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ABSTRACT

The observation of coherent elastic neutrino-nucleus scattering (CEvNS) 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 3.9 GWy, 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 CEvNS
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 CEvNS to
contribute with < 85events (90% C.L.) assuming the favored quenching parameter
k = 0.16, which is a factor of ~ 10 above its SM prediction. BSM investigations of
CEvNS and elastic neutrino-electron scattering (EveS) 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 100 GeV and 360 GeV. Universal
couplings of simplified mediators can be probed down to ~ 107° and ~ 1076 for CEvNS
and EveS, respectively. Finally, 90% C.L.limits on the neutrino’s effective magnetic
moment (p1,, < 7.5- 107 up) and millicharge (|q,,| < 3.3 - 10712¢) are determined.

ZUSAMMENFASSUNG

Die Beobachtung von kohérenter elastischer Neutrino-Kern-Streuung (CEvNS) erdffnet
neue Moglichkeiten fiir den Neutrinosektor des Standardmodells (SM) und dariiber
hinaus. Als ein fiihrendes Reaktorexperiment strebt CONUS einen Nachweis im ko-
harenten Wechselwirkungsbereich mit Antineutrinos an, die vom 3,9 GW{,-Reaktorkern
des Kernkraftwerks Brokdorf emittiert werden. Das Experiment nutzt vier hochreine Ger-
maniumdetektoren innerhalb einer kompakten Abschirmung in 17 m Entfernung. In dieser
Arbeit werden spektrale Analysen von CEvNS und weiteren Neutrino-Wechselwirkungen
jenseits des Standardmodells (BSM) durchgefiihrt, welche auf Daten basieren, die
zwischen April 2018 und Juni 2019 gesammelt wurden. Das Analyseschema stiitzt
sich auf Signalvorhersagen, welche die Entwicklung der Brennstoffzusammensetzung
des Reaktors und seiner thermischen Leistung beriicksichtigen. Unter Annahme des
bevorzugten Quenching-Parameters k& = 0,16, erlaubt die spektrale SM-Analyse ein
Limit von < 85 CEvNS-Signalen (90% C.L.) zu bestimmen, welches sich einen Fak-
tor ~ 10 {iber der SM-Vorhersage befindet. BSM-Untersuchungen von CEvNS und
elastischer Neutrino-Elektron-Streuung (EveS) ergeben kompetitive Grenzen fiir 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 100 GeV und 360 GeV beschrénkt. Universelle Kopplungen vere-
infachter Austauschteilchen kénnen bis auf ~ 107° und ~ 10~° fiir CEvNS bzw. EveS
erprobt werden. Schlieflich werden 90% C.L.-Grenzwerte fiir das effektive magnetische
Moment (1, < 7,5-10~ " 5) und fiir die Milliladung (|gy, | < 3,3-107'2¢) 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 019, a3, 013 and their mass squared differences Am3,, |Am§2|, 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



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 Hy [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 (0v3/3) (GERDA [419], 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



(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 (CEvNS) has become possible for several detector
technologies. CEvNS 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 (EveS), respectively. Hence, via CEvNS 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 CEvNS 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], v-cleus [75], vGEN [76], RED-
100 [77], RicocHET [78] and TEXONO [79]. Thus, CEvNS 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 (CEvNS) 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, CEvNS 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 sin? Oy, 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 ®B decays [104-106]. Thus, the
sun itself is likely to become a source for future (SM and BSM) CEvNS investigations [107—
110].
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Figure 1.1.: Comparison of different SM and BSM neutrino interactions. Assuming a
germanium target, the total CEvNS cross section exceeds the ones of IBD and
EveS by two and four orders of magnitude, respectively. The IBD threshold
energy EL = 1.806 MeV [149] is indicated in gray. Further, we indicate
cross sections of EveS induced by an effective vMM as well as an effective
vMC. For both we assume the current best limits given by Ref. [150] and
Ref. [151].

In the general context of BSM neutrino physics, CEvNS 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 (¥MM), can
be studied in two-fold way, either directly via CEvNS or via EveS, and benefit from the
low backgrounds and low thresholds of CErNS-measuring experiments [118-122]. Both
interactions are in principle induced by a finite ¥MM. This is especially interesting as the
XENONIT Collaboration [47] reported an excess in the energy region of [2, 3] keV, that
could, among others solutions, be explained by a vMM slightly below its current best limits.
Although being in tension with astrophysical constraints [123-125|, CEvNS measuring
devices with low threshold energy could shed light on this matter. Further, searches
for light mediators can be conducted via CEvNS [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, CEvNS 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 CEvNS 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 CEvNS 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



and is located at 17 m-distance to the 3.9 GWyy-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 (m-DAR) sources, the energy of reactor
antineutrinos allows a CEvNS 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. CEvNS at a reactor site represents
a complementary approach to measurements at m-DAR sources and provides further
possibilities for ¥MM or sterile neutrino searches as well as for reactor investigations. A
spectral analysis of SM CEvNS is performed with data obtained in the first two data
collection periods. Subsequently, BSM models that are commonly investigated in the
context of CEvNS, such as NSIs of vector- and tensor-type as well as simplified mediator
models for light scalar and vector particles, are tested. EveS 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 MM and with it, a limit on the neutrino millicharge (vMC). Future aspects of the
CONUS experiment as well as opportunities of CEvNS related to further measurements
are discussed as well.

This thesis has been carried out in the context of the CONUS experiment which searches
for CEvNS 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 CEvNS 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 CErNS 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
vMM and vMC) are investigated. Afterwards, a discussion about further opportunities
of CEvNS within CONUS and in the future is given in Chapter 5. Improvements of
the CONUS set-up and further investigation possibilities are illustrated, while CEvNS
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.






CHAPTER 2

THEORETICAL FOUNDATIONS

The first investigation of CEvNS 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 CEvNS
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 CEvNS 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 CEvNS 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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2.1.1.1 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. ¢ —
% (0 h+ l/)T [152, Chapter 7.2.2|. After the symmetry breaking of SU(2)r, x 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

/ 2
LoD (Do) (DVe) = %(0 V) [gﬂwg + 923“] (2) + h-terms, (2.1)

with the Pauli matrices 7°,i = 1,2, 3 and the SU(2)r and hypercharge couplings g and
g, respectively. While the weak charged-current (CC) mediators W+ = L (W Fiw?)

V2
obtain similar masses, the weak NC mediator becomes a mixed state of the SU(2)z, and
U(1)y bosons, i.e. Z = —sinfy B + cos Oy W3, which in addition acquires a different

mass. The corresponding gauge boson masses are defined according to'

2
M2 g*? 1 V2 | —g'By+ gW}
MWW, + TZZ“ZM = TW“Wu +3 (6* + ") o W . (2.2)

and the weak mixing angle Ay is obtained from a combination of the couplings g and ¢/,

/

9 9

In addition to the massive neutral gauge boson Z, there is a massless one associated with
the electromagnetic interaction U(1)ep, i.e. the photon A = cos g B + sin Oy W3, All in
all, after SSB the (tree-level) gauge boson masses are given by

/2 2
mw =22, my =Y tgTy_ , ma =0, (2.4)
2 2 cos Oy

sin Oy = cos by = (2.3)

with v ~ 246 GeV being the vacuum expectation value (VEV) of the Higgs boson.

For CEvNS 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

;C\I} + ﬁYuk D) _GJgAM - ﬁjgzu, (25)

with the elementary charge being defined as e = gsin fy,. The corresponding currents are

'Equation (2.2) is a direct consequence of Eq. (2.1) under application of TiW‘i = TBWS + \/§T+WJ' +
\/57'7W/: with 7+ = % (T1 F iTQ).
2Throughout this work, we will use the terms Weinberg angle or weak mizing angle as synonyms for any

expression containing Oy, i.e. sin(® Ow and cos® Ow .
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fermions charge vector coupling gy axial-vector coupling ga
Ve, Vyy Vr 0 % %

e, i, T -1 —%4-281112(91/[/ —%

u,c,t % %—%sin2 Ow 3

d,s,b —% —%—I—%sir@@w —%

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

defined according to
Jg = Z QMZ_)T'V“Q;Z)T ; Jy = Z 7]’7"7“ (g(/ - 92'75) lbr s (2.6)

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

gir =3, — 2q,sin” Oy q, g =1t (2.7)

with t‘:’ 1, 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. ¢ < m%, 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 G,

G G 2 1
Ne _ GF oy 4 F_ 9 _ L
‘Ceff = \/§JZJZ,U,7 with ﬂ 8m2 92" (28)

This is the classical example of an EFT, where the physics at a given scale ¢° < m2Z 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 CEvNS, while following closely derivations
in the context of DM DD summarized in Ref. [154]. Since we later deal with scalar and
vector modifications of CEvNS, we will only focus on these aspects. For the derivation of
the CEvNS cross section we assume the nucleus to be a spin-0 particle for simplicity.
For the first step in the calculation of the CErNS amplitude Mcguns, 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 M, in relation to
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the corresponding scattering matrix S,x = (//, N'|v, N) 4+ (20)*6W (p+k — p/ — k') iM,n,
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
IN) = |N(k,r)) with N € {p,n} for the nucleon state vector with momentum % and spin
r and imply operator matrix elements always to be evaluated at the origin. For spinors,
we apply the same notation, i.e. uy = un(k,r) for a spinor with momentum k& and spin 7.

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

L1 = ¢40,(2)Ogg(x) L1 = 0,(2)5(x) + O4(x)S(), (2.9)

with the operators O, and Oy 4 being constructed from neutrino and quark/gluon fields, re-
spectively. S(x) represents a scalar mediator that couples neutrinos to quarks. Lagrangian
L describes an effective interaction between neutrinos and quarks where the mediating
DOF is much heavier than the energy scale under consideration, i.e. ¢> < M?, 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 L;;. 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 L; is already obtained at first order
in perturbation theory while the tree-level scalar interaction of Lj 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|

M= {10, v)cg (N']Ogg|N) , (2.10)
1
M=~ V|0, |v) 5——= (N'|O4|N) , (2.11)
q° —myg

with N representing either protons or neutron N € {p,n} and a scalar mediator of mass
mg. 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/| Ogq|N) = ZFéV(QQ)a/NF(Qu K)un , (2.12)
r

with the spinor matrices I being generally dependent on the two momenta ¢ = ¥’ — k and
K = k+ k', while one can express the (operator-specific) form factors F (¢?) as functions
of ¢? 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 O, , we restrict ourselves to combinations that
contain the 16 matrices I' = Iy, i7%, y*, iy°y*, o™ for p,v =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

10
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transfer is very small, we also elaborate on the meaning of form factors at ¢? = 0.
The operators that form a scalar quark bilinear are

Oq:qqa O

g = 12 ) (2.13)
with G%*¥ being the quantum chromodynamics (QCD) field strength tensors and as being
the strong coupling constant. Following the convention of Eq. (2.12), the corresponding

hadronic matrix elements imply form factors F SQ/ g ’N(q2) which are real functions only
depending on the momentum transfer ¢®>. Expressions of these matrix elements can be
derived by evaluating the trace of the QCD energy-momentum tensor at zero momentum
transfer,® which yields the nucleon mass [157, 158]

my (N| NN |N) = (N'|©4N) , with ©f= 3 mqqq—gasG“‘“’G“

o (2.14)

q=u,d,s

with N € {p,n} representing the proton and the neutron, respectively. In this expression
heavier quarks g, = {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

mass”
(V) _ (N'[mgqq|N)  mg gnN (N) _ Ny 27 F9-N(0)
qu - Qm?\f - mNFS (0), fre =1- Z qu __?TN7 (2.15)

q=u,d,s

where f:(pg) and f:(F]é) 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 c,gqq can be described through an effective
scalar-nucleon coupling SN N with coefficient

MN ,(N) 2 (N my my

= E — — E — —Cy—— 2.16

N “a mg T4 + 27fTG “a mgy A (2.16)
q=u,d,s q=c,b,t

where the last part reflects a scalar-gluon coupling that is induced by a quark loop and A
is associated with the mass of the loop particle.

Now we draw our attention to nuclear matrix elements of vector operators like

Oq =V =0, (2.17)

3The QCD energy-momentum tensor under application of the individual equations of motion (EOMs)
is given by ©f = Z mqqq + Bm@‘)G“‘“’G uva- Substituting the heavier quark contributions with
meqq — — 15 Ga" Gwa for g € {c b,t} at lowest order in o, [156, Appendix B| and applying the beta
function ,B(as) =—-(11 2Nf) +0O(a?) for Ny = 6 [154, Section E.2| leads to the stated expression.

“In literature, definitions of qu Wlth only a factor of my 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) <> ﬁ |N) for a nucleon at rest.

11
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which can generally be parameterized according to [160, Section 6.2]

_ io"qy
VN =y (P P+ P ) G Y 215

with V' being hermitian and the so-called Dirac and Pauli form factors qu’N(q2) and
F2q’N(q2), respectively. When the heavy quarks ¢, b,t are neglected, QCD exhibits an
approximate U (3) flavor symmetry in the limit of equal light quark masses, i.e. m, ~ mg ~
ms, which is valid at 25%-level [152, Chapter 5.1]. Neglecting quantum electrodynamics
(QED)? 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 Vjj = fy.Tef, with f = (u, d, s)T and T for a = 1, ..., 9 being the
nine generators of U(3) = U(1) x SU(3). For all currents, corresponding matrix elements
similar to Eq. (2.18) can be constructed, each with its on form factors Fla ’QN. Further, the
diagonal operators 7938 induce relations among light quark currents. After some algebra,
cf. Ref. [154, Chapter E.4], and under the assumption of isospin symmetry® one obtains
the following form factor relations

FiP () = FPG) = 2R (6) + @) + B (), (2.19)
F'P(¢%) = F""(¢%) = FP(¢*) + 27 (@) + F (¢%) (2.20)
Fis,p(q2) _ Fs,n(qZ) = Pwis,N(qZ) 7 (221)

where FZ-N represents the form factor of the whole nucleon. As we are in the context of
CEvNS mainly interested in the coherent regime, thus very small ¢, we can set ¢> — 0. In
such a case, the individual vector currents related to the form factors F; simply measure
the nucleon’s quark content, while the form factors Fy yield the proton and neutron
anomalous magnetic moments in units of the nuclear magneton [y, i.e.

FUP(0) =2, FM0)=1, FP0)=0, FIO)=ry, FPO)=rn. (2.22)

Further, the small momentum transfer in CEvNS implies ¢*/my < 1 such that neglecting
the terms including the form factors Fy is a valid approximation.

Of course, there are pure pseudoscalar and axial vector operators as well, i.e. for
O, = gi°q and O, = gy"~°q. 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.
%Isospin symmetry implies (p| V}* |p) = (n'| V |n) for q € {u,d, s}.

12
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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 CEvNS 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 CEvNS
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 nucleons’” and energies that guarantee a coherent inter-
action, i.e. ¢> — 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 ggf for ¢ € {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 T ) = | 200 @t ulp) £ gt (@ dytdlp) - for N =p, (2.23)
VN g (n'| dy*d |n) + 2g% (n'|dy*d |n) , for N =n.

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)] Fxe [AMR)) = (k + K'Y F(q*)

CRVOES S CRE70] I

p
= (k+K)'F(¢®) [Zg}, + Ng¥/] |

with the nuclear form factor F(¢?) depending on the momentum transfer ¢> = (k' — k)?

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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and the vector-like nucleon couplings

1 1
g = i 2sin’ Oy , 9 =3 (2.25)
One further defines the weak nuclear charge according to
1 .2
Qw =3 [(1—4sin*6y)Z — NJ . (2.26)

2.1.2 Scattering cross section and channel properties

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

. quqv
g =1\ Guv — 32 —q
g ( i Mz ) g / v
Ak Ak
2 cos Oy ¢ —m? 2 cos Oy (AR Fine [A(R) (2.27)

2
. 9 Guv ,
~ iy ) Tie ) (AG)] Tie [A(K))
Z

iM = ((p)| Jixc v (p))

where we simplified the Z boson propagator under the assumption of ¢ < M %, 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 CEvNS with antineutrinos

iM =i ZEQu P+ K001 = 7*)0 (). (22