transforma-
tions. It can be shown that the ML estimator of some function a(θ) is simply obtained by
evaluating it with the parameter estimator θ̂, i.e. â = a(θ̂). Unbiased estimators do not
necessarily remain unbiased under transformations, but for large enough sample sizes this
can be usually assumed [227, Chaper 6.2].
Analytic maximization of likelihood functions is only possible in a few simple cases,

e.g. for an exponential PDF, so usually numerical methods are applied to find the ML
estimators. In practice, −2 logL is usually considered instead of L which is equivalent
due to the logarithm’s monotonically increasing property. Thus, the parameter values
that maximize L also maximize logL [227, Section 6.2]. Moreover, the logarithm converts
the product of several PDFs, e.g. a product of exponentials in the Gaussian or Poissonian
case, into a sum of simple terms. Further, the minus sign turns the maximization into a
minimization procedure which is numerically more stable, while the factor of 2 plays a
role in the determination of errors from likelihood contours.

Variance of maximum likelihood estimators Since the estimator on a parameter
θ is a function of the data sample x, it is expected to fluctuate under repetitions of the
same experiment. Thus, one usually gives an additional statement about the estimator’s
variance, i.e. parameter = value ± error. This means that the estimator of the true
parameter is value which fluctuates according to a distribution with standard deviation
of error.18 Analytic calculation of the estimator’s variance is only possible for specific
PDFs, e.g. an exponential distribution [227, Chapter 6.2]. Therefore a general method
of assessing the estimator’s distribution is by using Monte Carlo (MC) techniques. In
doing so, a large number of experimental outcomes is simulated, while each time the ML
estimates are calculated. Finally, the estimator’s variance is determined from the obtained
distribution of estimates. The estimates of the observed data are usually applied as true
parameters in the MC simulation.

For reason of completeness, we mention the so-called Rao-Cramér-Frechet or information
inequality, cf. Ref. [227, Chapter 6.6], with which an estimate of (the inverse of) the
covariance matrix can be derived for an unbiased estimator and a sufficiently large data
sample [229, Chapter 40.2.2]. Basically, the likelihood function’s second derivatives are
17Of course, L(θ) has to be differentiable in the parameters θ1, ..., θm and the maximum must not lie at

the boundary of the parameter range.
18Strictly speaking, this is only true for cases where the estimator is distributed according to a Gaussian

distribution. However, in the large sample limit it can be shown that ML estimators actually follow a
Gaussian PDF [227, Chapter 6.3].
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Figure 2.5.: Values of the likelihood function −2 logL around its best-fit θ̂. The corre-
sponding errors are obtained by determining the parameter θ for which the
likelihood function increases by one unit. Again, this underlines the benefit of
multiplying the likelihood function with the factor of −2. The figure it taken
from Ref. [231] and adapted to our conventions.

evaluated at the best estimates θ̂ which is the conventional way of estimating the covariance
matrix Vij = cov[θ̂i, θ̂j ] in numerical routines, e.g. the minuit package [230], which we also
use throughout this work.
An intuitive understanding of how variances of ML estimators are obtained via a

graphical illustration can be drawn from the following consideration: Assuming a single
parameter and Taylor-expanding the log-likelihood function around the ML estimate θ̂,
one obtains

logL(θ) = logL(θ̂) +

[
∂L
∂θ

] ∣∣∣∣
θ=θ̂

(θ − θ̂) +
1

2!

[
∂2L
∂θ2

] ∣∣∣∣
θ=θ̂

(θ − θ̂)2 +O(θ3) . (2.38)

Since θ̂ maximizes the likelihood by definition, logL(θ̂) = logLmax, the first derivative
vanishes. Applying the Rao-Cramér-Frechet inequality in the single-parameter case and
ignoring higher order terms, yields then, cf. Ref. [227, Chapter 6.7],

logL(θ) = logLmax −
(θ − θ̂)2

2σ̂2
θ̂

, (2.39)

where one can directly infer that the log-likelihood value decreases by 1/2 from its maximum
when parameter θ changes by one standard deviation from its ML estimate. This now
justifies the former multiplication with a factor of 2 since −2 logL(θ) then increases by
1 under 1σ-change of θ̂. This behavior is illustrated in Fig. 2.5 as well. Note that the
log-likelihood contour is not necessarily parabolic; only in the large sample limit this is a
valid approximation. Additionally, correlated estimators in the case of several parameters,
imply the likelihood value to decrease by more than 1/2 (equivalently by more than 1 for
−2 logL(θ)) under 1σ-changes [227, Chapter 6.8].

35



2. Theoretical Foundations

2.3.1.3 Maximum likelihood for binned data

Throughout this work we apply ML methods to very large data samples, such that
computing the log-likelihood function becomes numerically intensive, among others because
of summing logarithms of PDFs for all data points xi. Generally speaking, we have a
large number of observations ntot of a random variable x that is distributed according to a
PDF f(x;θ) from which we want to obtain estimates from a certain number of parameters
θ = (θ1, ..., θm). A solution is to make a histogram with entries n = (n1, ..., nN ) in N
bins, where each bin is assumed to be independent from any other bin.

Then, such a histogram can be interpreted to be a single measurement of aN -dimensional
vector that is drawn from a joint PDF given by a multinomial distribution.

In many experiments the total number of entries ntot fluctuates as well. Therefore, it is
assumed to be a random variable that is distributed according to a Poisson distribution of
mean νtot. In such cases one usually refers to an extended (binned) ML approach and the
joint PDF is then multiplied with the corresponding Poisson distribution,

fjoint(n;ν) =
νntot

tot e
νtot

ntot!

ntot!

n1!...nN !

(
ν1

ntot

)n1

...

(
νN
ntot

)nN
=

N∏
i=1

νnii e
−νi

ni!
, (2.40)

where the νi represent the expectation values of the corresponding bin i and in the last
step νtot =

∑N
i=1 νi and ntot =

∑N
i=1 ni has been used. Hence, the joint PDF is similar to

the case where each bin entry is an independent Poisson variable ni with mean νi. The
extended binned likelihood function, which is obtained by taking the logarithm as well as
dropping additive, constant terms, is then given by

logL(νtot;θ) = −νtot +
N∑
i=1

ni log νi(νtot;θ) . (2.41)

In the limit of very small bin size this expression approaches the extended likelihood
function without binning. Note that bins with just a few or no entries are in general no
problem! Within the approach (even in the unbinned case), one distinguishes between
two cases: If there is no (functional) relation between the total number of events and the
unknown parameters, one obtains as estimates ˆ̂νtot = νtot in addition to the results of the
usual likelihood approach θ̂. On the contrary, if the total number of events is a function of
the unknown parameters, the variances of the estimators θ̂ are generally reduced because
of the additional information provided by the total number of events ntot.

Although ML methods are generally a powerful tool for parameter estimation, they do
not (directly) allow for a test of overall goodness-of-fit. In App. B.1, a short overview of
how to judge a parameter fit via a ML method is given.

2.3.1.4 Systematic uncertainties as nuisance parameters

Within a parameter estimation procedure, one might determine, next to the explicit
quantities of interest, further parameters that are related either to the underlying PDFs, the
experimental set-up or the signal prediction. Such parameters are usually called nuisance
parameters as they are not necessarily relevant for the scientific question but might be
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required to incorporate a detector’s response (efficiency and resolution), background yields,
event shapes or generally to improve the underlying signal model, which can rely on further
parameters. They are also relevant in the implementation of systematic uncertainties with
so-called pull terms, cf. Ref. [228, Section 5.6] and Ref. [229, Chapter 40.2.2.2]. Their
addition to the likelihood function generally allows for more freedom in the estimating
process and, therefore, results in increased statistical uncertainties for the parameters of
interest. To reduce the impact of this nuisance parameters, their values can be constrained
with independent control measurements, e.g. knowledge from other experiments. Such
external information is incorporated under assumption of a certain PDF, e.g. a Gaussian
distribution.
For the nuisance parameter ν and two random variables x and y that are distributed

according to given PDFs, f(x;θ, ν) and g(y;ν) respectively, one obtains the (profile)
likelihood function by simple multiplication of both PDFs

L(θ, ν) = f(x;θ, ν)g(y;ν) . (2.42)

In maximizing the likelihood function for both parameters, information about ν that
might be incorporated in a measurement of y, is then entering also the determination of θ
via measurements of x. Note that within a MC simulation, both experiment have to be
simulated under assumptions of fixed values for both parameters θ and ν.

2.3.2 Hypothesis tests

In this section, we give an overview of statistical hypothesis testing with special emphasis
on topics relevant for particle physics investigations, i.e. the distinction of potential
(new) physics events from other less-relevant (physical) background events. For instance,
in Section 3 the signal of interest is CEνNS itself, which is to be distinguished from
background events. In Section 4 potential modifications or additional signals from BSM
physics are foregrounded while the SM prediction of CEνNS is considered as background.

2.3.2.1 Hypotheses and significance levels

In a hypothesis test, one generally wants to quantify how well a certain statement, i.e. a
hypothesis for a theory model, agrees with an observation of a random variable x. The
statement under consideration is usually referred to as null hypothesis H0, which for
example provides a certain PDF for the random variable x. If the corresponding PDF
f(x) is uniquely defined, H0 is called a simple hypothesis, while it is called a composite
hypothesis, if the PDF f(x;θ) depends on further parameters θ that are to be determined
from the data. Generally, H0 has to be tested against several alternative hypotheses
H1, H2, ..., where each is associated with its own PDF f(x|H1), f(x|H2)... .

In (new) signal searches as well as in the present work, H0 is usually the background-only
hypothesis, while H1 represents the hypothesis for a (new) signal in addition to background
events. In order to investigate the agreement between the performed measurement, i.e.
between the data sample x, and the hypotheses under consideration, one uses a so-called
test statistic t(x) as a measure of disagreement. It can be either the original data itself,
a multidimensional vector of lower dimension or just a single number. Examples for the
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Figure 2.6.: Illustration of a hypothesis test. The PDFs corresponding to the signal
hypothesis g(t|H1) and the null hypothesis g(t|H0) are illustrated. The null
hypothesis H0 is rejected if the observed test statistic t(x) is observed above
tcut, vice versa H0 is excepted for t(x) < tcut. The figure it taken from
Ref. [231] and adapted to our conventions.

latter can be a certain number of particles, a ratio of likelihood values or a p-value.
Each of the considered hypotheses is assumed to yield a certain PDF for the test statistic,

g(t|H0), g(t|H1), ... . In the course of the test, the compatibility between the observed
data and the hypotheses is judged by defining a so-called critical region (or alternatively
acceptance regions) for the individual hypothesis. For instance, if the test statistic t(x) of
a given data set lies within the critical/acceptance region of H0, the null hypothesis is
rejected/accepted. The critical region for a hypothesis, e.g. H0, is usually defined by a
critical value tcut that fulfills a certain probability under the assumption of hypothesis H0.
Correspondingly, a misidentification probability β can be determined considering the test
hypothesis H1 to be valid. Both quantities are illustrated in Fig. 2.6 and are defined as
follows

α =

∫ ∞
tcut

g(t|H0)dt , β =

∫ tcut

−∞
g(t|H1)dt . (2.43)

Basically, the significance level α is nothing but the probability to reject H0, if H0 is
true, which is commonly referred to as either error of the first kind, or false positive.
The opposite case of accepting H0 although it is false, and thus rejecting the alternative
hypothesis H1 is called either error of the second kind or false negative. Further, the
discrimination power of a test is defined as 1− β. Thus, in practice one defines a certain
significance level α or misidentification probability β and subsequently determines the
corresponding value of tcut. For t(x) < tcut, one accepts H0 and rejects H1, while for
t(x) > tcut H0 is rejected an H1 accepted, cf. Fig. 2.6. The often stated p-value is
the probability of obtaining a test statistic at least as exceeding as the observed value.
Examples of a hypothesis test in the context of particle selection can be found in Refs. [227,
228]. In the context of signal discovery, the rejection of the background-only hypothesis
is only one step. Plausibility of the signal and compatibility with the observed data are
further criteria as well as a comparison with the expected significance for a potential
signal [232].
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2.3.2.2 Likelihood ratio test and Neyman-Pearson lemma

The definition of acceptance and rejection regions is illustrative in the case of a scalar test
statistic, as displayed in Fig. 2.6, while for a multidimensional test statistic t = (t1, ..., tm)
this task might be quite complex. For such purposes the Neyman-Pearson lemma [233]
is helpful and beneficial in improving a test’s power. It states that for two simple test
hypothesis H0, H1 and a fixed significance level α, the critical region with the highest power
1 − β (equivalently the lowest misidentifiaction probability) is the region of t-space for
which the likelihood ratio g(t|H1)/g(t|H0) is larger than a constant cα that is determined
by the desired significance level α. Moreover, the test with the above criterion on the
rejection region for a multidimensional test statistic t is equivalent to a test that relies on
the one-dimensional ratio of the above PDFs. In practice, one is usually interested in the
construction of a scalar test statistic out of the measured quantities x = (x1, ..., xn). A
straightforward way is using the hypotheses’ PDFs and construct the so-called likelihood
ratio

λx =
f(x|H1)

f(x|H0)
=
L(x|H1)

L(x|H0)
> cα . (2.44)

However, one requires knowledge about the PDFs f(x|H0,1) or equivalently the likelihood
functions L(x|H0,1). Therefore, one usually applies MC techniques to determine the
full test statistic λx. For situations in which the number of simulated events becomes
numerically too intensive, one makes use of other techniques such as the Fisher discriminant
function, artificial neural networks, boosted decision trees and many more, for which
we want to refer to the literature [227–229]. In this work, we have chosen to use MC
simulations in order to obtain the corresponding test statistics.

If the tested model includes additional nuisance parameters ν, then generally the p-value
of parameters θ, which might be used for hypothesis discrimination, also depends on
these nuisance parameters, i.e. pθ(ν) =

∫∞
qθ,obs

f(qθ;θ,ν) dqθ. Thus, strictly speaking the
hypothesis for certain parameters θ can only be rejected if the p-value drops below a
defined significance α for all possible values of the nuisance parameters ν. A solution to
this subtlety is by using the so-called profile likelihood ratio [234], in which approximate
independence of the test statistic’s PDF from any nuisance parameters is achieved,

λ(θ) =
L(x;θ, ˆ̂ν(θ))

L(x; θ̂, ν̂)
, (2.45)

where the parameters θ and ν are fitted simultaneously in the denominator, while in the
numerator θ is fixed and ˆ̂ν(θ) is the best-fit value for fixed θ. According to Eq. (2.45),
λ ∼ 1 represents good agreement between data and the assumed value of θ, while λ� 1
indicates strong disagreement between the underlying hypothesis and the analyzed data.
A useful feature is that −2 log λ(θ) follows approximately a χ2 distribution in the large
sample limit independent of the explicit values of the nuisance parameters ν. However, for
finite data samples some general dependence of the p-value on the nuisance parameters ν
might remain.
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2.3.2.3 Test statistics and Wilks’ theorem

As mentioned before, MC techniques might help to simulate the expected test statistic
λ at the cost of being numerically quite intensive for more involved analyses. In this
subsection, we introduce a theorem that simplifies the determination of a test statistic and
subsequently list approximate sampling distributions for the test statistic of Eq. (2.45).
For simplicity, we now assume an investigation that tries to determine a certain signal
strength µ, for instance in a Poisson counting experiment with mean µ s+ b, with s being
the number of signal counts and b the respective background. However, the following
considerations can be generalized to any parameter of the involved PDFs.

Wilks’ theorem In the large sample limit, the log-likelihood ratio of two nested hy-
potheses H0 and H1, i.e. a hypothesis’ parameter space is a subset of the other,19 Wilks’
theorem [235] states that the test statistic λ is distributed according to a χ2 distribution
whose DOF equals the difference of dimensionalities between both hypotheses’ parameter
sets, Θ0 and Θ1, respectively.20 Thus, the logarithm of the profile likelihood ratio of
Eq. (2.45) in the large sample limit is given by

tθ = −2 lnλ(θ) ∼ χ2
r , (2.46)

with θ = 0 representing the null hypothesis H0 and θ ≥ 0 the alternative hypothesis H1

as well as r being the difference of their dimensionalities. Recall that λ ∼ 1 represents a
good agreement between data and the assumed value of θ and, thus, higher values of tθ
imply increasing deviation between data and the assumed value of θ as well. Further, the
level of disagreement can be quantified by the p-value pθ =

∫∞
tθ,cut

g(tθ|θ) dtθ. Thus, for
more complex cases, Wilks’ theorem provides a convenient alternative to MC simulations
that might require large computation times.

Variations of test statistics Depending on the hypothesis test one pursues to perform,
the test statistic has to be adapted. For example, the test statistic of Eq. (2.46), allows
estimates on the potential signal strength µ̂ to be higher or lower than the hypothesized
value µ, i.e. one speaks of a so-called two-sided test statistic and a determination of CIs
is possible. Usually, one assumes that new processes increase the expected number of
events, i.e. µ ≥ 0, such that one is interested in claiming a discovery at first. Hence,
the background-only (µ = 0) hypothesis has to be rejected. Alternatively, one might be
interested in setting an upper limit. The corresponding test statistics are given by

q0 =

{
−2 lnλ(0) , µ̂ ≥ 0 ,

0 , µ̂ < 0 ,
(2.47) qµ =

{
−2 lnλ(µ) , µ̂ ≤ µ ,
0 , µ̂ > µ ,

(2.48)

where q0 is the quantity used for a discovery test (rejection of µ = 0) and qµ the test
statistic for an upper limit. Since usually only upward fluctuations are considered, q0

19Mathematically: For Θ0,1 being the parameter sets associated to H0,1, both hypotheses are called
nested if Θ0 ⊆ Θ1 or vice versa.

20Here, we recite the form of Wilks’ theorem as given in Ref. [228]. For the original theorem, we refer to
Wilks’ original publication of Ref. [235].
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only regards discrepancies between data and the null hypothesis for µ̂ ≥ 0 (downward
fluctuations are ignored). The test statistic qµ only takes into account data for µ̂ ≤ µ since
upward fluctuations are not considered less compatible. Since both statistics only consider
estimates that extend into one direction, they are referred to as one-sided test statistics.

Approximate sampling distributions In order to discriminate between any hypothe-
ses, one requires the PDF of the considered test statistics. i.e. f(q0|0) for a discovery test
or f(qµ|µ) for the determination of an upper limit. In the large sample limit, one can
show that the most general distribution of the test statistic, i.e. the underlying signal
strength of the data µ′ being different than the one that is tested, follows a non-central χ2

distribution, cf. Ref. [232]. For the case where the signal strength coincides with the tested
one, µ′ = µ, a χ2 distribution according to Wilks’ theorem is retrieved. Following the
same argument, one can show that the PDF of the two one-sided test statistics, Eq. (2.47)
and Eq. (2.48), exhibit the form

f(qx|x) =
1

2
δ(x) +

1

2
χ2

1(x) , (2.49)

with x = 0 for a test of a positive signal and x = µ for a test of an upper limit. Here,
the δ distribution at the origin represents the probability region that has been ignored by
manually setting q = 0 in Eq. (2.47) and Eq. (2.48).

2.3.3 Confidence intervals and limits within the maximum likelihood
approach

In particle physics, one usually searches for a signal or a new effect that corresponds to
a certain parameter in the investigation to be non-zero. If the data analysis implies the
corresponding parameter to deviate significantly from zero, then its best-estimate as well
as a certain CI is reported. On the other side, if the obtained parameter estimate is still
consistent with zero, an upper limit at a certain confidence level (C.L.) is quoted. In
particle physics, one usually quotes the central value of a parameter if it is certain with a
probability that corresponds to at least 3σ, otherwise the convention is to publish limits
with 90% or 95% certainty [228]. Standardized methods, e.g. from Ref. [236], exist how to
construct such confidence intervals and for the Gaussian case even simpler expression can
be found, cf. App. B.2.
Now, we want to show a way of obtaining CIs within the ML framework. This can be

done by either using the likelihood function itself or by likelihood ratios equivalent to the
ones applied in hypothesis tests. While the first possibility is explained in App. B.3, we
show how to determine C.L.s by using a likelihood ratio in the following.

For the determination of CIs with significance level 1−α it is possible to use a hypothesis
test for a certain parameter value assumed to be true. In such cases, one constructs a
test for all potential values of interest and excludes all values for which the test would be
rejected for a given α or below. All remaining values of the parameters of interest then
form the CI at given significance 1−α. Moreover, if the critical region of the test is defined
via a certain p-value pθ ≤ α, then the interval’s endpoints might be determined by solving
pθ = α for the parameter under consideration. Reference [237] proposed the construction
of a CI based on a defined likelihood ratio, e.g. λ(θ) = L(x;θ)/L(x; θ̂), which allows a
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smooth transition from two-sided (symmetric) confidence intervals to one-sided ones as
it is the case of a limit determination. Using the profile likelihood ratio of Eq. (2.45),
nuisance parameters can be incorporated as well. As mentioned earlier, parameters are
only excluded if they are rejected for all involved nuisance parameters ν. Thus, if the
p-value is used for the construction of CI, one has to use the profiled values of nuisance
parameters ν = ˆ̂ν(θ) to ensure correct coverage of the obtained intervals.

Finally, we list p-values for the test statistics that we introduced so far, i.e. Eqs. (2.46),
(2.47) and (2.48). For a two-sided test statistic tµ that approximately follows a χ2

distribution in the large sample limit, the p-value pµ and corresponding significance Zµ of
an assumed signal strength µ is obtained via

pµ = 2
(
1− Φ(

√
tµ)
)
, Zµ = Φ−1(2Φ(

√
tµ)− 1) , (2.50)

with Φ−1 being the cumulative distribution function (CDF) of the standard Gaussian.
Signal strengths µ with p-values below a fixed value of α are excluded and the endpoints
of the obtained interval are given by21

µup,lo = µ̂± σΦ−1
(

1− α

2

)
. (2.51)

All parameters that lie out of this range are said to be excluded at C.L. of 1− α. Similar
expressions can also be found for the one-sided test statistics of Eqs. (2.47) and (2.48), i.e.

px = 1− Φ(
√
qx) , Zx = Φ−1(1− px) =

√
qx , (2.52)

with x = 0 representing the expression for a test of a positive signal and x = µ being the
one for a test of the given upper limit. For the latter the corresponding upper limit is
given by µup = µ̂ + σΦ−1(1 − α). Hence, parameter values with a p-value below α are
excluded at C.L. of 1− α.

2.3.4 Experimental sensitivity

Often it is useful to know the experimental sensitivity of the apparatus at hand either in
terms of its capabilities in rejecting the background-only hypothesis or in establishing CIs
on non-zero quantities.22 It can be used to optimize the device’s specification or within
data analysis may help to identify statistical fluctuations or systematic deviations, i.e.
a limit significantly below the expected background might indicate a strong downward
fluctuation or an incorrect background description. Within the Frequentist approach, the
experimental sensitivity is usually characterized by the expected (mean or median) p-value
pµ, equivalently the significance Zµ, of certain hypotheses of interest. For a discovery test
one usually quotes the median significance Z0, assuming the signal to be present at its
nominal rate (µ = 1). Sensitivities on exclusion limits are usually calculated by generating
data with µ = 0 and stating the median significance of an assumed parameter value, e.g.
µ = 1. It is convention to state the median of the obtained significance values as they are
functions of the used data and undergo fluctuations according to an underlying sampling
21Actually, the standard deviation has a certain dependence on the assumed signal strength µ [232]. Due

to this dependence, in practice one usually determines the parameter value which yields pµ = α.
22This section summarizes Ref. [238, Chapter 40.5].
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distribution. This PDF f(Zµ|µ′) depends on the assumed value of the parameter µ′ which
is not necessarily the same as the parameter value that is tested. Therefore one considers
the outcome of several parameter values of µ′ and combines them via median averaging,
med[pµ|µ′] = 1− Φ(med[Zµ|µ′]).
For example, one may test a Poisson counting experiment that measures the variable

n with mean µs+ b and standard deviation σ =
√
µs+ b for its capabilities of rejecting

the background-only hypothesis µ = 0. This can be done by using Eq. (2.48) with test
statistic λ(0) = L(0)/L(µ̂) and the likelihood function L(µ) = (µs+b)n

n! exp(−(µs + b)).
With Eq. (2.52) and the ML estimator µ̂ = (n− b)/s, one obtains an expression for the
normal and expected significance Z0 and med[Z0|µ = 1], respectively,

Z0 =

{√
2
(
n ln n

b + b− n
)
, n > b ,

0 , n ≤ b ,
med[Z0|µ = 1] =

s√
b

(
1 +O

(s
b

))
, (2.53)

where n ≈ E[n|µ = 1] = s+ b is used in the median average. The first term of the right
expression is usually called “figure-of-merit” s/

√
b and only valid for s� b.

Sensitivities of more complicated cases are obtained via the corresponding p-value pµ
that allows the determination of a significance or an upper limit. In this procedure,
different parameter values of µ′ are assumed in the generation of data. The underlying
sampling distribution for the p-value may be obtained by the usage of MC techniques or
large-sample approximation, cf. Sec. 2.3.2.3 or Ref. [232].

For the aim of measuring a certain signal as accurately as possible, one is interested in
minimizing the expected standard deviation of the best-estimate σ̂µ̂. For a simple Poisson
counting experiments, the ML estimator µ̂ exhibits for µ = 1 a variance of

V [µ̂] = V

[
n− b
s

]
=
s+ b

s2
. (2.54)

Further, the quantity s/
√
s+ b is the expected significance for rejecting s events under

assumption of an absent signal and can also be used to improve upper limit investigations
on s.

43





Chapter 3

Investigating coherent elastic
neutrino-nucleus scattering
within the Conus experiment

This chapter deals with the experimental effort of measuring CEνNS at a reactor site within
the CONUS experiment. After an introduction of how the CONUS approach satisfies the
three experimental requirements discussed in Sec. 2.2, we introduce the components of
the analysis chain that led to the experiment’s CEνNS spectral fit results [70]. While the
experimental aspects like background modeling and data processing have been discussed in
great detail in the PhD thesis of our colleague Dr. Janina Hakenmüller [239] as well as in
several publications [82, 240], we keep this brief and refer to the stated literature. Here we
focus more on the compilation of the antineutrino reactor spectra and the corresponding
realistic signal predictions, which are among the author’s main contributions. Further, a
phenomenologically oriented analysis routine is described in detail, before the world’s best
constraints on CEνNS at a reactor site are presented [70].

3.1 The Conus experiment

The CONUS experiment aims at the detection of CEνNS in HPGe detectors with electron
antineutrinos emitted from a nuclear reactor. To fulfill the strict background conditions
at shallow depth, a compact and sophisticated shield design is needed. The experimental
set-up has been developed at Max-Planck-Institut für Kernphysik, Heidelberg (Germany)
(MPIK), cf. Ref. [241], and assembled and commissioned close to the core of the commercial
nuclear power plant in Brokdorf (Germany) in the beginning of 2018. Data collection
started with the reactor outage, i.e. periods where the reactor is shut down for fuel
reloading and maintenance, in April 2018. Since then the experiment has been operated
and provided data from several reactor On and Off periods as well as intermediate
optimization phases, cf. Ref. [239, Table 1.1] and Fig. 3.3 as well as Tab. 3.6. However, the
collection of reactor Off data is limited to the reactor outages which appear in roughly
annual cycles and last about a month per year. First (world’s best) CEνNS limits from
a reactor site have been reported in autumn of 2020, while data taking with improved
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experimental conditions and a new data acquisition (DAQ) system is continued. After
the reactor’s shutdown by the end of 2021, further data collection of reactor Off time is
expected to further improve the obtained results.

3.1.1 Experimental site

The CONUS set-up is sited at the commercial nuclear power plant in Brokdorf (Germany)
and is operated by the Preussen Electra GmbH [242].1 It started operation in October
1986 and is going to be shut down 31st December 2021 in the context of Germany’s energy
transition towards renewable energy (“Energiewende”) [243]. The reactor building houses a
single-unit, PWR that is able to provide a thermal power of up to 3.9GW which is among
the strongest nuclear power plants worldwide with a gross electric power of 1.48GW. The
core itself contains 193 fuel assemblies with an active zone length of 3.9m which in total
yields an uranium mass of about 103 tonnes. The provided thermal power is monitored
by three independent methods: thermal balance in the secondary heat circuit (absolute
value), ex-core instrumentation (ionization chambers and proportional counters in the
core shield’s concrete) and the in-core instrumentation (“self-powered neutron detectors”
and “aeroball measuring system”, relative power values at certain positions in the core),
cf. Ref. [240, Sections 3]. In addition, a reactor core simulation that relies on several data,
e.g. temperatures, thermal power and control rod positions, is able to provide a full 3D
assessment of the relative power distribution inside the reactor core. Information about
the thermal power and the fuel evolution of the most relevant isotopes, extracted from the
core simulation, are accessible to the CONUS Collaboration and used as time-averaged
quantities in this analysis.

More concretely, the CONUS is located in room A-408 inside KBR’s safety containment
which provides basic infrastructure for experimental execution like electricity and cold
air ventilation that keeps the temperature at stable levels. The distance to the reactor
core’s center is 17.1m with a slight offset (∼ 25 cm) in vertical direction from its central
point. This relatively short distance to an intense electron antineutrino source allows
fluxes of ∼ 2.3 · 1013 cm−2 s−1 at the experimental site that can still be approximated as
emitted from a point-like source. The location of the whole CONUS device within the
reactor building and the experimental site is illustrated in Fig. 3.1. Although rather close
to the reactor core, room A-408 is accessible at any time. It is partially located under the
plant’s spent fuel water pool and fully under an additional pond used for loading spent
fuel storing casks prior to shipment. The building’s concrete and steel structures provide
an overburden of 10-45 mw.e., depending on angular directions (θ, ϕ). Thus, on average
an overburden of 24 mw.e. is obtained.

However, operation within a nuclear power plant comes with some boundary condition.
For reasons of reactor safety, robustness against earthquakes is to be ensured and the
usage of flammable materials and cryogenic liquids is prohibited. In addition, stable and
autonomous operation must be ensured since remote control is not possible. In terms of
background, one has to deal with intrinsic and potential reactor backgrounds as well as
local dust contamination and airborne radiation.

1 The German name of the Brokdorf nuclear power plant is Kernkraftwerk Brokdorf (Germany) and in
the following, we refer to it by using its German abbreviation KBR.
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Figure 3.1.: Location of the CONUS detector in the building of the Brokdorf nuclear
power plant. The set-up is located under the spent fuel storage pool at
17.1m distance to the 3.9GW (thermal power) reactor core, while its vertical
position approximately coincides with the reactor core center. Room A-408
is illustrated in the enlarged image. The set-up’s steel cage houses the four
HPGe detectors that are embedded by layers of lead bricks and pure as well
as borated polyethylene plates which form the passive shield against external
radiation and other background sources. An active muon anticoincidence
(muon veto) system consisting of plastic scintillator plates equipped with
PMTs is contained as well. The picture is published in Ref. [225] by courtesy
of G. Vogt (MPIK).
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3.1.2 Conus shield design

The advanced shield design of CONUS results from the decades-long experience of
MPIK [201] and is based on the highly sensitive germanium spectrometer Giove which
is used for material screening applications at shallow depth [205]. The CONUS shield
exhibits an onion-like structure of different components, cf. left plot of Fig. 3.2. Five layers
of lead bricks with increasing radiopurity towards the detector chamber, resulting in a
thickness of in total 25 cm, are used to shield against exterior gamma radiation. Lead is
advantageous compared to copper because of its stronger self-absorption and thus reduces
more efficiently muon-induced bremsstrahlung at low energies. Attention was paid to the
innermost layer being especially radiopure, i.e. 210Pb activity < 1.1Bq kg−1. The lead
alone already allows a background suppression of about 2-3 orders of magnitude. Further,
layers of pure and borated polyethylene are incorporated to moderate and capture neutrons
both from the experimental environment and muon-induced ones in lead, respectively.
In addition to these passive components, an active muon anticoincidence (muon veto)
system, i.e. plastic scintillator plates with PMTs, is installed to suppress muon-induced
backgrounds and moderate neutrons in addition. With it, another order of magnitude
in background suppression is achieved, cf. Fig. C.7. The construction is enclosed by a
steel cage that ensures earthquake safety and helps in preventing radon migration into
the detector chamber. With a volume of 1.65m3 and a total mass of 11 tonnes, the whole
set-up is extremely compact, cf. Fig. 3.1.

All in all a background suppression of about 4 orders of magnitude is achieved, compared
to the case of having no shield at all [244]. However, at shallow depth several background
components might spoil a CEνNS detection. The shield’s capabilities of background
suppression have been both tested at MPIK and KBR, while the dominating contribution
at both sites are events induced by cosmic ray muons inside the shield or the surrounding
material [70].

3.1.3 Conus detectors

To detect CEνNS with HPGe detectors within a nuclear power plant several requirements
have to be fulfilled. At first, high crystal masses are preferred to increase the expected
signal and minimize the number of read-out electronics. Low intrinsic noise levels are
aimed to ensure (pulser) resolutions, i.e. below 85 eV. At such resolutions, low energy
thresholds, i.e. below 300 eV, can be achieved which are crucial for a signal discovery.
Further, minimal cosmic activation levels of the used germanium diode as well as usage
of low background materials, e.g. for the cryostat, are desired to reach lowest possible
background levels. A special requirement due to the experimental location is the usage of
electrically powered cryocooler, since cooling with liquid noble gases is generally prohibited.
In addition, boundary conditions related to the CONUS shield have to be satisfied, e.g.
longer cryostat arm lengths in order for the detector to fit into the shield construction.
In the end, four p-type point-contact HPGe detectors with an active mass of (3.73±

0.02) kg have been developed in collaboration with Mirion Lingolsheim [245], cf. Ref. [82].
They are operated in the temperature range of 78− 88K.

Generally, the detectors can be divided into three main components: the HPGe diode
itself, the cryostat that contains it and the electrical cryocooler which maintains stable
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Figure 3.2.: Left: Onion-like structure of the CONUS shield with its individual compo-
nents described in the text. The position of the germanium detector inside
the copper cryostat is illustrated as well. The shielding scheme is published in
Ref. [240] and provided by courtesy of Dr. J. Hakenmüller. Right: Detector
design of the CONUS detectors with the HPGe diode located in the copper
cryostat. The detector operating temperature is maintained by the electric cry-
ocooler CP5-plus and adjustable with the wired remote controller. The picture
is used in Ref. [82] and provided by courtesy of Mirion Lingolsheim [245].

operation temperatures. For the HPGe diodes four new crystals with a mass of ∼ 1 kg
where used. After proper manufacturing, the crystals exhibit a lithium-diffused n+-layer
around their surface which is partially dead (dead layer) and semi-active (transition layer),
while the bottom is fully passivated (passivation layer) except for the boron-implanted
p+-contact. A detector’s active volume is defined as the volume that provides normal
detection signals, i.e. the volume without dead and transition layer. The transition layer
is important in the generation of so-called “slow pulses” which are related to energy
depositions of particles with small absorption length, e.g. from electron or low energy
photons, that are stopped in its interior. The resulting charge release diffuses slowly to
the active zone where they are transported and read-out at the contacts. Such signals
exhibit relatively large signal rise times and contribute background events at low energy.
A full characterization of the CONUS detectors and their layer structure can be found in
Ref. [82], while the active masses needed for the analysis are listed in Tab. 3.1.
The HPGe diodes are contained and cooled in cryostats, which are made of radiopure

electrolytically produced copper. A long cooling arm, i.e. > 40 cm in length, is required
due to the shield extension. The electric cryocooler is a pulse tube cooler that requires
no maintenance and avoids any flammable materials. It allows detector operations up to
40°C and adjustments of the diode temperatures, i.e. to optimize the detector’s energy
resolution, via an external power controller. Shock mounts and a vibration cancellation
system further help to reduce potential noise events. An illustration of the detector design
is depicted in the Fig 3.2.
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Detector Active mass [g] Active volume [%]

C1 936 ± 10 94 ± 1

C2 947 ± 10 95 ± 1

C3 936 ± 10 94 ± 1

C4 907 ± 10 91 ± 1

Table 3.1.: Active detector masses and volumes of the CONUS detectors according to
Ref. [82]. These values are implemented in our analysis through the detector
mass pull-terms, cf. Sec. 2.3.1.4, in order to incorporate the uncertainties on
the individual detector masses.

All used materials underwent careful material selection and underground storage to
guarantee lowest possible background levels, especially in the case of components that are
located within the shield close to the HPGe diode. Overground storage of the diodes is
reduced to a minimum and tracked carefully in order to monitor cosmogenic activation by
fast secondary neutrons. This is especially relevant for the isotopes 68Ge, 65Zn and 3H.
Background contributions of further isotopes, i.e. 57,58,60Co, 55Fe, 54Mn, are quantified by
MC simulations [244]. Further, electronics read-out circuits were adopted to low energy
purposes, i.e. low loss dielectrics and ultra-low radioactive background materials. For the
overall signal readout, the digital signal analyzer Lynx [246] is used. It proved suitable
for low energy application due to its high trigger rates and sensitivity to small energies as
well as long-term stability. More details can be found in the dedicated CONUS detector
publication of Ref. [82]. During operation at KBR, artifacts were found in the data sets of
detector C4. Therefore data sets obtained from this detector are not considered throughout
this work. The same applies to the Run-2 data set of detector C2 due to incompatible
DAQ settings between reactor On and reactor Off periods.

3.2 CEνNS prediction for the Conus experiment

Now, we outline the path towards a realistic signal prediction for the introduced experi-
mental framework. The underlying reactor model as well as the effect of signal quenching
on the expected event rates is explained. In contrast to Sec. 2.1.4 where generic values
are chosen, we focus here concretely on the CONUS set-up and chose a more realistic
description of energy-dependent quenching. Subsequently, the obtained expectation is
equipped with realistic detector responses. In the end, we summarize how the final signal
expectation for the first CONUS spectral fit analysis is determined and give an overview
of the underlying uncertainties.
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3.2 CEνNS prediction for the Conus experiment

3.2.1 Reactor antineutrino emission spectra

A reactor’s antineutrino emission spectrum at an experimental site located at distance L
to a single-core unit can be described according to, cf. Refs. [185, 186, 194],

φ(Eν) =
1

4πL2

Pth∑
i αiEi

∑
i

αi

(
dNi

dEν

)
, i = 235U, 238U, 239Pu, 241Pu . (3.1)

The Ei represent the energy released per fission of isotope i, Pth is the reactor’s thermal
power and the quantities αi describe the relative fraction of isotope i among all fissions. The
whole spectral shape information is incorporated in the cumulative electron antineutrino
spectrum normalized per fission (dNi/dEν). The application of Eq. 3.1 assumes that
long-lived fission fragments that do not decay in equilibrium, i.e. antineutrinos from
radioactive spent fuel elements, are either negligible or have been corrected for (or tested
via MC simulation [240]). Generally, one only assumes a dependence on the individual
nuclear properties of the fission isotope and subsequent fission fragments created via
thermal neutron fission in the case of 235U, 239Pu, 241Pu, and fast fission in the case of
238U [185].2

Since the first quantities in Eq. 3.1 are usually known, either from external measurements
or from reactor operation, we separate them from the spectral dependence in Eq. 3.1,

φ(Eν) ≡ φ∗(Eν) ·
∑
i

αi

(
dNi

dEν

)
, (3.2)

where φ∗(Eν) incorporates all these multiplicative quantities and is referred to as “reduced
reactor flux”. The individual isotope spectra (dNi/dEν) can be obtained in different ways
via ab-initio calculations, conversion methods or direct measurements, cf. Sec. 2.2.1.2. More
refined versions apply additional knowledge from available databases and/or incorporate
further corrections, i.e. Refs. [247, 248]. The so-called Huber-Mueller model (HMM) is a
widely used reference reactor model and a combination of Refs. [247, 248], where the thermal
fission spectra are taken from the conversion methods of Ref. [248] and the fast neutron
fission spectrum is gained from the refined ab-initio approach of Ref. [247]. Uncertainties
of this method arise from the experimental measurements themselves, corrections to
individual beta decay branches, e.g. finite nuclear size and radiative corrections as well
as first forbidden decays, cf. Ref. [185, Section 3]. Overall uncertainties of about 5% are
obtained with these methods [183].

In the following, we want to address the individual components and illustrate how they
concur in the antineutrino spectra expected at the CONUS site.

Reactor thermal power As mentioned in Sec. 3.1.1, the absolute reactor thermal power
is measured via the heat balance in the plant’s secondary circuit with the mass flow of feed-
water contributing the dominating uncertainty. The in-core instrumentation (at certain
positions within the core) provides (via extrapolations) a three-dimensional map of relative
power distributions inside the reactor core. During usual operation, thermal power values

2To be accurate, the individual fission fragment yields might further depend on the energy shape of the
incident neutron flux which we neglect as well.
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Figure 3.3.: Reactor thermal power Pth for the first two CONUS data collection periods.
Reactor simulation data provided by courtesy of Dr. K. Fülber (Preussen
Electra GmbH).

from both are used to regularly calibrate the reactor core simulation Powertrax [249],
which provides in-time monitoring of all relevant reactor core information. Information
is usually provided in two-hour intervals and in shorter intervals whenever strong power
gradients appear, e.g. at reactor ramp up or shut down. The time-averaged thermal powers
of the first two CONUS data collection periods are shown in Fig. 3.3.

The general CONUS data collection time is subject to periods which are not considered
for physics data analysis, e.g. optimization times or intervals of unstable environmental
conditions. These periods deviate for the four CONUS detectors and lead to detector-
specific data collection periods that also affect the associated average reactor power.
Hence, due to the provided thermal power information we are able to calculated individual
detector-specific time-averaged power values with the provided reactor powers, cf. Tab. 3.4.
The simulation uncertainties are assumed to be of minor importance such that the absolute
thermal power is identified as dominating uncertainty [240, 250]. Hence, an overall
uncertainty of ∆Pth = 2.3% is assumed for the reactor thermal power provided by KBR.

Fission fractions and energy release per fission The fission fractions of the four
main isotopes (235U, 238U, 239Pu, 241Pu) are needed to calculate the average energy release
per fission Ē =

∑
i αiEi as well as to weight the individual antineutrino emission spectra

(dNi/dEν), cf. Eq. 3.1. Generally, these values are determined by the fuel composition
of the reactor core and, since the fuel composition changes with time, are thus itself
time-dependent. Fortunately, this values can be extracted from the reactor simulation
data of each reactor cycle and used to determine detector-specific time-averaged fission
fractions, cf. Tab. 3.2.
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Analysis Data set 235U [%] 238U [%] 239Pu [%] 241Pu [%]

SM C1R1 60.3 7.1 27.0 5.4

C2R1 63.8 7.1 24.2 4.9

C3R1 57.2 7.2 29.7 6.0

C1R2 45.0 7.3 38.4 9.3

C3R2 45.0 7.3 38.4 9.3

BSM + νMM C1R1 56.8 7.2 29.9 6.1

(extended) C2R1 56.9 7.2 29.8 6.1

C3R1 56.8 7.2 29.9 6.1

νMM C1R2 45.0 7.3 38.4 9.3

(extended) C3R2 45.0 7.3 38.4 9.3

Table 3.2.: Average fission fractions of the four isotopes that are relevant for the antineu-
trino emission. These listed values are time-averaged in the individual detector
data collection periods. We label the CONUS data sets in the following
convention: Detector + Run. For example, the data set of detector C1 in the
first run is labeled C1R1. We already list values that are used in the BSM
analyses for completeness. The fission fractions rely on different data collection
periods that result e.g. from varying exposures or higher energy regions as in
the case of EνeS. Data provided by courtesy of M. Seidl (Preussen Electra
GmbH; extraction from reactor simulation) and processed by C. Buck (MPIK;
calculation of detector-specific fission fractions).

Isotope 〈Eν〉 [MeV] [251] Ei [MeV] [251] Nν
i [fission−1] [186]

235U 9.06 ± 0.13 202.36 ± 0.26 6.12
238U 10.85 ± 0.39 205.99 ± 0.52 7.11

239Pu 7.41 ± 0.18 211.12 ± 0.34 5.53
241Pu 8.42 ± 0.12 214.26 ± 0.33 6.36

fuel average 8.65 206.0 6.03

Table 3.3.: General information about the four main fission isotopes: average energy
carried away by the antineutrinos 〈Eν〉, energy release per fission Ei as well
as the average antineutrino emission per isotope fission (integrated over all
neutrino energies). In the last row, we list the fuel-averages of these values,
where we assume a typical fuel composition of a PWR: (235U, 238U, 239Pu,
241Pu) = (0.561, 0.076, 0.307, 0.056), cf. Ref. [194]. The average number of
neutrinos per fission is added with another contribution of 1.2 particles per
fission, which originates from neutron captures of 238U [187], such that one
arrives at the conventionally stated value of 7.2 antineutrinos per fission [186].
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The estimation of corresponding errors is a bit more involved as the individual isotopes
are correlated among each other. Fortunately, we can use in our estimation several results
from the literature, both as input as well as cross-checks for the correct order of magnitude.
Reference [194] provided correlation coefficients αcorr which we assume to be typical for
any PWR, thus also for our case at KBR. Further, a detailed investigation of uncertainties
in antineutrino production at nuclear reactors has been performed by Ref. [250]. According
to their findings, the combined uncertainties of fission fractions are at the level of O(1)%,
while Ref. [194] reported their uncertainties to be . 5%. Moreover, the uncertainty on
the expected reactor antineutrino flux was estimated for the Daya Bay experiments to be
below 1% [252].
In estimating the error for the individual (averaged) fission fractions, we determined

standard deviations from typical PWR values stated in the literature, e.g. from Refs. [194,
250, 253], under the assumption of identical fuel composition and similar reactor cycles
and operation. The obtained values are slightly larger than the O(1)% uncertainties of
Ref. [250], but by all means conservative. The final covariance matrix for our fission
fractions is then given by

αcov = ∆αT αcorr ∆α

= (0.036 0.01 0.026 0.01)


1 −0.22 −0.53 −0.18

−0.22 1 0.18 0.26
−0.53 0.18 1 0.49
−0.18 0.26 0.49 1




0.036
0.01
0.026
0.01

 .
(3.3)

Further ingredients are the individual energy releases Ei which are needed in order
to calculate the average energy release per fission Ē. In our model we apply improved
calculations of Ref. [251], which are given in Tab. 3.3 with additional information of the
individual fission isotopes. Using a typical PWR fuel composition, the average energy
release per fission is about 206MeV, which is of course expected to change with varying
fuel composition.

Reduced reactor fluxes and reactor spectra For the calculation of reduced reactor
fluxes as well as for the compilation of detector-specific reactor spectra, we use the time-
averaged values of the fission fractions (Tab. 3.2) and the thermal reactor powers (Tab. 3.4),
respectively. The obtained results are listed in Tab. 3.4 and illustrated in Fig. 3.4 as well
as in App. C.1 for data collection period C1R1. Since the time-averaged fission fractions
do not vary much, the spectral variations among the individual spectra are less relevant
for the moment. Therefore, the spectra of data collection periods C1R1 is chosen as a
representative here.
The uncertainties of the reduced reactor fluxes are determined via MC sampling, in

which we draw values from (multidimensional) Gaussian distributions. These are given by
corresponding mean value(s) and standard deviation/covariance matrix. One dimensional
Gaussian distributions are assumed for the thermal reactor powers (Tab. 3.4 + 2.3%
uncertainty), the experiment’s distance to the reactor core (L = 17.1 ± 0.1m) and the
individual energy releases per fission (Tab. 3.3). The correlation among fission fractions
are considered by drawing from a multidimensional Gaussian distribution with covariance
matrix of Eq. (3.3) and mean values according to Tab. 3.2. The obtained distribution of
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Figure 3.4.: Top: Full reactor antineutrino emission spectrum (dN/dEν) for data collection
period C1R1. In the CEνNS analysis, only HMM spectra within [1.8, 8.3]MeV
are considered, while for the BSM analyses of Ch. 4 additional ab-initio spectra
are added below 1.8MeV, cf. Sec. 4.1. For the HMM part, individual bin
uncertainties given by the diagonal entries of the refined covariance matrix
are used, while for the low-energy part 10%-uncertainties are assumed. The
uncertainty band is obtained by sampling reactor spectra, with the underlying
distribution being determined by the spectral values and the covariance matrix.
A spectrum in logarithmic scale that illustrates the effects at higher energies
can be found in App. C.1 Bottom: Impact of spectral uncertainties on the
expected SM CEνNS signal for C1R1. Uncertainties are determined from a
Gaussian fit to the signal distribution obtained via sampling of reactor spectra
and subsequent calculation of the resulting CEνNS events. Corresponding
plots for the other data collection periods can be found in App. C.1 as well.
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Analysis Data set P̄th Φ∗ [1012 fission cm−2 s−1]

SM C1R1 92.33 2.97 ± 0.10

C2R1 92.70 2.99 ± 0.10

C3R1 88.79 2.86 ± 0.09

C1R2 94.69 3.03 ± 0.10

C3R2 94.69 3.03 ± 0.10

BSM + νMM C1R1 89.88 2.89 ± 0.09

(extended) C2R1 90.12 2.90 ± 0.10

C3R1 90.10 2.90 ± 0.10

νMM C1R2 94.69 3.03 ± 0.10

(extended) C3R2 94.69 3.03 ± 0.10

Table 3.4.: Average thermal powers and corresponding reduced reactor fluxes for the
individual data collection periods. The latter are obtained via MC sampling of
all reactor-related quantities in Eq. (3.1), i.e. the distance to the core L, the
fission fractions αi, the isotope-specific energy release per fission Ei and the
reactor thermal powers P̄th.

reduced fluxes is fitted by a Gaussian function whose best-fit values are listed in the last
column of Tab. 3.4.

Starting point for the CONUS antineutrino spectra is the HMM, i.e. 235U, 239Pu, 241Pu
from Ref. [248] and 238U from Ref. [247] which gives the number of neutrinos emitted
per MeV neutrino energy in an energy range of 1.875− 8.125MeV. We interpolate this
spectra with a linear spline and extrapolate to higher energies, up to the point where the
first isotope interpolation reaches zero in order to stay conservative about the spectrum
at higher energies. This happens for 235U at an energy of 8.3MeV. In addition, these
spectra are extrapolated to lower energies in order to fit the energy binning of Ref. [194]
for reasons that will become clear below. In the next step the isotope spectra are added
up according to their detector- and run-specific fission fractions, cf. Eq. (3.1). We further
account for the “reactor-bump”, an increase in the IBD-measured antineutrino spectra
observed at energies ∼ 6MeV, by using the correction values provided by Ref. [194]. At
this point, we remark that these corrections factors are (strictly speaking) only true for the
fission fractions that underlie Ref. [194], i.e. (56.1%, 7.6%, 30.7%, 5.6%) for the isotopes
(235U, 238U, 239Pu, 241Pu). Comparing these values to the ones underlying the CONUS
data collection periods, cf. Tab. 3.2, one identifies main differences in the isotopes 235U
and 239Pu in Run-1 of the present analysis with maximal deviation of 8%. Run-2 exhibits
stronger deviation but is less important for the analysis due to its smaller exposure. In
general, we assume this fission fraction correction to be of minor importance. However,
our approach represents a good compromise between the consideration of detector-specific
fission fractions on the one side and the incorporation of the reactor-bump observed by
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3.2 CEνNS prediction for the Conus experiment

IBD experiments on the other side. Recap that only 25% of the total reactor antineutrino
emission occurs at energies above 1.8MeV, cf. Sec. 2.2.1.2. In the next paragraph we show
that this is no problem in the present investigation since CEνNS is mainly sensitive to the
highest neutrino energies. Caution is advised when EνeS is considered, cf. Sec. 4.1.3.
Further, we use the covariance matrix provided by Ref. [194] in order to account for

the bin-to-bin correlation of the obtained spectra, when we investigate the impact of
shape variation on the expected number of CEνNS events. Again, deviations between the
fission fractions of Ref. [194] and the ones provided by the KBR simulation are neglected
at the level of this investigation. Since the provided covariance matrix is deduced from
spectral measurements via the detection of IBD, it still incorporates the corresponding
cross section, cf. Ref. [194]. Therefore, we have to divide it by the IBD cross section which
we adapt from Ref. [149]. To match the binning of the covariance matrix, we interpolate
and evaluate the first bin of the compiled CONUS spectra at the corresponding bin center.
We keep the full uncertainty of the last energy bin (ranging in the Daya Bay spectrum
from 8.125− 12MeV) to account for the sensitivity of CEνNS towards higher neutrino
energies in order to stay conservative.
With all these information at hand, we are able to assemble the reactor antineutrino

emission spectra for the CONUS data sets, which consists of the reduced reactor fluxes
(Tab. 3.4) and the spectral distribution, which is obtained by summing the individual
isotope spectra according to the underlying fission fractions and multiplication with
corresponding bump-correction factors. The spectral distribution including the reactor-
bump is illustrated for data collection period C1R1 in the upper plot of Fig. 3.4. We
indicated an uncertainty band by sampling antineutrino spectra from the underlying
covariance matrix (the shown band corresponds to a 3σ variation in each bin). In our
analysis, the reactor antineutrino spectra are used to weight the CEνNS cross section with
the number of neutrinos emitted from the reactor,

dσ̄

dTA
(TA) =

∫ Emax

Emin

dEν

(
dN

dEν
(Eν)

)(
dσ

dTA
(TA, Eν)

)
, (3.4)

with (dN/dEν) being now the fully assembled reactor antineutrino spectra, for example
of Fig. 3.4. Note that the minimal energy Emin is obtained by inversion of Eq. (2.30),

Emin =
TA
2

(
1 +

√
1 +

2mA

TA

)
, (3.5)

while at a reactor site the maximal neutrino energy is assumed to be Emax . 10MeV.

The influence of spectral uncertainties was estimated by sampling reactor spectra a
multi-dimensional Gaussian distribution and calculating the impact on the expected
number of events. The obtained distributions are again fitted with a Gaussian whose
standard deviation gives an estimation of the uncertainty. As evident from the example
of C1R1 in the lower plot of Fig. 3.4, spectral variations can have an impact of up to
10% on the signal’s prediction, cf. App. C.1 for the other data collection periods. The
reactor spectra indicated by orange lines (3σ variations) are selected for tests of spectral
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3. Investigating coherent elastic neutrino-nucleus scattering within the Conus experiment

sensitivity in order to circumvent a fit of the whole spectrum. Although being the more
precise way this would lead to a large increase in computation time, which is unnecessary
when spectral sensitivity is not guaranteed.

CEνNS sensitivity to neutrino energy In the end, we clarify which part of the
deduced reactor antineutrino spectra contributes the most to the expected number of
CEνNS events. As clear from simple scattering kinematics, incident neutrino energy Eν
and resulting recoil energy TA are linked, cf. Eq. (2.30) and Eq. (3.5) respectively. Hence,
the spectral sensitivity of the expected number of events depends also on the obtained
energy threshold of the used detectors, since lower detectable energies allow to probe lower
incident neutrino energies. However, the situation is a bit more complex due to signal
quenching, a topic discussed in the next section. At the moment we are only interested in
the sensitivity to antineutrino energies assuming a certain energy threshold (and quenching
factors).

To analyze it, the number of CEνNS events for the individual bin values of the CONUS
antineutrino spectra are calculated and the corresponding contribution to the total number
of events is determined. Our results are shown in Fig. 3.5 for detector C1R1 including
all detector-specific contributions, e.g. detector response, lifetime and reduced flux. It
is evident that the effect of signal quenching generally leads to higher event rates for
larger k-parameters. Further, one recognizes that CEνNS is mainly sensitive to higher
neutrino energies which unfortunately also exhibit the largest uncertainties.3 From a
different viewpoint, CEνNS can be used as a flavor-independent tool to measure (or at
least constrain) the high energetic part of a reactor’s antineutrino emission spectrum. This,
however, requires a signal with a sufficient level of statistics since antineutrino emission at
these energies is already quite low, as evident from the assembled reactor antineutrino
spectra, cf. Fig. 3.4.

3.2.2 Quenching effects in germanium for low nuclear recoil energies

Now that we have antineutrino emission spectra at hand, we continue the path towards a
realistic CEνNS prediction by incorporating more detection-specific corrections. Before
actual detector-specific responses are applied, the conversion of nuclear recoil energy TA
to the actual detectable energy E, i.e. ionization energy in the case of semiconductor
detector, needs to be quantified. This is done via the so-called QF, cf. Sec. 2.1.4. So
far, we only assumed constant, energy-independent quenching. However, in reality the
matter is more involved and depends on several aspects, e.g. the target material or the
nuclear recoil energy itself. Further impacts of detector temperature and electric field in
the detector’s interior are under discussion, cf. Ref. [254].

In our investigation, we apply an energy-dependent description of the quenching factor
based on the so-called Lindhard model [168, 255].

3This analysis is already carried out with reactor antineutrino spectra that are attributed with simulated
spectra at neutrino energies below ∼ 1.8MeV, cf. Chapter 4. This part becomes crucial when EνeS is
considered. The low energy part of the spectrum is irrelevant for CEνNS as the calculated spectral
distributions in Fig. 3.5 reveal.
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Figure 3.5.: Spectral contribution of the neutrino energy Eν to the obtained number
of CEνNS events for different quenching parameter k in dependence of the
assumed minimal detectable energy, i.e. the energy threshold. The given
values correspond to realistic predictions for data collection period C1R1 and
are calculated with the corresponding CONUS antineutrino spectrum.
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3. Investigating coherent elastic neutrino-nucleus scattering within the Conus experiment

It is a semi-empirical description of radiation effects in matter that is widely used,

QF(ε) =
k · g(ε)

1 + k · g(ε)
, (3.6a)

g(ε) = 3ε0.15 + 0.7ε0.6 + ε , (3.6b)

ε = 11.5Z−7/3TA . (3.6c)

Here, the k-parameter is almost equal to the QF for TA ∼ 1 keV. We apply a refined
version of this model, which is extended with an (adiabatic) correction factor [256],

FAC = 1− e−TA/ξ , (3.7)

and use the recently measured values by Ref. [169], in particular the best-fit value ξ = 160.
However, for simplicity we assume the thickness of the dead and passivation layers to
be negligible, such that we can ignore the charge collection efficiency used in Ref. [169].
Since the quenching effect is still subject of recent investigation and has remained quite
unknown at lowest nuclear recoil energies until just recently, cf. Figs. in Refs. [168, 169],
we keep it as an explicit parameter throughout our investigations, i.e. we perform our
analysis for fixed k-values within a reasonable range, cf. App. C.3.

To implement the modified Lindhard description, we perform a variable transform from
recoil energies TA to ionization energy E by following Ref. [170],

dσ̄

dE
(E) =

(
QF−1(E) + E ·

(
d

dE
QF−1

)
(E)

)
dσ̄

dTA
(QF−1(E) · E) , (3.8)

with QF−1(E) being the inverse quenching factor of Eq. (3.6) in terms of the detectable
energy E with its dependence on the k-parameter implicitly assumed.
The impact of the quenching effect on the expected number of CEνNS counts in

dependence of the k-parameter and the minimal detection threshold is shown in Fig. 3.6
using the example of detector C1R1 with all experimental responses already considered. A
realistic (optimistic) energy threshold of Ethr = 300 (270) eV and with recent indications
for the k-parameter to be k = 0.16 [257], one expects 10 (30) kg−1 yr−1. With realistic
background levels of O(10) kg−1 d−1, signal-to-noise levels of 3 (8) · 10−3 can be obtained.
Thus, a precise measurement of the QF is needed in order to give appropriate theoretical
predictions of CEνNS in the SM context. It might further affect BSM investigations
that search for potential modifications of the expected CEνNS signal [258]. Furthermore,
the effect of quenching on the CEνNS event spectrum of C1R1 is shown for different
k-parameters in App. C.4.

3.2.3 Electronic response

For a realistic signal prediction, we have to incorporate the detector-specific responses
which have been investigated at MPIK as well as KBR and published in Ref. [82]. Here, we
assume properties like detector energy scale and resolution as well as detection efficiencies
as being exact, while in the analyses below uncertainties for some of these characteristics
are taken into account. Hence, for the (theoretical) signal prediction these (experimental)
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Figure 3.6.: Expected CEνNS count rates for detector C1R1 in dependence of its minimal
threshold energy Ethr and the k-parameter of the applied modified Lindhard
model, cf. Eqs. (3.6). Black horizontal lines indicate QFs that have been
reported in literature. The figure has been published in Ref. [82].

quantities are not attributed with any uncertainty. Three detector properties are of main
relevance for our prediction: the detector’s energy scale calibration, its energy resolution
and efficiencies introduced by the DAQ or the muon veto system.4

Energy scale calibration The energy scale, i.e. the mapping between DAQ detection
channels and energy values, for the collected data is set by selecting points of known
energy and an assumption of how the DAQ’s read-out channels are mapped to these
energies, e.g. a linear relation. Furthermore, linearity of the energy scale can be verified
with pulser scans. At higher energy (& 50 keV), usually external radiation of well-known
sources is used, e.g. 241Am, 133Ba, 57Co, 228Th. However, at lower energies, especially
the ones relevant for CEνNS, electromagnetic radiation cannot penetrate the detector’s
interior. A solution is to use the detector’s intrinsic radiation, i.e. x-rays from radioactive
decays occurring inside the HPGe crystal. Well suited for germanium, are x-ray lines that
correspond to binding energies of K- (9.0, 9.7 and 10.4 keV) and L-shells (1.1, 1.2, 1.3 keV)
from 65Zn, 68Ga, 68Ge+71Ge, in particular since the intensities of the weaker L-shells can
be derived from K-shell decays and well-known K/L-ratios, cf. Ref. [82, Table 7]. We
refer to App. C.5, where the situation is illustrated in an ionization energy spectrum of
detector C2. These isotopes are permanently created by comic activation, e.g. through
hadronic components. Although the CONUS shield design is able to suppress hadronic

4When we refer to efficiency from now on, we mean the (combined) efficiencies related to detector dead
times induced by both the DAQ and the muon veto.
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3. Investigating coherent elastic neutrino-nucleus scattering within the Conus experiment

cosmic rays by several orders of magnitude, the intense cosmic muon flux at shallow depth
creates MeV-neutrons which induce the isotope 71Ge related to this lines. This steady-state
background production, potentially harmful for CEνNS detection, is advantageous in
terms of energy calibration and contributes ∼ 15 counts kg−1 d−1 to the background level
of all detectors. For the CONUS detectors linearity of the energy scale is confirmed with
an energy calibration exhibiting an uncertainty of 10− 20 eV [82, Section 5.2].

Energy resolution The energy resolution of a detector can be determined directly via
the FWHM of known and prominent lines or externally via the usage of known (preferable
mono-energetic) x- and/or gamma ray sources. The injection of artificially generated
pulses directly enables gathering information on the noise induced by the experimental
environment or the used electronics. This procedure is quite independent of detector
characteristics which might depend on the applied source. The design specifications of
pulser signal resolutions to be below 85 eV are confirmed at both MPIK and KBR. Further,
the pulser resolution have been determined in dependence of the energy.
In our theoretical signal prediction, energy resolution is taken into account by a

convolution of the expected signal with a Gaussian of width σ. Hereby, the width
σ(E) = FWHM(E)/2.355 is considered to be energy-dependent as confirmed by x- and
γ-ray lines at different energies. The latter is parameterized by the following functional
form

FWHM(E) = p0 + 2.355
√
p1 · 2.96 · 10−3(E − p2) , (3.9)

with the detectable energy E given in keV and p0,1,2 being detector-specific coefficients
determined before experimental operation. In our analysis, the discrete convolution is
performed via matrix multiplication with a so-called Toeplitz matrix, which is due to
the non-constant width in our case much faster than the usual Fast-Fourier transform
algorithm [259, 260].

Detection efficiency For the CONUS set-up (applying the Lynx DAQ), generally
two types of detection efficiency are relevant, which are related to dead times induced
by the DAQ and the muon veto, respectively. The first type is caused by the DAQ’s
processing time of detected events and influenced by the amount of triggered noise and
physical events. For the CONUS detectors, the related efficiency usually drops for phys-
ical events below 200 eV, while already at energies below 350 eV electronic noise events
are present next to physical events. The detection efficiency has been determined by
pulser scans at different energies and fitted with a Gaussian CDF, cf. Ref. [82, Figure 12].
In Run-2, for example, efficiencies of ε > 99% down to ∼ 200 eV are observed such
that we can safely approximate them with unity in the region of interest (ROI). Run-1
exhibits efficiencies higher then 95% above 200 eV, which we account for by implement-
ing the determined efficiency curves. For more details can be found in Ref. [82, Section 5.4].

The second type of efficiency is caused by the muon veto system, which interrupts
data collection whenever a cosmic muon is detected in the shield’s polyethylene plates.
It has been noted that gamma rays from 16N decays in a near cooling circuit affect the
muon-veto’s trigger rate, such that we distinguish efficiencies for reactor On (94.2%) and
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3.2 CEνNS prediction for the Conus experiment

reactor Off (96.5%) periods. Both efficiencies are multiplied with the expected signal
spectrum.

3.2.4 Theoretical CEνNS prediction and contributing uncertainties

Now that we have illustrated the individual steps towards a realistic signal prediction, we
summarize how the final values used in the data analysis of the next section are calculated.
In addition, we also list all uncertainties that are incorporated on the “prediction errors”
which we assign to our results.

To obtain a realistic signal prediction for a certain CONUS detector, we have to average
the CEνNS cross section (Eq. (2.31)) with the corresponding antineutrino reactor spectrum
(Eq. (3.4)). As a next step, the effect of signal quenching that we describe via a modified
version of the Lindhard model (Eqs. (3.6)) is taken into account (Eq. (3.8)), before we
apply the individual detector responses to the flux-averaged and quenched cross section
(Sec. 3.2.3). Finally, multiplying the obtained expression with further multiplicative
quantities like detector runtime t (Tab. 3.6), reduced reactor flux Φ∗ (Tab. 3.4) and the
number of target nuclei NGe,5 allows to calculate the number of CEνNS events in a certain
energy bin,

NCEνNS
x (Ei) = tx · Φ∗x ·NGe(mx)∆Ex

(
dσ

dE

)
x

(Ei) , (3.10)

with ∆Ex being the detector bin width and the indices i and x indicating the bin number
and the considered detector, respectively.

We start with the CEνNS cross section that includes a form factor, whose consideration
depends on the energy of the (anti)neutrino source. At lowest momentum transfer the
form factor in the CEνNS cross section of Eq. (2.31) can be approximated with unity,
e.g. in the case of reactor antineutrinos, which we assume in what follows and further
neglect corresponding uncertainties. The situation is different for neutrinos with higher
energies, e.g. from a π-DAR source, where a form factor is needed in order to account
for partial losses in coherence. As we have seen in Sec. 2.1.3, the actual form factor
depends on the underlying charge distribution and is, therefore, model-dependent. The
authors of Ref. [261] investigated the impact of uncertainties that came along with the
three commonly selected parameterizations listed in App. A.3 and concluded them to be
only relevant for q & 20MeV. Hence, they are negligible in the context of reactor or solar
(anti)neutrinos. Further, they state form factor uncertainties to be at the percentage-level
and generally to be independent of the applied parameterization.

Since the Weinberg angle at low energy is quite uncertain (compared to measurements at
the Z-pole) and CEνNS provides a certain (however mild) sensitivity to it, we account for
corresponding uncertainties, i.e. we use sin2 θW = 0.2384±0.0046 (MeV energy) taken from
Ref. [262]. Further uncertainties on quantities in the CEνNS cross section are assumed to
be of minor importance.
Uncertainties underlying the CONUS antineutrino emission spectra are among the

most important ones, as they influence both the signal’s absolute magnitude as well as its

5The number of scattering targets is given by N(m) = m
M
NA, with the detector active mass m

(cf. Tab. 3.1), the target material’s molar mass M and the Avogadro constant NA.
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Contribution Value(s) Uncertainty

thermal power Tab. 3.4 ∆P = 2.3%

energy release per fission Tab. 3.3 Tab. 3.3

distance to reactor core L = 17.1m ∆L = 0.1m

fission fractions Tab. 3.2 Eq. (3.3)

reduced fluxes Tab. 3.4 Tab. 3.4

spectral shape e.g. Fig. 3.4 Ref. [194]

Table 3.5.: Overview of relevant quantities that underlie the CONUS antineutrino reactor
spectra and their uncertainties. Within our parameterization of Eq. (3.1), they
separate into the reduced reactor fluxes or the spectral shape. Uncertainties
of these quantities migrate to corresponding uncertainties on the theoretical
signal prediction.

shape. Recall the signal’s sensitivity towards higher neutrino energies, which unfortunately
are also the most uncertain ones, cf. Fig. 3.5. A summary of all uncertainties that are
incorporated in the theoretical signal prediction is given in Tab. 3.5.

Since the signal prediction is highly sensitive to the value of the k-parameter, cf. Fig. 3.6,
that is still subject of large uncertainties [168, 169], we leave it explicit in our calculations
and analyses. Last but not least, uncertainties of the number of scattering targets,
cf. Eq. (3.10), are deduced from the uncertainties of the detector active masses, cf. Tab. 3.1,
while we assume uncertainties of detector runtimes to be negligible.

In summary, all considerations of the section allow us to make realistic and specifically
adjusted CEνNS predictions for all data collection periods that are analyzed in the following.
The obtained events spectra are additionally used as inputs for the CEνNS analysis scheme
of Dr. Janina Hakenmüller. Through a detailed assessment of the underlying uncertainties,
we are able to provide theoretical errors to our assumptions. These values are used to
confront the outcome of the statistical data analysis with a realistic signal expectation,
cf. Fig. 3.9.

3.3 Constraints on CEνNS in the fully coherent regime

After a general introduction of the CONUS set-up and an illustration of how a CEνNS
signal prediction is obtained, we are prepared to cover the spectral analysis of the first
two CONUS data collection periods that is published in Ref. [70]. Characteristics of the
collected data sets are presented as well as an overview of the applied background prediction
provided by Dr. Janina Hakenmüller [239] is given. The experimental characteristics with
their uncertainties were provided by the CONUS Collaboration, while the core analysis
team consisting of Dr. Janina Hakenmüller, Dr. Thomas Hugle and the author himself,
independently developed two analysis schemes that were mutually checked on a regular
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Analysis Data set On [ kg d] Off [ kg d] ROI [keV]

SM C1R1 96.7 13.8 0.296 - 0.75

C2R1 14.6 13.4 0.311 - 1.00

C3R1 97.5 10.4 0.333 - 1.00

C1R2 19.6 12.1 0.348 - 0.75

C3R2 20.2 9.1 0.343 - 1.00

All 248.7 58.8

Table 3.6.: Detector exposures and ROIs in the first two CONUS data collection periods.

basis.6 In the following, the more phenomenologically oriented analysis routine developed
by Dr. T. Hugle and the author is described in detail, before the first spectral CEνNS
limits from the CONUS experiments, derived with both analysis routines, are presented.

3.3.1 Conus data collection

After commissioning in the beginning of 2018, the data collection period started with the
first collection of reactor Off data within the reactor outage from 31 March to 07 May
2018. Subsequently, the collection of reactor On data started from 8 May 2018 to 07 June
2019 with an additional opportunity to collect more Off data in the outage from 08 June
to 09 July 2019. These data sets are split into different periods (from now on called “runs”)
which was necessary due to different DAQ setting and noise levels. Hereby, each run is
attributed its own reactor Off period to ensure most stable environmental conditions
at the experimental site. Remember that both data sets of C4 as well as data collection
period C2R2 were excluded due to artifacts and incompatible DAQ settings, respectively.
For each detector’s minimal energy threshold, three different criteria were applied:

trigger efficiencies above 95%, no correlation with (ambient) temperature and a ratio
between electron noise and MC background above a factor of 4 to not include data
dominated by electronic noise events. The ROIs’ higher end was limited to ∼ 1 keV due to
the L-shell x-ray lines around 1− 1.3 keV and since the CEνNS signal does not reach that
far in energy. Since detector C1 exhibits a local artifact an even lower value, i.e. ∼ 750 eV,
was selected which is still way above the CEνNS signal region. It was tested that the
exact choice has no influence on the determined results and an overall energy bin width of
about 10 eV was selected. The individual ROIs of each detector are listed in Tab. 3.6.
Although maintaining stable experimental condition so close to a reactor core turned

out be quite challenging, “almost-lab” conditions were established, cf. Ref. [82, Table 11].
For instance, power-correlated radiation background (fission neutrons or gamma radiation
from 16N decays in primary cooling cycle close to room A-408), vibrations originating from
steam generators, rising temperatures and radon level in outages turned out to be most
demanding. However, counteraction like careful monitoring of experimental parameters,

6At this point, the good cooperation and the joint effort during the entire investigation needs to be
emphasized!
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improvement of environmental conditions and auxiliary measurements, e.g. measurements
with seismographs and tests, in which artificial sounds were induced inside room A-408,
helped to overcome these issues. Further, stability of detector properties (energy scale and
stability) was verified with different methods. Occurring noise-temperature correlations at
the noise edge close to the CEνNS ROI were identified and safely removed by excluding
such data and establishing more stable temperature conditions. This led to a large loss
of exposure, but allowed for stable experimental conditions above 200 eV. In addition,
investigation of the time difference distribution between single events turned out to be
beneficial in terms of discriminating physics events from noise and further spurious events.
Appropriate cuts helped to improve the energy region above the noise edge, cf. Ref. [82,
Figure 13]. More details about the data processing can be found in Ref. [239].

In the end, data sets with similar room temperature and detector noise levels between
reactor On and Off were selected by our experimental colleagues and are used in the
following analysis. The corresponding exposures can be found in Tab. 3.6.

3.3.2 Background contributions and modeling

In our analysis, the theoretical background description is divided into two parts: an
experimental fit of the detector noise and a dedicated MC simulation of all important
background components. Now, we give an overview of the different background contribu-
tions and investigations during its assessment, whereby we point to Ref. [239] for a full
background decomposition assisted with MC simulations. The overall background stability
is checked in two different energy regions, i.e. E1 = [0.4, 1.0] keV and E2 = [2, 7] keV, while
we focus here only on E1 where detector-specific background levels of 5− 13 kg−1 d−1 were
obtained [82].

3.3.2.1 Reactor-uncorrelated background contributions

The dominating background component that is uncorrelated to the reactor thermal power
are events attributed to the cosmic muon flux. Both at MPIK and KBR interactions of
cosmic muon inside the CONUS shield or the surrounding environment induce prompt or
delayed background events at a level of 160± 10 counts kg−1d−1. The muon veto exhibits
efficiencies of ∼ 97% and thus allows a reduction down to to 5−13 counts kg−1d−1. Further,
the decay of induced isomeric germanium states contributes additional background at a
level of < 0.1 counts kg−1d−1. Seasonal or barometric variations that affect the cosmic
muon flux do not create significant differences between the background levels of reactor
On and Off periods.
Further background events originate from the decays of the radioisotope 210Pb which

contribute a rather constant contribution due to its long half-live of 22.3 yr. Although
within the CONUS shield the radiopurity of the used lead bricks increases towards
the detector chamber, a background level of 2 − 7 counts kg−1d−1 originates from this
component.
Radon and its progenies emanating from the reactor building’s concrete walls can

penetrate the experimental set-up and decay in its interior. Thus, the radon concentration
in room A-408 is permanently monitored and the CONUS detector constantly flushed
with breathing air bottles, in which the air has been stored for at least 2-3 weeks. This
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period is long enough for the radon to decay away (half life T1/2 ∼ 5d). The average
radon level of (175± 35)Bqm−3 results, despite all counteractions, in a background level
of 0.9 counts kg−1d−1.
The achieved overburden at the CONUS site effectively shields against (almost) all

hadronic cosmic ray component, such that associated background events basically reflect
each detectors activation history besides small in-situ production rate of 71Ge. The created
cosmogenic isotopes (71Ge, 68Ge, 3H) lead to a background component that is expected to
decrease over time, but on average induces 0.2− 0.4 counts kg−1d−1.
Further background contributions from natural radioactivity, i.e. gamma rays and

(α,n) reactions in the walls, are confirmed to have a negligible impact. In addition, MC
simulations confirmed that neutrons or neutrinos emitted from the spent fuel storage pool
above the experiment at site, cf. Fig. 3.1, can be neglected as well [244].

3.3.2.2 Reactor-correlated background contributions

Critical events of CEνNS investigations at a reactor site are time-varying and, as CEνNS
itself, correlated to the reactor thermal power (“reactor-correlated”). Potential candidates
are fission neutrons that can escape the reactor core or gamma radiation from neutron
induced-isotopes that decay inside the primary cooling loop in the proximity of room
A-408, e.g. 16N. Most critical are reactor-correlated neutrons since they can mimic potential
CEνNS signals in the detectors. Hence, a good understanding of such neutron-induced
background components is crucial for any CONUS-like experiment located close to a
reactor core.
A detailed investigation of reactor-correlated neutron and gamma ray fluxes was per-

formed prior to the experiment’s commissioning, cf. Refs. [239, 240]. In cooperation with
the Physikalisch-Technische Bundesanstalt (PTB) precision neutron spectroscopy was done
at the CONUS experimental site at KBR, which included direct neutron measurements
with Bonner spheres, indirect neutron measurements with HPGe detectors (via gamma rays
from neutron capture in the shield or the detector and thermal neutrons) in combination
with a sophisticated multi-step MC simulation of reactor neutrons as validation. The
investigation revealed the presence of a neutron fluence composed of 80% thermal neutrons
and 20% neutrons with below-MeV energies. The simulation confirmed an overall neutron
suppression (during propagation from the reactor core to the location of the CONUS
set-up) of about 20 orders of magnitude [240, Section 5]. Further, no fast neutron emission
from the spent fuel storage pool could be confirmed. Since the reactor-correlated neutrons
are fully mitigated by the CONUS shield, i.e. the corresponding background level is two
orders of magnitude smaller than the muon-induced neutron background, this potentially
problematic background component is of negligible impact for the CONUS investigations.
Additionally, gamma rays from 16N decays are almost shielded by the lead layers of

the CONUS shield and are of minor importance, i.e. 0.010± 0.005 counts kg−1d−1 at full
reactor power.
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3.3.2.3 Background modeling

Monte Carlo model The CONUS background model is provided by our colleague
Dr. J. Hakenmüller, cf. Ref. [239, 244], in such way that we only need to multiply the
detector-dependent models with the corresponding detection efficiency. The individual
background contributions are simulated via MC techniques which is why we refer to
them as MC (background) models. The whole MC background model with its individual
components is compared to data in App. C.7. The most relevant contributions for the
CEνNS and EνeS (following chapter) analyses are the internal 210Pb contamination of
the applied detector and shield materials as well as the cosmic muon-induced events in
the shield material. Further, the cosmogenic induced K- and L-shell x-ray transitions at
∼ 10 keV and ∼ 1 keV are dominant at their explicit energy values. Cosmic muon-induced
neutrons that are produced in the reactor building’s concrete rise towards lower energies,
though with a background level at least one order of magnitude smaller the corresponding
shield events. In general, the provided spectra are in excellent agreement between reactor
Off data for energies & 100 keV. Uncertainties on the MC background model are assumed
to be negligible for the CEνNS ROI. For more details related to the background description,
we refer to Ref. [239] or Ref. [244].

Threshold description Below 500 eV towards each detector’s energy threshold, an
additional background component related to electronic noise starts to rise towards lower
energies and needs to be considered in our analysis.7 Generally, the noise that broadens
the width of detected lines, i.e. the resolution, influences the achieved detection threshold
as well. It consists of several contributions, among others the electronic noise and and
environmental vibrations, cf. Ref. [211, Section 5] and Ref. [239, Section 1.4.4.]. The first
originates from noise of individual electronics components. The latter can be induced by
vibrations of the reactor building, e.g. when cooling pumps are started or stopped, or when
the detector cryocoolers compensate for varying environmental conditions. Consequently,
avoidable contributions of both origins can be mitigated by guaranteeing cold and stable
environmental conditions. As most components contributing to the detector resolution
are of statistical origin, a Gaussian distribution can be expected [263], while distortions
through the DAQ system might occur, cf. Ref. [239, Section 1.4.4.].

Within our analysis these noise contributions are treated as an individual detector-
specific component. As is rises towards the detection threshold, we refer to it as “threshold
description”. This “threshold description” is assumed to be dependent on the data collection
period and parameterized with an exponential function of the form

fnoise(E; p0, p1) =
10p0

p2
1

exp

(
− E

2p1

)
, (3.11)

with E being the bin energy and the free parameters p0,1 which are determined by our
ML routines.

7This small paragraph is based on the content of Ref. [239, Section 1.4.4.].
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3.3.2.4 Elastic neutrino-electron scattering (EνeS)

In principle, SM EνeS mediated by Z and W bosons contributes an additional signal that
is given by the following cross section, cf. Ref. [1, Chapter 5.1] or Ref. [118],

dσ

dTe
(Te, Eν) =

G2
Fme

2π

[
(gV + gA)2 + (gV − gA)2

(
1− Te

Eν

)
+
(
g2
A − g2

V

) meTe
E2
ν

]
, (3.12)

with gV = 1
2 + 2 sin2 θW and gA = −1

2 in the case of electron antineutrino scattering
off electrons in the target material. The electron recoil Te, which does not undergo any
signal quenching, can be directly read out with a semiconductor detector as the resulting
ionization signal. However, the binding of electrons in the target atoms needs to be
considered when the electron recoil energy Te is of similar size. In doing so, we follow
Ref. [264] and multiply Eq. (3.12) with a sum of step functions that accounts for the
individual binding energies

R(Te) =
1

32

∑
i

niΘ(Te − εi) , (3.13)

with i running over all electron binding levels, while ni and εi being the number of
electrons and the associated binding energy, respectively. The applied values are taken
from Ref. [265]. The prefactor accounts for the total number of electrons in a germanium
atom. Note that the formula for the maximum recoil energy (Eq. (2.30)) is also valid in
this context when the nucleus mass is exchanged with the electron mass me. Compared
to reactor antineutrino energies . 10MeV, the electron mass is negligibly small such that
the resulting recoil energy is similar to the neutrino energy, i.e. Te ∼ 9.9MeV (compared
to a nuclear recoil in germanium of TA ∼ 3 keV). Moreover, for electron recoil energies
in the keV-region that we probe with the CONUS set-up, neutrino-electron scattering is
sensitive to similar neutrino energies Eν , i.e. the lowest energy parts of the antineutrino
spectra which we have not yet included, cf. Ch. 4.
However, comparing the cross-sections of CEνNS and EνeS, the latter is orders of

magnitude smaller such that explicit event rates in the CONUS detectors are negligibly
small cf. Fig. 1.1. For example, we expect about 84 counts kg−1 yr−1 from CEνNS (k =
0.20) and < 1 count kg−1 yr−1 from EνeS in the data collection period C1R1. Thus, we
can safely neglect this interaction channel in the following analysis.

3.3.3 Statistical investigation

After a summary of the CONUS data collection periods and the characteristics of the
background (model) that we expect at the experimental site, we deal now with the analysis
of the assembled data sets. We shortly list the considered experimental uncertainties
and illustrate how they are implemented. Further, the technical aspects of the chosen
ML approach, i.e. the form of the likelihood function and its numerical implementation,
are explained as well as details are given of how the underlying test statistic is obtained.
During the development of the analysis scheme, special emphasis was put on compatibility
and extensibility, since it was already geared to incorporate further BSM-analyses at this
stage of development. In such way, new interaction cross sections can be easily added
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to our investigation methods and studied with the same uncertainties that underlie the
spectral CEνNS investigations.

3.3.3.1 Systematic uncertainties

Besides the parameters of interest, i.e. the signal strength of a CEνNS signal or the
background normalization, parameters that have been determined during the experiment’s
commissioning or by auxiliary measurements are usually treated as nuisance parameters,
cf. Sec. 2.3.1.4. Thus, they are determined from data, while they are constrained via a
pull-term which incorporates the previously determined parameter with its uncertainty.
In doing so, we basically let the data decide which value agrees best since, within a
Frequentist’s point of view, we expect the determined quantity to be itself affected by
statistical fluctuations.

In this analysis, such parameters are each detector’s active mass (determined at MPIK,
cf. Tab. 3.1), the detection efficiencies and energy scale calibration (cf. Sec. 3.2.3) or
the detector-specific reduced reactor fluxes (cf. Tab. 3.4). Uncertainties on the detector
runtimes are assumed to be negligibly small, cf. Tab. 3.6. The MC background model
is attributed with a free parameter b to determine its overall normalization via the fit
routine.

In principle, one could also incorporate uncertainties on fundamental constants, such as
the Fermi constant GF or the Weinberg angle sin2 θW , which are currently still subdomi-
nant compared to the experimental uncertainties. Also the spectral uncertainties of the
constructed antineutrino emission spectra could be implemented via the refined covariance
matrix, cf. Sec. 3.2.1. However, as predictions with the achieved experimental specification
already indicate only a few number of events, we do not expected strong sensitivity on the
individual reactor bin energies. In practice, the 26 additional parameter of the reactor
antineutrino spectrum are simply set to their best-fit values within the fitting routine due
to the associated pull-term though at the cost of rather high computation time (already in
the case of only one detector). At several stages in the development phase of our analysis
routine, the impact of spectral uncertainties have been checked for single-detector fits, e.g.
C1R1, and found to be of minor importance. We circumvented this issue, by selection of
MC-generated test spectra that lead to strong deviations, cf. Fig. 3.4, and verified this by
the independent analysis routine of our colleague Dr. J. Hakenmüller. Likelihood fits that
used such reactor spectra showed negligible deviation from their best-fit values. Hence, in
what follows we neglect uncertainties related to the reactor model and fix corresponding
bins to their mean values.

The energy scale calibration, cf. Sec. 3.2.3, was confirmed to be stable within the data
collection periods. However, the uncertainties on the energies of the K- and L-shell x-ray
lines due to the low count rate, especially at ∼ 1 keV, induce an uncertainty on the energy
scale of ∼ 15 eV in the ROI. As mentioned in Sec. 3.2.3, the electronic detection efficiency
is a combination of the efficiencies induced by the muon veto system and the actual
trigger efficiency of the DAQ. The dead time induced by efficiencies of the muon veto are
determined to be (5.8 ± 0.2)% (reactor On) and (3.5 ± 0.2)% (reactor Off). Further,
trigger uncertainties are determined to by 5% in Run-1 and 1% in Run-2 [82]. As a
consequence overall uncertainties on the efficiency are calculated to be 5% (Run-1) and
1% (Run-2), respectively.
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Parameter Uncertainty or related parameter

background MC b (free parameter)

noise threshold Θthr1 , Θthr2 (free, uncertainty
considered via toy MC)

reduced neutrino flux ∆Φ∗ ∼3%

neutrino spectrum subdominant uncertainty
(compared to quenching)

reactor On and Off duration negligible uncertainty

active mass < 1%

electronic detection efficiency ceff ≤ 5%

energy calibration uncertainty ∆E 15 eV

quenching k (explicitly included)

Table 3.7.: Overview of the fit parameters that enter the likelihood function with their
corresponding uncertainties for the present analysis.

The QF, or correspondingly in our implementation the k-parameter, is the dominating
uncertainty of our analysis. Hence, we decided to perform our investigation explicitly for
fixed k-values that spread the range of measured quenching values, i.e. k ∈ [0.1, 0.3] [168,
169, 266–270].8 On overview of the fit parameters underlying our ML approach with given
uncertainties is shown in Tab. 3.7.

3.3.3.2 Likelihood function and implementation

In what follows, we present the technical details of the performed data analysis such as
the explicit form of the likelihood function and its numerical implementation. A binned
likelihood approach is chosen, in which we assume the number of detected events to
follow a Poisson distribution in each bin. The reactor On data are fitted in a typical
“signal + background” fashion, where we extract the amplitude of the CEνNS signal
via an unconstrained fit parameter s that represents a signal normalization. A similar
(normalization) parameter b is ascribed to the overall MC background model, whereas two
additional fit parameters are needed for the effective analytic description of the electronic
noise, cf. Eq. (3.11).

In addition, we simultaneously fit the reactor Off data with a background-only hypoth-
esis which introduces an additional “lever” on parameters solely related to the background
description. The previously introduced nuisance parameters are constrained with four
Gaussian pull-terms that are added to the likelihood function.

8Remember that the k-parameter in the energy-dependent description of Lindhard represents the
quenching factor QF at nuclear recoil energies of TA ∼ 1 keV.
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In conclusion, the overall likelihood function that is fit to data exhibits the form

−2 log L = −2 log LON − 2 log LOFF + 2
∑
i

(Θi −Θ∗i )
2

2σ2
i

, (3.14a)

with − 2 log LON(s, b,Θthr1,2 ,Θreactor,Θdet,Θ∆E) , (3.14b)
− 2 log LOFF(b,Θthr1,2 ,Θdet,Θ∆E) , (3.14c)

with the parameters s, b, Θthr1 , Θthr2 being non-negative quantities that are determined
without any constraints. Here, Θreactor basically are the detector-specific reduced fluxes
Φ∗x and the corresponding pull-term reflects all uncertainties listed in Tab. 3.5 (except
the spectral ones as previously explained). Further, Θdet represents all detector-related
multiplicative quantities such as its active mass mx and the combined efficiency induced by
the DAQ and the muon veto εs,b for reactor On and reactor Off periods. The uncertainty
on the latter are accounted for by introducing an artificial parameter ceff

x which is “pulled”
to unity with the respective uncertainties of Run-1 and Run-2. The parameter Θ∆E is
attributed to the energy scale uncertainty, which we implement as a shift in energy of
the theoretical prediction. Since we assume the number of total events to be affected by
statistical fluctuations as well, we are in the case of an extended ML approach, such that
the individual likelihood functions in Eqs. (3.14) exhibit the form9

−2 logL = 2
∑
i

νi − ni log νi + log ni! , (3.15)

while ni being the provided data in bin i and νi the corresponding theoretical predictions,
cf. Eq. (2.41). Note that the latter term is irrelevant for minimization purposes.

The free parameters mentioned above are incorporated in the theoretical prediction of
the expected CEνNS spectrum of detector i

NOn
i (E) = s ·NCEνNS

(
E −∆Ei; Φ∗i ,mi, ti, c

eff
i , (dN/dEν)i , k

)
+ bi ·

(
tOn,i

tOff,i

)
ceff
i ε

s
i (E)

(
fnoise
i (E; p0,1) + fmc

i (E −∆Ei)
)
,

(3.16)

with NCEνNS being the function that provides the expected CEνNS spectrum with all its
functional dependencies. The detector runtime (collected time of reactor On period) is
represented by ti and detector-specific antineutrino emission model by (dN/dEν)i. The
fixed quenching parameter of the modified Lindhard model is indicated with the parameter
k. Since the provided background MC simulations fmc

i are designed to describe the reactor
Off data, we have to rescale them to the corresponding reactor On lifetimes. Note that
some energy-dependent functions receive a shift in energy by ∆E, e.g. the electronic
noise description fnoise

i , while others do not, e.g. the MC background model fmc
i . This

depends whether the corresponding quantities are fundamentally determined in terms
of the detected energy E or the DAQ’s detection channels. Therefore, efficiencies or
the noise edges, which are usually obtained in terms of DAQ channels, receive no shift,
whereby theoretical predictions are shifted by ∆E as they are generically given in terms

9This can be easily verified by performing the operation −2 log on Eq. (2.40).
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of (detection) energy. The theoretical prediction for the number of expected background
counts for detector i is given by

NOff
i (E) = bi · ceff

i ε
b
i(E)

(
fnoise
i (E; p0,1) + fmc

i (E −∆Ei)
)
. (3.17)

Note that in the above implementation each detector receives its own background
normalization bi. Statistically significant deviation from unity would be an indicator for
not fully covered systematic contributions. However, the CEνNS signal in all detectors
share the same s parameter in order to be sensitive for overall systematic deviations from
the SM prediction. Otherwise the detector data sets would be independent of each other
and could be evaluated separately.

The whole analysis routine is set up within the SciPy framework [271–278] and by the
use of the IDE PyCharm [279]. The likelihood minimization is performed by application
of the iminuit package [280, 281], whereas the cluster computations are implemented with
the message passing interface MPI for Python [282, 283].
For the limit investigation of the CEνNS signal, a (binned) likelihood ratio test is

performed, cf. Eqs. (2.44) and (2.45), which exhibits the form

−2 log λ(s) = −2 log

(L(s)

L(0)

)
→ H1

H0
, (3.18)

with H1 being the conventional choice of (CEνNS) signal plus background and H0 being
the background-only hypothesis. The above likelihood ratio is calculated for a broad range
of fixed s parameters in order to subsequently assign them a certain p-value from the
underlying distribution of possible likelihood ratios. The chosen test statistic λ(s) equals
the standard profile likelihood ratio of Eq. (2.45) in the case of ŝ = 0. As we are, in a
first step, mostly interested in showing that there is a non-zero signal, i.e. falsifying the
no-signal hypothesis, we fix ŝ = 0 for our analysis.

3.3.3.3 Simulation of test statistic

In order to link the obtained likelihood ratios to certain p-values, the distribution of the
selected test statistic is needed. When the significance of a signal is not high enough to
report a discovery, one usually reports a limit on its signal strength µ or an equivalent
number of events at a certain C.L. for rejecting the background-only hypothesis. In our
case, we want to test for a discovery, i.e. reject the background-only hypothesis, such
that we use the test statistic q0, cf. Eq. (2.47). Further, in our situation the background-
only hypothesis (s = 0) is a subset of the space of signal hypotheses (s ≥ 0), i.e. both
hypotheses are nested. Wilks’ theorem, cf. Sec. 2.3.2.3, implies the test statistic q0 to
follow a χ2-distribution of one DOF. As we allow the signal strength parameter s to
fluctuate only in one direction, i.e. CEνNS signal only contributes additional events, we
are in the one-sided case and apply the “half χ2” distribution of Eq. (2.49) with x→ q0.
In fact, we perform a full MC simulation of the test statistic. In order to do that, we

sample all experimental parameters according to their underlying (Gaussian) distribution
and generate mock data under the assumption of the background-only hypothesis with
the provided background description (threshold description and MC model). Special
care is taking in the consideration of uncertainties that came along with the analytic
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threshold description since the corresponding parameter are partially correlated and
exhibit asymmetric uncertainty contours. Thus, from the individual best-fits values of
each detector the uncertainty contours of the two threshold parameters where extracted
and used for sampling. A detailed description of the procedure is given in App. D.1. 10000
data sets are generated with the sampled parameters and fitted with likelihood functions
for both, the background-only (s = 0) and the “signal+background” hypothesis (free s), to
determine the corresponding q-values, i.e. the likelihood ratios of Eq. (2.44). The overall
distribution of these values allow the calculation of p-values that are used in the final
deduction of exclusion limits on the signal strength parameter, cf. Fig. 3.8.

3.3.4 First spectral CEνNS limits from the Conus experiment

After all steps and ingredients of the analysis procedure have been outlined, we present
and discuss the results that are derived from the combined CONUS data sets. Before
dealing with the collaborative results published in Ref. [70], we briefly discuss the obtained
ML fits using the example of a single detector, i.e. C1R1.

3.3.4.1 Exemplary single-detector fit: C1R1

The ML fits of the individual data sets were checked for their stability, before the combined
fit that includes all data sets, cf. Tab. 3.6, is performed. Fit stability is confirmed for
several benchmark k-parameters that we consider within this analysis, i.e. k ∈ [0.1, 0.3], via
the corresponding minuit functions. As previously mentioned, reactor On and Off data
are fitted simultaneously in order to have an additional handle on the overall background
normalization and the noise edge parameter. However, at this point we remark that this
lever is limited by the amount of available reactor Off exposure, which, in the case of
C1R1, renders the reactor On data to have a larger impact of a factor 7. An example
fit for data collection period C1R1 is illustrated in Fig. 3.7, where we selected a signal
strength parameter s close to the analysis’ best-fit value and a k-parameter of k = 0.20.
The statistical limitation of the data set is evident from the absolute amount of counts in
the data and the fact that corresponding reactor Off data are reduced by another factor
of ∼ 7. Nevertheless, fit stability is confirmed and the corresponding fit residuals show no
indications for significant signals or systematic effects.
After fit stability and residuals of each detector was confirmed, the combined fit is

performed. Since the recently achieved CONUS specifications in combination with the
gained exposures of reactor On and Off periods are not enough to confirm a CEνNS
detection at significant C.L., we state limits on the overall number of CEνNS counts in the
considered data sets. This is done by determination of the likelihood ratio, cf. Eq. (3.18), for
a range of selected signal strength parameters s. From the distribution of the underlying
(discovery) test statistic, either via approximate χ2 distributions according to Wilks’
theorem or a MC simulation, on can then determine the value that corresponds to a
C.L. of 90%. The resulting limit on the signal normalization s is subsequently converted
into a number of CEνNS counts. For collection period C1R1, Figure 3.8 illustrates the
calculated (1− p) values of the scanned s parameters and corresponding CEνNS signal
counts, respectively. We use the MC simulation of our test statistic to determine limits at
90% C.L. on s and the number of signal counts, respectively. For illustrative purposes, we

74



3.3 Constraints on CEνNS in the fully coherent regime

300 400 500 600 700
Energy E [eV]

0

20

40

60

80

100

Nu
m

be
ro

fe
ve

nt
s[

co
un

ts
] On

LH fit

300 400 500 600 700
Energy E [eV]

−10

−5

0

5

10

Fi
tr

es
id

ua
ls

[co
un

ts
]

On - LH Fit

Figure 3.7.: Exemplary fit of reactor On periods belonging to data collection period C1R1.
Left: Reactor On data (black) compared to the result of a singe-detector fit
under the assumption of a quenching parameter k = 0.20 (red). Right: The
corresponding fit residuals show no indications of systematic effects and prove
the validity of our fit routine.
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Figure 3.8.: Confidence levels (1− p) on CEνNS counts and signal strength parameters
s for data collection period C1R1. Our limits (at 90% C.L.) are generally
determined from a MC simulation of the underlying test statistic (green)
and and compared to the approximate test statistics according to Wilks’
theorem for both, the one-sided “half χ2” (blue, solid) and the two-sided χ2

distribution (blue, dashed), respectively. Left: Limits (90% C.L.) for CEνNS
counts: 64 (one-sided), 74 (MC), 80 (two-sided). Right: Limits (90% C.L.)
for the signal strength parameter s: 6.7 (one-sided), 8.2 (MC), 9.2 (two-sided).
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list the limits that are obtained via the approximate test statistics according to Wilk’s
theorem, cf. Sec. 2.3.2.3. Naively, one would expected a one-sided test statistics as the
CEνNS signal simply adds up to the background. However, due to the incorporation of
the energy scale in our analysis, i.e. by shifting the energy value of the theory prediction,
also slight downward fluctuations can occur. Thus, deviations from the approximate
“one-sided” case is naively expected as also shown by the simulated test statistic. This
procedure is done for a fixed k-parameter and repeated for a selection of parameter on
the whole range of considered values, i.e. k ∈ [0.1, 0.3]. Remember that we selected this
approach since quenching is the main uncertainty underlying our analysis. With a precise
quenching measurement at hand, one can simple determine the valid limit on CEνNS
from our results, cf. Ref. [257].

3.3.4.2 CEνNS limits from combined data sets

In the end, we present the results of the first spectral fitCEνNS analysis obtained from the
first two CONUS data collection periods, cf. Tab. 3.6. The analysis, illustrated for the
case of one detector in the previous section, is extended with the remaining data sets and
carried out in a similar way. Since no significant hints for a CEνNS signal can be reported
for these data sets as well, upper limits on the CEνNS event of the overall exposure are
determined via the binned likelihood ratio test, cf. Eq. (3.18), now under application of the
sum of all individual log-likelihood functions. Again, we compare a potential CEνNS signal
(of given s parameter) with the null hypothesis H0 via the ratio of likelihood values. These
steps are repeated for a selected range of k-parameters, such that we can deduce explicitly
upper limits in terms of it. From a MC simulation that includes now all considered data
sets, the combined distribution of possible q-values is determined.10 With this distribution,
we determine the upper limits on the signal normalization s (that all data sets have in
common) at 90% C.L. and convert it into a corresponding number of CEνNS counts.
The results of this combined investigation and all k-parameters under consideration

are summarized in Fig. 3.9 where the individual upper limits on the CEνNS counts are
presented in dependence of the k-parameter of the applied modified Lindhard model. For
comparison, the combined SM CEνNS prediction is shown as well which allows to disfavor
k-parameter larger than k = 0.27 with CONUS run-(1+2) data and the assumption of
a pure SM scenario. Further, for the measured value of k = 0.18 [169], an upper limit
of 85 counts (at 90% C.L.) is found which corresponds to < 0.34 events kg−1 d−1. These
obtained results are the collaborative results of two independently developed analysis
schemes and represent so far the world’s best limits obtained from a CEνNS-investigating
reactor experiment. Comparing this to the combined SM expectation of (11.6± 0.8), it
yields a difference of about a factor of 7.

The current analysis is mainly limited by the amount of reactor Off time. Thus,
in order to shrink the difference between the obtained limits and the SM expectation
more data and improved experimental specifications are needed. Improvements on the
experimental apparatus, e.g. a new DAQ system and more stable environmental conditions,

10Since the combined MC simulations are computationally extensive, we checked the dependence of these
distributions on the explicit k-parameters with reduced statistics for one detector, i.e. C1R1. The
dependence turned out to be mild, such that we selected one representative k-value (k = 0.20) and
determined the q-value distribution with high statistics, i.e. 10000 samples.
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Figure 3.9.: Upper limits at 90% C.L. on the number of CEνNS counts as a function of the
quenching parameter k. For comparison, the expected theoretical prediction
with uncertainties is indicated in red, cf. Sec. 3.2. The present data sets
further allow to exclude quenching parameters larger than k = 0.27. The
findings of the performed analysis in combination with this figure are reported
in Ref. [70].

are already implemented. Further data collection is continuing which will help to improve
the obtained limits and eventually detect CEνNS at the KBR site. However, the applied
combination of technologies, i.e. a low background HPGe diode in a compact, sophisticated
shield design close to a powerful (anti)neutrino source, already revealed its potential for
future CEνNS detection as well as investigations of CEνNS-related topics, cf. Ch. 4.

3.4 Summary and outlook

The present chapter deals with the first spectral investigation of SM CEνNS at a reactor
site with the CONUS set-up. At first a detailed description of the CONUS experiment
and its individual components is given in Sec. 3.1. Characteristics of the experimental
site, cf. Fig. 3.1, are presented as well as descriptions of the advanced shield design and
the special features of the applied HPGe detectors, cf. Fig. 3.2.
Next, in Sec. 3.2 the individual components needed for a realistic theory prediction

of CEνNS that is later applied in the CONUS data analysis are expounded. Special
care is taken in assembling the reactor antineutrino spectra, cf. Sec. 3.2.1, since the
CONUS Collaboration was granted access to the reactor simulation data, i.e. the time-
resolved reactor thermal power, cf. Fig. 3.3 and its fuel composition, cf. Tab. 3.2. The
implementation of this information and the assessment of underlying uncertainties allows
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3. Investigating coherent elastic neutrino-nucleus scattering within the Conus experiment

to provide realistic flux and spectral predictions for the individual CONUS data collection
periods, cf. Fig. 3.4 and Tab. 3.4 as well as corresponding uncertainties, cf. Tab. 3.5. Further,
the signal’s sensitivity to the underlying antineutrino spectra is investigated, cf. Fig. 3.5,
and the impact of quenching is discussed, cf. Fig. 3.6. Finally, the implementation of
detector-specific responses allows to supply tailored CEνNS predictions for the individual
detector collection periods.

Afterwards, Section 3.3 illustrates the analysis procedure for the CEνNS limits from the
CONUS experiment. The collection of analyzed data sets is summarized, cf. Tab. (3.6),
and details about the background composition, its description and implementation in the
analysis chain are discussed, cf. Sec. 3.3.2. For more details on this matter, we refer to
Ref. [239]. We continue with a in-depth discussion of the implemented analysis procedure
including underlying uncertainties, cf. Tab. 3.7, the form and implementation of the chosen
ML approach, cf. Eqs. (3.14),(3.16) and (3.17), as well as the simulation of the underlying
test statistic, cf. Eq. (2.44). We close by illustrating the steps of our analysis scheme
using the example of one detector, cf. Figs. 3.7 and 3.8, before we present final results, i.e.
combined upper limits (at 90% C.L.) in terms of the k-parameter of the applied modified
Lindhard theory, cf. Fig. 3.9. The obtained results represent the world’s best limits on
SM CEνNS in germanium and, moreover, at a reactor site. They are based on CONUS
data collection periods which exhibit an overall exposure of 248.7 kg d (reactor On) and
58.8 kg d (reactor Off).

The present CONUS results are limited by the exposure of reactor Off periods, which
means that additional data collection, particularly after the reactor shutdown, increases the
statistical reach. However, improving the currently achieved detection thresholds is crucial
in order to increase the expected number of CEνNS counts. This does not only increase
the signal’s statistics, but also makes data collection more resilient towards changing
environmental conditions like temperature-induced noise fluctuations and consequential loss
of exposure. Meanwhile, a lot of effort has been undertaken to stabilize the environmental
conditions at site in order to retain more of the original exposure. A new DAQ system,
which has recently been installed, might allow to reduce the CONUS detectors’ energy
threshold even further. At the moment, the electronics noise edge is part of the each
detector’s ROI and thus introduces additional uncertainties due to the corresponding
threshold description, cf. Eq. (3.11). An improved DAQ system with a noise edge at lower
energies might provide higher expected CEνNS count rates while at the same time allowing
to cut away the electronic noise edge such that corresponding uncertainties vanish.

Moreover, a precise measurement of the QF in CONUS-like detectors and at low nuclear
recoils, which are relevant for CEνNS, will be highly beneficial for the present analysis.
This external knowledge can be simply accounted for with a nuisance parameter that
is attributed with a corresponding pull-term. In doing so, the major uncertainty of our
analysis and the resulting scans over still allowed k-parameters then simply reduce to
another pulled fit parameter. Theoretical predictions and the MC simulation of the test
statistic underlying our analysis benefit from a precisely measured k-parameter as well.
Further improvements might be achieved in terms of the detectors’ energy scale cal-

ibration, which at the moment exhibits an uncertainty of ∼ 15 eV. Irradiation with a
252Cf source is proposed in order to stronger activate the K- and L-shell x-ray lines. It
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is assumed that the energy scale will become determinable at the ∼ 5 eV-level. Recently,
new IBD-based signal spectra have been provided by Ref. [196]. Further, a technique to
construct data-based antineutrino spectra has been proposed by Ref. [195] that allows a
determination at 2%-precision. This new insights will improve the signal prediction and
decrease the corresponding uncertainties. The consideration of all the mentioned potential
improvements in combination with the collection of additional exposure both in reactor
On (until the reactor shutdown at the end of 2021) and reactor Off periods (until the
end of 2022) might push the CONUS experiment into a realm where a CEνNS detection
with enough significance can be possible.

Although, the current experimental sensitivity is not enough to claim a CEνNS detection,
the collected data still provide opportunities for CEνNS-related BSM investigations as
shown in the following chapter.
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Chapter 4

Novel constraints on neutrino
physics beyond the standard

model

The following chapter covers BSM investigations based on CONUS run-1 and partially
run-2 data sets. With the analysis procedure introduced on the previous chapter, we
investigate potential BSM physics related to the neutrino sector such as NSIs of vector-
and tensor-type. Further, we look for new particles in the context of simplified models for
new scalar and vector mediators, which interact with neutrinos and the first generation
of quarks. In the latter case we additionally test for effects on EνeS at higher energies,
i.e. [2, 8] keV. This allows us to use extended data sets with larger exposure. In a second
analysis, we search for electromagnetic neutrino properties, mainly in terms of an effective
νMM via EνeS in the energy region [2, 8] keV. We use the obtained result to deduce a
bound on an effective νMC.
At first, we introduce adjustments that are made in our analysis scheme in order to

perform the intended BSM analyses. The consideration of EνeS and the incorporation of
extended data sets demand small changes in our routines, which are laid down in more
detail. Then, the performed investigations of the mentioned BSM extensions are illustrated
in turn, whereby small theoretical introductions are given. We present the corresponding
cross sections, which are applied in our analysis, and the obtained results, i.e. limits at
90% C.L.. In the end, we conclude with a small summary of our findings. The present
chapter includes the results published in Ref. [225] and Ref. [284].

4.1 Adjustments of the analysis procedure

The BSM extensions to be tested within this chapter are included one after the other
into our analysis scheme, while we rely on the same (binned) likelihood ratio as before,
cf. Eq. (2.44). The underlying assumption is that SM CEνNS and EνeS are either modified
through interference with BSM extensions or, in the case of a different interaction structure,
simply can be viewed as background events to the new BSM physics. For CEνNS-related
analyses, we use run-1 data sets that have already been used in the previous analysis,
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4. Novel constraints on neutrino physics beyond the standard model

i.e. at energies below 1 keV, while for EνeS we analyze extended data sets of run-1/2 in
the energy range of [2, 8] keV. During the BSM analyses, quenching still remained the
dominating uncertainty, thus, we continued to state our results in dependence of the QF,
i.e. the k-parameter of the modified Lindhard model, cf. Sec. 3.2.2. However, internal
investigations of the CONUS Collaboration already indicated k-values below k = 0.18,
which is favored in Ref. [169]. Therefore, we investigate the individual BSM models in
terms of certain benchmark values, i.e. k ∈ {0.12, 0.16, 0.20}, which is a representative set
of k-values that at the same time reduces necessary computation times. Further, nuclear
form factors in the cross section of the models under study are approximated with unity
as in Ch. 3. In what follows, the individual adjustments for the performed BSM analyses
are illustrated.

4.1.1 Extension of data sets at higher energies

For the investigations of potential BSM signatures in neutrino-electron scatterings, we
define a different ROI within the energy interval of [2, 8] keV. This proofs advantageous
as the strong criteria on the stability of the CEνNS ROI below ∼ 1 keV do not apply,
cf. Sec. 3.3.1. Thus, data collection periods that have been excluded by different cuts from
the previous analysis, can be retrieved and used within these analyses. The selected energy
interval of [2, 8] keV is not arbitrarily chosen. First, this energy region is stable and does
not show any noise-temperature correlations. Hence, it is not affected by the corresponding
noise-temperature cut. Second, there are almost no lines in the energy range confined
by x-ray peaks at ∼ 1 keV and ∼ 10 keV. These correspond to K- and L-shell transitions
in decays of Ge-related isotopes, which have been cosmogenically created during above
ground storage in the manufacturing process or are created by in-situ activation of residual
cosmogenic background as well as artificial neutron calibrations.

Therefore, in our BSM investigations we use (usual) run-1 data sets for CEνNS-related
studies, while we make use of extended data sets of run-1 in the energy region [2, 8] keV.
For the separately performed νMM investigation even more data sets are considered,
i.e. run-2 data. In the “low energy region” of [0.5, 1] keV background levels of a few 10
counts kg−1d−1 keV−1 [82] are obtained, while at the “high energy region” [2, 8] keV stable
background rates of 27-41 counts kg−1d−1 keV−1 [244] are reached. The data sets for both,
electron and nucleus scattering, with their corresponding reactor On and Off exposures
used in the following BSM investigations are listed in Tab. 4.1. All in all, an increase in
exposure of about a factor of 3.1 for reactor On and 2.5 for reactor Off periods can be
achieved with the extended, high energy data sets compared to the energy region below
1 keV. The subsequent inclusion of additional run-2 data in the case of the performed
νMM investigation yields a factor of 3.3 for reactor On and 3.5 for reactor Off periods.

4.1.2 Background modeling and systematic uncertainties

Although the incorporation of data sets at higher energies comes with a significant increase
in detector exposures for both, reactor On and Off periods, the larger analyzed energy
range increases the sensitivity towards small uncertainties in the underlying MC background
models, which are therefore now reflected in the analysis. In particular, spectral shape
variations in the provided MC background models can occur due to uncertainties in
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Analysis Data set On [ kg d] Off [ kg d] ROI [keV]

BSM C1R1 96.7 13.8 0.276 - 0.741

(ν̄e +A(Z,N)) C2R1 14.6 13.4 0.281 - 0.999

C3R1 97.5 10.4 0.333 - 0.991

all 208.8 37.6

BSM + νMM C1R1 215.4 29.6 2.013 - 7.968

(ν̄e + e) C2R1 184.6 32.2 2.006 - 7.990

C3R1 248.5 31.7 2.035 - 7.989

all 648.5 93.5

νMM C1R2 19.6 18.5 2.010 - 7.955

(ν̄e + e) C3R2 20.8 19.0 2.007 - 7.991

all 688.9 131.5

Table 4.1.: Detector exposures of reactor On and Off periods together with the ROIs of
different data sets for both scattering channels. As mentioned in the text, for
energies above 2 keV data can be restored since the stricter selection criteria
for the CEνNS ROI can be relaxed. For the separate investigation of a finite
νMM via EνeS, cf. Sec. 4.4, additional (high-energy) data sets of run-2 are
incorporated as well.

the production rates of cosmogenic-induced germanium isotopes and potential surface
contamination on the detector diodes. A full description of the refined MC background
models is given in Ref. [244].

As a consequence for our analyses, we need to take into account these spectral variations
by allowing the provided MC background to vary within their corresponding uncertainty
regions. These are provided by our colleague Dr. J. Hakenmüller in addition to the actual
simulation data, cf. Sec. 3.3.2. We incorporate these uncertainties by multiplication with
a second order polynomial of the form

R(E; b0, b1, b2) = b0
(
1 + b1 · E + b2 · E2

)
, (4.1)

where the parameters bi with i = 0, 1, 2 are determined from the combined fit of reactor On
and Off data for each data collection period, cf. Sec. 3.3.3.2. In this form, the parameter b0
retains its interpretation of the previous CEνNS analysis, while the additional background
parameters b1 and b2 allow for a linear and quadratic tilt of the provided background
models, respectively.
In order to properly account for the uncertainties of the rescaled MC background,

a specific pull-term is constructed. Within the fit procedure, we square the difference
between the rescaled and the original MC background spectra and weight them with the
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4. Novel constraints on neutrino physics beyond the standard model

corresponding uncertainty regions of the provided error bands. This procedure is in analogy
to the usually applied pull-terms for single parameter, cf. Sec. 2.3.1.4 or Sec. 3.3.3.2. The
obtained values already give some indication about the deviation between the fit and the
provided spectra. To consider this within the likelihood minimization, we take the mean
over all these values in the ROI and add the results as penalty to our likelihood function.
In doing so, we allow each bin to contribute equally, while potential deviations are viewed
in terms of their impact on the whole background spectrum.
In general, these three background parameters account for the overall background

normalization and take care of shape uncertainties that are introduced by cosmic production
rates of radioisotopes as well as detector surface effects. The latter are related to the
thickness of the detectors’ passivation layer and eventual 210Pb decays on its surface.
However, the overall spectral uncertainties are less then 5%. To guarantee a similar
treatment of these uncertainties throughout our BSM analyses, we apply these methods
also for the energy region below 1 keV.
Another modification regarding the background is related to the description of the

electronic “noise edge” for energies below 1 keV. In order to guarantee stable likelihood
minimization and to eliminate potential parameter correlations in the previous threshold
description, cf. Eq. (3.11), we choose a new analytic description with less degeneracy and
extend the fit region to slightly lower energy values. Thus, in the investigations regarding
nucleus scattering, we apply the following analytic function

fnoise(E; p0, p1) = exp

(
− p1

(p0/450)4
(E − p0)

)
, (4.2)

with E being the energy, while the parameters p0,1 are determined by the minimization
routines. The new and slightly lower energy threshold are listed in Tab. 4.1.

Further, an overview of all uncertainties considered in the refined analysis procedure is
given in Tab. 4.2, while we refer to the analysis description of Ch. 3 for their individual
implementation.

4.1.3 Refined antineutrino emission spectra

So far, our reactor antineutrino emission model relied on the HMM [247, 248] which has
been corrected for the reactor bump by using the corresponding correction factors of
the Daya Bay Collaboration [194]. Therefore, the lowest neutrino energy considered is
∼ 1.8MeV. For the (SM) CEνNS investigations performed so far, this is no problem as
with the current energy threshold we are only affected by the higher energy part of the
reactor antineutrino spectrum (& 5MeV), cf. Fig. 3.5. As the BSM investigations now
also include EνeS, which is sensitive to the lower neutrino energies, we need to account
for the antineutrino emission below the IBD threshold as well. Unfortunately, no direct
measurements of this spectral part exist, so we have to rely on ab-initio calculations
with their corresponding high uncertainties, cf. Sec. 2.2.1.2. Remember that within our
procedure the number of neutrinos per fission is encoded in the combined antineutrino
emission spectrum (dN/dEν), while all reactor-related quantities are incorporated in the
reduced reactor fluxes, cf. Sec. 3.2.1. Thus, by modifications of the isotope-specific spectra
(dN/dEν)i, reduced reactor fluxes remain unchanged. However, the extended data sets
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Parameter Uncertainty or related parameters

background MC Θb0 (free), Θb1,b2 (≤ 5%, uncertainty
from background model)

noise threshold
(for CEνNS-related analyses)

Θthr1 , Θthr2 (free, uncertainty
considered via toy MC)

reduced neutrino flux ∆Φ∗ ∼3%

neutrino spectrum subdominant uncertainty
(compared to quenching)

reactor On and Off duration negligible uncertainty

active mass < 1%

electronic detection efficiency ceff ≤ 5%

energy calibration uncertainty ∆E 15 eV

quenching k (explicitly included)

Table 4.2.: Overview of nuisance parameters that enter the likelihood function of the
performed BSM analyses with their corresponding uncertainties.

exhibit different exposures such that the associated data collection periods affect the
reduced reactor fluxes due to changes in the average thermal power P̄th. The corresponding
values are listed in Tab. 3.4. Accordingly, the average fission fractions of the extended
data sets change as well, cf. Tab. 3.2, and have to be considered in the compilation of the
total antineutrino emission spectrum.

For our investigations, we use the simulated, isotope-specific reactor emission spectra
of Ref. [187] and weight them with their fission fractions. However, to account for the
correct emission of ∼ 7.2 neutrino per fission [186], we normalize the combined low-energy
part appropriately. In particular, we normalize it to the difference between the overall
antineutrino emission per fission and the integrated number of neutrinos already contained
in the spectrum of HMM. For uncertainties of the combined low energy antineutrino
spectrum we assign a 10% error to the individual bins and ignore potential bin-to-bin
correlations. The spectral covariance matrix deduced in Sec. 3.2.1 is extended towards
lower energies with these values. However, throughout this analysis we neglect any spectral
uncertainties because of practical reasons. Similar to the previous analysis, we do not
expect to resolve any spectral features with the current experimental sensitivity, not
only from CEνNS but also from the small number of EνeS events. Further, the 39
additional parameters related to the antineutrino emission spectrum (basically for every
data collection period), although attributed with a pull-term, would increase computation
time to an unacceptable amount. In addition, as we cannot resolve spectral features, the
impact on the result plots can be expected to be negligible.
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4.1.4 Simulation of test statistic and limit determination of BSM
models

In the end, we discuss the consequences of the introduced modifications on the MC
generation of the underlying test statistic. Depending in the BSM signal’s characteristic,
i.e. whether it is purely additive or might affect the SM interactions, SM CEνNS and EνeS
are considered as additional background and are sampled in addition to other quantities
like background or experimental parameters. For instance, in the case of tensor-type NSIs,
the CEνNS interaction is sampled as well, whereas for vector-type NSIs it is not, since it
is directly included in the signal expectation. Potential correlations among the threshold
parameters are accessed according to the same procedure already applied in the previous
CEνNS analysis, cf. App. D.1. Due to the numerically extensive computation, we decide
to fix the quenching parameter for the correlation extraction to k = 0.16. Thus, we neglect
small possible deviations since these are covered by a conservative choice of the error
ellipses of the threshold parameters. The obtained uncertainty contours are used for the
sampling of these parameters within MC generation of the test statistic.

In addition to correlations among the threshold parameters, we also consider the newly
introduced parameters b1,2 that take care of potential background shape uncertainties. As
test fits revealed slight correlations among them as well, we determined their uncertainty
contours in analogy to the threshold parameters. In both cases, we sample the parameter
pairs from a two-dimensional Gaussian distribution with means and covariance matrices
determined via the procedure described in App. D.1. As in Ch. 3, the obtained distribution
of q-values is converted into a CDF from which the explicit parameter bounds at 90% C.L.
are determined.

For NSI investigations, we simply fit the associated nuclear charge, determine its limit
and convert it into the corresponding ε couplings. This has the advantage that only
one parameter has to be fitted. The corresponding test statistics also reduces to a one-
dimensional case. In the case of simplified light mediators where both couplings and
masses are generally free, we decided to determine limits for fixed mediator masses, which
again reduce our investigation to a one-dimensional problem. Test statistics are generated
for characteristic mass values which represent the models’ two characteristic parameter
regions, i.e.m ∈ {3, 8}MeV for electron andm ∈ {4, 9}MeV for nucleus scattering. For the
investigation of a finite νMM, only the extended run-2 data sets need to be incorporated
in addition, while the remaining procedure remains the same.

4.2 Non-standard neutrino interactions

In our first BSM investigation we test the CONUS run-1 data in a model-independent
way via NSIs between neutrinos and the first generation of quarks. In this framework, the
NC interaction is extended with further effective four-fermion interactions, cf. Eq. (2.8),
where new mediators are generally assumed to be much heavier than the physical scale
we are probing such that they can consequently be integrated out. The new couplings,
which are usually quantified in terms of the Fermi constant GF , can be flavor-preserving
εαα or flavor-changing εαβ with α 6= β and the lepton-flavor indices α, β = e, µ, τ . In the
case of εαα 6= εββ for α, β = e, µ, τ , lepton flavor universality is violated and one speaks of
non-universal couplings. Additional neutrino interactions have received a lot of attention
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as they could affect several physical branches, for instance neutrino oscillations [114, 285,
286] as well as astrophysics [29, 30, 287, 288] and cosmology [289]. In their conventional
formalism NSI affect CEνNS via a modified weak or an additional nuclear charge [111,
112, 115]. More recently, they have been discussed on a broader framework called general
neutrino interactions (GNIs) [290–292].
In the following, we give a short introduction to the broader framework of EFTs and

NSIs, before we cover conventional vector-type NSIs as well as the more exotic tensor-type
NSIs.

4.2.1 Effective field theory and new neutrino interactions

Low energy effects originating from high scale BSM physics are nowadays commonly
investigated by using EFT frameworks [293]. Since the associated heavy particles are non-
dynamical, they can simply be integrated out1 and as a consequence manifest themselves
in non-renormalizable operators of higher mass dimensions, i.e. d ≥ 5. The corresponding
effective Lagrangian is then given by [291, 294]

L = LSM +
∑
n≥5

1

Λn−4
CiO(n)

i , (4.3)

with Λ being the theory’s cutoff scale, i.e. the scale at which heavy DOFs become dynamical
again and the validity of the effective descriptions breaks down. Frequently, this scale
is associated with the mass of a new mediator. The dimensionless Wilson coefficients
are denoted by Ci and the n-dimensional, non-renormalizable operators Oi are in general
suppressed by the cutoff scale Λ−n. There is only one dimension-5 operator which is
famous for its potential of generating neutrino masses, namely the Weinberg operator [295].
Taking for example the SM and integrating out all heavy DOFs around the electroweak
(EW) scale, one arrives at a low energy EFT that respects SU(3)c × U(1)em. Thereby,
the obtained operators exhibit the symmetries of the low energy theory.
Generally formulated as an EFT, NSIs provide a model-independent way of probing a

wide range of BSM scenarios in a description that is valid up to the EW scale. Typically
discussed are vector-type NSIs that arise from dimension-6 four-fermion operators [20,
285, 291]:

LCC = −2
√

2GF
∑

f,P,α,β

εff
′,P

αβ (ν̄αγµPLlβ)
(
f̄γµPf ′

)
+ h.c. , (4.4)

LNC = −2
√

2GF
∑

f,P,α,β

εf,Pαβ (ν̄αγµPLνβ)
(
f̄γµPf

)
, (4.5)

where the sums consider the fermions f, f ′ ∈ {e, u, d} and the chirality projection operators
P ∈ {PL, PR}. Further, the dimensionless ε parameters quantify the new interaction’s
strength in terms of the weak interaction, since they are conventionally normalized with
respect to the Fermi constant. Operators of higher dimension can induce NSIs in similar
fashion which are so far less stringently constrained by experimental observations related to

1This can be done via the formal path integral treatment [160, Section 12.1] or simpler, determining the
particle’s EOM and inserting it into the Lagrangian while ignoring its kinetic term [152, Section 7.2.3].
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SU(2)L invariant operators [116, Section 1.3], i.e. lepton flavor violation (LFV) and lepton
unitarity. Equivalent interactions can be defined also for other Lorentz structures, i.e.
scalar or tensor interactions, which are for example discussed in the context of GNIs [291].
However, vector-type NSIs are of special interest to oscillation experiments since these new
interactions either affect the production and detection of neutrinos (in the case of CC NSI)
or influence their propagation through matter (in the case of NC NSIs) [114, 116, 285].
Note that neutrino oscillations can additionally be altered by (pseudo-)scalar and tensor
interactions, but since they couple states of opposite chirality their effect is generally
expected to be small. However, in extremely large magnetic fields, e.g. within a supernova,
such interactions might become sizable and trigger spin-flips during propagation [296].
Consequently, these interactions might influence the determination of still unknown
neutrino parameters by future long-baseline experiments, namely leptonic CP-violation
δCP, the neutrino mass hierarchy sig(∆m2

32) as well as the octant of the atmospheric
mixing angle θ23. Further, NSIs (or more generally GNIs) might leave imprints in colliders
and LFV experiments as well as they might modify neutrino cross sections. Moreover,
in analogy to the oscillation experiments’ insensitivity to the absolute neutrino mass,
scattering experiments are needed in order to contribute independent knowledge [116].
The situation is even more complex as the above NSI parameterization exhibits certain
degeneracies, which could be partially solved by CEνNS measurements at different neutrino
sources [297].
Conclusively, we discuss the energy scale at which NSI-related New Physics (NP) is

expected to occur. This can be done since the effective couplings εf,Pαβ are defined in terms
of the Fermi constant GF . Therefore, the scale where corresponding NP becomes relevant
can be approximated by [115]

Λ ≈
gf,Pαβ
g
· mW√

εf,Pαβ

∼ mW√
εf,Pαβ

, (4.6)

with gf,Pαβ being the NSI coupling and g the SU(2)L coupling, respectively. In the last
step, we assumed both to be approximately of similar size. Consequently, bounds on the
NSI couplings can be translated via the above relation into an approximate energy scale,
where related new particles are expected to appear.
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4.2.2 Vector-type interactions

We start our investigations by looking at the conventional type of NSIs, i.e. vector-type
interactions. After a discussion of the corresponding signal expectation, we present the
results from our investigation and compare them with existing bounds.

4.2.2.1 Cross section

We assume vector-type NSIs to be induced by an operator that exhibits the following
structure

OqVNSI = (ν̄αγ
µPLνβ) (q̄γµPq) + h.c. , (4.7)

with the left-handed and right-handed chirality projection operators P ∈ {PL, PR} and
the lepton-flavor indices α, β ∈ {e, µ, τ}. Further, coupling only to the first generation
of quarks is assumed q ∈ {u, d}. The hereby introduced NC vector-type NSIs exhibits
a similar structure as the usual SM CEνNS interaction, cf. Eq.(2.31), and consequently
the associated couplings can be absorbed into the weak nuclear charge, i.e. QV

W → QV
NSI.

In general, NSIs can render CEνNS to become flavor-dependent, e.g. when flavor non-
universal couplings are allowed. Hence, the weak nuclear charge attributed to vector NSIs
in its most general form is given by [111]

QV
NSI =

(
gpV + 2εuV

αα + εdV
αα

)
Z +

(
gnV + εuV

αα + 2εdV
αα

)
N

+
∑
α,β

[(
2εuV
αβ + εdV

αβ

)
Z +

(
εuV
αβ + 2εdV

αβ

)
N
]
,

(4.8)

where the first line represents flavor-diagonal and usual SM couplings that leave the
(anti)neutrino’s flavor unchanged. The second line contains couplings that introduce
flavor transitions in the interaction. Note that in contrast to the SM CEνNS case,
cf. Eq. (2.26), the proton number Z is not necessarily suppressed by a small prefactor.
As a consequence, the cross section does not scale with the characteristic dependence
on the squared neutron number alone. Although the flavor-changing couplings might in
principle appear, we restrict ourselves to the case of flavor-diagonal ones, i.e. εuV

ee and
εdV
ee . This is also motivated by the fact that, if present, flavor-changing couplings can
be absorbed together with flavor-diagonal ones in effective couplings that we are able to
constrain at reactor-site. However, at π-DAR sources investigations of other coupling
types are possible due to the emission of neutrinos with different flavor. Hence, bounds
exist from investigations that assume both cases, one flavor coupling to be non-vanishing
at a time [90, 91] and the general case also including oscillations data [298].
In the upper plot of Fig. 4.1, we illustrate the effect of selected vector NSI couplings

on the expected event spectrum for the data collection period C1R1. Due to the same
chiral structure also destructive interference is possible between both signals, SM and
the NSI-induced CEνNS. Thus, in the context of vector NSIs, event rates smaller than
predicted by the SM interaction might occur. The corresponding cases are indicated by
the dashed lines in the upper plot of Fig. 4.1.
Already before the analysis, we can estimate our potential to determine competitive
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bounds with the CONUS data. Since CEνNS and NSIs share the same kinematics,
constraining corresponding couplings is, similar to the CEνNS case, limited by the
reached experimental specifications. Additionally, without any sensitivity to an actual
CEνNS signal, it is not possible for CONUS to resolve parameter regions of destructive
interference. Therefore, we cannot expect to set bounds competitive to the ones obtained
from Coherent data [68, 69].

4.2.2.2 Results

The investigation of the CONUS run-1 data sets, cf. Tab. 4.1, relies on the analysis
procedure presented in Ch. 3 with adjustments described in Sec. 4.1. The lower plot of
Fig. 4.1 shows the obtained results at 90% C.L., i.e. the parameter space of vector NSI
couplings that are still in agreement with the analyzed data sets. Further, the exemplary
parameter points plotted in upper canvas of Fig. 4.1 are indicated with crosses. Note that
normal crosses correspond to regions of destructive interference, while bold ones represent
constructive interference between both signals. Assuming a QF of k = 0.16, the bold green
cross is still in agreement with data unlike the bold red cross that can be excluded.
The limits’ strong dependence on the quenching factor, i.e. in our implementation the

k-parameter of the modified Lindhard model, is immediately evident from the lower plot
of Fig. 4.1, a characteristics that we already encountered in the discussion of quenching
and its impact on SM CEνNS, cf. Sec. 3.2.2. This underlines again how crucial precise
knowledge about quenching is for our results. For the currently favored value of k = 0.16
in germanium, our limits are not competitive to existing bounds from Coherent (CsI [68]
and LAr [69]) data.2 Note that the Coherent Collaboration reported a slight excess
in their argon measurements that yields limits in a special region of parameter space.
In particular, this upward fluctuation already allowed to exclude parts of the parameter
region that is affected by destructive interference. Consequently, this leads to a segregation
of the still allowed regions [69]. A signal detection in the future is required for the CONUS
set-up to be able to resolve this region. In addition, we also indicate the strongest limits
on vector NSIs obtained from a DM experiment, i.e. the Xenon1T experiment [104]. In
their analysis, the Xenon1T Collaboration searched for the expected 2.1 CEνNS events
in their detector that were induced by the solar 8B neutrino flux, which is expected to
be φ8B

ν = (5.25± 0.20) · 106 cm−2 s−1 [31, 104, 302]. Although not sufficient to report a
discovery, bounds on the corresponding neutrino flux and, moreover, competitive limits
(compared to Coherent) on vector NSIs of electron-type are reported.

The lower plot of Fig. 4.1 additionally shows allowed regions from the Charm experi-
ment [299] as well as from Large Hadron Collider (LHC) mono-jet searches [300]. The
Charm experiment [299] determined the ratio of NC and CC cross sections for electron
(anti)neutrino scattering off nuclei,3 from which Ref. [303] extracted limits on potentially
involved NSI couplings. The LHC bounds are derived from searches of mono-jets plus
missing transverse energy, i.e. from the process qq̄ → ν̄ανβj with j ∈ {g, q, q̄}, using 1 fb−1

data at
√
s = 7TeV. In the end, we use Eq. (4.6) and the obtained limits from CONUS in

order to estimate the energy scale the experiment is currently sensitive to. Taking ε ∼ 0.7,
2We use the tool WebPlotDigitizer [301] for the extraction of limits from other references throughout
this work.

3The collaboration determined the quantity R = σ(νeN→νX)+σ(ν̄eN→ν̄X)
σ(νeN→eX)+σ(ν̄eN→ēX)

= 0.406± 0.140.
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Figure 4.1.: Top: Signal expectation of vector NSIs for the data collection period C1R1
under assumption of k = 0.16. Coupling values are selected in order to
illustrate constructive and destructive interference between the vector NSI
and the SM signal. For comparison, the SM CEνNS expectation is shown
as well. Bottom: Allowed parameter regions (90% C.L.) of vector NSI
couplings (εdV

ee , εuV
ee ). The exemplary coupling values of the upper plots

are indicated with crosses, while bold crosses mark constructive interference
and normal crosses destructive interference between the vector NSI and
the SM interactions. In addition, constraints (at 90% C.L.) from other
measurements are indicated as well, i.e. Coherent (CsI [91] and Ar [69])
and Xenon1T [104]. Limits from Charm measurements (90% C.L.) [299]
and Lhc monojet searches (95% C.L.) [300] are illustrated with gray ellipses.
Our results and the corresponding figure are published in Ref. [225].
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which is given by the maximal deviation from zero couplings along the diagonal direction
for k = 0.16, estimates the corresponding NP scale to be ΛNP & 100GeV.

Although, CONUS limits are not competitive with recent limits on vector NSI couplings,
we expect our results to improve with a precise determination of the QF within germa-
nium and a lowered energy threshold. Moreover, as data taking is ongoing with refined
environmental conditions and a new improved DAQ system, the CONUS Collaboration is
confident that stronger bounds can be contributed in upcoming analyses.

4.2.3 Tensor-type interactions

Besides the conventional vector-type interactions, we also investigate more exotic tensor-
type NSIs. In analogy to the previous case, we discuss the corresponding signal expectation
at first. In the end, we present the obtained bounds from the CONUS data sets, cf. Tab. 4.1,
and deduce the NP scale where related particles might become dynamical again.

4.2.3.1 Cross section

Tensor NSIs can be viewed as a generalization of the conventional vector NSIs [113] such
that they naturally occur in the context of GNIs [115, 291]. Their presence would lead to
interesting phenomenological consequences, especially in the context of electromagnetic
properties of neutrinos [304–306]. In what follows, we assume their existence in terms of
the following tensorial operator

OqTαβ = (ν̄ασ
µννβ) (q̄σµνq) + h.c. , (4.9)

with q representing the first generation of quarks q ∈ {u, d} and α, β ∈ {e, µ, τ} being the
lepton-flavor indices. The induced interaction exhibits a different chiral structure than
SM CEνNS and therefore does not interfere with the SM contribution. Hence, in contrast
to the vector NSI case of Eq. (4.8), there is only an additive contribution from tensor
interactions. Thus, in this investigation, SM CEνNS is considered as a pure background
contribution. The resulting quark couplings are absorbed into a new nuclear charge which
is, in contrast to vector-type interactions, cf. Eq. (4.8), solely related to tensor-type NSIs:

QT
NSI =

(
2εuT
αβ + εdT

αβ

)
Z +

(
εuT
αβ + 2εdT

αβ

)
N , (4.10)

with N and Z being the number of neutrons and protons, respectively. Like in the previous
case of vector NSIs, the proton number Z is not suppressed by a small prefactor such
that the presence of such couplings might break the characteristic N2-dependence of SM
CEνNS.

Although tensor NSIs might in principle trigger lepton-flavor changes, within CONUS
we are only sensitive to the sum of such couplings. Analogously to the vector case, we
restrict ourselves to diagonal (effective) couplings, i.e. εuT

ee and εdT
ee . Bounds on muon

couplings have been deduced from Coherent data [88] due to the π-DAR source’s muon
neutrino content.
In our analysis, we investigate the following cross section, which is expanded with the
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tensor NSI contribution, cf. Ref. [88, 113],4(
dσ

dTA

)
CEνNS + tNSI

=

(
dσ

dTA

)
CEνNS

+
4G2

F

π
QT

NSI
2
mN

(
1− mATA

4E2
ν

)
. (4.11)

Here, we point out the difference in kinematic factors between the vector-like interaction
of SM CEνNS, cf. Eq. (2.31), and the tensor NSI-induced interactions. This difference
in cross sections allows the tensor NSI signal to extend to higher energies, which is
advantageous for setting limits on the signal parameters, even in the case where the SM
CEνNS signal is not observed. The upper plot in Fig. 4.2 shows the resulting signal
expectation of selected coupling values for our benchmark C1R1 in comparison to the SM
signal. The signal’s extent to higher energies is evident. An additional feature is that
the amplitude is significantly higher for same sign couplings than for the case of different
signs, a characteristic that is immediately clear from Eq. (4.10).

4.2.3.2 Results

The deduced bounds at 90% C.L. on the parameter space of the tensor NSI couplings
εuT
ee and εdT

ee are depicted in the lower plot of Fig. 4.2. For comparison, similar bounds
obtained from Coherent CsI data [120] are shown as well. Like in the previous analysis,
we indicate the example points of the upper plot in Fig. 4.2 with corresponding crosses.
Here, normal crosses indicate points in the parameter space which are still in agreement
with the CONUS run-1 data sets, whereas coupling values corresponding to bold crosses
can already be disfavored.

Although current data sets of the CONUS experiment do not yet allow for the detection
of CEνNS, we are able to place world’s best limits on the parameter space of tensor NSI
interactions, which is due to the signal’s extent well above the detector’s noise threshold.
As a consequence, the dependence of the results on quenching is of minor relevance.
Thus, the obtained bounds on this BSM signal are mainly determined by experimental
parameters like background and exposure.
As CONUS is able to set competitive bounds, we comment on the degeneracy among

the tensor NSI parameter: One can show that the slightly different slopes of the limit
bands are due to different target materials (with different neutron and proton numbers,
respectively), cf. Eq. (4.10). In principle, this property allows to break the degeneracy
among the NSI couplings by using different target materials. This is an argument why
CEνNS investigations with several detection technologies is beneficial. Unfortunately, the
collected data of CsI and Ge targets are not enough to have a substantial impact on the
combined allowed parameter regions.

Finally, we also determine the energy scale at which tensor NSI-related NP is expected
to occur. Assuming again a deviation along the diagonal, which is for example motivated
by universal couplings to up and down-type quarks, allows a maximal values of ε ∼ 0.05.
Insertion into Eq. (4.6) demands the scale of NP related to tensor NSIs to lie above
∼ 360GeV. Consequently with improved sensitivity, low threshold experiments like
CONUS might be able to probe physics scales comparable to the LHC, i.e. TeV scales.

4Similar to the SM CEνNS case in Sec. 2.1.2, we ignore negligible terms of the form (TA/Enu) in the
cross section.
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Figure 4.2.: Top: Signal expectation of tensor NSIs for the data collection period C1R1
under assumption of k = 0.16. Tensor NSI interactions can only contribute
with additional events due to their different chiral structure. The SM CEνNS
expectation is given for comparison and example couplings are taken from
different quadrants in order to illustrate their effect on the overall spectrum.
Bottom: Allowed parameter regions (90% C.L.) of tensor NSI couplings
(εdT
ee , εuT

ee ). The couplings corresponding to the above signal expectations are
indicated with crosses, where bold crosses (solid lines from above) represent
couplings that are (almost) excluded. Normal crosses (dashed lines from
above) refer to signals which are still in agreement with the analyzed data
sets. For comparison, bounds at 90% C.L. extracted from Coherent CsI
data are shown as well, cf. Ref. [88]. Our results and the corresponding figure
are published in Ref. [225].
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This is the case because tensor NSIs extend to higher energies and are therefore less
affected by a low QF or low detection thresholds as it is the case for vector NSIs and SM
CEνNS. Thus, improving the set-up’s overall specifications, e.g. its minimal threshold
and the background level, and the addition of further exposure will be beneficial for the
deduction of stronger tensor NSI bounds.

4.3 New particle searches in a simplified model framework

The next investigations deal with searches for new light particles that interact with
neutrinos. In particular, new interactions with rather weak couplings between neutrinos
and quarks can be probed by taking advantage of the coherent enhancement that underlies
CEνNS. Of special interest are light mediators with masses in the sub-GeV region, which
might be connected to dark sectors, since they are hardly tested by today’s collider
experiments. In the following, we lay aside explicit aspects of model-building and test the
CONUS data sets by application of so-called “simplified models”. The popularity of such
models can be seen in their increasing application, not only in DM and neutrino physics
but also in other contexts such as two Higgs doublet models [307] or testing B-anomalies
with leptoquarks [308].

Within this section we investigate the CONUS run-1 data sets for light scalar and vector
mediators, which is possible since such models would leave imprints on the recorded recoil
spectra. Such features are most distinct for mediator masses smaller than the maximum
momentum transfer. Therefore, we expect reactor experiments to be particularly sensitive
for mediator masses below . 10MeV.

As such models usually allow to incorporate interactions between neutrinos and leptons,
we include them as well and investigate both, CEνNS and EνeS. For the latter, we use
extended data sets in an energy region of [2, 8] keV, cf. Sec. 4.1, while we investigate CEνNS
only at energies below 1 keV. The analyzed data sets are listed in Tab. 4.1. However, before
we cover the individual models and the obtained results, we give a short introduction
into the topic of simplified DM models with special emphasis on their advantages and
limitations in the context of SM extensions.

4.3.1 Foundations of simplified DM models

Since simplified models are broadly applied in the context of DM searches (especially at
the LHC) [309–311], we approach this framework also from that direction. The following
summary of the underlying philosophy, generic models and corresponding problems is
mainly based on Refs. [309, 312–314].
In the quest for DM, three types of models are generally under study [309]: EFTs

(similar to NSIs in the previous section), so-called simplified models or complete DM
models (like the MSSM). While EFTs allow for a simple and model-independent approach,
they come with the drawback of relying on non-renormalizable operators that can only
be used up to an intrinsic cut-off scale Λ. At energies comparable or above this energy
scale, where particles that had been removed from the spectrum become dynamical again,
a perturbative description breaks down as contributions of higher-dimensional operators
become of similar size. While being a valid description for DD and indirect detection
(ID) searches, kinematic features encountered at collider energies might not be captured,
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e.g. resonant DM production. On the other hand, complete models provide the full
spectrum of particles and consistent relations among model parameters, i.e. induced by
symmetry principles, but generally exhibit a large number of parameters or particles that
might be irrelevant for the process under study. Further, ambiguities in the parameter
space complicate the interpretation of data or vice versa prevent clear statements about
parameters of interest.

Building bridges between both frameworks, simplified models have become popular [309–
311] since they are simple enough to be easily embedded in a more complex content, yet
complete enough to describe relevant phenomena and kinematics. In practice, such models
incorporate a potential DM candidate χ in addition to a mediating boson between the dark
and the SM sector. The corresponding Lagrangian contains renormalizable operators and
should respect Lorentz invariance, the SM gauge group and guarantee DM stability. In
addition, consistency with the SM’s accidental and gauge symmetries is usually required.
By inclusion of a propagating mediator, which usually characterizes the model, interaction
kinematics are described correctly, i.e. resonant enhancement in DM production, and
thus allows a continuous application. In that sense, simplified models are reduced to the
minimal set of particles and interactions of a particular selected scenario, e.g. a scalar
s-channel mediator (viewed from perspective of DM production). However, they refine the
usual EFT approach by describing interactions in terms of a dynamical mediator. The
extended behavior of simplified models is also reflected in an enriched phenomenology.
While for DM at LHC, mono-X searches are the standard tool for EFT models, additional
collider signal can be used to investigate simplified models, e.g. multi-jet+/ET , di-jet and
di-lepton resonances [314].

Most relevant to our considerations are the Lagrangians related to s-channel mediators
of a (DM) fermion χ,

LV ⊃
1

2
m2
V VµV

µ −mχχ̄χ− gχVµχ̄γµχ− gijq Vµq̄iγµqj , (4.12)

LS ⊃
1

2
m2
SS

2 −mχχ̄χ− yijq Sq̄iqj + h.c. , (4.13)

with the spin-0 and spin-1 mediators S and Vµ, respectively. Here, we focus solely on pure
scalar and pure vector interactions. In general simplified models exhibit more possibilities
like more particles and interactions, different kinds of interactions, i.e. (pseudo-)scalar and
(axial) vector. Note that these possibilities also depend on the fermionic nature of the DM
fermion χ. For example, vector-type couplings for Majorana fermions vanish such that
electric and magnetic moments are prohibited, a property that we will also encounter in
our discussion of νMMs. For an overview of simplified DM models, we refer to Ref. [315].

In practice, additional assumptions are usually made, e.g. universal couplings to SM
particles or only couplings to a preferred quantum number. Nevertheless, interactions that
are in conflict with SM symmetries are more delicate as existing bounds are quite strong.
Especially, CP as well as baryon and lepton number conservation is usually assumed. In
addition, so-called minimal flavor violation is assumed, which demands that the SM flavor
interaction structure is to be reproduced.

Simplified models in the limit of heavy mediator masses (q2 � m2) match the usual
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EFT framework, i.e. one obtains the effective operators [314], cf. App. A.1,

OV =
1

Λ2
χ̄γµχq̄γ

µq , OS =
mq

Λ3
χ̄χq̄q . (4.14)

However, the obtained limits c due to kinematic differences, i.e. no resonant enhancement
or softer missing energy spectrum.
Although, simplified models are a neat tool for investigations, problems arise when

it comes to formal aspects [312–314], e.g. consistency, the occurrence of anomalies and
perturbativity. The first aspect concerns the SM gauge group, which is to be respected in
order to embed the simplified models into a broader framework. From a model-building
point of view, anomalies need to cancel for the theory to be valid at quantum level. For
simplified models this implies that charge assignment related to potential gauge groups
is more involved and/or more fermions are needed. Violation of perturbative unitarity5

signals either the general break-down of perturbativity or that the underlying theory is
incomplete and additional contributions are needed. It can lead to false or diverging
predictions [314], e.g. in W boson production, since probabilities are no longer conserved,
c.f. Ref. [166, Sec. 15.1]. Due to these issues an explicit realization of a simplified model
might not be trivial.
From a bottom-up perspective, simplified models might be viewed as an extended

EFT framework which allows to circumvent its intrinsic cutoff while allowing for a richer
phenomenology at the same time. Viewed from top-down, complex BSM models are
simplified, thus enabling one to focus on the pure DM related interactions. However, the
mentioned non-physical results and inconsistencies demand the consideration of additional
constraints, couplings or states such that more realistic models need to have a certain
degree of complexity.

4.3.2 Light scalar mediators

Now we apply simplified models in the context of neutrino interactions in order to search
for corresponding signatures in the CONUS data sets or at least deduce bounds on the
corresponding model. Along the lines of previous investigations in the context of solar
neutrinos [107] and, moreover, CEνNS investigations [88, 89, 91, 128, 134], we lay aside
potential inconsistencies that come along this simplified framework.
We begin with the investigation of a new light scalar boson that mediates scattering

between reactor antineutrinos and target nuclei or electrons.

4.3.2.1 Cross sections

In the search for a new light scalar mediator, we select a massive and real boson, even
under CP transformation, that couples to the first generation of leptons and quarks. Of
course, other SM fermions can be considered as well but since the target material contains
mainly up and down quarks, we restrict ourselves to this minimal realization. Thus, the

5Unitarity of the S matrix is given by Im
[
MJ

ii

]
=
∑
f |MJ

if |2 + |MJ
ii|2 +

∑
f 6=i |MJ

if |2 ≥ |MJ
ii|2 with

MJ
ij being the scattering matrix element between 2-particle initial and final states of the J-th partial

wave [312].
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Lagrangian of the model under consideration is given by [107]

Lφ = φ
(
gqSφ q̄q + geSφ ēe+ gνS

φ ν̄RνL + h.c.
)
− 1

2
m2
φφ

2 , (4.15)

with the scalar couplings gxS
φ for x ∈ {ν, e, q}, its mass φ and q ∈ {u, d} representing the

first generation of quarks. Note that for the Yukawa interaction in the above Lagrangian,
a right-handed neutrino νR needs to be introduced to the SM such that the neutrino is
assumed to be a Dirac fermion. Lepton-number violation can be introduced by assuming
the neutrino to be a Majorana fermion and thus introducing a term ∝ φ ν̄cLνL [129]. A
direct coupling to quarks would imply phenomenological consequences and an explicit low-
energy realization consistent with SM symmetries would need a more complex framework
in order to meet observations [316]. Following investigations for Coherent [134] and
Connie [128], we set aside model-building concerns and phenomenological consequences or
constraints for the neutrino sector. The resulting (coherently enhanced) neutrino-nucleus
cross section is given by [88, 107](

dσ

dTA

)
CEνNS +φ

=

(
dσ

dTA

)
CEνNS

+
(gνS
φ Qφ)2m2

ATA

4πE2
ν(2mATA +m2

φ)2
. (4.16)

The Yukawa term in Eq. (4.15) induces a chirality flip which leads to different final states
than those in the SM CEνNS case. Consequently, there is no interference and the scalar
contribution is simply added to the SM CEνNS cross section, in analogy to the tensor NSI
case of Sec. 4.2.3. The corresponding nuclear charge induced by this new boson exchange
is given by [107, 156]

Qφ =
∑
N,q

gqSφ
mN

mq
f

(N)
T,q → gφ(14N + 15.1Z) , (4.17)

where the last step assumes universal couplings to leptons and quarks g ≡ gνS
φ = geSφ =

guS
φ = gdS

φ and the summation of all nucleon form factors f (N)
T,q (taken from Ref. [156])

that incorporate the effective low-energy couplings of the scalar φ to nucleons N ∈ {p, n},
cf. Sec. 2.1.1.2. Our assumption of universal couplings implies the scalar part of Eq. (4.16)
to scale with g4

φ and reduces the model’s parameter space down to only two parameters,
i.e. the scalar mass mφ and its coupling gφ to SM fermions. The corresponding signal
predictions for data set C1R1 are illustrated in the upper left plot of Fig. 4.3 in comparison
to the SM prediction where we have chosen masses for two distinct cases.

Looking at Eq. (4.16), two important kinematic cases can be identified that have direct
impact on the cross section’s scaling with recoil energy: q � m2

φ and q � m2
φ. In the first

case, where the momentum transfer is much smaller than the scalar’s mass mφ, we can
neglect it in the denominator. Thus, the scalar part the cross section of Eq. (4.16) scales
linearly with nuclear recoil energy TA (and subsequently with detectable energy E). In
the opposite case, q � m2

φ, the mediator mass in the denominator can be neglected and
the cross section scales as 1/TA, an interesting feature that is different from the case of a
light vector mediator.

The Lagrangian of Eq. (4.15) induces an additional interaction between neutrinos and
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electrons. As before, the Yukawa term induces a chirality flip such that this interaction is
simply added to the SM EνeS as well,(

dσ

dTe

)
EνeS +φ

=

(
dσ

dT

)
EνeS

+
(gνS
φ geSφ )2m2

eTe

4πE2
ν(2meTe +m2

φ)2
. (4.18)

Assuming universal coupling of the scalar yields the same quartic dependence as for
neutrino-nucleus scattering: (gνSφgeSφ) → g4

φ. Two distinct limits for the momentum
transfer can be identified for the cross section in Eq. (4.18) as well, i.e. 2meTe � m2

φ

and 2meTe � m2
φ. The different behavior of the signal expectation in these regions can

be comprehended in the upper right plot of Fig. 4.3, where the expectation of neutrino-
electron scattering in C1R1 is illustrated, again for masses that correspond to the two
regions of the momentum transfer. Here, the linear scaling for higher mediator masses
becomes evident.
Further, by comparing the expressions of Eq. (4.16) and Eq. (4.18), we can estimate

bounds from neutrino-electron scattering to be stronger than the ones obtained from
neutrino-nucleus scattering. For example, in the case of the light scalar being much lighter
than the momentum transfer q, i.e. m2

φ � 2me,ATe,A, the scatterer mass in the numerator
cancels out and we obtain the term m2

φ � 4me,AT
2
e,A in the denominator. By comparing

both terms, it is clear that the large nucleus mass suppresses the cross section and leads
to weaker limits in comparison to EνeS.

4.3.2.2 Results

The light mediator bounds at 90% C.L. obtained from the analysis of the CONUS run-1
data sets are shown in the lower plot of Fig. 4.3. Therein, we state our exclusion limits
from CEνNS in the (mφ, gφ)-plane for the three selected benchmark quenching parameters
k ∈ {0.12, 0.16, 0.20}. As mentioned earlier, the heavier nucleus mass mA leads to a
suppression of the cross section such that EνeS provides stronger limits for low mediator
masses, in particular for mediator masses below ∼ 100 keV. The characteristic cases
previously mentioned correspond to the flat (q � m2

φ) and rising (q � m2
φ) regions on

the (mφ, gφ)-plane for both interaction channels. We select representative masses for the
individual regions and show example coupling values which are still consistent with data
(normal crosses) or are already excluded by the analyzed data (bold crosses). The chosen
parameter points correspond to the exemplary signal expectations given in the upper plots
of Fig. 4.3.

CEνNS allows to probe new couplings as low as ∼ 10−5 for the most favored quenching
value of k = 0.16, while EνeS yields coupling bounds down to ∼ 2 ·10−6 for lowest mediator
masses under study. For comparison, we also show bounds obtained from Coherent (CsI
and Ar) [134] and Connie (Si) [128] data.

Due to the lower neutrino energies, reactor experiments like Connie and CONUS allow
to set stronger bounds for lower mediator masses, although both experiments have not
detected SM CEνNS yet. CONUS reactor bounds exceed π-DAR limits for mediator
masses below ∼ 10MeV (assuming k = 0.16), while EνeS sets even stronger limits for
scalar masses below ∼ 1MeV.
We only present limits of other CEνNS experiments in the lower plot of Fig. 4.3.
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Figure 4.3.: Top: Signal expectations of a light scalar mediator for the data collection
period C1R1. Spectra related nucleus scattering below 500 eV (k = 0.16) are
given in the left plot, while spectra for electron scattering between [2, 8] keV
are shown in the right plot, both for different couplings and masses. Both
interaction channels are compared to their SM equivalent. Note that the
wiggles around ∼ 2 keV can be related to the applied reactor model. Bottom:
Exclusion limits at 90% C.L. for the light scalar mediator parameters (mφ, gφ)
obtained from both CEνNS and EνeS. The exemplary signal expectations of
both plots above are indicated with crosses, where bold crosses mark parameter
combinations that can be excluded and regular crosses represent points that
still agree with the analyzed data. Limits deduced from Coherent (CsI
and Ar) (90% C.L.) [92] as well as Connie (95% C.L.) [128] data are given
for comparison. Our results and the corresponding figure are published in
Ref. [225].
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However, we give a short summary of Ref. [129] in order to show how light scalar particles
that couple to neutrinos might be constrained further. For the lepton number conserving
interaction of Eq. (4.15), one might use constraints from meson decays like K+ → l+νφ or
π+ → l+νφ with the scalar decaying into neutrinos. In supernovae such new interactions
contribute new cooling modes, i.e. νR emission in our model, or affect the time of neutrino
emission since this new interaction might reduce the neutrino mean free path λ inside the
high-density layers of the collapsing star. Further, the new scalar interaction might also
affect the number of relativistic degrees of freedom in the early Universe due to additional
production of right-handed neutrinos via the t-channel process νLν̄L → νRν̄R.
All in all, even though CONUS has not yet detected CEνNS, already competitive

bounds are obtained from the analysis of nucleus scattering. For lowest mediator masses,
CONUS bounds are stronger than the ones obtained from π-DAR sources. Although
EνeS does not exhibit the same sensitivity to large mediator masses, it remains relevant
for low mediator masses.

4.3.3 Light vector mediators

Next, we address a simplified model that enjoyed great popularity in the past because
of its easy embedding into broader context via a U(1) extension of the SM gauge group,
i.e. a light vector mediator. Vector mediators arising from this simple SM extension have
been studied in various scenarios and under assumption of different quantum numbers
like gauged B − L [317, 318], Lµ − Lτ [319, 320], sequential SM [321] and many others,
cf. Ref. [322, 323]. Therefore, we are going to explore the CONUS run-1 data sets in
terms of vector mediators as well. Working in a simplified model framework, we can again
ignore model-building and phenomenological consequences, while searching for spectral
distortions due to a mediator in neutrino-nucleus as well as neutrino-electron scattering.

4.3.3.1 Cross sections

Here, we assume a massive Z ′-like mediator that couples to leptons and quarks via a pure
vector-like interaction. In the spirit of simplified models, we consider only interactions to
the first generation of SM fermions. In this way, the model at low energy is described by
the following Lagrangian

LZ′ = Z ′µ
(
gνV
Z′ ν̄Lγ

µνL + geVZ′ ēγ
µe+ gqVZ′ q̄γ

µq
)

+
1

2
m2
Z′Z

′
µZ
′µ , (4.19)

with the vector couplings gxV
Z′ for x ∈ {ν, e, q}, its mass mZ′ and q ∈ {u, d} being the first

generation of quarks. In contrast to the previous investigation, we do not include any new
particles besides the mediator itself. Hence, only interactions of SM fermions, in particular
left-handed neutrinos and right-handed antineutrinos, are assumed. Note that in the case
of Majorana neutrinos, the vector-interaction term would vanish [1, Section 6.2]. Further,
characteristic features of Z ′ BSM models like kinetic or mass mixing [324–326] are not
considered.
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4. Novel constraints on neutrino physics beyond the standard model

In neutrino-nucleus and neutrino-electron scattering induced by Eq. (4.19) initial and
final interaction states remain the same. Thus, interference between SM CEνNS and the
new vector interaction is possible.

In order to shrink the model’s parameter space further, we assume the vector mediator
to exhibit universal couplings to the first generation of leptons and quarks, i.e. gZ′ ≡
gνV
Z′ = geVZ′ = guV

Z′ = gdV
Z′ . Hence, we are again confronted with a parameter space of only

two parameters: (mZ′ , gZ′).
The cross section of CEνNS under the mediation of a light vector boson can be written

as [91] (
dσ

dTA

)
CEνNS + Z′

= G2
Z′(TA)

(
dσ

dTA

)
CEνNS

, (4.20)

with the SM CEνNS cross section given by Eq. (2.31) and the prefactor defined according
to

GZ′(TA) = 1 +
gνV
Z′√
2GF

QZ′

QV
W

1

2mATA +m2
Z′
, (4.21)

with the weak nuclear charge, cf. Eq. (2.26), the nucleus mass mA, the nuclear recoil
energy TA and the Fermi constant GF . Here, the new nuclear charge due to the light
vector boson is given by [108]

QZ′ =
(

2guV
Z′ + gdV

Z′

)
Z +

(
guV
Z′ + 2gdV

Z′

)
N → 3 gZ′ (Z +N) , (4.22)

where we used the simplifying assumption of universal vector couplings to quarks and
leptons, i.e. gZ′ ≡ gνV

Z′ = guV
Z′ = gdV

Z′ . Plugging this into Eq. (4.21) yields a dependency on
g2
Z′ , which results in the cross section’s scaling of up to g4

Z′ .
Another feature is related to cross section’s quadratic scaling with the prefactor GZ′(TA).

As the new light vector boson interferes with the SM interaction, we expect constructive
and destructive modifications according to the explicit coupling value. The quadratic
dependency on the prefactor induces a degeneracy in the parameter space, since values of
±1 appear as SM-like CEνNS interaction. The case of GZ′(TA) = +1 simply represents
the pure SM CEνNS interaction (gZ′ = 0). In contrast, the case of GZ′(TA) = −1, which
originates from a relative sign between both contributions, yields a situation in which a
light vector mediator contribution cannot be distinguished from SM CEνNS. This so-called
“island-of-non-exclusion” can be approximated by evaluating the prefactor of Eq. (4.21)
for the two kinematic regions,

gZ′ '


√
−2
√

2GFQ
V
W

3(Z+N) mZ′ ∼
√

GF
3 mZ′ , for q � m2

Z′ ,√
−4
√

2GFQ
V
W

3(Z+N) mATA ∼
√

2
√

2GFmn
3 TA , for q � m2

Z′ ,

(4.23)

where in the last steps, we assumed Z ≈ N and mp ≈ mn.
At this point, we point out the connection between vector NSIs, cf. Sec. 4.2.2, and the

simplified model considered here: If the vector mediator is very heavy it can be integrated
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out such that the following mapping between both frameworks is obtained [327]

εqVαβ =

(
gνV
Z′
)
αβ
gqVZ′

2
√

2GFM2
Z′
, (4.24)

where the couplings εqVαβ depend on the flavor structure in Eq. (4.19). Although this
mapping becomes more accurate the heavier the mediator masses are, limits cannot be
directly converted into each other, cf. Sec. 4.3.1. For light mediators, especially for q ∼ m2

Z′ ,
this connection is invalid and, therefore, the mediator’s propagators have to be considered
as well. This allows to take into account kinematic contributions to the signal’s spectral
shape, while vector NSIs only modify the CEνNS signal’s overall strength.
The simplified Lagrangian of Eq. (4.19) also induces modifications to EνeS, whose

combined cross section is now given by [107](
dσ

dTe

)
EνeS + Z′

=

(
dσ

dTe

)
EνeS

+

√
2GFmegV g

νV
Z′ g

eV
Z′

π(2meTe +m2
Z′)

+
me(g

νV
Z′ g

eV
Z′ )

2

2π(2meTe +m2
Z′)

2
, (4.25)

with the Z boson’s vector coupling to electrons gV = −1
2 + 2 sin2 θW .

Similar to the case of a light scalar, we expect stronger bounds than from EνeS due to
the electron mass in the denominator being much lighter than the nucleus mass, which
appears in the denominator of Eq. (4.21).

The event spectra for the data collection period C1R1 are illustrated in the upper plots
Fig. 4.4 for both CEνNS and EνeS in comparison to the corresponding SM interactions.
Exemplary parameter points are chosen in order to illustrate the two different kinematic
regions, q � m2

Z′ and q � m2
Z′ . Again, each mass is shown with a coupling that still

agrees with data and a second one that can already be excluded. Moreover, the spectral
behavior of EνeS can be understood by considering the denominators in Eq. (4.25) in the
limits q � m2

Z′ and q � m2
Z′ . While the first condition leads to a constant contribution

to the SM cross section that scales only with the new coupling(s), the latter condition
leads to a contribution that decreases with rising electron recoil energy Te.

4.3.3.2 Results

The exclusion limits at 90% C.L. for the light vector parameters (mZ′ , gZ′) obtained from
our investigation are highlighted in the lower plot of Fig. 4.4. We present our results
in comparison to limits deduced from data of the CEνNS experiments Coherent [91,
133, 134] and the Connie [128]. As before, we indicate the example parameter values
of the upper plots of Fig. 4.4 with crosses in the lower limit plot, where bold crosses
represent already excluded values and normal crosses those still compatible with data.
While the “island-of-non-exclusion” can be resolved with the Coherent data, both reactor
experiments lack sensitivity, necessary to reach this area of the parameter space. At higher
mediator masses, & 10MeV, Coherent data set the strongest bounds due to higher
momentum transfers. CONUS limits of k = 0.16 almost reach limits obtained from CsI
data, while limits from Ar data are still stronger for low mediator masses. Connie limits,
however, are about a factor of 2 stronger than the ones of CONUS and are able to set
stronger bounds than Coherent. Moreover, our limits from EνeS exceed the ones of
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Figure 4.4.: Top: Signal expectations of a light vector mediator for the data collection
period C1R1. Spectra of nucleus scatterings below 500 eV (k = 0.16) are
given in the left plot, while spectra for electron scattering between [2, 8] keV
are shown in the right plot, both for different couplings and masses. Again,
both interaction channels are compared to their SM equivalent. Bottom:
Exclusion limits at 90% C.L. for the light vector mediator parameters (mZ′ , gZ′)
obtained from both CEνNS and EνeS. The signal expectation for the given
couplings and masses are indicated with crosses, where bold crosses refer to
parameter points that can be excluded with our analysis and normal crosses
being values still in agreement with the analyzed data. Limits extracted
from other CEνNS measurements are given for comparison, i.e. Coherent
(CsI and Ar) (90% C.L.) [134] and Connie (95% C.L.) [128]. The “island of
non-exclusion”, where GZ′ = −1 is already reached by the Coherent, while
reactor experiments still lack sensitivity. Our results and the corresponding
figure are published in Ref. [225].
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CEνNS for mediator masses mZ′ . 10MeV. With the CONUS run-1 data sets and
assuming k = 0.16, we can probe light vector couplings via CEνNS down to ∼ 4 · 10−5.
Bounds from EνeS are even stronger and constrain the vector coupling down to values of
∼ 5 · 10−7 for lightest masses under consideration.

Finally, we briefly comment on limits obtained from other experiments: Within simplified
models the assumption of universal couplings is generic. However, the most popular
benchmark model for U(1) extensions of the SM is a gauged U(1)B−L symmetry for
which a plethora of bounds exists from various experiments. Bounds on B − L models
exist for example from di-electron resonant searches at Atlas [328] and beam-dump
experiments [329, 330]. Investigations of neutrino-electron scattering [326, 331], dark
photon searches at BaBar [332, 333] and at LHCb [334] contributed as well. Collections of
such bounds can be found, for example, in Refs. [323, 335] for general models and for B−L
in Ref. [336]. In order to map our simplified model framework (with universal couplings) to
this benchmark, one simply needs to exchange the plus with a minus sign in the prefactor
GZ′(TA), cf. Eq. (4.21) since this already reflects the B − L charge assignment.

4.4 Neutrino magnetic moment and millicharge

In our last investigation we search for potential signatures of neutrino electromagnetic
properties, i.e. a finite νMM as well as a finite νMC. In contrast to the previous investi-
gations, we focus here on EνeS in the energy region of [2, 8] keV and analyze in addition
to extended run-1 data sets also data of run-2. This allows us to work with combined
data sets which enlarge the exposure by factors of 3.3 and 3.5 (compared to the exposures
below 1 keV) for reactor On and Off periods, respectively, cf. Tab. 4.1. In the following,
we introduce into the notion of electromagnetic neutrino properties and motivate why
such kind of searches are especially interesting in the context of BSM searches at a reactor
site. This summary is mainly based on the comprehensive review by C. Giunti and
A. Studenikin [119], while additionally Refs. [1, 48] were consulted. After that, we focus on
the impact of such properties on EνeS and the corresponding expectation in the CONUS
data, before we present our results, i.e. limits on the νMM µνe as well as on the νMC qνe .

4.4.1 Neutrino electromagnetic properties

Within the SM, neutrinos are neutral fermions and cannot undergo any classic electromag-
netic interaction, i.e. tree-level interactions between the photon and the neutral neutrino
are not possible. However, an effective charge radius, cf. Sec. 5.4.2, can be acquired due to
radiative corrections, which is the only electromagnetic property they exhibit in the SM. In
many BSM models neutrinos can obtain electromagnetic properties through loop processes,
usually linked to their masses and mixings. Consequently, they might interact directly
with electromagnetic fields or electrically charged particles. Such effects are interesting in
astronomical contexts, where neutrinos propagate over long distances in electromagnetic
fields or might affect cooling processes of stars. Especially, the neutrino’s charge neutrality
is a key assumption underlying many high energy astrophysical investigations [337].
For example, in a SM extension with three right-handed neutrinos [338–341] νMMs

are typical features. Further, electromagnetic characteristics, if observed, might help in
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revealing the neutrino’s fermionic nature since diagonal dipole moments are forbidden for
Majorana neutrinos [342–344].

At loop-level neutrino-photon couplings can be obtained by higher order interactions and
in the one-photon approximation it is described for N massive neutrinos by the following
effective interaction Hamiltonian

Hem(x) = jµ(x)Aµ(x) =

N∑
k,j=1

ν̄k(x)Λkjµ νj(x)Aµ(x) , (4.26)

with the effective electromagnetic neutrino four-current jµ(x), the photon field Aµ(x) and
Λµ being a (N ×N) matrix in neutrino space.6 The vertex function Λµ can be decomposed
in a form that is consistent with Lorentz and electromagnetic gauge invariance [343, 344]

Λµ(q) =
(
γµ − qµ/q/q2

) [
fQ(q2) + fA(q2)q2γ5

]
− iσµνqν

[
fM (q2) + ifE(q2)γ5

]
, (4.27)

with the four hermitian (N ×N) matrices of form factors fx with x ∈ {Q,M,E,A}, i.e.
fx = f†x. The corresponding nomenclature becomes clear when looking at the case of
coupling to a real photon, i.e. q2 = 0,

ffiQ (0) = qfi , ffiM (0) = µfi , ffiE (0) = εfi , ffiA (0) = afi , (4.28)

with qfi, µfi, εfi, afi being the charge, magnetic and electric dipole moment as well as the
anapole moment of diagonal (f = i) and transition (f 6= i) type. Below, we will see that
the corresponding quantities exhibit different properties whether the neutrino is a Dirac or
a Majorana fermion. Up to now, form factors were introduced to account for the internal
structure of a nucleon or a nucleus, respectively, cf. Sec. 2.1.3 and Sec. 2.1.1.2. Here,
they are introduced to account for different moments of loop-induced electromagnetic
interactions of an elementary neutrino.
Assuming CP-invariance and neutrinos to be Dirac fermions allows to deduce further

characteristics of the form factor fQ,M,E,A:

ν : fDQ,M,A =
(
fDQ,M,A

)T
=
(
fDQ,M,A

)∗
, fE = −

(
fDE
)T

= −
(
fDE
)∗
,

ν̄ : f̄DQ,M = −
(
fDQ,M

)T
= −

(
fDQ,M

)∗
, f̄DE,A =

(
fDE,A

)T
=
(
fDE,A

)∗
,

(4.29)

where the expressions for an antineutrino follow the vertex function Λ̄fiµ = C
[
Λifµ
]T
C†,

cf. Ref. [119, Section III.A]. Thus, for Dirac neutrinos charge, magnetic dipole and
anapole form factors are real and symmetric, while the electric dipole form factor matrix is
imaginary and antisymmetric. For Dirac antineutrinos, the properties of the charge, dipole
electric and magnetic form factors are changed, while the anapole form factor remains the
same. Diagonal entries are real and equal, up to sign shifts due to charge conjugation in
the case of charge and both dipole moments.

6More precisely, Hem describes an effective electromagnetic interaction vertex with neutrino matrix
element 〈νf (pf )| jµ(0) |νi(pi)〉 = ūf (pf )Λfiµ (pi, pj)ui(pi) [119, Section III.A]. One can show that
Λfiµ (pi, pj) only depends on the transferred momentum q = pf − qi, which relies on a similar reasoning
as applied in the description of nucleon currents in Sec. 2.1.1.2.
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Majorana neutrinos are their own antiparticles and represent the real solution of the
corresponding Dirac equation [345]. Thus, they have only half the DOFs of Dirac neutrinos,
which is also reflected in their electromagnetic properties. The effective vertex function of
Majorana neutrinos exhibits the form7

ΛMfi
µ (q2) = Λfiµ (q2) + C

[
Λifµ (q2)

]T
C† , (4.30)

and can be cast into the same form as Eq. (4.27). Hermiticity of the form factor matrices
and the Majorana condition, i.e. ν = νc = Cν̄T [345, 346], yields the following properties
of the Majorana-type form factors

ν = νc : fM
Q,M,E = −

(
fM
Q,M,E

)T
= −

(
fM
Q,M,E

)∗
, fM

A =
(
fM
A

)T
=
(
fM
A

)∗
. (4.31)

As a consequence the charge, magnetic and electric form factor matrices are antisymmetric,
while the anapole form factor matrix is symmetric. Moreover, this implies that a Majorana
neutrino does not have diagonal charge and dipole magnetic and electric form factors! As
in the Dirac case, the off-diagonal entries are imaginary and real diagonal anapole form
factors are still allowed. Consideration of CP invariance puts further relations among
transition form factors, e.g. either electric or magnetic form factors can exist but not
both at the same time. In addition, magnetic dipole form factors can only occur together
with charge form factors and electric form factors are only accompanied by anapole form
factors.

Turning the above statements around, the observation of diagonal electric or magnetic
dipole moments for Majorana neutrinos would be an indicator of CPT invariance [343,
344].

4.4.2 Magnetic and electric dipole moments

A generic feature of magnetic and electric dipole moments of neutrinos is their direct
proportionality to their mass that leads to a suppression of expected values orders of
magnitude below the current experimental limits. Thus, the observation of a νMM above
the (extended) SM expectation would be a signature for BSM physics. Here, we briefly
discuss νMM values that are expected from Dirac and Majorana neutrinos in the SM
extended with three right-handed neutrinos and list generic theory bounds of potential
BSM physics.

Calculations of the neutrino electromagnetic dipole moments in the SM extended with
three right-handed neutrinos (via loop-diagrams) [338–340] give the following result at

leading order in the ratio
(
ml
mW

)2

µDkj

εDkl

}
' 3eGF

16
√

2π2
(mk ±mj)

δkj − 1

2

∑
l=e,µ,τ

U∗lkUlj
m2
l

m2
W

 , (4.32)

7It is obtained by application of a Fourier transform for Majorana fermions to the matrix element
〈νf (pf )| jµ(0) |νi(pi)〉, cf. Ref. [119, Section III.B].
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with the neutrino masses mk,j , mixing matrix U and the charged-lepton masses ml with
l ∈ {e, µ, τ}. Numerical estimates for the diagonal (k = j) and off-diagonal (k 6= j) dipole
moments yield

µDkk ' 3.2 · 10−19
( mk

1 eV

)
µB , (4.33)

µDkj

iεDkj

}
' −3.9 · 10−23µB

(
mk ±mj

1 eV

) ∑
l=e,µ,τ

U∗lkUlj

(
ml

mτ

)2

, (4.34)

with the neutrino mass mk,j , the charged-lepton mass ml and the Bohr magneton µB.
There are no diagonal entries for electric dipole moments by virtue of Eq. (4.29), while the
transition dipole moments are highly suppressed, a feature analogous to the suppression of
flavor-changing NCs in the SM (GIM mechanism). The dependence on the light neutrino
mass is evident and the SM limit can be obtained by mi → 0. However, while in the
massless SM, an observed νMM would imply a chirality-flipping interactions, here the
dipole moments are generated via radiative correction that do not change chirality!

For Majorana neutrinos, diagonal dipole moments are forbidden due to Eq. (4.31), but
the off-diagonal elements can be estimated by

µMkj

εMkj

}
' ∓i7.8 · 10−23µB

(
mk ±mj

1 eV

) ∑
l=e,µ,τ

(
ml

mW

)2
 Im

[
U∗lkUlj

]
,

Re
[
U∗lkUlj

]
,

(4.35)

again with the neutrino mass mk,j , the charged-lepton mass ml and the Bohr magneton
µB. As in the Dirac case, off-diagonal elements are suppressed as they generally imply a
flavor-change by a NC. In the Majorana case, the neutrino mixing matrix exhibits two
additional phases (the Majorana phases), such that a direct comparison to the Dirac case
is not directly possible besides the obvious factor of 2.

The connection between dipole moments and neutrino masses is a frequent features for
the simplest SM extensions. In minimal extensions of the SM with massive Dirac neutrinos,
νMMs can appear with values of µν < 10−15µB [118, 119, 338]. Much weaker constraints
up to values of 10−7µB are obtained for Majorana neutrinos [342, 347]. “Naturalness
upper bounds” have been derived for Dirac and Majorana neutrino and NP arising above
the EW scale [119, 347–349]

Dirac : µD
ν . 3 · 10−15µB

( mν

1 eV

)(1TeV
Λ

)2

,

Majorana : µM
ll′ . 4 · 10−9µB

(
MM
ll′

1 eV

)(
1TeV

Λ

)2 ∣∣∣∣ m2
τ

m2
l −m2

l′

∣∣∣∣ ,
(4.36)

where Λ is the scale where new physics is expected to enter. The Dirac limit is presented
in the mass basis, i.e. mν with ν = 1, 2, 3 being the mass eigenvalues. The Majorana limit
is expressed in the flavor basis, i.e. MM

ll′ is the Majorana mass matrix in the flavor basis
l, l′ = e, µ, τ . For comparison a transformation into the mass basis might be performed
via µM

kj = Ulkµ
M
ll′Ul′j [119]. These limits are obtained under the assumption that radiative

νMM-contributions to the neutrino mass remain “natural”, i.e. δmν . mν .
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The general theme in model-building of large νMMs is to obtain large contributions in
loop diagrams that are connected to a photon, while at the same time suppressing the
corresponding loop (without a photon) contributing to neutrino mass. This is necessary
since otherwise large νMM values would be in conflict with neutrino mass measurements.
Symmetries generally help in enlarging νMM values while keeping neutrino mass small [350–
352], but also suppression mechanisms can be advantageous [353]. A summary of ways
to generate large νMMs is given in Ref. [354]. Neutrino magnetic moments have been
discussed in frameworks like left-right (parity) symmetric models [355] and the MSSM [356].
Further, more exotic ways have been discussed in the context of extra dimensions [357] or
tensor interactions [306], which we encountered already in Sec. 4.2.3.

In general, there is a large gap between experimental limits atO(10−11)µB [119, Table III]
and the natural theoretical bounds of Eq. (4.36). For example, a discovery of a (transition)
νMM µν > 10−15µB might indicate neutrinos to be Majorana particles [348, 349].

Effective magnetic moments In a realistic experimental configuration neutrinos are
detected at some distance from their source as flavor states, such that they generally
undergo oscillations. As a consequence the measured νMM value incorporates additional
neutrino mixing and oscillations parameters [358, 359]. One defines the so-called squared
effective magnetic moments for Dirac neutrinos and antineutrinos as8

µ2
νl

(L,Eν)

µ2
ν̄l

(L,Eν)

}
=
∑
j

∣∣∣∣∣∑
k

U∗lk exp

(
∓i

∆m2
kjL

2Eν

)
(µjk − iεjk)

∣∣∣∣∣
2

, (4.37)

with j, k = 1, ..3, while an extension to potential existing sterile neutrinos can easily be
done. Besides the flavor oscillation parameters, namely propagation length L and mass
squared difference ∆m2

kj , both electric and magnetic dipole moments contribute to the
scattering (detection) process while there is only a oscillation-induced phase difference
between the effective magnetic moments of neutrinos and antineutrinos. Fortunately, for
very short-baseline experiments such as CONUS, usual oscillations can be neglected and
the exponential function is safely approximated with unity. This results in a quantity that
is independent of oscillation parameters but still incorporates both electric and magnetic
dipole moments, thus for L� 2E/∆m2 the effective magnetic moment is given by

Dirac : µ2
νl
' µ2

ν̄l
'
[
U
(
µ2 + ε2

)
U † + 2 Im

[
UµεU †

]]
ll
, (4.38)

Majorana : µ2
νl
'

3∑
k=1

(
µ̃2
k + ε̃2k

)
−
∣∣∣∣∣

3∑
k=1

Ulk (µ̃k − iε̃k)
∣∣∣∣∣
2

, (4.39)

with U being the neutrino mixing matrix and xjk = iεjkmx̃m for x ∈ {µ, ε}. Thus,
Majorana neutrinos can exhibit an effective νMM to which only transition moments
contribute. For solar experiments like Borexino [150], matter effects in neutrino propagation
through the Sun have to be considered as well, cf. Ref. [119, Section IV.b]. Of course, the
same line of reasoning applies to an effective νMC qνl .

8In literature, the terms “magnetic moment” usually refers to the experimentally accessible squared
effective magnetic moment.
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4.4.3 Electromagnetic induced EνeS: νMM and νMC

In the following we are going to introduce the electromagnetically induced cross section
for EνeS that we are going to cover in our analysis. We perform a full analysis of the
extended CONUS run-1 and run-2 data sets, cf. Tab. 4.1, for the scattering induced
by a finite effective νMM. Subsequently, we convert the deduced limit into a limit on an
effective νMC by taking advantage of the interactions different behavior.

The interaction induced by a finite effective νMM is chirality-flipping and consequently
added to the SM interaction.9 The EνeS cross section is then given by [118](

dσ

dTe

)
EνeS + νMM

=

(
dσ

dTe

)
EνeS

+
πα2

em

m2
e

(
1

Te
− 1

Eν

)(
µνe
µB

)2

, (4.40)

with the fine-structure constant αem ∼ 1/137, the electron mass me and recoil energy Te
as well as the energy of the incident neutrino Eν . Moreover, this interaction exceeds SM
EνeS for

Te .
π2α2

em

G2
Fm

3
e

(
µνe
µB

)2

. (4.41)

Figure 4.5 illustrates the νMM-induced interactions for selected νMM values in comparison
to the SM case in our benchmark C1R1 and is discussed in detail below. Note the
characteristic dependence of Eq. (4.40) on T−1

e and the kinematic cut at much higher
energies, (cf. Eq. (2.30) with mA → me), which is advantageous for low threshold detectors
and low background as is the case for CONUS. Thus, small values of νMMs can be probed
by lowering the energy threshold Te. However, in the present analysis, we consider only
data at higher energies in order to make use of an additional extended data set with
larger exposure and to avoid additional uncertainties that occur when entering the energy
region below 1 keV, e.g. through the incorporation of the “detection threshold” description,
cf. Eq. (4.2).

Further, EνeS can be introduced by a finite effective effective νMC qνe , which in contrast
is chirality-conserving. Thus, this new contribution is interfering with the SM interaction.
The differential cross section for EνeS under consideration of an effective νMC qνe is given
by [119, 360, 361](
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)
EνeS + νMC
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(
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)
EνeS

+
4
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αemGF√

2Te

(qνe
e

)
+

2πα2
em

meT 2
e

(qνe
e

)2
, (4.42)

with the elementary charge e, the Fermi constant GF as well as the effective νMC qνe .
The second terms represents the interference between SM and νMC-induced EνeS. In
contrast to the νMM case, the interaction via an effective νMC scales as T−2

e in leading
contribution, which implies a steeper growth for lower recoil energies compared to the
νMM case, cf. Fig. 4.5. Moreover, the different scaling between both reactions can be
quantified by taking the ratio of both cross sections (neglecting the interference term and

9This behavior is due to the presence of σµν in Eq. (4.27), which couples only two fields of different
chirality. This is due to v̄L/R σµν νL/R=0.
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Figure 4.5.: EνeS signal expectation related to the obtained limits of νMM and νMC for
data collection period C1R1. We show the event spectra for the obtained limits
at 90%C.L. on the effective νMM and effective νMC. For comparison, the
current world’s best earthbound limits are illustrated as well, i.e. the effective
νMM of the Borexino experiment [150] and the bound on the effective νMC
deduced from the former world’s best νMM of the Gemma experiments [151,
362]. The signal expectations of νMM values discussed as explanation for the
recently measured Xenon1T excess [47] are indicated by the light blue band,
while the flat spectrum of SM EνeS is represented by the solid black curve.
The results of our investigation in addition to a similar figure going to be
published as Ref. [284].

the dependency on the neutrino energy Eν) [151]:

R =
(dσ/dTe)q
(dσ/dTe)µ

' 2me

Te

(
(qνe/e)

(µνe/µB)

)2

. (4.43)

Following Ref. [151], this expression can be used to translate an obtained upper limit of
the νMM into a limit of the νMC. In particular, by assuming a null result of the νMM
investigation and the νMC interaction to be much smaller than the νMM one, i.e. R ≤ 1,
the effective νMC limit is obtained via [151]

q2
νe .

Te
2me

(
µνe
µB

)2

e2 , (4.44)

which corresponds to the procedure we pursue in the next section.
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Figure 4.6.: Example fit of the combined νMM investigation in the energy region [2, 8] keV.
The performed likelihood fit is shown for data collection period C1R1 and is
compared to the obtained data as well as the scaled of reactor Off data set.
The results of our investigation in addition to a similar figure are published
in Ref. [284].

4.4.4 Results on the effective νMM and νMC

The analysis of the extended run-1 and run-2 data sets in terms of νMM-induced
neutrino-electron scatterings shows no indication of a finite effective νMM, c.f. Fig. 4.6.
Thus, we report an upper limit of

µνe < 7.5 · 10−11 µB (90% C.L. ) , (4.45)

which deviates from the world’s best earthbound limit by a factor of ∼ 2.7 only. The
corresponding event spectrum is illustrated in Fig. 4.5, together with the best earthbound
limit of the Borexino experiment (µν < 2.8 · 10−11µB) [150]. At present, only the
Borexino experiment is able to probe possible νMM solutions to the reported Xenon1T
excess (µν ∈ [1.4, 2.9] · 10−11µB) [47], cf. Fig. 4.5. In comparison to other reactor
experiments that searched for finite νMMs, our limit is comparable to the one obtained
from the Texono experiment (µνe < 7.4 · 10−11µB) [363]. The Gemma experiment
still provides the strongest limit of µνe < 2.9 · 10−11µB [362] obtained from a reactor
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experiment. Limits from accelerator experiments on the effective muon magnetic moments
are about an order of magnitude weaker, i.e. µνµ < 6.8 · 10−10µB [364]. Note that
existing bounds are probing “natural” regions of Majorana neutrinos, cf. Eq. (4.36).
Here, we highlight the complementary approach between solar and reactor experiments
as the solar neutrino flux renders Borexino insensitive to Majorana phases, whereby
accelerator and reactor experiments could provide hints for leptonic CP violation [365].
Further, strong bounds exist from astrophysical environments like supernova cooling
(µν < (1.1− 2.7) · 10−12µB) [123] or from the luminosity of red-giants in globular clusters
(µν < 2.2/2.6 · 10−12µB) [124, 125], which are generally an order of magnitude stronger
than laboratory measurements.

Our limit on an effective νMM can be converted via Eq. (4.44) into an upper limit for
an effective νMC. Under the assumption of no νMM-related signal being present in our
data and a minimal recoil energy of Te ∼ 2 keV, the CONUS νMM limit constrains an
effective νMC to be

|qνe | < 3.3 · 10−12 e (90% C.L. ) . (4.46)

An example spectrum of such an effective νMC is indicated in Fig. 4.5 in comparison
with the current world’s best limit obtained from the Gemma νMM limit, i.e. qνe .
1.5 · 10−12e [151, 362]. The strongest laboratory bound on an effective νMC comes from
so-called “neutrality of matter” investigations, in which charge conservation in neutron
beta decay is tested, i.e. qνe . 3 · 10−21e [366]. Moreover, bounds are obtained from
astrophysical measurements, e.g. solar cooling (qν . 6 · 10−14e), red giant luminosity
(qνe . 2 · 10−14e) or from Supernovae (such as SN1987A) (qν . 3 · 10−17e) [366]. From the
investigation of cosmological charge asymmetry one can infer information on the individual
particle species, which constrains the νMC to be qνl . 4 · 10−35e [367].
In the end, we would like to mention that νMMs can additionally be constrained via

CEνNS with µν . 10−9µB for both νe and νµ [88, 90, 122]. Although not specifically
designed for νMM investigations, CONUS sets a bound in the range of recent limits via
EνeS. The obtained νMM limits (and thus the νMC limit) is expected to get stronger with
improvements related to the ongoing experiment’s CEνNS-measuring campaign. Further
investigation possibilities and the signal’s scaling with experimental characteristics are
discussed in Sec. 5.4.2.

4.5 Summary and outlook

After the SM CEνNS investigation of the previous chapter, we present in this chapter
the results of the analysis of several CEνNS-related BSM models, i.e. new interactions
due to NSIs or light simplified mediators, and of neutrino electromagnetic properties
such as νMMs and νMCs. Besides BSM modification for CEνNS, effects on EνeS are
investigated in the context of light mediator searches. For CEνNS-related investigations,
the run-1 data sets already used in the SM analysis are taken, while EνeS is analyzed at a
higher energy range [2, 8] keV, which allows to recover data and, thus, gain larger exposure,
cf. Tab. 4.1. The performed investigations rely on data sets that exhibit exposures of
209 kg d and 38 kg d for reactor On and Off for the analysis of CEνNS below 1 keV, while
the extended data sets for EνeS between [2, 8] keV have exposures of 649 kg d and 94 kg d

113



4. Novel constraints on neutrino physics beyond the standard model

for reactor On and Off, respectively.
Minor modifications of our analysis are summarized in Sec. 4.1. For example, systematic

uncertainties related to the applied MC background model at higher energies are incorpo-
rated (Sec. 4.1.2) and a refined noise edge description is chosen (Eq. (4.2)), which allows
to extend the data sets to slightly lower energies. In addition, the investigation of EνeS
demands the consideration of low-energy reactor antineutrinos. Thus, the detector-specific
antineutrino spectra (Sec. 3.2.1) are combined with simulated antineutrino spectra at
energies below the IBD threshold (Sec. 4.1.3). Due to these adjustments, the sampling
procedure of our test statistic needs to be adapted as well (Sec. 4.1.4). All uncertainties
of the refined analyses procedure are listed in Tab. 4.2.
In the individual BSM analysis, the likelihood function introduced in Sec. 3.3.3.2 is

extended with the corresponding cross sections. At the moment of carrying out the
analyses, quenching was still subject to high uncertainties and, therefore, it remained the
dominating uncertainty also throughout these investigations. In contrast to the previous
chapter, we state the limits obtained (at 90% C.L.) in dependence of three benchmark
k-parameters which span the range of until mid of 2021 favored quenching factors, i.e.
k ∈ {0.12, 0.16, 0.20}. Although CONUS could report only bounds on CEνNS at a reactor
site, our BSM analyses yield null results in all test cases. The subsequently deduced
bounds are competitive with existing bounds from other CEνNS experiments in some
region of the parameter space for most models.

In the case of vector NSI (Sec. 4.2.2), our bounds strongly depend on the k-parameter
and are at the moment not competitive with existing bounds obtained from Coherent
(CsI and Ar) or Xenon1T solar data, cf. lower plot in Fig. 4.1. Here, knowledge of the
accurate QF is crucial and competitive limits are expected alongside a CEνNS detection
with the CONUS set-up. Especially resolving the regions of destructive interference
demands a high-statistics signal detection. Assuming k = 0.16, the CONUS set-up with
data sets used in this analysis is at the moments able to exclude vector NSI-related physics
up to about 100GeV. For tensor NSIs (Sec. 4.2.3), the signal’s extent to higher energies
allows to set the world’s best limits on electron-type couplings to up and down quarks, cf.
the lower plot in Fig. 4.2. Quenching proves to be less relevant such that our limits are
determined by the experimental specifications. Moreover, from our limits on tensor NSI
couplings, the scale of associated NP is estimated to lie above ∼ 360GeV, cf. Eq. (4.6).

Further, the low energy of reactor antineutrinos revealed their potential in the investiga-
tion of simplified mediator models (Sec. 4.3), especially for smallest particle masses. Higher
neutrinos energies yield stronger bounds on the coupling strengths for larger mediator
masses, as in the case of π-DAR sources. For light scalar mediators (Sec. 4.3.2), CONUS
provides stronger bounds for masses below 10MeV (k = 0.16). Under the assumptions
of universal couplings, values down to gφ ∼ 10−5 (k = 0.16) can be probed, cf. lower
plot of Fig. 4.3. Limits for light vector mediators (Sec. 4.3.3) are compatible with limits
from Coherent CsI data, but are weaker than the ones obtained from Coherent Ar
data. Couplings down to gZ′ ∼ 4 · 10−5 (k = 0.16) can be probed, again under the
assumption of universal couplings to all fermions involved (in the reaction), cf. lower plot
of Fig. 4.4. In both simplified models, our limits from EνeS are more restrictive than
the ones from CEνNS for mediator masses below mφ ∼ 100 keV and mZ′ ∼ 10MeV and
can probe couplings down to gφ ∼ 2 · 10−6 and gZ′ ∼ 5 · 10−7 in the case of light scalar
and vector mediators, respectively. In general, EνeS bounds from a reactor site exceed
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current CEνNS bounds (independent of the neutrino source) for boson masses of below
mφ ∼ 100 keV and mZ′ ∼ 1MeV. The limits and resulting plots of the performed BSM
analyses discussed up to now are published in Ref. [225].
The effective νMM is investigated separately via EνeS by consideration of an even

larger data set. Furthermore, the obtained limit on the effective νMM is converted into a
bound on the effective νMC, cf. Eq. (4.44). With an exposure of 689 kg d reactor On and
132 kg d reactor Off, the effective νMM can be constrained with the current CONUS
specifications to be µνe < 7.5 · 10−11 µB (at 90% C.L.), which is competitive with the
value obtained by the Texono [218] and which is a factor of 2.7 above the world’s best
earthbound limit. The associated effective νMC is limited to |qνe | < 3.3 · 10−12 e (at
90% C.L.), which deviates by a factor of 2.2 from the current world’s best value [151].
Figure 4.5 illustrates the expected signals of both limits for our benchmark case C1R1.
The results of this νMM analysis going to be published as Ref. [284].

In the end, we highlight that we are able to present expressive results for most of the
investigated models, although a CEνNS measurement with CONUS remains pending. So
far, the CONUS data show no indication for any BSM physics related to the neutrino
sector. The investigated frameworks have been chosen to be quite general in order to cover
a broad class of models, at the price of leaving out questions of model-building or UV
completeness. For specific models, the presented contours have to be viewed individually
and/or with appropriate corrections.

Nevertheless, in concordance with the results of Ch. 3, the chosen technology has proved
to be capable of reaching the specifications that are necessary for potential CEνNS or
CEνNS-related investigations. Moreover, this first BSM investigations already indicate the
vast potential of CEνNS-measuring experiments. As before, experimental improvements in
the near future will be beneficial also for the deduced BSM limits. A measurement of the
QF will decrease this uncertainty of our investigations and is going to improve the analysis
also in terms of computation time. Investigations within the CONUS Collaboration
regarding this matter will settle this issue soon [257]. Being able to pin down CEνNS in an
actual measurement will be beneficial in several ways. For example, testing the destructive
interference regions for vector NSIs and light vector mediators will become possible. A
future high-statistic CEνNS signal exhibits a smaller statistical uncertainty which is going
to increase the sensitivity to BSM parameters. Consequently, further BSM phenomena
become worthwhile investigating, e.g. sterile eV-mass neutrino and DM searches.
Improved conditions that are necessary for CEνNS measurements with CONUS, will

be advantageous for future νMM limits as well, cf. Sec. 5.1. Investigating νMM-induced
EνeS below 1 keV would be the next logical step. Constraining the neutrino charge
radius via nucleus or electron scattering and investigating νMM-induced CEνNS are
further opportunities that might become possible with an improved experimental setting,
cf. Sec. 5.4. Some of these near- and far-future CEνNS possibilities are discussed in the
next chapter.
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Chapter 5

The future of Conus and CEνNS

We close this work by discussing the next stage of the CONUS experiment and an outlook
of the general promising future of this newly established interaction channel. The already
implemented or planned improvements of the experimental set-up and refinements of the
analysis scheme are discussed. After that, further SM and BSM investigation possibilities
are covered that might become interesting with an observation of the CEνNS signal. In
the end, the importance of complementary CEνNS measurements with different target
materials and sources as well as applied astronomical aspects are highlighted.

5.1 Improvements of the Conus set-up

Now we want to discuss experimental improvements that have been implemented stepwise
by the CONUS Collaboration since the beginning of data collection at reactor-site. These
changes affect the branches environmental stability, data acquisition and background
reduction and will improve the quality of the upcoming data sets in several ways which
we illustrate in the following.

Environmental stability For the operation of a sensitive experiment like CONUS,
special environmental conditions mainly in terms of stable background and noise levels are
key for a successful CEνNS detection. It turned out that guaranteeing such demanding
laboratory conditions close to an intense reactor core is a challenging task. For example,
large temperature fluctuations, especially in outage periods, rising radon concentrations
or noise events from steam generators complicated ongoing data collection. An existing
noise-temperature correlation in the data led to the loss of large exposure since the strict
background criteria for the CEνNS ROI could not be fulfilled anymore. However, site
monitoring was improved, background and noise events identified by auxiliary measure-
ments and appropriate mitigation strategies were chosen in order to maintain sufficient
and constant environmental conditions. In particular, temperature and radon levels are
monitored at several control point at and around the experimental set-up and an air
conditioning system in combination with a tent surrounding the apparatus was established
to stabilize temperatures. In doing so, the CONUS Collaboration is confident to maintain
sufficiently stable experimental conditions and thus to prevent large losses of exposure due
to needed cuts for the future data collection periods. Until the reactor shutdown at the
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end of 2021, the CONUS experiment continues with the collection of reactor On data.
At least one year of pure reactor Off exposure is planned to be taken in 2022.

Data acquisition system and background reduction Since 20 May 2021 a new
DAQ system is used for all CONUS detectors together with the former used Lynx DAQ
system. Although not comparable to the Lynx system in terms of trigger efficiency and
overall stability, the new established Caen digitizer system allows recording of waveform
information of the detected signals. Further, with carefully chosen settings the system is
able to achieve lower noise thresholds. Moreover, a clear separation between electronic
noise and physics signals seems achievable, which allows to remove uncertainties related
to the detector threshold description from the current analysis scheme, cf. Eq. (4.2).
However, being sensitive to such low energy regions puts even stronger requirements on
environmental stability in order to guarantee satisfying background conditions below the
currently chosen ROIs. Hence, the DAQ response to changing noise levels, e.g. through a
spontaneous temperature rise in room A-408, needs to be quantified and is likely to come
along with a refined systematic uncertainties related to its trigger efficiency.
Both features of this new DAQ system represent important improvements. Being

able to lower the detectable energy threshold, enlarges the expected CEνNS signal and
furthermore brings us on comfortable situation of choosing ROIs where the noise edge
can safely be excluded. Furthermore, having access to signal waveforms enables the
application of PSD techniques [213], which reduce certain background events from the
data. In particular, electron-hole pairs that are created in the detector’s semi-active layer,
close to the detector surface are subject of a weaker drift field than pairs created in the
detector bulk. The resulting signals, the so-called “slow pulses”, are weaker and slower as
a fraction of these pairs immediately recombine again. Consequently, the read-out signal
pulses exhibit a reduced number of charges and feature slower rise times [215]. Efficient
rejection of such events allows to reduce background events even in the sub-keV region
and thus is of special importance for CEνNS investigations. However, since the number
of released charges is proportional to the stored energy in the detector, the separation
between slow pulses and bulk events becomes more difficult towards lower energies [214,
216]. The Texono Collaboration established these techniques for energy values down to
300− 350 eV [368]. Investigations of the CONUS Collaboration (with major contribution
of Jakob Henrichs) recently proved first successful application of PSD methods in the
CEνNS region of interest, i.e. down to ∼ 300 eV) [369].

Quenching factor measurement for germanium In parallel to the main experi-
mental operation the CONUS Collaboration (under the lead of Dr. Aurélie Bonhomme)
performed an investigation of the quenching effect within germanium by directly measuring
nuclear recoils in a thin low-threshold HPGe detector. The experiment was performed at
Physikalisch-Technische Bundesanstalt (PTB) in Germany, which provides a monoener-
getic neutron beam [257]. Nuclear recoil energies in the region of [0.4, 6.2] keV are selected
via coincidence detection of scattered neutrons in liquid scintillator detectors at different
angles. For each selected nuclear recoil energy, the individual QFs are determined at the
few percent-level and are compatible with the Lindhard model (without an adiabatic
correction factor) for k = 0.164± 0.004 (stat.+ syst. ), cf. Fig. 5.1. Quenching has been
assumed to exhibit more dependencies than actually incorporated by Lindhard theory [168]
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Figure 5.1.: New measurement of the QF in germanium which is performed by the CONUS
Collaboration. Neutron beams of different energies were shot on a HPGe
target and corresponding nuclear recoils were recorded, while the energy of
scattered neutrons was measured with liquid scintillator tube detectors. QFs
of the individual energies were determined and fit to the Lindhard model.
Figure is published in Ref. [257].

and recent measurements in silicon [370] and germanium [270] also deviate only at very low
energies from the Lindhard description, cf. Fig. 5.1. On the contrary other investigations
still confirm our conclusions, cf. Refs. [169, 266–269]. Therefore, more investigations at
very low recoil energies and at different cryogenic temperatures are needed to settle this
issue because of its strong consequences for further CEνNS and light DM investigations.

With this new dedicated measurement for the CONUS detectors at hand, we can now
incorporate this knowledge in future analyses. Thus, the k-parameter will be treated as
an additional fit parameter that is constrained via a pull-term to the value obtained from
our measurement.

Prospects for future data and steps towards CEνNS precision physics Finally,
we give a glimpse on what to expect from all the experimental improvements, whereby
we point out the estimating character of the following simple counting analysis. Future
results might deviate since systematic effects as well as signal shape information are not
considered here.
Due to the improved experimental conditions and the reactor shutdown at the end of

2021, we assume new CONUS data sets to have equal reactor On and Off runtimes.
With the Caen we are able to collect data of about 250 d (reactor On) for each detector.
Including the detectors C1-C4, an overall exposure of 2.7 kg yr is then achievable, which we
assume for both, reactor On and reactor Off periods. Further, for the new Caen DAQ
we generally assume an empirical formula of Ethr ∼ 3∆EP [368, 371] to be valid, such
that for the pulser widths measured at KBR ∆EP ∼ 65− 75 eV, cf. Ref. [82], the energy
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Ethr [eV] CONUS [counts] Z V Conus-100 [counts] Z V

300 30 0.15 42 5.5 · 103 2.1 227 · 10−3

275 49 0.25 16 9.1 · 103 3.4 85 · 10−3

250 99 0.50 4.1 18 · 103 6.8 22 · 10−3

225 178 0.88 1.3 33 · 103 12.0 7 · 10−3

200 286 1.40 0.5 53 · 103 19.0 3 · 10−3

Table 5.1.: Absolute number of CEνNS events for the improved CONUS specifications
mentioned in the text together with a potential mass upgrade (Conus-100).
The values represent exposures of 2.7 kg yr (Conus) and 500 kg yr (Conus-100)
and are given in terms of different energy threshold Ethr, while fixing the ROI’s
upper end to 500 eV. Further, the CEνNS signal significance Z = s/

√
b and

expected variance V = (s+ b)/s2 are determined as well, cf. Sec. 2.3.4. Note
that these values represent a first simple counting analysis without proper
consideration of systematic uncertainties or spectral shape information.

thresholds Ethr = 195 − 225 eV are obtained. As detector efficiency, an estimate of the
Caen DAQ of C1R1 is taken. Note that this represents already an optimistic assumption
as systematic uncertainties related to the Caen trigger efficiencies are not included. As
background rate we assume a constant contribution of ∼ 40 kg−1 d−1, which is higher than
the background level in the energy region [0.4, 1] keV, cf. Sec. 3.3.2. This is due to higher
background levels observed after the pressure test of the KBR building at the end of run-2
in 2019 [82]. It might be further reduced by application of a PSD cut, for which we assume
a background reduction efficiency of ∼ 20% throughout the entire signal region. Finally,
a quenching parameter of k = 0.16 is assumed, while other experimental parameters,
i.e. reactor properties or detector resolution, remain unchanged. The estimated CEνNS
events with corresponding signal significance for these improved CONUS specifications
are summarized in Tab. 5.1. Additionally, we list values for a potential mass upgrade
(Conus-100) with an exposure of 500 kg yr, while other experimental parameters are
assumed unchanged. Here, limitations due to probably less reactor Off exposure are not
considered. From the results of this rough counting analysis, it is evident that by reaching
energy thresholds of ∼ 200 eV, the detection of CEνNS is realistic, especially when the
detector’s energy threshold lies below the ROIs. Unfortunately, the lower energy thresholds
obtained with the Caen DAQ are partially compensated by the loss in detection efficiency.
Limited exposure and increased background levels further limit the expected significance
However, the experimental improvements will be reflected in results of future data sets.

On the contrary, an experimental upgrade with equal thresholds represents a clear step
towards precision CEνNS investigations allowing to probe various BSM models with large
accuracy. This step is accompanied with several adaptions in the established analysis
routines such as an explicit incorporation of form factors to quantify the almost fully
coherent situation at a reactor site as well as consideration of radiative corrections [372]
and uncertainties of couplings [238, Table 1.1] in the CEνNS cross section. So far, the
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main uncertainty has been quenching, which is now determined with good precision by our
investigation, such that reactor-related quantities, i.e. the reactor antineutrino emission
spectra, become the focus of attention, cf. next section. In any case, measuring CEνNS
with high precision and high statistics achieved with the next generation of experiments
will have significant impact on many SM and further BSM aspects.

5.2 Improved reactor antineutrino spectra

The performed analysis of the previous chapters relied on antineutrino emission spectra
provided by the HMM, which are adjusted to the observed “reactor bump” [198, 199]
by correction factors taken from Ref. [194]. However, during our investigations new
measurements and insights were published, which should be considered in future CONUS
data analyses at reactor-sites.

In 2020, a new directly measured IBD antineutrino reactor spectrum was published by
the Reno Collaboration, which reflects data taken from August 2011 to March 2020 and
is measured via two detectors (with baselines of 419 m and 1447 m, respectively) [196].
Antineutrinos were emitted by six PWRs with maximum thermal power 2.8GWth with
uncertainties on the fission fractions1 and the reactor thermal powers to be of 0.7% and
0.5%, respectively. Further, a ∼ 6% deviation from HMM clearly visible around 6MeV
was identified as well, cf. left plot of Fig. 5.2. Although compatible in terms of statistics
and uncertainties with the used Daya Bay data [194], the spectrum is provided in a smaller
energy binning, which might be important when spectral feature are considered in the
context of precision measurements. The incorporation of the provided covariance matrix
remains unchanged. Hence, the usage of the newer Reno spectrum can be seen as an
upgrade of data without changing the general treatment that underlies our analysis.
Furthermore, the Daya Bay Collaboration provided unfolded (IBD-measured) spectra

of individual spectral components and, in addition, proposed a method to derive a
prediction of the spectral antineutrino emission for other experiments [195], which we
will summarize in the following. By unfolding their recorded and converted positron
energy data, antineutrino emission spectra are obtained for 235U, the combination of
both plutonium isotopes (combo) and the overall spectrum (total) in 25 energy bins with
uncertainties estimated to be ∼ 2%. Data-based predictions for the antineutrino energy
spectrum are then obtained via

Spred = R× S

≡
(
I25 ∆α235 · I25 ∆α239 · I25 ∆α238 · I25 (∆α241 − 0.183∆α239) · I25

)
×
(
Stotal S235 Scombo S238 S241

)T
,

(5.1)

with R being a (25× 125) matrix and S being a column vector containing the (5× 25)
spectral bin values of total, 235U, combined plutonium, 238U and 241Pu spectra. The
quantities ∆αi = αi − αDB

i describe the difference between the Daya Bay fission fractions
and the ones of the reactor of interest.2 Taking spectra for 238U and 241Pu from theoretical

1The fission fractions of the Reno experiment are (235U, 238U, 239Pu, 241Pu)=(0.57, 0.07, 0.30, 0.06) [196].
2The fission fractions of the Daya Bay experiment underlying this methods are (235U, 238U, 239Pu,

241Pu)=(0.564, 0.076, 0.304, 0.056) [195].
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models is recommended, e.g. from Ref. [247] (15% bin-to-bin uncorrelated uncertainty)
and from Ref. [248] (10% bin-to-bin uncorrelated uncertainty). In general, both spectra
are expected to have only a mild impact on the overall result, cf. Ref. [195]. Corresponding
uncertainties and correlations, in terms of a covariance matrix, are calculated viaCovpred =
R ·Covunfold ·RT with Covunfold given in Ref. [195]. For other than IBD measurements,
the cross section needs to be removed from the provided spectra, a similar procedure we
have already used in Sec. 3.2.1. The application of this method allows the incorporation
of data-based (measured!) reactor spectra into the CONUS analysis scheme and may be
used in order to circumvent potential issues in the theory spectra underlying the HMM.
More recently, interesting results on the side of theoretical calculations appeared.

New ab-initio spectra that rely on an updated nuclear database were published, which
exhibit only a minor flux deviation compared to the one detected by the Daya Bay
experiment, with a remaining shape distortion (the “reactor bump”) in the energy region
[5, 7]MeV [373]. Further, a refined conversion method including first forbidden transitions
of beta decays, cf. Ref. [185], indicating a vanishing “reactor bump”, while enhancing the
RAA [374]. Moreover, new beta decay measurements of 235U and 239Pu indicate an excess
in normalization of old measurements that underlie the HMM. Reevaluation of the uranium
antineutrino energy spectra, also by taking into account a newer measurement of the 238U
beta decay spectrum [192], points towards a vanishing RAA. All these findings accumulated
in a recent evaluation of reactor antineutrino spectra by Ref. [375], which finds the RAA
being present only for the HMM and the model of Ref. [374]. The antineutrino spectra of
Refs. [373, 376] show only deviations of ∼ 1σ between data and predictions, with the first
being the most favored ab-initio calculation and the latter the most favored conversion
method (in terms of goodness-of-fit). If these results persist, the RAA basically diminishes
and, with it, a strong motivation for eV-mass sterile neutrinos as potential explanation.
However, the still present anomalies seen in gallium experiments [377, 378] as well as
short-baseline oscillations experiments [144, 379] leave room for further speculations, but
demand more advanced explanations.

Considering these results in the application of the above introduced “Daya Bay method”
suggests to use the refined 238U spectra of Ref. [376], while taking 241Pu spectra either
from the standard conversion method of HMM [248] or ab-initio calculations [373]. Since
Ref. [376] used the unmodified HMM spectrum of 241Pu and obtained agreement between
data and predictions, the author tends to use these spectra within future investigations as
well.

In the end, we point out the potential of CEνNS as a flavor-independent tool for spectral
measurements. As we showed in Fig. 3.5, CEνNS exhibits highest sensitivity to the highest
antineutrino energies of the applied spectrum, even for a relatively small parameter value
of k = 0.16. Thus, a new CEνNS measurement would allow to constrain these spectral
parts, which also exhibit the largest uncertainties, cf. left plot in Fig. 5.2. In this way,
CONUS can contribute knowledge to the subject of reactor antineutrino emission.
Although, in principle, a detection of the reactor antineutrino spectrum below the

IBD threshold is possible, it requires sensitivity to very low recoil energies, which we are
going to estimate in the following: Assuming neutrino energies of 2MeV yields maximum
nuclear recoils of ∼ 120 eV, cf. Eq. (2.30). With the recently measured QF in germanium
(k = 0.16, no adiabatic correction assumed), the maximum detection energy is estimated
to be ∼ 15 eV. Consequently, such endeavors are far from possible with kg-size HPGe
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Figure 5.2.: Left: New reactor antineutrino spectrum provided by the Reno Collaboration.
The unfolded spectrum (crosses) is compared to predictions of the adapted
HMM (histogram). Error bars represent their total uncertainty, while a
covariance matrix from unfolding is given in the inset. The ratio between
the reactor spectrum and the HMM is given below with the blue region
representing the uncertainties of the latter. The figure is taken from Ref. [196].
Right: Sensitivity of CEνNS experiments to the Weinberg angle compared to
the SM prediction indicated by the black line (MS renormalization scheme).
The Figure is taken from Ref. [98].

detectors in the near future. On the other side, small-size cryogenic or CCD detectors like
the ones used by Miner [72], Connie [71] or ν-cleus [75] might be able to reach these low
energy thresholds, however, at the cost of a reduced target mass. The authors of Ref. [87]
directly compared CEνNS and IBD in terms of reactor power monitoring and safety and
came to the conclusion that for CEνNS detectors detection thresholds below 200 eV are
needed to be competitive with current IBD detectors. In particular, CEνNS devices seem
more practicable as a complement to IBD detection, in particular by detection of neutrinos
emitted from plutonium breeding [87].

5.3 Nuclear form factors

The cross section’s dependence on the nuclear form factor, or more precisely the proton
and neutron form factors, allows to obtain more insights about nuclear physics from
CEνNS measurements. The neutron form factor is of particular interest as it is more
difficult to obtain than its proton counterpart that can be probed via electromagnetic
interactions in, e.g. proton-electron scattering [166, Section 7]. In principle, neutron form
factors are determined in hadron scatterings experiments, whereby their extraction relies
on explicit modeling of non-perturbative strong interactions. In contrast, CEνNS allows a
model-independent measurement and, thus, complements other measurements even with
larger uncertainties [380]. As covered in Sec. 2.1.3, nuclear form factors are basically
the Fourier transform of the underlying charge distribution, which allows to determine
its root mean square (RMS) Rp,n. Ref. [93] showed that with CEνNS measurements it
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is principally possible to probe the neutron’s form factor up to its fourth moment at a
π-DAR source in a Taylor expansion of the form

FN (q2) ≈
(

1− q2

3!
〈R2

n〉+
q4

5!
〈R4

n〉+O(q6)

)
, (5.2)

with the momentum transfer q2 and 〈Rkn〉 =
∫
ρnr

kd3r/
∫
ρnd

3r, where ρn represents
the neutron charge distribution. In these terms, the neutron RMS radius is defined as
Rn =

√
〈R2

n〉. First values have already been obtained form Coherent data sets [94, 95,
381]. Uncertainties related to different form factor paramterizations are investigated in
Ref. [261] and estimated to be negligible for reactor investigations.
Nuclear form factors are most crucial in situations, where a large departure from

scattering off a point-like nucleus appears, i.e. large momentum transfers as it is the case at
π-DAR sources. So far, we have neglected potential deviations from full coherence, which
is only exact for zero momentum exchange q2 = 0, and approximated the nuclear form
factor in Eq. (2.31) with unity, a simplification allowed by the low momentum transfers of
reactor antineutrinos. In future precision measurements, this factor should be introduced,
in order to accurately describe the situation even in almost fully coherent circumstances.
Here, the complementarity between reactors and π-DAR sources can be advantageous for
the overall determination since reactors could provide signals at almost zero momentum
transfers that can be compared to deviations from point-like scattering at π-DAR sources.
Such investigations are important as they help to precisely determine the neutron

skin ∆Rnp = Rn − Rp, a quantity that is strongly related to the equation of state of
nuclear matter [382–384] and plays an important role in several processes, e.g. nuclear
reactions and collisions as well as the behavior of nuclear matter in astrophysical objects
like neutron stars [385]. In that sense laboratory CEνNS measurements might complement
astrophysical investigations, e.g. via gravitational waves from neutron star mergers [386,
387].

5.4 Further BSM neutrino phenomenology

Now, we discuss a selection of BSM investigations that we have not been considered so
far, or which seem suitable with more improved experimental specifications. In particular,
we elaborate on further investigations of electromagnetic neutrino properties and discuss
the role of CEνNS in searches for new fermions in the context of DM or eV-mass sterile
neutrinos. Note that many of them can be addressed at the same time, but degeneracies
among them in terms of their impact on CEνNS, i.e. overall normalization or spectral
shape, complicate matters. Therefore, comparison with complementary measurements
might be considered case by case.

5.4.1 Weinberg angle at low-Q value

The dependence of the CEνNS cross section in Eq. (2.31) on the weak mixing angle is only
mild because of appearing couplings in the weak nuclear charge, i.e. QQ ∝ Z(1−4 sin2 θW ).
However, its scaling with the squared number of proton can still be used to measure it with
large precision at very low momentum transfers. Moreover, such a measurement contributes
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to an energy region where additional measurements are needed and uncertainties are
still large. Therefore new precise determinations, especially from a neutrino interaction,
is a desired peculiarity. At the moment, the most precise measurements at low energy
come from determination of atomic parity violation [388, Section 10.3], and from the
determination of the electron’s [389] and proton’s weak charge [390]. In the future, higher
precision is expected from new experiments [391, 392]. However, the strongest bounds are
obtained with colliders at the Z-pole with huge statistics [388, Section 10.5].

Because of their lower antineutrino energy, reactor experiments can probe values at even
lower momentum transfers than π-DAR sources, whereby complementary measurements
at both sites are beneficial in any case. Further, detector materials with higher proton
numbers might exhibit stronger sensitivities, if the lower nuclear recoil energies (due to
a higher nucleus mass) are compensated in CEνNS detection. A sensitivity study of
Ref. [98] showed that competitive results can be gained from CEνNS measurements, if
systematic uncertainties become controllable, cf. right plot of Fig. 5.2. Values from π-DAR
measurements have already be determined, e.g. from CsI(Na), LAr and a combination of
both [99]. Connection to other experiments with same target material is advantageous as
proven by Ref. [393], in which inputs from nuclear physics, here the neutron RMS radius
are determined by a combined fit of Coherent CsI data and measurements of atomic
parity violation in Cs.

Such measurements are not only interesting in order to prove the SM’s validity at lowest
energies. Moreover, it is interesting as light new physics might reveal itself through a
modification of the Weinberg angle at low energy. For example, light (Z’-like) vector
bosons, predicted by several theoretical frameworks, can lead to a shift in the measured
Weinberg angle [324, 325]. Further, a finite neutrino charge radius could imply a shift in
the neutrino’s vector-couplings and, thus, might manifest itself in a modified Weinberg
angle [88, 118, 394].

5.4.2 νMM and νMC via CEνNS and neutrino charge radius

In Chapter 4, we have only considered electromagnetic neutrino properties via νMM-
induced EνeS and investigated potential interactions with data sets of enlarged exposure
in the energy region [2, 8] keV, cf. Tab. 4.1. However, a finite νMM can also induce CEνNS
via an interaction of the νMM with the Coulomb field of the nucleus [118]. The relevant
cross section for νMM-induced CEνNS is given by(

dσ

dTA

)A
νMM

=
πα2

em

m2
e

Z2

(
1

TA
− 1

Eν

)(
µνe
µB

)2

F 2(TA) , (5.3)

with the fine-structure constant αem, the electron mass me, the nuclear form factor F 2(TA)
and the number of protons of the target nucleus Z. This cross section is based on the
assumption of Dirac neutrinos and a helicity-flipping interaction. Therefore, it just adds
up to the usual SM interaction. Note the similarity to the corresponding EνeS interactions,
cf. Eq. (4.40), in particular the characteristic dependence on the inverse (nuclear) recoil
energy. In contrast, the cross section of νMM-induced CEνNS exhibits a dependence on
the squared proton number, which reflects the interaction’s coherent nature (similar to the
characteristic scaling with N2 of SM CEνNS). Both νMM interactions feature, in principle,
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strong potential in limit deduction when looking at energies below 1 keV. However, as
long as CONUS is not able to resolve a potential CEνNS signal, such investigations
might suffer from degeneracy with the usual SM channel that spoils the analysis. With
a CEνNS detection, a combined investigation of a finite νMM via CEνNS and EνeS
(in both regions, below 1 keV and within [2, 8] keV) is a promising analysis that has not
been done so far and consequently should strongly improve our deduced EνeS-only limit,
cf. Eq. (4.45). Without any CEνNS signal, improvements can be achieved by investigating
data above the CEνNS ROI with EνeS, e.g. within [0.4, 1] keV. In our analysis in Sec. 4.4,
we decided to take advantage of larger exposure (for data within [2, 8] keV) at first. Note
that investigation of νMM-induced CEνNS were already performed with Coherent data
and further allow to constrain νMM values due to the source’s multi-flavor content [88,
90–92]. Recently, also sensitivities for probing transition magnetic moments with recent
and future CEνNS measuring experiments have been published [122].

Finally, we want to comment on the experimental advances for improved νMM limits.
This can be qualitatively understood by looking at its scaling with experimental parameters,
which is given by [395]

µν ∝
1√
Nν

[
B

M · t

] 1
4

, (5.4)

with the background level B and the detector mass and runtime M and t, respectively.
Further, Nν is the number of signal counts for a reference magnetic moment. This
formula explains why νMM limits only improved about one order of magnitude in the last
three decades, cf. Ref. [396, Table III]. The scaling of main experimental quantities like
exposure and background level with the fourth (inverse) power puts strong requirements
on experimental attempts. For example, improving a certain limit by a factor of 2 would
require enlarging the experimental exposure by a factor of 16. As Ref. [395] pointed out,
the largest improvement would be obtained by increasing the number of expected νMM
events Nν , which scales linearly with the neutrino flux φν and inversely with the detectable
energy Te. For setting future competitive bounds, all parameters need to be balanced in
order to achieve optimal experimental conditions.

Another interesting topic related to electromagnetic properties is the neutrino charge
radius 〈r2

νl
〉.3 The charge radius 〈r2

νl
〉 is a quantity that describes the spatial extent of a

given charge distribution ρ. Even the neutrino as a neutral particle can obtain a charge
radius via radiative corrections [119, Section 7.B]. Consequently, the electric form factor
fQ, introduced in Sec. 4.4.1 might contain further information about these processes.
Expanding the electric form factor fQ in a power series of the momentum transfer q2, in
analogy to Eq. (5.2),

fQ(q2) = fQ(0) + q2 dfQ(q2)

dq2

∣∣∣∣
q2=0

+O(q4) , (5.5)

3The part dedicated to the topic of the neutrino charge radius summarizes content of Ref. [119, Section 7].
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the squared neutrino charge radius is defined by the second term, i.e.4

〈r2〉 = 6
dfQ(q2)

dq2

∣∣∣∣
q2=0

. (5.6)

In the SM, the neutrino is a neutral particle, thus fQ(0) = 0, while radiative corrections
that induce a finite charge radius are calculated to be [397]

〈r2
νl
〉
SM

=
GF

4
√

2π2

[
3− 2 log

(
m2
l

m2
W

)]
, (5.7)

with the lepton and W boson masses ml for l ∈ {e, µ, τ} and mW , respectively. Note
that 〈r2

νl
〉 can be negative depending on the underlying charge distribution. In the

SM, the charge radii of all neutrino flavors lie within the same order of magnitude, i.e.
〈r2
νl
〉 ∼ 10−33 cm2 [119, 398]. The contributions of BSM physics on the charge radius

are estimated to be only weak [399], while effects of the neutrino charge radius reflect
themselves in a shift of the neutrino vector coupling [118, 119, 394]

gνlV → gνlV +
2

3
m2
W 〈r2

νl
〉+ sin2 θW . (5.8)

Ref. [394] estimated bounds on the neutrino charge radius to be of O(10−32) cm2, which
is about an order of magnitude higher than SM predictions. Thus, future measurements
might be able to probe the SM prediction. A list of various bounds can be found in Tab. V
as well as in the corresponding text of Ref. [119, Section 7].
As previously mentioned, such a shift in the neutrino’s vector coupling results also

in a shift of the Weinberg angle [88, 394], thus introducing an effective Weinberg angle
according to

sin2 θW → sin2 θW +

√
2παem

3GF
〈r2
νl
〉 , (5.9)

which additionally underlines the importance of Weinberg angle investigations by CEνNS
experiments. Studies of Coherent data constrain neutrino charge radii also at the level
of O(10−32) cm2. While being slightly weaker than existing bounds, cf. Ref. [119, Tab. 5],
a separation into region of positive and negative values is already possible [91, 92].
In the end, we comment also on potentials in improving our stated limit on the νMC,

cf. Eq. (4.46). An electromagnetic contribution to the CEνNS cross section can be induced
via a finite νMC, which can interfere with the due to the same chiral structure. Thus, the
SM cross section is to be augmented with the following terms [361, 396](

dσ

dTA

)A
νMC

=

[
2πZ2

mAT 2
A

q2
νe +

√
8GFQWZ

TA
qνe

](
1− 2mATA

2E2
ν

)
F 2(q2) , (5.10)

with the νMC qνe in units of the elementary charge e, QW the weak nuclear charge and Z

4Hereby, the factor 6 originates from Fourier transforming the underlying charge distribution ρ and
taking the limit q2 → 0, cf. Ref. [119, Section 7.B] and Sec. 5.3.
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the target proton number. Analogously to the case of a finite νMM such investigations
are promising for future CONUS investigations. A dedicated combined investigation of
EνeS and CEνNS in both ROIs should improve our current limit on the νMC.

Ref. [361] includes sensitivity studies for both interaction channels at reactor experiments.
A conservative estimate of the CONUS potential for a CEνNS-only investigation allows
constraints (90% C.L.) of |qνe | . 6 · 10−13e (assuming a detector mass of 4 kg with a
100 eV-threshold).

5.4.3 Sterile neutrino searches

The coherent enhancement of the CEνNS cross section in principle allows to measure a
high-statistics neutrino signal at both, a π-DAR and a reactor site. Thus, via CEνNS a
source’s (anti)neutrino flux can be measured and constraints on the existence of sterile
neutrinos could be drawn [88, 140, 141, 400].
Searches for additional sterile neutrinos are motivated by anomalies reported from

short-baseline experiments, i.e. excess neutrinos in the experiments Lsnd (ν̄e) [144]
and MiniBooNE (νe, ν̄e) [379], deficits of electron neutrinos in the gallium experiments
Gallex [377]and Sage [378] as well as the RAA [197, 401, 402]. Although with newest
findings of reactor antineutrino spectra, cf. Sec. 5.2, the RAA might loose significance,
reactor experiments might still constrain the parameter space connected to the other
anomalies. Assuming the existence of only one additional sterile neutrino (“(3+1) scheme”)
the effective survival probability is given by [120]

Pνα→να = 1− sin2 2θαα sin2

(
∆m2

41L

4Eν

)
,

sin2 2θαα = 4|Uα4|2
(
1− |Uα4|2

)
,

(5.11)

with the (4× 4) neutrino mixing matrix U and the mass squared differences between the
lightest and the sterile neutrino ∆m2

41 = m2
4 −m2

1. At the moment constraints deduced
from Coherent data are not competitive to dedicated experiments at reactor-site,
cf. Ref. [197], but might prove as excellent tool in the future [88]. Ref. [403] investigated
the discovery potential for Texono- and Coherent-like set-ups. A key message is that
reactor experiments are able to probe lower mass squared differences with thresholds of
100 eV and kg-size detectors. However, no sensitivity to sterile neutrino parameters is
obtained if energy threshold are at ∼ 400 eV. Further, the sensitivities of CEνNS and EνeS
is analyzed for several CEνNS measuring reactor experiments in Ref. [141]. While EνeS
provides only limited information due to its low statistics, CEνNS measurements might
be able to probe important regions of the parameter space, also at different experimental
baselines. Hence, CEνNS experiments are able to complement ongoing IBD investigations.
For instance, Ref. [142] estimated a 100 kg CsI detector close to a π-DAR source to be
capable of probing parameter regions that are related to the anomalies of Lsnd and
MiniBooNE. Additionally, the potential of future π-DAR sources are investigated in terms
of their sensitivity to light sterile neutrinos and lepton non-universality in Ref. [143].
As theory does not restrict the number of additional sterile neutrino and their mixing

with SM neutrino, more complex scenarios can occur [401]. The only way of proving
their existence would be via (anti)neutrino appearance/disappearance and non-unitarity
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Figure 5.3.: Left: Sensitivity (95% C.L.) of CONUS and a potential upgrade on sterile
neutrino parameters. For comparison, other CEνNS reactor experiments are
shown as well. In addition, 90% C.L. limits from EνeS [141] (purple) and a
current best-fit of a global analysis [404] are indicated. Figure taken from
Ref. [405]. Right: Tree-level diagrams of νA→ χA with effective dipole and
four-fermion interaction (top). Figure taken from Ref. [138]. Sensitivities
of Coherent and CONUS to a new 5MeV-fermion (mediated by a scalar).
Upgrades of Coherent (statistics ×100) and CONUS (Ethr = 100 eV,
500 kg·yr exposure) are given by dashed lines. Figure taken from Ref. [137].

tests (oscillations), beta decays and 0νββ (mass effects) as well as cosmological mea-
surements [401, 402]. The potential of CONUS and a related upgrade are deduced in
Ref. [405], where also the complementarity between reactor measurements and cosmological
observables in terms of sterile neutrino searches is highlighted. The simplified sensitivities
of CONUS and CONUS-100 are shown in the left plot of Fig. 5.3.

5.4.4 New Fermions and Dark matter

In the end of this part, we discuss the prospects of CEνNS in terms of measuring effects
related to new fermions. When discussing these, the question immediately arises if they
can be valid DM candidates and, furthermore, might contribute to light neutrino masses.
Refs. [137, 138] considered the coherent interaction νA→ χA, which is possible as long
as the nucleon state is not altered. The underlying assumption is a mediating (scalar or
vector) particle that interacts with neutrinos and SM fermions. Thus, the production of
MeV-scale (related to the occurring momentum transfer) fermions can be investigated.
While Ref. [137] focuses on the fermion’s role in neutrino mass generation and as

potential DM constituent in context of a singlet scalar mediator, Ref. [138] investigates
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the occurring interaction in a model-independent effective way, i.e. 5

L ⊃ GF√
2

(
vew√

2

[
ν̄σµνaMχ

]
Fµν +

[
ν̄σµνCqTχ

][
q̄σµνq

]
+
[
ν̄CqSχ

][
q̄q
]

+
[
ν̄γµCqV χ

][
q̄γµq

]
+ h.c.

)
,

(5.12)

with the corresponding couplings CqS,T,V for scalar, tensor or vector interactions and aM
representing a dipole interaction (like the one induced by a finite νMM). Thus, similar
channels like the ones investigated in Ch. 4 are possible, “only” with the neutrino being
converted into a new fermion, cf. right upper plot in Fig. 5.3. However, the occurrence
of a massive final state χ is reflected in the kinematics since now a minimal incident
neutrino energy is required in order to produce it: Emin

ν = mχ(1 +
mχ

2mA
). Consequently,

CEνNS is most sensitive to probe new fermions with masses below ∼ 40MeV, both at
reactors and at π-DAR sources. However, with the antineutrino spectrum rapidly falling
above 8MeV, reactor experiments are most sensitive to lowest masses. This is a behavior
we already encountered in the investigation of simplified mediator models, cf. Sec. 4.3.
With complementary bounds at higher masses from π-DAR sources, both experimental
CEνNS approaches allow for promising investigations, cf. right lower plot in Fig. 5.3. A
consideration in the DM context allows to constrain the model’s parameter space with
further requirements and bounds, e.g. from DD experiments or cosmology [147].
Another possibility for DM searches is to investigate nuclear recoils of sub-GeV DM

particles (or byproducts) that have been created in a “portal interaction”, i.e. via a particle
that bridges between the SM and a dark sector. For example, at a SNS in pion decays
in flight (π0 → γV ∗ → γ + χ† + χ) or π− captures (π− + p → n + V ∗ → n + χ† + χ)
DM particles might be created in a vector-portal interactions and subsequently interact
with the detector material [126]. Here, the DM particle can be a hidden (SM singlet),
scalar or fermion that is charged under a gauged U(1) group. Consequently the associated
gauge boson mediates between both sectors. Sensitive CEνNS-measuring devices close to
such sources allow investigations without the need of building new dedicated experiments.
Ref. [148] presented results of searches for scalar DM mediated through a vector portal
at the SNS and pointed out the potential of such searches. Absorption and ionization of
bosonic DM χ (χ+A→ A+ + e−) has been studied as well [406].

5.5 The future of CEνNS investigations

We have seen that CEνNS provides a large toolbox for various investigations in nuclear
physics, within and beyond the SM, astrophysics and cosmology. In addition, more and
more experiments are going to measurement this channel and exploit its opportunities
within the upcoming years. In the end, we want to address the potential that comes
along with CEνNS-sensitive devices measuring this channel with different technologies
and different sources.

5Pseudoscalar and axial vector interactions proportional to γ5 are omitted, as they experience no coherent
enhancement.
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5.5.1 Advantages of different target materials

CEνNS investigation with multiple targets are interesting for tests of the interaction’s
characteristic scaling with the squared neutron number and to reduce systematic effects
from the analysis. In order to do this, Ref. [407] proposed to use an array of isotopically
enriched targets of a certain detector material but different isotopes. For this purpose,
cryogenic detectors would be suitable, e.g. germanium, selenium or zinc. As these detectors
would share similar systematic effects, overall uncertainties are smaller then in the case
of several individual detector materials and might help to separate these from physics
contributions, e.g. to the neutron form factor or the Weinberg angle. Of course, detailed
knowledge about the isotopes’ nuclear structure and the target material is crucial for
precision investigations, cf. Ref. [408].
Further, different target elements are needed in order to break degeneracies among

different NSI couplings. Ref. [111] pointed out that the slope of contours in the NSI
coupling plain, e.g. (εuV

ee , ε
dV
ee ), depends on the ratio k = (A+N)/(A+ Z). Consequently,

at least two target materials with maximally deviating k-value should be chosen together
with elements that generally imply large event rates. Two choices could be enough to
determine both couplings at the same time. However, this might come with a trade-off
in terms of detectable energy, i.e. due to the “push-pull situation” between a large cross
section and low thresholds mentioned in Sec. 2.1.4. The impact of target complementarity
is shown in more detail by sensitivity studies of Ref. [89], where the individual materials
were tested for their potential in investigations of several BSM models. According to their
findings, the elements germanium and zinc form a powerful combination in order to break
a degeneracy in the NSI parameter space Beyond this, only minor improvements can be
achieved with additional elements, while the strongest potential in resolving the parameter
region comes from elements with strong deviations in the ratio N/Z, which is a similar
statement as the k parameter of Ref. [111].

Conclusively, weighting of interests might become important for individual experimental
purposes, but generally the application of a wide range of detection technologies will be
beneficial for SM and BSM CEνNS investigations.

5.5.2 Complementarity in CEνNS searches

Now we address the advantages that come along CEνNS investigations with different
sources and, further, how their combination can be advantageous for certain topics or
other physics branches. Both sources currently relevant for CEνNS investigations have
their characteristic features like flavor content and neutrino energy range, cf. Sec. 2.2.1.
We have already encountered their complementarity, e.g. in their sensitivity to light
mediators of different masses, cf. Sec. 4.3. Moreover, if we take into account detection
of astrophysical neutrinos in DM experiments all three neutrino flavors might become
accessible for complementary investigations [297]. For NSIs, CEνNS investigations are of
general importance as their measurements in neutrino oscillations are limited by several
degeneracies. For example, only differences of flavor diagonal NSI elements can be
accessed. Couplings to up- and down-quarks cannot be distinguished. Most importantly,
the presence of NSIs lead to ambiguities among neutrino mixing parameters that prevent
a determination of the neutrino mass ordering via oscillation experiments. Consequently,
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complementary measurements are needed to solve this issue [409, 410]. Here, CEνNS
experiments both at a π-DAR source as well as at reactor-site can contribute in resolving
this issue. An extensive study of Ref. [297] showed that precise measurements of electron
NSI in reactor experiments allows to separate the effects of electron and muon NSIs
at π-DAR sources. Moreover, multi-target approaches at different neutrino sources are
needed for breaking the degeneracies that underlie the NSI framework and are valuable
ingredients for neutrino oscillation experiments.
Another example for the complementarity between CEνNS and other physics inves-

tigations are portal interactions or DM. In the context of a fermionic DM model with
a U(1) extension of the SM, Ref. [411] highlighted the complementarity between DM
DD and CEνNS experiments in terms of investigating the model’s parameter space. In
particular, the possibility to simultaneously constrain the model’s light portal mediator via
CEνNS and the DM candidate via DM DD is beneficial. If the portal mediator exhibits
couplings to DM as well as to first-generation quarks (enabling a CEνNS interaction)
correlations between both cross section are possible. In that way, one can make use of the
full repertoire of bounds that exists for light (portal) DM searches [411] as well as from
CEνNS investigations, cf. end of Sec. 4.3.3.

In general, the strict background and threshold requirements for CEνNS detection allow
for low-energy investigations of portal interactions independent of the constraint to account
for the DM budget of the universe. The general principle relies on the production of a
portal mediator in reactions related to the source and their subsequent detection in CEνNS
devices. At a SNS, productions would be primarily related to pions, while at reactors
the huge photon density in the reactor core is a natural choice. For instance at reactors,
Compton-like processes of a dark photon Z ′ mixing with the photon (γe− → Z ′e−) [135,
136] (vector portals) can be probed as well as axion portals [412]. In general, investigations
of axions and axion-like particles strongly benefit from the experimental condition of
CEνNS experiments at a reactor site [131].

5.5.3 Neutrino astronomy

In the end, we mention examples, in which CEνNS interactions can be beneficial for
detecting neutrinos of extraterrestrial origin. Its flavor-blind nature allows the detection of
all neutrinos flavors independently of any degeneracies or uncertainties related to neutrino
oscillations or the unknown light neutrino mass hierarchy. In principle, a threshold-free
detection of neutrinos below the IBD threshold is possible, though, this crucially depends
on experimental specifications like detectable energy, signal quenching and background
contribution of the chosen detection technology.
The recent and future generations of DM DD experiments are going to “probe the

neutrino floor”, cf. Ref. [104], which refers to the circumstance that with the detection of
solar 8B neutrinos a discrimination from a 6GeV DM particle is limited [107].6 Basically,
separation via complementary targets, annual modulation or much higher energy resolution
is possible [107] and directional detectors like Cygnus [414] will resolve events from different
origins. However, it marks the point where DM investigations are strongly altered by

6Ref. [413] pointed out the dependence of the “neutrino floor” on the used target material as well as
on the interaction channel. A more independent definition of this term, which actually summarizes
several contributions like atmospheric and diffuse supernova remnant neutrinos, was suggested.
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neutrino physics. On the contrary, this opens new possibility for neutrino physics as the
sun itself becomes a neutrino source that can be probed via CEνNS or EνeS. SM quantities
like the Weinberg angle, solar model parameters or even neutrino-related BSM models
might become testable [107]. For instance, the amplitude of this “neutrino background”
can be affected by neutrino-related BSM phenomena like NSIs or light mediators. In
particular, the expected neutrino signal can be increased by orders of magnitude if light
mediating particles attribute new interaction channels [109]. Further, the presence of NSIs
(within their 3σuncertainties) are able to lift neutrino signals up to a factor of 5 [415].
Consequently, the projected DM sensitivity of new large-scale experiments like Argo [416]
or Darwin [417] are modified by the presence of such new contributions, while enabling
further investigations within the neutrino sector.
Another topics that comes along this new high-statistics interactions channel is its

capability in measuring neutrinos from core-collapse supernova, especially in terms of a
potential contribution to the supernova early warning system (Snews) [418]. Since so
far electron-type neutrinos are mainly detected via EνeS (SK, Hyper-K), IBD (Juno) or
via the CC quasi-elastic process νe +40 Ar → e− +40 K∗ (DUNE), a flavor-independent
channel is highly valuable for the detection of the overall neutrino signal. As the detected
nuclear recoils are directly linked with the incident neutrino energy, CEνNS investigations
might be able to reconstruct the average temperature underlying the stellar core-collapse
and, thus, be used as a “neutrino thermometer” [419]. While the recent generation of DM
detectors would only detect a small number of CEνNS events, e.g. O(10) within Xenon1T
for typical supernovae at 10 kpc-distance [420], future large-scale DM detectors will allow
sufficient count rates, e.g. ∼ 600 for Darwin [420]. A close, Betelgeuse-like supernova
(at 200 pc-distance), could leave O(10− 100) CEνNS events in a O(100)t detector with
sub-keV threshold and, thus, trigger a warning alert for the Snews network about 10 h
before its explosion [421]. More realistic projections for multi-ton and low-threshold
argon experiments claim their potential to detect supernovae occurring throughout the
Milky Way (DarkSide-20k) or even up to the Small Magellanic Cloud (Argo) [422]. By
detecting direct or diffuse neutrinos from supernovae remnants related to supermassive
stars (M & 3 · 104M�), which are potential seeds for supermassive black holes in galaxy
centers, CEνNS might even help to understand the cosmological evolution of galaxies [33].
Laying aside the difficulties that are accompanied by such ambitious endeavors, it is

fascinating that with the next generation of experiments DM and neutrino physics well be
intertwined and CEνNS will play an important role in bridging these both sectors.

5.6 Summary

In this last chapter we focused on CEνNS in the light of both near and far future
investigations. Realized and planned experimental improvements of the CONUS set-up
are discussed in Sec. 5.1. Their impact on upcoming CEνNS investigations with the
CONUS experiment is highlighted and expected event numbers for the current data
collection period are given in combination with estimates of a potential future CONUS
upgrade (Conus-100), cf. Tab. 5.1. Adjustments on the analysis scheme related to these
improvements are discussed as well, while a dedicated discussion on new measurements
and insights of reactor antineutrino spectra can be found in Sec. 5.2. Therein, a new
method for compilation of data-based reactor antineutrino spectra is explained, before the
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impact of CEνNS measurements on this topic is illustrated. After that, new investigation
possibilities that come along with an actual signal detection are discussed in the SM and
BSM context in Sec. 5.3 and Sec. 5.4, respectively. Highlights are the contributions to
weak mixing angle measurements at low energy as well as further opportunities of CEνNS
measuring devices for accessing electromagnetic neutrino properties and searching for new
fermions. In the end, we point out the impact and complementarity of future multi-target
CEνNS investigations at π-DAR sources and reactors, and discuss the impact of CEνNS
for neutrino astronomy.
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Chapter 6

Conclusions

This work deals with spectral investigations of SM CEνNS and further BSM phenomena
based on the first two data collection periods from April 2018 to June 2019 of the CONUS
experiment. The experimental set-up is located at the commercial nuclear power plant
in Brokdorf (Germany) and uses four kg-size HPGe detectors in an advanced shield in
order to measure antineutrinos emitted from the 3.9 GWth single-unit reactor core at
17 m-distance.

Prior to the analyses of these experimental data, a realistic signal prediction for the
CONUS set-up is determined. By incorporating reactor data, i.e. time-averaged fission
fractions of the main antineutrino-emitting isotopes as well as thermal power values,
for the individual data collection periods, reactor antineutrino emission spectra with
corresponding uncertainties are provided. Further, taking into account detector and
experimental responses provides tailored CEνNS predictions for each detector in each data
collection period. These predictions are used in an analysis scheme, which incorporates all
experimental systematic effects together with already existing MC background models in
order to investigate the CONUS data for potential (SM and BSM) signals. Using this
analysis routine, the world’s best limits on CEνNS from a reactor experiments are obtained
from data with an overall exposure of 248.7 kg d (reactor On) and 58.8 kg d (reactor Off),
respectively. Subsequently, the CONUS run-1 data are tested for several BSM models,
i.e. NSIs and simplified mediator models. The inclusion of EνeS at slightly higher energies
between [2, 8] keV for the latter requires minor adjustments of the developed analysis
routines. In general, the analyses use data sets with exposures of 209 kg d (reactor On)
and 38 kg d (reactor Off) for CEνNS-related BSM models below 1 keV, whereas the quest
for the corresponding BSM modifications of EνeS relies on extended data sets between
[2, 8] keV with exposures of 649 kg d (reactor On) and 94 kg d (reactor On), respectively.
Furthermore, for a separate analysis of neutrino electromagnetic properties via EνeS, the
data are prolonged with an extended run-2 data set such that the obtained limits on the
effective νMM and the effective νMC are based on an exposure of 689 kg d reactor On
and 132 kg d reactor Off, respectively. The results obtained in the course of this work are
summarized in Tab. 6.1, whereby we refer to the individual summary sections Sec. 3.4
and Sec. 4.5 for detailed discussions.

In the end, undertaken and planned improvements for the CONUS experiment and the
set-up’s further and future investigation possibilities are discussed, cf. Sec. 5. The potential
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Analysis Interaction Results (90% C.L.) Reference

SM CEνNS . 85 counts Fig. 3.9

(factor ∼ 10 below prediction)

Vector NSI CEνNS ΛNP & 100GeV Fig. 4.1

Tensor NSI CEνNS ΛNP & 360GeV Fig. 4.2

Light scalar CEνNS gφ ∼ 1 · 10−5 Fig. 4.3

EνeS gφ ∼ 2 · 10−6

Light vector CEνNS gZ′ ∼ 4 · 10−5 Fig. 4.4

EνeS gZ′ ∼ 5 · 10−7

νMM EνeS µνe < 7.5 · 10−11 µB Fig. 4.5

νMC EνeS |qνe | < 3.3 · 10−12 e

Table 6.1.: Summary of findings obtained in this work. For the performed investigations,
we indicate the analyzed interaction, characteristic result and a corresponding
reference for more details. All CEνNS channels assume the currently favored
QF, i.e. k = 0.16. For light mediator models, we list the smallest couplings (in
the flat, low-mass region of the parameter space) that can be probed with the
current CONUS sensitivity.

of future multi-target CEνNS measurements is highlighted in terms of the complementarity
between π-DAR and reactor investigations and further the impact of CEνNS in future
large-scale experiments is illustrated.
The first investigations of the CONUS experiment have proven that the chosen tech-

nology, i.e. HPGe detectors in a compact onion-like shield close to a strong reactor core,
generally fulfills the requirements needed for CEνNS detection. Although reached experi-
mental specifications are not able to claim a successful CEνNS observation at a reactor
site yet, the experimental improvements, especially in terms of environmental stability and
the improved DAQ system, give us confidence for the currently running data collection
period. Still, the data obtained so far allow to set impressive results for most BSM
frameworks considered; in the cases of tensor NSIs and light scalar mediators our exclusion
power exceeds that of π-DAR sources. However, the repertoire of potential SM and
BSM opportunities is still far from being exploited. Future data might allow for further
interesting investigations, above all a positive confirmation of CEνNS at reactor-site is
crucial. We would like to point out again that any improvement regarding the CEνNS
ROIs below 1 keV will generally be beneficial for potential νMM investigations as well.

On more general grounds, the efforts of CEνNS-measuring collaborations and the related
community of phenomenologists established this new reaction channel as a very promising
neutrino investigation tool. In particular, it is now proven that “car-size” neutrino detectors
are feasible! In addition, other detection technologies will tap into this reaction channel
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in the coming years. By providing a (in principle) high-statistic neutrino signal, CEνNS
enables new detection capabilities and opens a new window to neutrino-related BSM
physics. It is also noteworthy that small-scale CEνNS experiments in terms of both detector
set-up and manpower, might soon probe energy scales comparable to the ones reached by
today’s collider experiments and, thus, contribute complementary measurements with the
advantage of being less time-consuming and less cost-intensive. In any case, the detection
of CEνNS, together with the construction of other large-scale neutrino experiments, are
important milestones on the path towards an era of precision neutrino physics.

As the present work has shown, close collaboration between experimental and theoretical
physicists can be a fruitful combination for both sides, either when theorists learn that
it is not “just” taking data or vice versa, when experimentalists learn more about the
conceptional context of their measurements.1 All in all, a promising future for (neutrino)
physics may lie ahead of us and there are several reasons to become excited, however the
path towards a deeper understanding of nature has always been difficult and arduous.
Moreover, confirmations of the SM are still valuable results and not every statistical
fluctuation is caused by BSM physics, or spoken in wiser words by S. Weinberg: “There
is no principle into the laws of nature that says that theoretical physicists have to be
happy” [423].

1The author himself (theorist) can recommend the sporting activities during an experiment’s commission,
especially when ∼ 11 t of lead need to be carried through a nuclear power plant.
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Appendix A

CEνNS fundamentals

A.1 Effective four-fermion interaction of the weak neutral
current

In what follows we shortly illustrate how an effective interaction can be obtain from a given
theory. In doing so, we summarize content presented in Ref. [322, Section 7.2.3]. Since the
weak NC interaction is of main concern throughout this work, we chose this interaction as
example. In the limit of small momentum transfer the corresponding effective interaction
is given by Eq. (2.8).
In order to obtain the effective description at the (low) energy scale of interest, two

approaches are usually chosen: the formal path integral treatment or solving the particle’s
EOM while ignoring the kinematic term. Here, we only focus on the latter one and refer
to the standard literature for the first method, cf. Ref. [160, Section 12].
The weak NC Lagrangian is given by

LZ = −1

4
ZµνZ

µν +
m2
Z

2
ZµZ

µ − g

2 cos θW
ZµJ

µ
Z , (A.1)

with the Z boson mass mZ , the weak NC current JµZ given by Eq. 2.6 and the SU(2)L
coupling g as well as the Weinberg angle cos θW . Solving the Euler-Lagrange equation for
the Z boson yields its EOM(

�+m2
Z

)
Zµ − ∂µ∂νZν =

g

2 cos θW
JZµ. (A.2)

We now assume to be in an energy regime much lower than the Z boson’s mass, i.e. q2 �
mZ , with q2 being the typical momentum transfer of the interactions under consideration.
In such cases, the boson is said to be non-dynamical and derivatives in the above EOM
are of minor importance. Consequently, the EOM simplifies to

Zµ =
gJZµ

2m2
Z cos θW

+O
(
E2

m2
Z

)
. (A.3)

Reinserting this into the full Lagrangian LZ of Eq. (A.1) leads to a four-fermion operator
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of the effective low-energy theory

LNC
eff = − g2

8m2
Z cos2 θW

JµZJZµ = −GF√
2
JµZJZµ , (A.4)

with GF√
2

= g2

8m2
W

= 1
2ν2 and mW = mZ cos θ being used in the last step. The new

theory now contains only dynamical, thus only relevant DOFs, which are incorporated
in the weak NC current JµZ , cf. Eq. (2.6). However, the obtained operator JµZJZµ is
non-renormalizable as it exhibits mass dimension six. This is of no concern as long as
one uses a mass-independent renormalization scheme, e.g. MS. The coefficients of the
corresponding operators are determined from the underlying theory or by experiments, e.g.
for the Fermi constant GF in muon lifetime measurements. In the general EFT approach,
one writes down all possible operators (including derivatives) that can be formed out of
dynamical fields and that are in agreement with the symmetries of the energy scale of
interest. For more details about EFTs and examples, we refer the reader to Ref. [293].

A.2 Calculation of the CEνNS cross section

In this section we summarize calculations needed to obtain the final expression for the
CEνNS matrix elements of Eq. (2.29) as well as corresponding cross section, cf. Eq. (2.31).
The following derivations are partially based on the appendices of Ref. [115] and Ref. [153].
Further, the Refs. [164, 166, 265] are used as well.

A.2.1 Lorentz-invariant cross section for 2→ 2 scattering

We start with the general expression for the cross section of the process: pa+pb → {pf} [160]

dσ =
|M(pa + pb → {pf})|2

2Ea2Eb|va − vb|

∏
f

d3pf
(2π)3

1

2Ef

 (2π)4δ(4)(pA + pb −
∑
f

pf ) , (A.5)

which simplifies in the case of 2→ 2 scattering pa+pb → p1 +p2 to the following expression

dσ =
|M(pa + pb → p1 + p2)|2

2Ea2Eb|va − vb|

(
d3p1

(2π)3

1

2E1

)(
d3p2

(2π)3

1

2E2

)
(2π)4δ(4)(pa + pb − p1 − p2) .

(A.6)

Further, evaluation in the CM frame allows to obtain an even simpler expression for
the cross section, cf. Ref. [164, Secton 5.1] or Ref. [166, Section 3.5]. Thus, application of
|va−vb| =

√
sp∗i

EaEb
and evaluation of the integrals within the CM frame leads to the following

compact form

dσ =
1

64π2s

p∗f
p∗i
|M|2dΩ∗ , (A.7)

with the initial and final state momenta p∗i and p
∗
f , the Mandelstam variable s = (pa+pb)

2 =

(p1 + p2)2 as well as the solid angle in the CM frame dΩ∗. In the last expression, a step-

142



A.2 Calculation of the CEνNS cross section

function that ensures energy conservation is left out for reasons of brevity, cf. Ref. [164,
Secton 5.1]. The initial state momentum in the CM frame is defined as

p∗2i =
1

4s

[
s− (m1 +m2)2

] [
s− (m1 −m2)2

]
, (A.8)

again with the Mandelstam variable s and the masses of the final state particles. Assuming
the interaction to be independence of the azimuthal angle φ and using dΩ∗ = dtdφ∗

2pipf
, which

can be derived from the Mandelstam variable t = (pa− p1)2 = (pb− p2)2 in the CM frame,
yields the final form that is applied in the following calculations

dσ

dt
=

1

64πsp∗2i
|M|2 . (A.9)

Note that this expression is valid in any frame as it contains only Lorentz-invariant
quantities. Moreover, the Mandelstam variable represents the momentum transfer in
t-channel processes like it is the case for CEνNS. Therefore, we explicitly assume from
now on t = q2.

A.2.2 Matrix element evaluation and lab-frame kinematics

Now we calculate the squared matrix element that is needed for the cross section of
Eq. (A.9) and start with the matrix element that has already been derived in Sec. 2.1.2,

iM = i
GF√

2
QWF (q2)gνL(k + k′)µv̄s(p)γµ(1− γ5)vs

′
(p′) . (A.10)

In order to obtain the squared and spin-averaged matrix element |M|2 =
∑

s,s′ |iMs,s′ |2,
we multiply with the complex conjugate and sum over the neutrino spins, which yields∑

s,s′

|iMs,s′ |2 =
G2
F

2
Q2
W |F (q2)| gν2

L

∑
s,s′

(k + k′)µv̄s(p)γµ(1− γ5)vs
′
(p′)

× (k + k′)ν v̄s
′
(p′)γν(1− γ5)vs(p) .

(A.11)

The neutrino currents can be evaluated by using the trace technique and application of the
spinor outer product

∑
s v

s(p)v̄s(p) = /p−m for antineutrinos. Thus, under assumption of
negligible antineutrino mass, the spinor part simplifies to∑

s,s′

(k + k′)µv̄s(p)γµ(1− γ5)vs
′
(p′) (k + k′)ν v̄s

′
(p′)γν(1− γ5)vs(p)

= (k + k′)µ(k + k′)ν Tr
[
/p γ

µ(1− γ5) /p′γν(1− γ5)
]

= 16
[
(k.p+ p.k′)(k.p′ + k′.p′)− (mA + k.k′)p.p′

]
,

(A.12)

where we have used the Mathematica extension “Package-X” for evaluation of the trace
and the index contraction [424, 425]. Thus, the squared matrix matrix element is given by

|M|2 = 8 G2
FQ

2
W |F (q2)| gν2

L

[
(k.p+ p.k′)(k.p′ + k′.p′)− (mA + k.k′)p.p′

]
. (A.13)
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For further evaluation, we switch to the lab frame, where the occurring momenta are
defined as follows

p = (Eν ,p) , k = (mA,0) , p′ = (Eν − TA,p′) , k′ = (TA +mA,k
′) , (A.14)

with the incident neutrino Eν , the nucleus mass mA and the nuclear recoil energy after
scattering TA. Here, the momentum transfer is given by the Mandelstam variable q2 =
t = (p− p′)2 = (k − k′) = −2mATA. By calculating the products of four-momenta and
inserting them in Eq. (A.13), one obtains the final expression for the squared matrix
element

|M|2 = 32 G2
FQ

2
W |F (q2)| gν2

L

(
1− TA

Eν
− mATA

2E2
ν

)
. (A.15)

In the end, we comment on the form the Lorentz-invariant cross section of Eq. (A.9)
exhibits in the lab-frame. Assuming a negligible neutrino mass (mν � mA) and calculating
the Mandelstam variable s in the lab frame, the initial CM momentum in Eq. (A.8)
simplifies to p∗2i ' E2

νm
2
A/s. Therefore, the Lorentz-invariant cross section also simplifies

to

dσ

dt
=

1

64πE2
νm

2
A

|M|2 . (A.16)

This can now be transformed into an expression that depends on an actual observable,

dσ

dTA
=
dσ

dt

∣∣∣∣ dtdTA
∣∣∣∣ =

|M|2
32πmAE2

ν

, (A.17)

which is the cross section in terms of the nuclear recoil energy TA.

Another expression that is usually found in literature is the cross section in terms of
the scattering angle θ in the lab frame, which is given by [67]

dσ

d cos θ
=
G2
F

8π

[
N + Z(4 sin2 θW − 1)

]2
E2
ν(1 + cos θ) , (A.18)

with the weak nuclear charge QW already inserted.

So far, the nucleus has been assumed as a spin-0 particle for reasons of simplicity.
Assuming it to be a spin-1/2 target would introduce another vector current in the nuclear
matrix element, i.e.

〈A(k′, r′)| JµNC |A(k, r)〉 = F 2(q2)ūr
′
(k′)γµur(k)

[
ZgpV +NgnV

]
. (A.19)

The derivation is analogous to the previous one, only with a more complex evaluation of
spinor relations. The final result for the squared matrix element is then given by [115]

|M|2 =
1

2

∑
s,s′,r,r′

|iMss′rr′ |2 = 32 G2
FQ

2
W |F (q2)| gν2

L

(
1− TA

Eν
− mATA

2E2
ν

+
T 2

2E2
ν

)
,

(A.20)

144



A.3 Form factors

where a factor of 1/2 is introduced to account for correct spin-averaging. The only
difference to the case of a spin-0 target is an additional (TA/Eν)-term, which is negligible
within our application anyway.

A.3 Form factors

Here we give a short overview of form factor parameterizations commonly used in literature
with assumptions on their underlying charge distributions and the resulting RMS radius.
Each form factor assumes a certain charge distribution ρ with characteristic parameters
that occur in the individual expressions. In the following, we summarize content presented
in Ref. [261].
The Helm form factor [426] assumes a uniform density distribution of fixed radius R0

that is smeared out with a Gaussian distribution of standard deviation s, which in this
context is called surface thickness s. The corresponding form factor exhibits the form

FH(q2) = 3
j1(qR0)

qR0
e−

q2s2

2 , (A.21)

with the spherical Bessel function of first order j1.
The symmetrized Fermi form factor [427] relies on a generalization of the Woods-Saxon

potential with the half-density radius c and a surface diffuseness a, which yields

FSF =
3

qc

[
sin(qc)

(qc)2

[
πqa

tanh(πqa)

]
− cos(qc)

qc

]
×
(

πqa

sinh(πqa)

)
1

1 + (πa/c)2
. (A.22)

Further, the Klein-Nystrand form factor [428] assumes as charge distribution a hard
sphere of radius RA that is convolved with a Yukawa potential of range ak. This results
in the following expression

FKN(q2) = 3
j1(q RA)

q RA

1

1 + q2a2
k

. (A.23)

With the definition of the charge radius 〈r2〉 =
∫
d3rρ(r)r2/

∫
d3rρ(r), the expressions for

the corresponding charge distributions lead to the following charge radii,

〈r2
H〉 =

3

5
R2

0 + 3s2 , (A.24)

〈r2
SF〉 =

3

5
c2 +

7

5
(πa)2 , (A.25)

〈r2
KN〉 =

3

5
R2
A + 6a2

k . (A.26)

From these expressions, the RMS radii can be calculated via rrms ≡
√
〈r2〉.
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Appendix B

Additional tools for maximum
likelihood methods

At this point, we elaborate on further important aspects in the context of parameter
estimation and statistical inference, which are meant to complement and continue the
remarks of Sec. 2.3. For this, we rely on the same references as before [226–229].

B.1 Goodness-of-fit within maximum likelihood methods

One straightforward way of quantifying the “goodness-of-fit” of a likelihood fit is to directly
use the maximal likelihood value Lmax, which however relies on the underlying PDF,
cf. Ref. [227, Section 6.11]. For cases, in which it remains unknown, MC techniques can
be used to determine it. Here, the ML estimates of the given data are used as input for
the MC simulation’s true values. Consequently, a significance level for the performed fit
can be derived from the obtained distribution.

Another possibility is to use a data set n and corresponding estimates ν̂ as input for a
test statistic that relies on a likelihood ratio, e.g. for a binned likelihood one can use

λ =
L(n|v)

L(n|n)
=
fjoint(n;ν)

fjoint(n;n)
. (B.1)

In the case of Poisson distributed data this leads to

λ = entot−νtot

N∏
i=1

(
νi
ni

)ni
. (B.2)

Then, in the large sample limit, the test statistic [429]

χ2 = −2 log λ = 2

N∑
i=1

(
ni log

ni
ν̂i

+ ν̂i − ni
)

(B.3)

follows a χ2 distribution with (N −m) DOFs, with N being the sample size and m the
number of estimated parameters.
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B. Additional tools for maximum likelihood methods

Note that the denominator of λ does not depend on any unknown parameters. Thus,
the parameter set that maximizes λ is equal to the ML estimators that maximize the
likelihood function. For this reason, λ can be used as an estimator as well as for testing
the goodness-of-fit.
Of course, one can also rely on Pearson’s χ2 test (statistic), which, in the case of a

Poisson-distributed total event number ntot, is given by

χ2 =
N∑
i=1

(ni − ν̂i)2

ν̂i
. (B.4)

As above, the defined test statistic follows a χ2 distribution with (N −m) DOFs.
For both test statistics, the approximation of being χ2-distributed is only valid in the

large sample limit. If a histogram contains bins with only a few events, i.e. ni < 5,
then it is recommended to perform a MC study in order to obtain the true PDF [227,
Chapter 6.11].

B.2 Frequentist confidence intervals

In the context of parameter estimation, one usually reports the best estimate in combination
with an estimate on the standard deviation: θ̂ ± σ̂θ̂ or, in the case of multiple estimates,
the best estimates together with the corresponding covariance matrix. Moreover, the
underlying PDF of most practical estimators can be approximated with a Gaussian in the
large sample limit. The standard procedure for determination of Frequentist CIs has been
invented by Neyman [236]. Therein, the boundary of the given interval is viewed as a
function of the given data and, thus, is expected to fluctuate under inclusion of additional
data. Further, the CIs are constructed to have a certain coverage probability with regard
to the true parameter value. In that sense, the fraction of intervals that contain the exact
parameter is greater or equal to the desired C.L..

The underlying principle is that for a PDF f(x; θ) and an assumed probability of (1−α)
equal for all tested parameters θ, one can construct an interval [x1(θ, α), x2(θ, α)] with
probability

P (x1 < x < x2; θ) =

∫ x2

x1

f(x; θ) dx ≥ 1− α , (B.5)

which is then inverted into an interval of parameters θ with probability

1− α = P (x1(θ) < x < x2(θ)) = P (θ2(x) < θ < θ1(x)) . (B.6)

In practice, one scans over all parameter values of the parameter of interest θ and
determines for each given value θ0 the corresponding CI [x1(θ0, α), x2(θ0, α)] under the
assumption of a desired C.L. (1−α). Under inversion of the derived intervals, one obtains
the CIs on the parameter of interest for the given data, [θ1(x, α), θ2(x, α)]. Note that the
interval construction of the first step, cf. Eq. (B.5), depends on the desired intervals and
the underlying PDF f(x; θ). For instance, it changes for one-sided intervals or might be
modified in cases of discrete observables x, e.g. into a binomial or Poisson statistic.
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B.3 Confidence levels via likelihood functions

Gaussian distributed measurements An important example of the above construc-
tion arises in the context of normally distributed measurements, where the underlying
PDF f(x; θ) is a Gaussian with mean θ̂ and standard deviation σθ̂. For known σθ̂, the
interval [a, b] is then determined via

a = θ̂ − σθ̂Φ−1(1− α) , b = θ̂ + σθ̂Φ
−1(1 + β) , (B.7)

with the inverse of the standard Gaussian CDF Φ−1 and the corresponding uncertainties
α and β for finding θ̂ ≥ a and θ̂ ≤ b, respectively. The overall coverage probability of the
interval is given by 1− α− β.

For example, the standard 1σ intervals with coverage probability of 68.3% are recovered
for α = β = γ/2 and Φ−1(1−γ/2) = 1. If the standard deviation σθ̂ is not known precisely,
the situation is more complicated. In practice, one can still use an estimate from a large
enough data set.

B.3 Confidence levels via likelihood functions

In the case of non-Gaussian estimators, the likelihood function itself can be used to obtain
(approximate) confidence intervals as it becomes centered about the ML estimate θ̂ in
the large sample limit. The obtained expression is similar to Eq. (2.39), but now with
the standard deviation σσ̂ being equal to the one of the underlying PDF. Note that in
Sec. 2.3.1.2 the expression is discussed on the context of estimator’s variance σ̂2

θ̂
, which is

to be estimated from a data sample. Here, we have to replace σ̂2
θ̂
→ σ2

θ̂
as we refer to the

underlying PDF which is assumed to be known for the moment.
Due to properties of the underlying Gaussian, we can now relate the variance of an

estimator to explicit confidence regions. Recall that an estimator’s variance is determined
by a shift of the maximal likelihood value by 1/2, cf. Eq. (2.39). It can be shown that even
in the case, where the likelihood function is non-Gaussian, central confidence intervals
[a, b] = [θ̂ − c, θ̂ + d] can be obtained via

logL(θ̂+d
−c ) = logLmax −

N2

2
, (B.8)

with N = Φ−1(1− γ
2 ) being the quantile of the standard Gaussian corresponding to a C.L.

of 1− γ. For the case of multidimensional confidence intervals, we refer to the literature,
e.g. Ref. [227].
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Appendix C

Supplementary plots

C.1 Reactor antineutrino spectrum and uncertainties on CEνNS
signal expectation

0 1 2 3 4 5 6 7 8

Neutrino energy Eν [MeV]

-100

-50

0

50

100

(M
ea

n
-D

ev
)/

M
ea

n
[%

]

10−3

10−2

10−1

100

d
N

/d
E

[M
eV
−

1
fis

si
on
−

1
]

3σ uncertainty (toyMC)

C1R1

Figure C.1.: Logarithmic reactor antineutrino spectrum for the data collection period C1R1
in order to illustrate the uncertainties induced by the underlying parameters
also for the high energy tail.
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C. Supplementary plots

Figure C.2.: Impact of spectral uncertainties on the expected SM CEνNS signal for all
data collection periods considered in Ch. 3. Uncertainties are determined
from a Gaussian fit to the signal distribution obtained via sampling of reactor
spectra and subsequent calculation of the resulting CEνNS events. Orange
lines indicate 3σ deviations from the mean value.

C.2 Reactor thermal power for extended data sets
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Figure C.3.: Reactor thermal power related to the extended data collection periods used
in the BSM analyses of Chapter 4.
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C.3 Overview of quenching factor measurements

C.3 Overview of quenching factor measurements

Figure C.4.: Overview of quenching factor measurements in comparison to the prediction
of the modified Lindhard model. Figure is taken from Ref. [169]

C.4 CEνNS event spectrum in dependence of different quench-
ing parameters
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Figure C.5.: CEνNS event spectrum in dependence of the quenching parameter k. The
detector response of data collection period C1R1 is assumed and event
spectra shown for different k-parameters. Note that the CEνNS analysis of
Ch. 3 excluded quenching parameters above k = 0.27, while the dedicated
measurement of the CONUS Collaboration determined it to be k = 0.164±
0.004, cf. Ref. [257].
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C. Supplementary plots

C.5 Exemplary Conus detector spectrum
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Figure C.6.: Ionization energy spectrum of detector C2 measured in the period of run-1
to run-3. K- and L-shell x-ray lines are visible due to the achieved low
background levels (intrinsic and external). The energy scale calibration and
the determination of detector resolution are based on these lines including
the corresponding uncertainties. The figure is published in Ref. [82]. For
details about the individual lines, we refer to Tab. 7 therein.
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C.6 Background suppression of the Conus shield

C.6 Background suppression of the Conus shield
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Figure C.7.: Background suppression capability of the CONUS shield illustrated for detec-
tor C1. The black spectrum indicates the background level without any shield
and consequently lines of natural radioactivity are observed. Background
suppression by about 2-3 order of magnitude is already achieved with the
passive shield (red), which then shows mainly muon-induced background.
The blue curve corresponds to the background level achieved with a muon
anticoincidence system (muon veto) in addition to the passive shield. Now,
metastable states related to neutron captures in germanium become visible.
With the CONUS shield, the overall background level is reduced by about
four orders of magnitude. Figure is taken from Ref. [244].
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C. Supplementary plots

C.7 Monte Carlo background models for Conus
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Figure C.8.: Conus MC background model and its composition for data collection period
C1R1 (reactor Off). Individual background components considered in the
performed background simulation are shown in different colors. Further, the
sum of all background contributions (the MC background model) is given in
dark red and compared to the corresponding reactor Off data in blue. Top:
The high-energy spectrum shows satisfying agreement between the model and
data over a wide energy range, i.e. [0, 440] keV. Bottom: The low-energy
spectrum is mostly relevant for the analyses of this work. Figures is taken
from Ref. [244].
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Appendix D

Monte Carlo simulation of the
test statistic

D.1 Parameter correlation of fit parameters

During our analyses we encounter correlated parameters in two key positions, i.e. the
parameters of the threshold descriptions of Eq. (3.11) and Eq. (4.2) as well as the
background rescaling parameters in Eq. (4.1). Although no problem for the individual fits
in our analysis scheme, these parameter correlations need to be taken into account when
MC sampling of the underlying test statistic is aimed. In what follows, we illustrate the
method that is applied in order to extract two-dimensional Gaussian covariance contours.
These contours are used for parameter sampling in order to simulate the underlying test
statistics, from which our limits are then extracted.
The applied method relies on an interactive assessment of the individual detector con-

tours within a JupyterLab notebook [278] by using the iminuit package [280, 281] in
combination with the SciPy framework [271–274, 276]. Further, knowledge about distance
determination in polar coordinates and the Mahalanobis distance is required, which is
basically the generalized distance from a distributions mean [430, 431]. The 1σ and 2σ
regions correspond to d1σ

Maha = 1.52 and d2σ
Maha = 2.49, respectively [431, Table II].

The basic algorithm developed by the author’s colleague Dr. T. Hugle is based on the
following steps:

1. Determination of individual minos covariance contours for both parameters, e.g.
under assumption of certain fixed parameters like quenching, in order to estimate
the individual parameter regions

2. Determination and extraction of 1σ and 2σ (covariance) contours via a scan over
the parameter space spanned by (x, y), while performing a fit with fixed parameters
(x0, y0) at each point

3. Rescaling of the obtained contours in order to improve the following fit routines
(especially in the case of parameters related to the threshold descriptions)
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D. Monte Carlo simulation of the test statistic

4. Transformation of cartesian coordinates (x, y) to polar coordinates and sorting
according to the polar angle

5. Fitting of polar coordinates with the (Gaussian) Mahalanobis contour functions
(underlying assumption: approximate Gaussian distribution), cf. Refs. [431, 432]

contour(φ, σ1, σ2, ρ) =
d1σ,2σ

Maha

√
1− ρ2√

( cosφ
σ1

)2 + ( sinφ
σ2

)2 − 2ρ sinφ
σ2

cosφ
σ1

, (D.1)

with d1σ,2σ
Maha being the Mahalanobis distance for the 1σ or 2σ contour of the two-

dimensional Gaussian distribution. In addition, σ1,2 denote the standard deviation
in the corresponding parameter direction.

6. Inversion of scaling for mean values and fitted parameters σ1, σ2, ρ

7. Transformation of best-fit values related to the Mahalanobis contours into a covari-
ance matrix of the parameters of interest via

ρi,j = ρ · σi · σj . (D.2)

This procedure is not altered under exchange of the parameters of interest, although
a rescaling of contour parameters is not necessary in the case of the background scaling
parameters since parameter are by definition of the same order. We apply our procedure
to the 1σ- and 2σ-contours determined with the minos routine and chose the covariance
matrix that exhibits the best overall coverage, which applies in all cases to the 2σ minos
contour. Consequently, the correlation among the two parameters of interest is slightly
overestimated, which reflects a conservative treatment of errors and correlations.

D.1.1 Parameter correlation of threshold description

Now we want to illustrate the method’s main steps by explicitly showing the determination
of a covariance matrix for the parameters of the threshold description, cf. Eq. (4.2). Here
we chose the case of vector NSIs for data collection period C1R1.

• Determination of individual minos contours for the individual parameters p0 and p1
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D.1 Parameter correlation of fit parameters

• Determination and extraction of 1σ and 2σ contours in the (p0, p1)-plane
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• Covariance contour of the parameters (p0, p1) that is used for parameter sampling
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D. Monte Carlo simulation of the test statistic

D.1.2 Parameter correlation of background rescaling factors

Further, we show the performance of the developed method for the background rescaling
parameters b1 and b2, cf. Eq. (4.1). Here we chose the case of a light scalar mediator in
the energy region between [2, 8] keV for data collection period C1R1. Again, we restrict
ourselves to the important steps.

• Determination of individual minos contours for the individual parameters b1 and b2
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• Determination and extraction of 1σ and 2σ contours in the (b1, b2)-plane
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D.1 Parameter correlation of fit parameters

• Polar contour fit of (Gaussian) Mahalanobis contour functions
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• Covariance contour of the parameters (b1, b2) that is used for parameter sampling
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