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Abstract: As the sensitivity of direct detection experiments improves, they will
soon be subject to a new, irreducible background from the coherent elastic scattering
of solar neutrinos with nuclei. The presence of new physics can modify this scattering
rate, and signals of neutrino scattering may appear in direct detection experiments
sooner than expected. In this thesis, we explore the effects of several simplified models
of new physics on neutrino scattering at direct detection experiments. We introduce
the neutrino contour, a projection of the modified coherent neutrino scattering rate on
a dark matter parameter space. This contour can be used to quickly identify whether
a direct detection experiment could set competitive constraints on a given model, or
conversely, whether the model could produce a large enough neutrino scattering rate
to hinder searches for dark matter at that experiment. We discuss the subtleties that
arise while computing constraints from the results of one experiment, CDMSlite, in
particular the challenges of including electron scattering in the analysis. Finally, we
calculate the sensitivity of several future direct detection experiments to one model,
the U(1) r,-r,- We find that the upcoming LUX-ZEPLIN experiment will be able
to test solutions to two ongoing problems in fundamental physics: the muon g-2

anomaly and the H, tension.
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Chapter 1

Introduction

The development of the Standard Model (SM) is rightly regarded as one of the great
successes of modern particle physics. Over the past four decades, the predictions of
the SM have consistently matched observations in high-energy physics experiments.
However, despite these successes it is widely accepted that the SM provides an
incomplete description of nature?’. A vast quantity of evidence from cosmology
and astrophysics indicates that the entire breadth of particles described in the SM
accounts for only 15% of the total matter content of the Universe [8-10]. The
remaining 85%, termed dark matter (DM), is a fundamental part of the standard
Lambda cold dark matter (ACDM) model of cosmology [11]. DM plays a crucial role
in our understanding of galaxy formation [12], and the presence of a large halo of relic
DM in every galaxy is required to explain current observations [13]. Determining
the nature of DM is one of the most pressing challenges facing particle physicists

and cosmologists today, as it is inevitably linked to new physics beyond the SM.

The mystery of DM has motivated a huge array of novel experimental efforts to
detect it [14-20]. In most cases, the design of these experiments has been tailored to
search for a specific model of DM. However, the extreme sensitivity that is required

to perform searches for the elusive DM may allow these experiments to study other

2Many excellent texts have been written on the subject of the SM (see e.g. Refs [5-7]). In the
remainder of this work we will assume a basic level of understanding of its structure.
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unexplored models of physics beyond the SM. As researchers, it is our responsibility
to ensure that any experimental data that is gathered, often at great cost in both

time and money, is utilised for the greatest possible benefit.

One SM particle which seems particularly well suited to study at DM experiments
is the neutrino. Neutrinos are produced in copious quantities by many astrophysical
phenomena, and their study, like that of DM, is one of the main efforts of astroparticle
physics. The spectra of neutrinos in the universe today are believed to span at least
19 orders of magnitude in energy [21,22], so they have the potential to generate

signals in a wide range of DM experiments.

In this thesis, we will examine the prospects of studying neutrinos in one class
of DM experiment: the direct detection (DD) experiment. As we will see, the
energy window studied at these experiments makes them particularly sensitive to
the interactions of solar neutrinos. While DD experiments are much smaller in scale
than many dedicated neutrino experiments, they can nevertheless provide useful,
complementary information in the search for additional physics beyond the SM which
may affect neutrino scattering. We will focus in particular on simplified models which

introduce new, light mediators, as they are well-suited to study at DD experiments.

In Chapter 2, we will discuss the motivation for and key principles of DM direct
detection. We will introduce a simplified model of a DD experiment, as well as a
few real-world experiments, which will serve as useful examples in the later parts of
the thesis. We will also discuss my contribution to Ref. [1], in which we studied a

generalised DM model in the context of DD experiments.

Chapter 3 takes the form of a brief history of neutrino physics in the 20th Century,
with the aim of introducing concepts that will be of importance in the later chapters.
These include the basic principles of neutrino detection, neutrino production in the
Sun, neutrino oscillations both in vacuum and in matter, and finally a brief discussion

of neutrino mass terms.

In Chapter 4 we will introduce the simplified models of new physics that we aim to



study using DD experiments. As was stated earlier, these have been chosen because
their properties lend themselves to study at DD experiments. We will briefly review
the existing constraints on the models, and the channels through which we expect

them to produce signals in future DD experiments.

In Chapter 5, we will study the signals of new physics that would be produced
in the simplified DD experiments we described in Chapter 2. The first part of
this chapter is based on Ref. [2], in which we projected the effects of simplified
models of new physics in the neutrino sector onto the canonical DM parameter
space that is most commonly studied at DD experiments. This projection can serve
as a useful tool, allowing us to infer the effects of new physics interacting in the
neutrino sector on future searches for DM. We will also argue that it can be used to
translate the reach of a DD experiment in the DM parameter space into an estimate
of its sensitivity to new neutrino physics. In the second part of the chapter, we
will discuss our ongoing efforts to recompute constraints from supernovae on some
of the models from Chapter 4. Earlier works suggested that these were far more
constraining that other limits from particle physics experiments, but they employed

many approximations that warrant further examination.

Chapter 6 will focus on one DD experiment in particular: CDMSlite. Where before
we had made many generalisations in order to obtain results that were applicable to
a wide range of experiments, here we will consider the specific challenges that arise
when computing constraints from neutrino scattering at a DD experiment. This
chapter is based on ongoing work with the SuperCDMS collaboration, and several
of the problems introduced here have not yet been resolved. However, an awareness
of these problems and the accuracy of approximate methods will be important to

the work of the following chapter.

Finally, in Chapter 7 we will study in detail the prospects of using future DD
experiments to study of one of our simplified models: the U(1) r,-L,- This model
is of particular relevance as it can provide solutions to two unresolved mysteries in

fundamental physics, the muon g-2 anomaly, and the H, tension. We will examine
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whether future DD experiments will be able to test possible solutions to these
problems, and compare their prospects with the reach of other upcoming particle

physics experiments. This chapter is based on my contributions to Ref. [3].



Chapter 2

Direct detection of dark matter

The archetypal dark matter direct detection experiment of the past twenty years has
its origins in a cosmic coincidence known as the WIMP miracle. As particle physicists
sought to understand the nature of dark matter, they looked to cosmology to provide

clues about its properties. The natural place to look was the early universe.

Almost all the matter present in the universe today was generated shortly after
the Big Bang, through a series of processes which depended heavily on the various
interactions between particles. At the end of the inflationary epoch the universe
underwent reheating, as the potential energy of the inflaton was converted into the
particle species we observe today. In these early moments, SM particles existed in
thermal equilibrium with each other, their relative abundances determined by their
masses, their scattering cross sections, and the Hubble expansion rate, H. As the
universe expanded and cooled, the heavier of these particles began to drop out of
thermal equilibrium, with particles and antiparticles annihilating into photons, or else
decaying into lighter species. After the vast majority of antimatter had annihilated,
however, a small but significant quantity of matter remained. This was due to
an asymmetry in the abundances of matter and antimatter in the early universe,
generated through a process known as baryogenesis, whose exact mechanism is still

not known [23].

At some point during this period dark matter must have been generated, its relic
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density settling near the value we measure today. The crucial question is therefore:
can the requirement that dark matter is produced in the correct quantities in the

early universe tell us anything about its fundamental properties?

Today, the landscape of potential dark matter candidates is vast, and many mechan-
isms for dark matter production have been suggested. One of the first and simplest
mechanisms to be proposed was freeze-out [24]. Under this scenario, in the earliest
moments after reheating, DM existed in thermal equilibrium with the surrounding
medium. Its abundance, like those of the SM particles, evolved in a manner described

by a Boltzmann equation [25],

dn 9 9
s +3Hn = —(ov) (n - neq) : (2.0.1)

with n the DM number density, n,., the equilibrium density and (ov) the thermally
averaged annihilation cross section, assuming equal cross sections for annihilation
and production [24]. Eventually, as the medium cooled, the DM decoupled at a
time determined by it mass and scattering cross sections. As the DM candidate is
assumed to be stable, the resulting yield" should give the same relic density measured

today.

The WIMP miracle was the realisation that a weak-scale particle, i.e. one with both
mass and coupling around the electroweak scale, could be generated through freeze-
out with approximately the correct relic density to account for dark matter today.
With a mass of more than a GeV, the particle, generically dubbed a weakly interacting
massive particle or WIMP, would be an example of cold dark matter, and is therefore
compatible with the ACDM model of cosmology [26]. Even more excitingly, a WIMP
dark matter candidate was compatible with models of supersymmetry (SUSY) which
seemed very well motivated in the 1990s and 2000s, where it was often identified

with the lightest neutralino state [27].

Various arguments were used to place early bounds on the parameter space within

'The yield is the ratio of the number density and entropy density, Y = n/s. Is it useful as a
measure of number density that does not change as the universe expands.



which a WIMP could lie. The so-called Lee-Weinberg limit places a lower bound
on the mass of such a particle, m, 2 1.3 GeV, (see e.g. [28]) while unitarity con-
siderations place an upper bound of m, < 340 TeV [29]. Solving Equation (2.0.1)
to obtain the observed DM abundance yields a velocity-averaged annihilation cross
section during freeze-out of (ov) ~ 2.5 x 107°° ¢cm®/s for WIMPs within this mass
range, close to the weak interaction strength at the electroweak scale. These bounds
and expected values define a parameter space in which we expect a WIMP to exist,
although all can be circumvented or are dependent on our choice of models of particle

physics and cosmology [30,31].

Although the WIMP cross section during freeze-out can be inferred from the meas-
ured yield, albeit with significant model dependencies, the process of translating this
to a predicted signal in terrestrial particle physics experiments is non-trivial. Under
certain well developed theories, such as the Minimal and Next-to-Minimal Super-
symmetric Standard Models (MSSM and NMSSM), preferred values of the WIMP
mass and couplings were derived, with those simplest SUSY scenarios favouring
WIMP-nucleon scattering cross sections between 10™*" and 10™** cm? [32]. However,
as with the above values from cosmology, these predictions are highly sensitive to

the choice of theory [33,34].

Ultimately, if DM is assumed to be particle-like in nature, we are unlikely to
determine its exact properties without detecting its signatures in particle phys-
ics experiments. While collider physicists considered the possibility of producing
SUSY particles at the (then upcoming) LHC, others focused on detecting the
dark matter particles that should already exist in our galaxy. A combination of
observations and simulation indicate that the local DM density is approximately
po ~ 0.4 GeV em ™ [35]. Assuming an approximately homogeneous local DM distri-

bution there would be at least one 100 GeV WIMP per litre of space on Earth.

DD experiments aim to detect the signals of particles in the DM halo scattering
with atomic matter on Earth. For more than two decades, ever larger and more

sensitive DD experiments have been developed to explore greater regions of the



8 Chapter 2. Direct detection of dark matter

canonical WIMP parameter space, with no signal of dark matter ever being confirmed
in multiple experiments. In the remainder of this work, we will discuss the new
challenges that face experimental efforts to probe yet smaller WIMP couplings,
the novel methods that are being applied to face these challenges, and ultimately,
how these incredibly sensitive machines can be used to place constraints on other
areas of new physics, most notably in the neutrino sector. First, though, we will
review the simplified, canonical WIMP model, and the characteristic signal that DD

experiments hope to observe.

2.1 WIMP signals in direct detection

experiments

The landscape of DD experiments is almost as diverse as the array of DM candidates
they search for. Since their inception, these experiments have utilised a wide array of
technologies and identifiers to try to distinguish a potential DM signal from the many
competing backgrounds. A few of these we will discuss further when we introduce
some of the past and future DD experiments in Section 2.2. However, just as we will
use a simplified model for our canonical WIMP candidate, we will also consider a
simplified, idealised DD experiment. This will hopefully be useful as a pedagogical
tool, and it can also be helpful when making predictions about potential future

experiments, whose exact detector properties are not yet fixed.

The simplified DD experiment searches for signals of WIMPs scattering with atomic
nuclei. These it detects from the recoils of nuclei within the detector mass, and
it bins the detected events based on their energy. Naturally, other particles may
also scatter within the detector, forming a background to the search. It is crucial
that these backgrounds are minimised and that those that remain are well under-
stood, so that an analysis can subtract them from the spectrum and determine

whether any additional signal events have been detected. For the moment we will
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ignore backgrounds, as they are specific to individual DD experiments, and focus
on predicting the WIMP signal. WIMPs may also scatter with atomic electrons
within the detector, however these events are usually more difficult to distinguish
from backgrounds, for reasons we will discuss more in Section 2.2. In our simplified

experiment we will ignore electron scattering events.

The expected differential rate, often expressed in units of kg™ day * keV !, from
the non-relativistic elastic scattering of a DM particle, x, with mass m, off a target

nucleus with mass m4 in our experiment is

dR Po

dO'XA
dEy

(2.1.1)

where pg is the local DM density and f(¢) is the DM velocity distribution, which we
will discuss in more detail shortly. €(ER) is the energy dependent efficiency, and for
most DD experiments is approximately flat within the main sensitivity range. In our
simplified experiment we replace it with a Heaviside function ©(Er — Er), where
E7 is the threshold energy below which the experiment cannot detect the recoil. A
Gaussian smearing function is usually employed to simulate the energy resolution
of the detector, but in our simplified DD experiment we will assume perfect energy

determination, so Gauss(Eg, Eg) = 6(ER — ER).

The particle physics of DM-nucleus scattering is encoded in the differential cross
section, do, 4/dEg. More general cross sections will be considered in Section 2.3, but
for now we will use the simplest, canonical WIMP model. In this model, the DM
couples to nucleons through a spin-independent (SI) operator, with equal couplings
to protons and neutrons. In order to make comparisons between detectors employing
different target nuclei, the differential WIMP-nucleus cross section can be related to

the ST WIMP-nucleon cross section, USVI), by [36,37]

do, 4 mAa(é;\P 9
dEXR = 2M2]:U2 |]:SI(ER>’ ) (2-1-2)
X

where f1, v is the WIMP-nucleon reduced mass, and Fsz(£x) describes the nuclear

response. If the momentum transferred in the scattering event is not much larger
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than the radius of the target nucleus (a few keV for most nuclei [38]) the WIMP will
scatter coherently, without probing the inner structure of the nucleus. For larger
momentum transfers than this, Fg;(ER) replicates the resulting decrease in the cross
section due to the gradual loss of coherence. In our SI scattering model, the nuclear

response function can be decomposed into
|\ Fsr(ER)[* = A% |Fsr(ER)[*, (2.1.3)

with A the number of nucleons in the target nucleus. Fg;(ER) is the nuclear form
factor, and encodes the complex, target-specific effects of scattering within the many-
body system of the nucleus at finite momentum transfer. It is normalised so that

Fs;(0) = 1, and at higher momentum transfer we approximate it using a Helm form

factor [39].

The expected number of events found in each energy bin, k, is then calculated by

integrating the differential scattering rate,
By dR
N, = / dE 24 2.1.4
k=€ B, R dEp, ( )

where the exposure, ¢ = M"¢, is the product of the fiducial detector mass and
run-time of the experiment. Only three parameters are therefore required to specify
a given DD experiment under our model: the exposure, €; the energy threshold, Er;
and the target isotope, while the WIMP parameter space we are exploring is reduced

to just two parameters: the mass, m,, and SI WIMP-nucleon cross section, U;EJIV.

X
Lighter WIMPs will transfer less momentum during a collision, and so m, can be
reconstructed from the spectral shape observed in a detector [40]. This also means
that the energy threshold of a DD experiment will limit the minimum WIMP mass

to which it will be sensitive. Examples of some spectra predicted for WIMPs of

different masses are shown in Figure 2.1.

The final piece of information needed to calculate the expected signal in our experi-
ment is the WIMP velocity distribution. In order to calculate the scattering rate at

a given recoil energy, we integrate over this distribution, with a lower limit on the
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integral given by the smallest DM velocity that can lead to a recoil of energy FEfp,

Umin = \/mABR/(2424) (2.1.5)

with f1, 4 the DM-nucleus reduced mass. Although we will ultimately be using a
highly simplified model for the WIMP velocity distribution in most of this work, I
will give a brief overview of the many uncertainties and complexities associated with

this key ingredient of all DD analyses.

2.1.1 The WIMP velocity distribution

Determining the density and velocity distribution of particles in the DM halo is
extremely challenging. Galaxy rotation curves are most useful in the outer regions
of the halo, where dark matter outweighs luminous matter by several orders of
magnitude. Even assuming a roughly homogeneous local distribution’, estimates for
the local DM density can vary between 0.2 — 0.5 GeV em ™ [35,41]. However, this
uncertainty is not too much of an obstacle to our current searches, as any future
revision to the accepted value would simply shift all previous constraints on the
cross section by a scale factor. Unless stated otherwise, in this work we will take
po = 0.4 GeV ¢m ™, in line with most modern DD analyses. We should, however,
be careful when taking constraints from earlier works, where they may have used a

value for the density that is now outdated.

The significant uncertainties associated with the velocity distribution are more chal-
lenging to deal with. A revised estimate of the average velocity would result in a
change in the shape of the energy spectrum. This would lead to different effects on
the constraints obtained from different experiments, as they are sensitive to different
ranges of recoil energies. One property we do expect the DM velocity distribution to

have is that there should be no WIMPs with speeds higher than the Galactic escape

'1f the DM halo exhibited significant substructure on length scales similar to the size of the solar
system, or smaller, the Earth could conceivably be in a region with very little DM present. However,
standard WIMPs are not expected to behave this way, so we will not consider this possibility here.
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velocity, in the Galactic rest frame. This places an upper limit on the recoil energies

we are likely to observe of a few hundred keV.

The simplest commonly used model for the velocity distribution is the standard
halo model, or SHM. In this model, the velocities of dark matter particles follow a
spherically symmetrical Maxwell-Boltzmann distribution around the centre of the
Galaxy, with the average velocity determined by the Jeans equation, and a cutoff at
the Galactic escape velocity. This has a few problems [42]. Firstly, simulations of
Galactic halo formation don’t typically lead to perfectly Gaussian velocity distribu-
tions. Secondly, we cannot be certain that the velocity distribution will be spherically
symmetric. Proposals have long existed for a “dark disk”, a sub-population of dark
matter that co-rotates with the Galactic disk [43], and as we learn more about
Galactic dynamics it seems more and more likely that additional sub-components
exist. Data from the Gaia space telescope has revealed a population of stars moving
with a velocity distribution separate to the bulk of the Milky Way [44]. This com-
ponent has been dubbed the Gaia Sausage, due to its shape in velocity space, and
believed to be the result of a collision between the Milky Way and a dwarf galaxy
(sometimes called Gaia-Enceladus-Sausage) around 10 billion years ago. The DM
that was once present in that dwarf galaxy is expected to follow a similar velocity
distribution, leading to an additional “sausage component” to the DM velocity dis-
tribution. The exact size of this component in local space is unknown, leading to a

further uncertainty [45].

In spite of these shortcomings, the SHM is still widely used in DD analyses. It has
been shown that while hydrodynamic simulations can produce velocity distributions
that differ from the SHM, the resulting event rates expected at DD experiments do
not differ greatly [46]. The SHM therefore remains a useful tool for producing results
that are comparable to as many previous results as possible. For the remainder of
this work, we will take our velocity distribution from the SHM, in other words, a
Maxwellian distribution with a cutoff at the Galactic escape velocity. After being

shifted to the lab reference frame, the resulting velocity distribution at a time ¢
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is [47,48]

3 )3/2 (3]UT+17E(t)]2
exp | —

2 2
27TUrms 2Urms

)@wesc—wTwE(t)D, (21.6)
with v the WIMP velocity in the lab frame, 5 the Earth’s velocity in the Galactic
rest frame, and u,,. ~ 544 km s~ the Galactic escape velocity. N is a factor to ensure
the correct normalisation, so the integral over the whole velocity distribution is 1.

The root-mean-square velocity in the SHM is v,.,,, = 1/3/2vy, with vy &~ 220 km st

the local Galactic rotation velocity.

The velocity of Earth in the Galactic frame, U, varies with a period of 1 year as the
Earth revolves around the Sun. This should lead to an annual modulation in the
scattering rate of dark matter on Earth. Several DD experiments preserve timing in-
formation for the scattering events they record, hoping to use this annual modulation
signal to distinguish a dark matter signal from backgrounds. One of the most prom-
inent of these experiments is DAMA /LIBRA, a sodium-iodide based detector that
for the past 20 years has been reporting an annually modulating signal whose phase
is consistent with a DM origin [49]. The result is puzzling, as the region of WIMP
parameter space that could produce such a signal has long been excluded by other
DD experiments, and no known model of DM can consistently explain the apparently
contradictory results. Two new Nal based detectors, COSINE-100 and ANAIS, are
currently operating with very similar experimental conditions to DAMA /LIBRA.
Recent results from ANAIS are in strong tension with the DAMA/LIBRA result,

further disfavouring a DM explanation for the signal [50].

While annual modulation data may one day play an important role in confirming
the source of a measured DM signal, most simple DM analyses do not use timing
data, and so are insensitive to the time dependence of vz. We therefore replace
it in Equation (2.1.6) with its time-averaged value, which is equal to the velocity
of the Sun: (vg) = v,. This is not exactly the same as vy, as the Sun has some
peculiar motion relative to the rotation of the Galaxy. Including this effect we find

vy =232 km s~
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The direction of @, is not important for our simplified DD experiment, as like
most current detectors it does not gather directional data and we assume that its
sensitivity is independent of the recoil direction. However, directional information
has been considered as another way of distinguishing a potential DM signal from
backgrounds. The direction of U, points roughly in the direction of the constellation
Cygnus, so it is from this direction that the WIMPs with the highest velocity are
expected to appear, under the assumption of the SHM. Experiments such as DRIFT
have never placed the most stringent limits on DM models, but they been responsible
for important advances in directional detection technology. Many of these efforts
have now joined together under the CYGNUS collaboration [51], with the aim of
using directional detection technology to explore regions of the DM parameter space

where conventional DD experiments would be limited by backgrounds.

2.2 Past and future direct detection experiments

The simplified models we have constructed both for the properties of DM and the
structure of a DD experiment will both be useful when performing general compar-
isons with the overall landscape of DD constraints, particularly in Chapter 5. For
analyses of individual experiments, however, we can greatly improve the accuracy of
our results by considering additional detector-specific properties, including efficiency
curves, detector resolution, and backgrounds. In this section, I will review some of
the recent and upcoming DD experiments that are most relevant to the work of this
thesis, but first I will give an overview of how backgrounds are typically handled in

DD experiments.

Current constraints on the WIMP parameter space show that, if they exist, WIMPs
must have very small couplings to atomic matter, much smaller than those of most
SM particles. As a result, backgrounds from SM scattering processes must be tightly
controlled to avoid overwhelming any potential DM signature. DD experiments are

typically housed in deep underground laboratories with a large rock overburden to
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Figure 2.1: Examples of differential scattering rates (top) and
binned energy spectra (bottom) produced in our sim-
plified DD experiment by a canonical WIMP scatter-
ing with germanium nuclei through a spin-independent
coupling, under the simplifying assumptions discussed
in this section.

Left: Spectrum for a WIMP with mass m, = 6 GeV.
Right: Spectrum for a WIMP with mass m, = 100 GeV.
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provide shielding from high-energy cosmic rays. These labs are usually located in
regions with low background radiation, and the experiments themselves are gener-
ally surrounded by multiple layers of radiation-shielding material. Many modern
detectors are constructed in advanced cleanrooms with filtration systems to reduce
the level of radon gas in the air [52] and ensure the radiopurity of detector compon-
ents. In spite of these measures, significant numbers of background scattering events
are typically expected to occur within any DM detector. Statistical methods are
employed to further reduce the level of background in a DD analysis: cuts are made
within the parameter space of scattering events to remove regions where more back-
ground events occur. To make these cuts, additional information must be gathered
about each scattering event. This often includes spatial information, with events
close to the surface of the detector volume typically being rejected, as this is where

a majority of backgrounds from less-penetrating radiation occur.

The majority of the remaining background events are typically due to particles
scattering with atomic electrons. Since we expect to see more signal events from
WIMPs scattering with nuclei, we can greatly reduce the background by discriminat-
ing between electron- and nuclear-scattering events. To do this, many experiments
employ a two-channel detection system. Recoils within the detector are measured via
two complementary signals, for example scintillation and ionisation [53,54], ionisa~
tion and phonon excitation [55], or scintillation and phonon excitiation [56]. Electron
and nuclear scattering events will have different profiles when viewed through both
detection channels, allowing some amount of discrimination and rejection of electron

scattering events.

e SuperCDMS and CDMSlite

The SuperCDMS collaboration has a long history of setting competitive bounds
on WIMP-nucleus interactions using semiconductor detectors operating at
millikelvin temperatures. Employing a combination of germanium and silicon

semiconductor crystals, the previous iteration of the experiment, SuperCDMS
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Soudan, set the most stringent limits on WIMP scattering with germanium
nuclei for masses > 12 GeV with a 1690 kg day exposure [57]. In its standard,
high-threshold mode, the experiment utilised both phonon and charge detectors
to provide the two signals required for excellent rejection of electron scattering

events.

Some of the SuperCDMS Soudan detectors were also operated in a low threshold
mode called CDMSlite, in which a high voltage was applied to allow detec-
tion of sub-keV recoils, at the expense of any ability to distinguish nuclear
from electron recoils. Although the total fiducial exposure of CDMSlite was
< 80 kg days, the lower threshold allowed it to set constraints on WIMPs with
masses as low as ~ 1.5 GeV. However, with no target discrimination there were
larger backgrounds than in the high-threshold analysis [58], further limiting

the sensitivity to DM candidates with very small couplings to atomic matter.

The next iteration of the SuperCDMS experiment will be SuperCDMS SNO-
LAB [55]. Located in an even deeper underground lab, with a larger exposure,
lower backgrounds and thresholds, and dedicated detectors designed to operate
in the high voltage mode used for CDMSlite, its projected sensitivity covers
large portions of as-yet unprobed parameter space. We will later use Super-
CDMS SNOLAB as the benchmark for the next generation (G2) of germanium

detectors.

¢ XenonlT and LZ

One of the most prevalent technologies in DD is the liquid Xenon (LXe) time
projection chamber (TPC). The dual signals required for target discrimina-
tion are provided by a prompt burst of photons from LXe scintillation, and
ionisation electrons which induce a secondary, delayed scintillation signal after
drifting to the top of the detector due to an applied voltage. The position of
the initial scattering event can be determined by the location at which the

secondary signal is detected and the time delay between the two signals. This
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allows fiducialisation of the detector volume.

LXe TPCs are well suited to being scaled up, as with large volumes the detector
mass is self-shielding: the outer regions of dense LXe shield the inner fiducial
volume from backgrounds. The largest such detector to release results to-
date is Xenonl1T, the first DD experiment to achieve a fiducial exposure of 1
ton yr [59]. In addition to its standard nuclear scattering analysis, XenonlT
recently released an analysis of its electron scattering events, showing an
apparent excess in low-energy events [60]. We will discuss this result further

in Chapter 7.

The next major iteration of the LXe TPC detector will be LZ. Currently
installed at the Sanford Underground Research Facility (SURF), LZ is expected
to achieve an exposure of 15 ton yr over its initial 1000 live-day exposure [61].

We will use this as our benchmark for a G2 xenon TPC detector.

DARWIN

The DARWIN experiment has been proposed as a successor to G2 LXe exper-
iments [62]. Considered a next-to-next generation (G3) experiment, DARWIN
would utilise a 200 ton year exposure to provide a 10-fold improvement in
sensitivity over previous LXe TPCs. Although the project is still in the early
planning stages, we will use it as a guide to the possible future of large liquid

xenon detectors in the latter part of this decade.

DarkSide-20k

The DarkSide collaboration aims to detect DM interactions within a liquid
argon (LAr) TPC. The scale of LXe experiments will soon be limited by the
annual global production of xenon, but as argon is vastly more abundant, an
LAr TPC could make the dream of a kiloton-scale DD experiment a reality [63].
The detection method is similar to that of the LXe experiments, with the two
signals required for electron recoil rejection provided by prompt scintillation

and delayed ionisation emissions. LAr allows for superior discrimination of
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nuclear vs electron recoils compared with LXe, and the upcoming DarkSide-
20k detector aims to achieve extremely low rates of background. However, this
level of background rejection can only be achieved at recoil energies 2 30 keV,

so the the detector will have a relatively high energy threshold.

DarkSide-20k aims to achieve a fiducial mass of 20 tons [64]. As the detector
is not yet installed and running, we will consider DarkSide-20k as a G3 argon-

based dark matter detector.

2.3 An effective theory for dark matter

interactions

The simplified ST model of WIMP-nucleus scattering is the most commonly used in
DD analyses. Sometimes a second, spin-dependent (SD) component is considered [65].
However, the general effective Lagrangian describing DM interactions with nuclei in
the non-relativistic limit can be much more diverse [66], featuring up to 18 different
operators, some of which display a non-trivial dependence on the DM velocity and
momentum exchange [66-68]. The resulting effective field theory (EFT) is then
described in terms of a Lagrangian that contains four-field operators of elastic

scattering between a dark matter particle and a target nucleon,

Lo =YY cOXXTT. (2.3.1)

In this expression, 7 can denote either proton and neutron interactions, or isoscalar
and isovector interactions. In this work we will use the isospin basis, so 7 € {0, 1},
with 2 = cf + ¢} the isoscalar couplings and ch = c — ¢! the isovector couplings. In a
non-relativistic EF'T, the number of effective operators is limited by the requirement
that they must be invariant under Galilean transformations, and so the momentum-
and velocity-dependent terms can only depend on the momentum transfer and the

relative incoming velocities. Still, at least 14 non-relativistic operators can appear in
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tree level when describing a WIMP-nucleus interaction mediated by a particle with
spin < 1 [67]. The total DM-nucleus cross section can be calculated by summing

coherently over the contributions from different operators, giving

dJXT mA 1 r 7 2
= cicy Fi , , 2.3.2
BT R e e

where m, = 264 GeV is the Higgs vacuum expectation value, and ]—"Z-;?T/ (112, q2) are
nuclear response functions whose expressions can be found in, e.g., Refs [67,69].
Non-zero interference terms will occur between certain pairs of EFT operators, and
between the two isospin components within each operator. When proton and neutron
couplings differ, destructive interference can cause a suppression in the cross section

with particular target isotopes.

In the event that a positive DM signature were detected, the spectral shape could
in principle be used to reconstruct the contributions from the various effective
operators [70]. This reconstruction is limited by several factors, including statistics
[71], the various astrophysical uncertainties discussed in Section 2.1.1 [72], and
uncertainties on the nuclear response functions [73]. Additionally, in the up-to-
15 dimensional parameter space we are probing, many degeneracies are likely to
exist between different combinations of operators. It has been shown that multiple
results from different experimental targets will be important for disentangling these
degeneracies and correctly identifying the DM parameters [74-77]. The inclusion of
data from indirect searches and colliders such as the LHC can also provide valuable
complementary information with which the DM properties can be better determined

(see e.g., Refs. [78-86]).

Another challenge that presents itself when exploring a multidimensional parameter
space is the computation time required. To constrain the WIMP parameter space
we construct a binned likelihood function,

a,obs a
)Nk Nk (©)

— Hca(@) — H];[ Nie( (2.3.3)

N]?,obs!
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where the observed number of recoil events, N{*°*, in energy bin k of experiment a
is compared with the prediction of the model for the point in parameter space ©.
Here we have assumed that the spectrum observed in each experiment follows an
independent Poissonian distribution, so the overall likelihood function is given by

the product of the likelihoods for each experiment, £°.

Traditionally, the likelihood evaluator would be connected to a code that computes
the full expected DM spectrum for a given point in parameter space using Equa-
tion (2.1.4). As this computation requires three nested integrals, sampling over many

dimensions can be extremely expensive.

To speed up the process, in Ref. [1] I contributed to the development of RAPIDD,
a surrogate model that allows a fast and accurate determination of the expected

DM spectrum in direct detection experiments, with D. Cerdeno, A. Cheek, and H.
Schulz.

2.4 Surrogate models for direct dark matter

detection

Surrogate models are a tool for approximating the behaviour of a variable, when an
analytical model is either not known or is prohibitively expensive to compute, by
fitting an approximate model to the available data. In our case, we have used the
PROFESSOR tool [87] to parametrise the experimental response of DD experiments
in terms of polynomial functions. The Python code has been released publicly as

RAPIDD (Reconstruction Algorithm of Parameters In Direct Detection) [1].

In order to be useful as a tool for constraining the multidimensional parameter space
in the event of a future DM detection, RAPIDD must be able to precisely and
accurately reproduce the DM energy spectrum for a given point in parameter space,
©, while providing a significant reduction in computing time. To test its effectiveness,

we used MultiNest [88,89], a Bayesian inference tool, to reconstruct DM parameters
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from a (simulated) DM signature detected in multiple DD experiments. We compared
the results obtained when using RAPIDD with those utilising the full physics code

to provide Ni(©®) for the likelihood calculation.

Surrogate models have previously been utilised to bypass computationally expensive
calculations in other areas of high-energy physics. Similar approaches to ours have
been successfully applied in collider physics to optimise choices of parameters for
Monte-Carlo event generators [90], and to constrain effective operators in searches

for BSM physics [91,92].

Surrogate models can take almost any form, however in general they should be able
to be evaluated quickly while accurately reproducing the form of the model they are
replacing. In our case, we chose to use polynomials, as they are quick to evaluate and
relatively cheap to train. Initially we believed that they would provide a good fit to
the binned DM event rate, as we expected the rate to vary smoothly as a function of
the DM parameters. However, we found that in a few scenarios this assumption was
false, and the initial polynomial fits struggled to replicate certain behaviours of the
DM scattering rate, namely negative interference effects between different operators

and effects from the escape velocity cut-off in the velocity distribution.

My own contribution to the work focused mainly on testing the goodness-of-fit
around these regions. I will discuss this in more detail shortly, but first I will give a

more detailed description of the procedure used by RAPIDD.

RAPIDD aims to produce a combination of polynomials in the DM parameters,
P (©), that reproduces the number of signal events found in each energy bin of a
given experiment, N;(©). Before attempting a fit, we must decide on an appropriate
order O for our polynomials. The optimal choice of O depends on the particular
physics model, as we found that some models of DM interaction required higher
order polynomials than others to achieve the same level of precision. Once the order
has been fixed, we determine the N,..gs coefficients, dy;, such that

N,

coeffs

N{@®)=~Pp@®)= Y di,6,=d} -0, (2.4.1)
=1
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where O, are all the suitable combinations of the parameters, ©, up to order
0. For example, for a second order polynomial in a 2D parameter space @ =
(my, ¢1) = (x,y), these would take on the form di = (o, B, By Ve Vay» Vyy)» and
O =(1, 2y, 2° zy, v°)..

To determine the coefficients, we must compute a sample of at least N, .g energy
spectra using our full physics code. The coefficients for the polynomial representing

bin k of experiment a can then be determined by solving the matrix equation
N = Mg - d, (2.4.2)

where N, x is a vector of computed event numbers, and the rows of matrix Mg are the
corresponding values of @ for each sampled point. PROFESSOR solves this equation
by using singular value decomposition to determine the pseudo-inverse of the matrix
Mg.

The minimum number of sample points, N,..gs, for a polynomial of given order and
dimension is given in Ref. [87]. We found it useful to oversample by at least a factor

of two, to provide validation of the parametrisation.

Computing these sample points using the full physics code was often the most time-
consuming part of our calculation. However, the number of spectra required to
train the polynomials is vastly smaller than the number required by MultiNest to
constrain a parameter space to a reasonable degree of precision. After the initial
training phase we interface RAPIDD with MultiNest, choosing a number of livepoints
and a tolerance to determine the precision of our fits. A comparison of the runtime
required when interfacing MultiNest with RAPIDD, and with the full physics
code, is shown in Figure 2.2. In this example case, with only a small number of
parameters, we observe a consistent speed improvement of approximately two orders
of magnitude.

My main contribution to the project was in testing the goodness-of-fit of the surrogate
models. To do this, we generated spectra using the full physics code and compared

with the corresponding predictions from RAPIDD. We identified a few behaviours
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Figure 2.2: Execution time of the surrogate model RAPIDD (red
lines) and full physics code (grey lines) as a function of
the number livepoints used in MultiNest runs. The solid
(dashed) lines correspond to the case with (without)
astrophysical uncertainties. Taken from Ref. [1].

that our surrogate model struggled to reproduce, and adjusted our methods to ensure

a high level of precision across the whole parameter space.

« Cancellations between effective operators

Interference terms exist between several combinations of operators in our ef-
fective theory. These interference terms can in principle be negative, leading
to cancellations between operators for specific combinations of couplings, c¢;.
Initially, our plan was to produce a single polynomial for each energy bin,
with terms for every combination of couplings up to order O. However, we
found that this method produced a poor fit in regions of the parameter space
where cancellations occurred. From Equation (2.3.2) we know that the overall
cross section can be constructed as the coherent sum of the contributions from
different operators. Since individual components of the cross section are ex-
pected to vary more smoothly, we can better capture the subtleties of operator
cancellation by producing a separate polynomial for the contribution of each

effective operator (and for each non-zero interference term) and summing over
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them, so

N©) =S Y PrTT (@), (2.4.3)

ij T,T/=0,1

This formulation also reduces the training time required, as it requires a smaller
set of sample points, and solving Equation (2.4.2) for multiple smaller matrices

is much faster than inverting a single, much larger matrix.

¢ Low-mass DM

The DM energy spectrum in general varies smoothly with the mass of the
DM candidate. However, in our formulation of the velocity distribution in
Equation (2.1.6) we included a Heaviside function at the Galactic escape
velocity, u.... For a particle with velocity v in the lab reference frame, there
will be a maximum to the energy which can be transferred during a scattering

event,

2
B = oty (2.4.4)
ma

For a given mass, there will therefore be a maximum to the recoil energy
that can be induced in a DD experiment. For sufficiently high-mass WIMPs,
this maximum will be beyond the sensitivity range of DD experiments. For
lighter WIMPs, however, there will exist some bins that are energetically
inaccessible, and will thus have a count rate of zero. We found that our
polynomials struggled to capture the behaviour of the event rate within in
bins as m, crossed this threshold, leading to a poor reconstruction for low DM
masses. To improve the fit, we explicitly incorporated a Heaviside function
in our surrogate model to satisfy the condition in Equation (2.4.4). The
improvement can be seen in Figure 2.3, where we plot the root-mean-squared
(RMS) deviation across all bins between spectra generated using RAPIDD,
and those simulated with the full physics code, before and after factoring out

the Heaviside function.
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Figure 2.3: RMS deviation, across all energy bins, of the spectra
generated by RAPIDD from those generated using the
full physics code. Top: In which we naively attempt
to fit the event rate in each bin with a single O(3)
polynomial. For m, < 10 GeV, no events are expected
in any of the energy bins of this experiment. Bottom: In
which we have explicitly included the Heaviside function
in the DM mass as a factor in our polynomial, easing
the tension in the fit around m, ~ 10 — 30 GeV. An
artefact is still visible around m, ~ 100 GeV, which can
be eased by using a higher-order polynomial.
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e Order of the polynomials

In the lower plot of Figure 2.3, an artefact is visible around m, = 100 GeV.
This type of precision loss is a common sign that the polynomial being used
is not of a high enough order to correctly capture the behaviour of Ny (®).
Since higher order polynomials take longer to train and evaluate, we wish to
use the lowest order that provides the desired level of precision across the
whole parameter space. In all our example cases in Ref. [1] we were able to
reproduce the DM energy spectrum with agreement within 1%. In most cases
this required O(4) polynomials, though in one of our examples a fifth-order

polynomial was required.

We also found that our models lost precision near the boundaries of the para-
meter space on which they were trained. This was likely due to random nature
of our sampling of the space, where the very edges our nominal interpolation
regions could in fact require our models to extrapolate beyond their training
data. The issue is trivially solved by ensuring that the region sampled for train-
ing data is larger than the region in which the surrogate model is subsequently

used.

With these changes implemented, we found that RAPIDD was able to provide an
good fit to the DM scattering rate for all the models that were tested, with deviations
of less than 1% provided the correct order of polynomials was selected. We also
demonstrated that RAPIDD could indeed be interfaced with MultiNest to accurately
reconstruct the DM parameters from a given set of experimental signatures, and
even showed that the parameter space could be expanded to incorporate generalised

models for the DM halo.

Further discussion of RAPIDD and non-relativistic EFTs in the context of simplified
models of DM scattering can be found in Ref. [1]. However, we have now discussed
my main areas of contribution to the project, and as these additional examples and

validation procedures are not relevant to the rest of this thesis, we will not discuss
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them here. Instead, we will now turn our attention away from DM itself, and begin
to consider other potential areas of new physics that may soon be accessible to
DD experiments. The first step towards this task will be to properly introduce the

particle that will be central to the rest of this work: the neutrino.



Chapter 3

A brief history of neutrino physics

The history of the study of neutrinos is one of the great successes of modern particle
physics. Neutrinos are by their very nature difficult to observe, and any experiment
hoping to study them must overcome many challenges similar to those discussed in
Chapter 2. Despite this, over the past 90 years we have taken the neutrino from its
initial place as a near-complete mystery, to a well defined ingredient of the Standard
Model, and then to one of our clearest signs of the need for physics beyond the
Standard Model. In this chapter, we will briefly review the history of neutrino
physics, beginning with early efforts to detect them experimentally. Refs. [93,94]
were extremely useful when researching this topic. We will end with a discussion of
one of the most interesting phenomena associate with neutrinos: their oscillations,

and the resulting requirement that neutrinos have mass.

This review cannot claim to limit itself to Standard Model physics, since the observed
properties of neutrinos require the inclusion of some physics beyond the SM. However,
where possible we will be focusing on only the most minimal extensions required to
account for current observations. In Chapter 4 we will introduce the specific models

of new physics that will be important for the remainder of this thesis.
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Figure 3.1: Left: Feynman diagram for the beta decay of a neutron
in Fermi’s theory, producing a proton, electron, and
antineutrino. Right: Equivalent Feynman diagram for
inverse beta decay, where a proton and antineutrino
scatter to produce a neutron and a positron.

3.1 Detecting neutrinos

The existence of neutrinos was first postulated by Pauli in 1930, to explain the con-
tinuous energy distribution of electrons emitted via beta decay [95]. Pauli suggested
that the “wrong” statistics observed in beta decay spectra could be explained by the
existence of a new, light particle with zero charge, which would be emitted along with
the electron and carry a portion of the momentum away undetected. The particle,
which we now know as the (anti)neutrino, formed an integral part of Fermi’s theory
of beta decay, but it was initially believed that the particle would be impossible to
directly detect. Fermi’s theory suggested one channel for detection: if neutrinos were
emitted through beta decay, they could interact with protons to induce inverse beta
decay, as shown in Figure 3.1. At first it was thought that the tiny cross section of
the process (o < 107*") was too small to be measured experimentally [96], but in
1946, Pontecorvo calculated that a ton-scale detector placed within a few metres of

a typical nuclear reactor should produce a few scattering events per day [97].

In 1956, Cowan and Reines put Pontecorvo’s idea into practice. Utilising a target
mass of 200 kg of water, they aimed to detect the signal of inverse beta decay
induced by neutrinos from the Savannah River Plant nuclear reactor [98]. To obtain

a distinctive signal that could be distinguished from backgrounds, the experiment



3.1. Detecting neutrinos 31

was designed to detect both the positron and neutron produced during the scattering.
This was possible in the case of neutrinos scattering with hydrogen nuclei within the
water molecules. After scattering, the emitted positron would quickly annihilate with
an atomic electron, producing two gamma photons. The neutron, having no other
nucleons to bind to, would travel through the detector volume as a free neutron. The
water was doped with cadmium, an efficient absorber of free neutrons which releases
a characteristic de-excitation gamma photon shortly after a neutron is captured. The
three photons, two emitted promptly and one with a small delay, were detected by
the “detector tanks” filled with liquid scintillator which surrounded the water tanks,

with the resulting photon burst measured using photomultiplier tubes (PMTs).

The experiment achieved its aim and produced the first confirmed detection of neut-
rino scattering [99]. Aside from the obvious significance of a first detection, the
experiment confirmed several hypotheses regarding the nature of neutrinos. Firstly,
the inferred scattering cross section was in good agreement with that predicted by
Fermi theory. Secondly, the observed reaction, along with previous negative results
in searches for what we would now call lepton-number-violating (LNV) processes,
confirmed that the particles being emitted during nuclear fission were in fact anti-
neutrinos, and that they were in some way distinct from their antiparticles, neutrinos.
The design of the Cowan-Reines experiment also remains relevant as it informed the

designs of many subsequent neutrino detectors.

The next major leap in understanding came with the discovery of neutrino flavour.
By the late 1950s, it was understood that neutrinos were also being emitted during
the decay of pions to muons,

=+ 7, (3.1.1)

Searches for the hypothetical decay u~ — e~ had already provided some indication
that the neutrinos associated with electronic and muonic processes were distinct [100),
101]. To test this hypothesis, a new experiment was constructed at the Brookhaven
National Laboratory which featured the world’s first accelerated neutrino beam [102].

The neutrinos would be produced by pions decaying according to Equation (3.1.1).
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If approximately equal numbers of muons and electrons were produced within the
detector, this would indicate that a single type of neutrino was involved in both pion
decay and inverse beta decay. In fact, significantly more muon events were observed,
giving definitive evidence that different flavours of neutrino were associated with the

two types of process: v, and v,,.

We will not spend time discussing the particular methods of detecting and distin-
guishing high-energy muons from electrons here. However, the method by which
the neutrino beam was generated is still being used today, so we will briefly review
it [103]. The first step towards producing a muon neutrino beam is to accelerate
protons to high energy, usually £ 2 10 GeV. At Brookhaven, this was achieved us-
ing the then 15 GeV Brookhaven Alternating Gradient Synchrotron (AGS) particle
accelerator [102]. These protons are collided with a solid target, usually beryllium or
graphite, to produce pions. The charged pions can be focused using magnetic fields,
before decaying through various channels including the one in Equation (3.1.1). A
thick shield of steel, concrete, or aluminium absorbs all the other decay products,
leaving only the beam of high-energy neutrinos to propagate to the detector beyond.

While most of the beam will consist of v, or 7,, some of the muons produced will

wr
decay to generate a small population of electron neutrinos and antineutrinos. The
ability to generate a beam of high-energy neutrinos, mostly in the the v, flavour

eigenstate, is essential to modern neutrino physics.

These early experiments focused on detecting neutrinos from man-made sources:
either nuclear reactors or particle accelerators. A very large flux of neutrinos could
be obtained by placing the detectors quite close to the neutrino source, and the
analyses could benefit from the ability to turn the sources on and off, which aided
greatly in background discrimination. However, by this time it was understood that
large fluxes of neutrinos should also be produced during nuclear fusion processes
in the Sun, and in the late 1960s Davis and Bahcall led the development of the

Homestake neutrino detector to search for them. The experiment would search for
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evidence of neutrino capture by chlorine,
TCl4+ v, — *TAr4 e (3.1.2)

This reaction has a threshold energy of E, = 0.814 MeV [104], but a “superallowed”
transition to the 3"Ar ground state can occur with a neutrino energy of 5.15 MeV,
leading to a large enhancement of the cross section [105]. The detector contained
large quantities of pure *"Cl, with any *"Ar produced being collected and measured.
The experiment would therefore be sensitive to the flux of neutrinos with energies

above the threshold, with greatest sensitivity to neutrinos with F, =~ 5.15 MeV [106].

3.1.1 Neutrinos from the Sun

Most of the Sun’s energy is produced through a fusion process called the proton-
proton (pp) chain. The pp chain consists of a web of nuclear reactions with different
branching ratios that ultimately fuse ionised hydrogen (protons) into helium-4, as
can be seen in Figure 3.2. The 26.7 MeV binding energy of “He is mostly released
in photons, but in five of the processes within the pp chain neutrinos are produced,
carrying away a small fraction of the released energy. We denote the resulting five
populations of neutrinos according to the processes that generate them: pp, pep,

hep, ‘Be, and °B.

Although the pp chain accounts for > 98% of the energy produced in the Sun [107],
there is another process by which stars can fuse hydrogen into helium: the carbon-
nitrogen-oxygen (CNO) cycle. In this process, shown in Figure 3.3, the fusion of
hydrogen into helium is catalysed by the presence of heavier elements: carbon,
nitrogen, and oxygen. A second branch of the CNO cycle, CNO-II, occurs with a
small branching ratio of around 0.04%. In fact additional branches exist: CNO-III
and CNO-IV, but their branching ratios are temperature dependant and they do
not occur at significant rates in the Sun [109]. Neutrinos are produced during three

reactions within the first two CNO cycles: the N, 0, and '"F neutrinos.
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Figure 3.2: The various processes which make up the proton-proton
(pp) chain of fusion in the Sun [107]. Neutrinos are
produced during five of these reactions, leading to five
neutrino flux populations each with their own energy
distribution: pp, pep, hep, 'Be and ®*B neutrinos.
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Figure 3.3: The CNO cycle is another stellar fusion process [108]. In
the Sun it is subdominant compared with the pp-chain,
but in hotter stars it is the main source of energy [107].
In these hotter stars a larger proportion of reactions
follow the CNO-II branch, and some extend to further
branches: CNO-III and CNO-IV, though these do not
occur at a significant rate in the Sun, and so only the
first two branches are shown here.
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The rate of CNO-cycle fusion is highly dependent on temperature, with the rate
of energy production ecno x T, compared with €pp X T * for the pp chain [107].
While the CNO cycle is the dominant source of energy in much larger and hotter
main-sequence stars, in the Sun it is subdominant to the pp chain, and so the flux
of solar “CNO” neutrinos is smaller than that produced in the main branch of the

pp chain.

The exact rate of solar CNO reactions is unknown, as it depends on the abundance
of catalyst elements: carbon, nitrogen, and oxygen, in the Sun. These quantities
are currently unknown, with a longstanding disagreement between values that agree
with helioseismology [110] and those found using modern hydrodynamical modelling
of the Sun’s photosphere [111]. In astrophysics, any element heavier than helium is
generically referred to as a metal, so the discrepancy is known as the solar metallicity
problem [112-114]. A precise measurement of the CNO neutrino fluxes would indicate
the rate of these reactions, and help to solve the solar metallicity problem. However,
for reasons we will discuss more in Chapter 7, such a measurement has proven

challenging.

The flux spectra of the various solar neutrino populations are shown in Figure 3.4.
The most abundant neutrinos are produced with energies below 1 MeV, but °B
neutrinos can reach energies greater than 10 MeV. ®B neutrinos can therefore benefit
from the 5.15 MeV superallowed *’Cl transition, and it was this neutrino flux to

which the Homestake experiment was most sensitive.

The Homestake experiment published its first results in 1968 [106]. It had successfully
made the first measurement of the solar neutrino capture rate, with an average of
3 x 107 events per atom per second. However, this value was lower than the
prediction made by Bahcall et al. in the same year, of 7.5 4+ 3.3 x 107% events
per atom per second [116]. The initial discrepancy could have been explained by
a statistical fluctuation, but as Homestake continued to gather data and Bahcall
continued to refine his prediction, a clear deviation emerged [117]. The disagreement

became known as the “solar neutrino problem”, and it would take over three decades
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Figure 3.4: Flux spectra of the various populations of solar neut-
rinos [115]. Neutrinos produced in the pp chain are
plotted as solid lines; those produced in the CNO cycle
are dashed.

to resolve.

Bahcall’s prediction of the solar ®B neutrino scattering rate rested on two major
pieces of theory: the Standard Model of particle physics, and the Standard Solar
Model (SSM). The disagreement with Homestake’s observed results indicated a

problem with at least one of these models.

Many early attempts to resolve the solar neutrino problem focused on modifying the
SSM. A key motivation for measuring the solar neutrino flux had been to validate
our models of solar fusion, and the deficit detected by Homestake could be explained
by relatively straightforward adjustments to solar parameters. The *B flux is the
most dependant on the Sun’s core temperature of all the pp-chain neutrinos [118],
so a cooler solar core could seemingly resolve the issue. However, in the 1980s new

experiments began to probe solar neutrino interactions through different detection
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channels, and their results further deepened the mystery of the solar neutrino flux. In
Japan, the Kamioka Nuclear Decay Experiment was repurposed into Kamiokande-II,
a water Cherenkov detector which allowed real-time detection of neutrino-electron
scattering events [119], as opposed to the month-on-month isotope measurements
of Homestake. In the USSR, the Soviet-American gallium experiment (SAGE)
made the first measurement of low energy pp neutrinos, by studying inverse beta
decay in "'Ga [120], and two years later another gallium-based detector, GALLEX,
began taking data in Gran Sasso [121]. The additional data from these experiments
ruled out many of the simple explanations involving modifications to the SSM [122].
Furthermore, by this time new helioseismology measurements had been shown to
give good agreement with Bahcall’s predictions [123], lending support to the validity
of the SSM.

Incidentally, the influx of new experiments studying solar neutrinos provided a
new avenue for studying other astrophysical phenomena. In 1987, a supernova,
dubbed SN 1987A, was detected around 50 kiloparsecs from Earth in the Large
Magellanic Cloud. A few hours earlier, a burst of neutrino events had been detected
at three particle physics experiments around the world: Kamiokande-II [124], the
Irvine-Michigan-Brookhaven detector (IMB) [125], and the Baksan Underground
Scintillation Telescope (BUST) [126]. This was the first time that the hypothesised
supernova neutrino burst had been detected. Measurements of the flux, energy, and
duration of the 1987 burst are still some of the best information we have about
the nature of supernova neutrino emission, and we will discuss this event in greater

detail in Section 5.3.

Modifications to the SSM were increasingly disfavoured by experiments, but perhaps
the solution could lie in particle physics. All the experiments which had measured
solar neutrinos had been sensitive to electron neutrinos: the state in which all
solar neutrinos are produced. Physicists over the previous few decades had been
developing the theory of a phenomenon that went beyond the nascent Standard

Model of particle physics, and could potentially explain the deficit in the observed
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v, flux: neutrino oscillations.

3.2 Neutrino Oscillations

As mentioned above, solar neutrinos are generated in interactions involving electrons,
and so they are produced in the electron neutrino state: a so-called flavour eigenstate
corresponding to the mass eigenstate of the charged electron. If, however, neutrinos
had non-zero masses, they would have their own mass eigenstates, which need not
align with the flavour eigenstates. The flavour eigenstates, v,, would instead be

superpositions of the mass eigenstates, v;, so that

Vo = ZUaiVi) (321)

with U a unitary mixing matrix analogous to the CKM matrix in the quark sector.
What follows will be a brief review of the resulting phenomenology of neutrino
oscillations. Many more complete reviews exist. Of particular help when preparing

this thesis were Refs. [127-129].

In principle, neutrino oscillations could occur with any number of neutrino species,
however, we will take as an initial example the case with only two, as it is both
the simplest case and the one which was most studied in the early days of the solar
neutrino problem. Later, we will introduce the third generation of neutrinos. We
will also briefly introduce the different methods of neutrino mass generation, but
we will not delve too deeply into this, as it is not the subject of this thesis. We
will instead focus on the phenomenological results of the theory, as these are more

relevant to this work.

The simplest type of neutrino oscillations, from a phenomenological standpoint, are
vacuum oscillations. Neutrinos are produced via particle interactions in a flavour
eigenstate, a particular coherent superposition of the mass eigenstates. In the two-
neutrino paradigm « € {e, u} and i € {1,2}, and a single parameter, or mixing angle,

0, describes the transformation between the flavour and mass eigenstates. Ignoring
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complex phases, the mixing matrix in Equation (3.2.1) is given by

cosf) —sind
U= , (3.2.2)

sinf cos®

in the neutrino mass basis.

As they propagate, however, the v, and v, components acquire a relative phase due
to their different masses, so that after propagating a certain distance the mixture
of mass eigenstates will not necessarily be the same as the initial neutrino state.
Rather than being a perfect flavour eigenstate, the neutrino will now be a mixture
of v, and v, with the probability of measuring it in one or the other osciallating
over a length scale governed by the mass separation between the v, eigenstates.
The probability of finding a neutrino generated in state v, in the state v after
propagating a distance L is given by

2
il

P(v, = vg) = ZUMU;@'e_i w b (3.2.3)

Am2

. . 2 2 2 . . .
where F is the neutrino energy and Am;; = m; —mj (a nice derivation can be found

in Ref. [130]).

The idea of neutrino oscillations was first hinted at by Pontecorvo in 1957, when he
drew parallels with the mixing of K, and Ky mesons [131,132]. In 1967 he provided
a more detailed description of neutrino oscillations, and even suggested that they
could affect astronomical neutrino observations [133]. The concept of neutrino mass
mixing was first discussed by Maki, Nakagawa, and Sakata in their 1962 work [134],

though at the time they did not discuss the resulting oscillation phenomenology.

By the end of the 1970s, Bilenky and Pontecorvo had determined the conditions
under which vacuum neutrino oscillations could provide the solution to the solar
neutrino problem [135]. Specifically, they determined that the mixing must be large,
with a mixing angle close to 7/4 (the angle under which mixing is maximal), and

the oscillation length must be smaller than the distance from the Sun to the Earth

(1 AU).
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The length scale over which the transition probability oscillates is determined by the

mass splitting (in the two-neutrino paradigm, Amgl) and the neutrino energy,

4 E

p— 72 .
Am21

I, (3.2.4)

In order for oscillations to occur between the Sun and the Earth, Bilenky and
Pontecorvo determined that Am3, > 107" eV? [135]. If the mass splitting is much
larger than this, ®B neutrinos will undergo many oscillations during their journey to

Earth, and the Homestake experiment would be sensitive to the electron-neutrino

survival probability averaged across a full oscillation,
1.
Plv,—v,)=1- 5 sin 20. (3.2.5)

In the case of near-maximal mixing, this would result in a ~ 50% reduction in the
observed neutrino flux, easing the tension between theory and experiment consider-

ably.

However, just as the new experimental results of the late 1980s disfavoured solar
physics solutions to the problem, they also seemed incompatible with vacuum neut-
rino oscillations. Additional data from the Homestake experiment indicated that the
observed scattering rate was less than 50% of the SSM prediction [136], while the
results from Kamiokande-II and the low-energy gallium experiments were consistent
with suppression around 50%. This was difficult, though not impossible, to recon-
cile with a vacuum oscillation solution. The “just-so” solution suggested that for a
specific range of Am3; between 5 and 13 x 107" eV?, the position of Earth relative
to the Sun would be such that the ®B neutrinos to which Homestake was sensitive
would lie near an oscillation maximum [137]. The probability of measuring them in
the v, eigenstate could then be less than a half, while the other experiments, being
sensitive to lower energy neutrinos, would see the oscillation average, 50%. Clearly,
however, this model requires significant fine-tuning, and by this point an alternative

mechanism had been proposed: the Mikheyev-Smirnov-Wolfenstein (MSW) effect.
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Figure 3.5: Left: Feynman diagram for the neutral-current (NC)
scattering of a neutrino with an electron via exchange
of a Z boson. Right: Equivalent Feynman diagram for
the charged-current (CC) scattering of a neutrino with
an electron via exchange of a W boson. This process
only occurs for electron neutrinos.

3.2.1 The MSW effect

We have seen how neutrino oscillations can occur in vacuum as a result of differences
in the time dependence of the complex phases in neutrino eigenstates of different
masses. In a 1978 paper, Wolfenstein pointed out that neutrinos would also acquire
a complex phase as they propagated through a medium, due to forward scattering
with the medium particles [138]. Flavour-neutral interactions would only contribute
an overall phase to a neutrino state, leading to no observable effects. However, a
non-flavour-neutral coupling, for example the charged-current interaction between
the v, state and atomic electrons shown in fig. 3.5, would induce an additional

relative phase between different flavour eigenstates.

As a neutrino propagates through a medium, it acquires a matter-induced complex
phase given by
Om =V, t, (3.2.6)

where V, is the matter-induced potential experienced by a neutrino flavour eigenstate

v,. The CC interaction leads to a relative phase between electron-neutrinos and
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other flavour eigenstates of
Ay = (V. = Vi)t (3:27)

In the SM, the difference in the potentials experienced by v, and any other flavour
state, v, is the charged-current potential, Voo = v2G N, where G is the Fermi
coupling constant and N, is the local density of electrons. This matter-induced

phase oscillates over a length scale [y, where in the SM

Iy = - . (3.2.8)

This length scale is called the “refraction length”, as the matter potential can be

equivalently considered in terms of an index of refraction.

The presence of this potential modifies the Hamiltonian of the system, so that H =
H, +V, with H, the Hamiltonian in vacuum. The eigenstates of this Hamiltonian
are not the same as the neutrino mass eigenstates in vacuum, v;, but are effective
mass eigenstates, v;,,. These effective mass eigenstates can be related to the flavour
eigenstates in the same way as the vacuum case, but with different mixing angles.
Continuing with our example of two-neutrino mixing, the mixing matrix has the
same form as the one in Equation (3.2.2), but with a new mixing angle, 6,,. The
mixing angle in matter is related to the vacuum mixing angle and the ratio between
the vacuum oscillation length, [,, and the refraction length, [y, by

l -1
tan 26,, = tan 20 (1 - l—v sec 29) : (3.2.9)
0

with the oscillation length in matter given by

1/2

L\ L]
1+ |-%) —2cos20 |- : (3.2.10)
lo lo

Wolfenstein [138] identified three regions of interest for the ratio 1, /ly:

lm:lv

e [, < ly: The effects of the matter potential on neutrino oscillations are small.

The effective mass eigenstates are close to the neutrino mass eigenstates in-
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Figure 3.6: Left: The MSW resonance in sin” 26,,, as a function of
l, /1y for three small values of the vacuum mixing angle:
6 = 0.05 (solid line), # = 0.15 (dashed), and 6 = 0.25
(dotted). Right: The dependence of the matter mixing
angle, 6,,, on [, /1, for the same values of 6.

vacuum, and the mixing is similar to the vacuum case (0,, ~ 0, [,, =~ [,).

e [, > ly: Matter effects dominate. The effective mass eigenstates are close to

the flavour eigenstates, so mixing is minimal (sin 26,, =~ 0).

e [, &= ly: In the intermediate case, Wolfenstein showed that 6,, could be sig-
nificantly different from the vacuum mixing angle. Indeed, Equation (3.2.9)
implies the presence of a resonance in tan 26,, when [, = [, cos 20, with oscil-
lation length [,, = [, /| sin 20|. However, it was not until 1985 that Mikheyev
and Smirnov performed a more comprehensive study of the physical effects of
this resonance on neutrino oscillations [139]. Their work would provide a final
answer to the solar neutrino problem, and the resonance is now commonly

known as the Mikheyev-Smirnov-Wolfenstein resonance.

Mikheyev and Smirnov were interested in the resonant behaviour of the mixing angle
when [, & [, cos 26. Plotting sin®26,, as a function of 1, /I, for various small values
of the vacuum mixing angle, as in Figure 3.6, they found that the behaviour was

indeed consistent with a physical resonance [140]. Next, they considered the effect of
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a neutrino propagating through a medium of smoothly decreasing density, as is the
case (at least approximately) for neutrinos produced in the Sun. For neutrinos of
sufficient energy (E, 2 3 MeV), the conditions within the solar core satisfy [, > .
As they exit the Sun, the neutrinos must pass through a layer of material in which the
resonance condition is met, before reaching the lower density region where vacuum

mixing is restored.

What are the effects of crossing the resonance? The answer depends on the thickness
of the resonant layer, R... If the density varies slowly enough, so that R, > [,,,
the neutrino undergoes deep oscillations and propagates adiabatically through the
resonance, with no conversion between the vy,, and vy, effective mass eigenstates.
The survival probability will only depend on the mixing parameters at the endpoints
of the neutrino’s path. It may seem that this scenario would lead to a higher v,
survival probability for neutrinos crossing the resonance, since there is very little
mixing in the high-density limit. However, while the effective mass eigenstates
do align closely with the flavour eigenstates in the high density limit, there is a
significant phase difference between the values of 6,, on either side of the resonance
when 6 is small, as can be seen in the right-hand plot of Figure 3.6. When [, > [,
v, & Vs, and after propagating adiabatically out of the solar core, these neutrinos
emerge in an almost pure v, state. When they arrive on Earth, the average survival

probability is not that found in Equation (3.2.5), but rather

P(v, — v,) = sin® 0. (3.2.11)

This dramatic conversion between neutrino flavour eigenstates due to adiabatic
propagation across the MSW resonance is known as the MSW effect. It provided an
explanation for the various experimental measurements of solar neutrino fluxes. For
low energy pp-neutrinos, the conditions in the solar core are such that [, < [y, and
their oscillations are not greatly affected by matter effects. The *B neutrinos detected
by Homestake, however, are produced in mostly the 14, eigenstate. They experience

the MSW effect, and the resulting survival probability is given by Equation (3.2.11).
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For neutrinos with much higher energies, the condition R,., > [,, would not be
satisfied for the Sun’s density profile, and the MSW effect would not be observed.
The neutrinos would not cross the resonance adiabatically, and transitions v,,, <> Vo,
would occur. In reality, however, neutrinos of these energies are not produced in the

Sun.

Although the MSW effect provided a solution to the solar neutrino problem, further
evidence would be required to confirm the presence of neutrino oscillations. In 1998
the successor to Kamiokande-II, Super-Kamiokande, measured the solar neutrino
flux at unprecedented precision and performed the first measurement of the spectral
shape of the flux above 5 MeV [141]. It also employed a directional detection
technique, demonstrating that the observed neutrino flux indeed originated from the

direction of the Sun.

Then, in 2002, the SNO experiment provided a further vital piece of evidence.
Previous solar neutrino experiments had all relied on detection channels involving
the charged-current interaction, so they were only sensitive to the v, flux. SNO
employed two separate detection methods: one was sensitive to electron neutrinos
via the charged-current interaction, the other was sensitive to the flavour-blind
neutral-current interaction. This allowed them to measure both the v, rate and the
total neutrino scattering rate. The results were consistent with the v, flux accounting
for only ~ 34% of the total flux of solar neutrinos at energies > 5 MeV, confirming

the presence of neutrino flavour transformations [142].

3.2.2 Three-neutrino mixing

The observations of flavour transformations in solar neutrinos could be explained in
a model with only two neutrino species. However, by the late 1970s the tau lepton
had been discovered, and it seemed probable that a third neutrino flavour state, v,
also existed [143]. A third, linearly independent neutrino flavour state would imply

the presence of three neutrino mass eigenstates, and oscillations could occur between
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all three flavours. The tau neutrino would eventually be detected by the DONUT

collaboration in 2000 [144].

The theoretical framework for three-neutrino mixing is very similar to that of two-
neutrino mixing. However, as oscillations can now occur between all three flavour
eigenstates, more parameters are required to describe the mixing. The 3 x 3 unitary
mixing matrix required for Equation (3.2.1) is called the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix. We will not discuss it in great detail here, but a good review
can be found in Ref. [145]. The PMNS matrix contains three independent mixing
angles: 05, 0,5, and 053, and at least one CP-violating phase, dop. These parameters,
along with the mass splittings Amy; and Ams,, allow a full description of oscillations

between three neutrino flavours.

Over the past 20 years, the neutrino oscillation parameters have been studied through
a wide range of dedicated experiments. Reactor experiments allow study of oscil-
lations over short-to-medium distances [146-148|, while accelerator-based neutrino
beams can be studied over extremely long baselines [149-151]. Atmospheric neut-
rinos, produced from cosmic ray collisions in the upper atmosphere, are studied to
understand the oscillations of high-energy neutrinos [152,153], and solar neutrino
experiments continue to play an important role. In particular, Super-Kamiokande
continues to gather data [154], and the Borexino experiment has measured the solar
neutrino spectrum at low energies, providing precise measurements of the mono-
chromatic “Be lines which will be of particular importance later in this thesis [155].
The results of these various experiments are combined to perform global fit ana-
lyses, and most of the oscillations parameters are now known to a precision of a few

percent [156].

Despite these great successes, several properties of neutrinos are still unknown. While
the mass splittings have been inferred from neutrino oscillation lengths, neither the
absolute masses, nor the mass-ordering of the v; eigenstates are currently known.
Also, although only one CP-violating phase is required in the PMNS matrix, two

others may also be present. These additional phases would not affect oscillations,
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but are linked to perhaps the most significant remaining unknown in the theory of

neutrino physics: the nature of the neutrino mass.

3.3 The neutrino mass

Neutrinos in the SM are massless fermions that interact only via the weak interaction,
a chiral gauge interaction that couples only to the left- and right-handed fermion
and antifermion fields, respectively. As a result, neutrinos in the SM transform as a
two-component Weyl fermion describing the left-handed neutrino and right-handed
antineutrino. However, the presence of neutrino oscillations means that neutrinos
possess a small, non-zero rest mass. Any neutrino mass term must couple a left-
handed field to a right-handed field. The question is therefore: what is the nature
of the neutrino mass, and specifically, what is the nature of the right-handed field

in said term?

3.3.1 The Dirac mass

All the SM fermions, besides neutrinos, have mass terms that couple a left- and a

right-handed component of their fields:

L, =—mipp = —m(Ypihp + Ypir). (3.3.1)

Here v;, and ¢ i are understood as two separate fields, with only the v field carrying

a charge under the SU(2);, group.

The two-component Weyl spinors of each chirality are therefore combined into a
four-component Dirac spinor, representing the left- and right-chirality states of a
particle and its antiparticle. Such a term cannot be written directly into the SM
Lagrangian without violating gauge invarience, as the left- and right-handed fields
transform differently under the electroweak symmetry. Instead, fermions acquire

their masses via a Yukawa coupling with the Higgs field, and the spontaneous
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breaking of the electroweak symmetry. The Feynman diagram for this interaction is

shown in Figure 3.7, and the resulting mass term takes the form
i v — .

with y;; the Yukawa coupling of the fermion to the Higgs field and v the Higgs

vev [5].

A neutrino mass could be generated in the same way, with a few important con-
sequences. Firstly, it would require the addition of a new field: the right-handed
neutrino, which would transform as a singlet under all SM symmetries. Since the
right-handed neutrino would not interact via any SM forces, it has been suggested
that it could form a portion of the dark matter in the universe [157]. Secondly, it
would introduce a coupling to the Higgs field, with a Yukawa matrix connecting the
different neutrino fields. Since neutrino masses are constrained to be < 0.2 eV [158],
the Yukawa couplings would have to be < 107, more than six orders of magnitude
smaller than the next smallest Yukawa coupling. This requires a large degree of
fine-tuning, and a more natural way of generating a very small neutrino mass would

seem preferable.

3.3.2 The Majorana mass

An alternative mass term can be constructed without introducing any new fermion
fields, by noting that the charge-conjugate of a left-handed field acts as a right-handed
field:

c —T c
{vr}" = Cvp ={Y }r, (3.3.3)
with C' the charge-conjugation matrix. A Majorana fermion satisfies the Majorana

condition,
b=, (3.3.4)

so that the right-handed component of the fermion field is simply the charge-
conjugate of the left-handed field, 1z = {1 }°. It can be shown (see e.g. Ref. [159])
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Figure 3.7: Left: Feynman diagram showing the neutrino Yukawa
interaction. After electroweak symmetry breaking the
Higgs acquires a vev and this operator leads to a Dirac
mass term for the neutrino. Right: Equivalent Feynman
diagram for the dimension-5 Weinberg operator. After
symmetry breaking this leads to a Majorana mass term
for the neutrino.

that such a field satisfies the Dirac equation for a massive fermion, without the need

for an additional right-handed Weyl spinor.

If neutrinos are Majorana fermions, their mass term in the Lagrangian will take the
form

L, = —%ZVL the. (3.3.5)

However, much like the Dirac mass term in Equation (3.3.1), this term violates
gauge invariance in the SM. The lowest-dimension gauge-invariant operator that can

generate this term is the Weinberg operator,

Nij iorr
="YI'"HI’H 3.
L =53 , (3.3.6)

with L' a lepton field, H the Higgs field, and A a higher energy scale required to
make the operator renormalisable. This dimension-5 operator couples two incoming
neutrino fields to two Higgs fields, as shown in Figure 3.7. As this is a dimension-5
operator, it violates unitarity at high energy, and so can only exist as the low-energy
realisation of some higher-energy physics. This new, high-energy physics can provide

a natural way of generating a small neutrino mass, for example through one of the
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see-saw models, which suppress the light neutrino masses by a factor related to the

scale of the new physics'. For a review of these models see e.g. Refs [160, 161].

Besides providing a natural way of generating small neutrino masses, Majorana
neutrino models have several important phenomenological consequences. The first
and most important is that they lead to lepton number violation. In models with
Majorana neutrinos, the particles we identify as antineutrinos are simply the right-
handed components of the neutrino field, and they are coupled to the left-handed
component by the Majorana mass term. The most definitive signature of Majorana
neutrinos would therefore be the observation of LNV processes. The most famous of
these is neutrinoless double beta decay (0v3/3), and many experiments have searched

for signatures of this process [162].

The nature of the neutrino mass also has consequences for the PMNS matrix. As
mentioned in Section 3.2.2, the PMNS matrix contains at least one CP-violating
phase, 6cp. However, since Majorana neutrinos have two fewer independent field
components than Dirac neutrinos, two additional complex phases would remain
in the PMNS matrix which could not be absorbed by a redefinition of the fields.
However, these additional complex phases would not affect neutrino oscillations, and

only play a role in LNV processes [163].

Neutrino oscillations are now well understood, but there are still some neutrino
scattering processes that have not been measured to high precision. There is therefore
room for new physics beyond the SM that could affect neutrino scattering cross
sections, especially at low energies (at or below a few keV). In the next chapter,
we will explore some of these models of new physics, and see how dark matter
direct detection experiments will soon become ideal laboratories in which to study

low-energy physics in the neutrino sector.

1Many such models actually employ a combination of Dirac and Majorana mass terms, but they
still lead to the consequences described below.






Chapter 4

New physics in the neutrino sector

Although neutrino masses and oscillations require some element of physics beyond
the SM, we have so far discussed only the most minimal extensions to SM physics that
are required to explain observed phenomena. In this chapter, we will be discussing
models of physics that go explicitly beyond the SM by introducing new fields and
interactions that may or may not be realised in nature. The remainder of the work

will examine the implications of these models for the future of DD experiments.

These models of new physics are motivated to varying degrees either by their ability to
resolve tensions in existing observations, their presence within a particular theoretical
model of higher-energy physics, or simply by their ability to generate observable
signatures that have not yet been ruled out by experiment. We will discuss these
specific motivations when we introduce the individual models of new physics. The
common feature they share is that each model introduces a new light particle that can
mediate interactions between neutrinos and other SM particles, thereby changing the
cross sections of these interactions. We are particularly interested in light mediators,
as the changes they induce in scattering rates are more pronounced at low energies,
where low-threshold DD experiments have an advantage over many larger neutrino

detectors.

Before introducing the new physics models themselves, we will first consider the

processes through which neutrinos can interact within DD experiments.
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4.1 Neutrino scattering in DD experiments

DD experiments measure the signals of particles scattering with the components of
atomic matter: electrons and nuclei. In Chapter 2, we considered WIMPs scattering
coherently with entire nuclei at low recoil energies, and accounted for the loss of
coherence at higher energies with a nuclear form factor, Fg;(Eg). The same argument
can be applied to neutrinos scattering with these recoil energies, since the nuclear
response depends only on the momentum transferred during the collision, and not

the species of particle that induced the scattering event.

Coherent elastic neutrino-nucleus scattering (CEvNS) proceeds in the SM via the
exchange of a neutral vector boson, the Z. Since the energy transfer, Ey, is much
smaller than the Z mass, we can calculate the CEvNS cross section using Fermi’s

effective theory, where

_ maEg
2F>

d SM G2
v _ ﬁ@imfx (1

B, - )FQ(ER), (4.1.1)

with F, the neutrino energy, Gy Fermi’s coupling constant, and @, = N — (1 —
4 sin” 0.,)Z the weak nuclear hypercharge. The inclusion of spin-dependent terms
in the CEvNS cross section reveals an asymmetry between the cross sections for
neutrino and antineutrino scattering. However, when averaged over all nucleons in
heavy nuclei and those with no overall nuclear spin, the resulting cross sections are

nearly identical, and we obtain the result in eq. (4.1.1) [164].

CEvNS was first predicted over 40 years ago [165], but the low energies at which
it occurs made it extremely challenging to observe. The first direct observation
was made in 2017 by the COHERENT experiment [166]. The experiment detected
neutrinos generated by the Spallation Neutron Source (SNS), which, in addition
to its high-intensity neutron beam, generates significant numbers of v,, v,, and 7,
neutrinos, with energies averaging a few tens of MeV. The measurements made by
COHERENT place constraints on new physics contributions to the CEvNS cross

section. However, we will see in Chapter 5 that DD experiments have the potential
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to probe CEvNS at lower energies, and may therefore be able to explore models of

new physics to which COHERENT is less sensitive.

Neutrinos can also scatter within DD experiments with atomic electrons. As was
discussed in Section 2.2, electron scattering events are often rejected by DD ex-
periments as they usually comprise the majority of background events. For some
experiments, however, this is not the case, and understanding the neutrino-electron

scattering rate will be important.

Unlike CEvNS, the cross section for neutrino-electron scattering depends on the
flavour of the incoming neutrino. For v, and v, states, the scattering proceeds only
through exchange of a Z boson, the so-called neutral current. For v, scattering,
however, an additional channel exists: the charged current, mediated by the charged
W boson. The resulting SM cross section can be written as

dO’Sg/I QG%'me a2 a2 ER 2 o OcmEER
= g1+ g (1——] —g1 9

dEx

)

E, E?

where ¢gi' and g9 are couplings describing the weak interaction. The additional

channel for v, scattering is encoded as a difference in these couplings, so

1
g5 = sin® 0, + 5 g5 = sin” 0,;

2

1
gi7 =sin’ 0, — 53 g5 = sin” 0, (4.12)

Various experiments have utilised neutrino-electron scattering as an avenue to study
neutrinos. However, most of these have studied the process at energies far greater
than those probed at DD experiments. Borexino, which has performed the lowest-
energy measurements of neutrino-electron scattering to-date, had a lower analysis
threshold of 190 keV [155]. Any neutrino-electron scattering in DD experiments

would therefore occur at energies which have not yet been directly probed.

We have introduced the scattering processes by which neutrinos may produce signals
within DD experiments, and seen their cross sections in the SM. In Chapter 5, we

will discuss the consequences of this scattering for the DD experiments themselves.
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Before that, though, we will introduce our models of new physics and consider their

effects on the neutrino scattering cross sections discussed above.

4.2 Simplified models of new physics

When considering the effects of new physics on a process, there are a few different
approaches one can take. One can adopt a top-down approach, and consider a
theoretically motivated extension to the fundamental physics of the SM, for example
a modification to the underlying gauge structure. If the effects of such a modifica-
tion on low-energy phenomena are well-enough understood, measurements of these
phenomena can be used to place constraints on the model. However, these effects
can be very complex and many new fields may be introduced, often requiring us
to constrain many free parameters. Furthermore, any constraints placed on such a
model will be specific to that model, and may be circumvented by a modification to

the underlying theory.

At the other extreme, one can attempt to adopt a completely model-agnostic ap-
proach. In this strategy, one attempts to parametrise any possible modification to a
physical observable which could result from some unknown model of new physics. By
placing limits on these parameters directly, one obtains constraints that should be
model-independent, and they can be translated into constraints on specific models
by identifying how these models would generate such a change in the observable.
However, these approaches still require some assumptions about the new physics

they are intended to represent.

Many searches for new physics are focused on the high-energy frontier, in which
additional fields have masses beyond the reach of current particle accelerators. When
considering the effects of this type of physics on present observations, an effective
field theory (EFT) approach can be adopted. Examples of this type of approach
include the non-relativistic EF'T we introduced in Chapter 2, and other EFTs such as
the Standard Model effective field theory (SMEFT) [167] and neutrino non-standard



4.2. Simplified models of new physics 57

interactions (NSIs) [168]. However, these EFTs are only valid up to some cut-off in

energy related to the scale of the underlying new physics.

In recent years there has been increased interest in new light physics, which could
exist at an energy far below the electroweak scale. Particles at these masses could
exist undetected if their couplings to SM particles are sufficiently small. These
models are motivated partly by their ability to connect the SM to an otherwise
secluded sector, and partly by the observation of discrepancies in certain low-energy
observables, which we will discuss further in Chapter 7. Alternatively, their study
may be motivated simply by the fact that they represent a parameter space to which

upcoming detectors will be increasingly sensitive.

As some of the measurements we will be using to constrain these models have been
made at energies comparable to the scale of the new physics, we cannot adopt an
EFT approach to study them. Instead, we will consider a collection of simplified
models, in which we introduce only a single new field with a mass in the MeV-GeV
range. We will examine the effects of such a field, which acts as a mediator for
interactions between SM particles, under various assumptions about its nature. In
each case, the additional mediator will provide an additional channel through which
the scattering processes described in Section 4.1 can occur. The cross sections for

these processes will gain additional new physics (NP) terms, so in general

SM NP
do,sy  doya n do, s

4.2.1
dE,  dE, ' dEg (42.1)

We will consider two main classes of light mediators, divided based on their spin: a
spin-1 vector mediator, and a spin-0 scalar. We will consider a few different simplified
models that introduce one of these mediators alongside the other fields of the SM, and
examine the resulting new physics contribution to the neutrino scattering processes

discussed in Section 4.1.
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4.2.1 Light vector mediators

In general, a simplified model need not be based on any specific theory of physics
beyond the SM. However, it can still be useful to consider some of the underlying
physics that can lead to the presence of a particular mediator, and use this as a
guide to ensure the model obeys certain laws, such as Lorentz invariance, and that
the resulting work is relevant to the wider physics community. With that in mind,
for our vector mediated models we considered various vector gauge bosons that can

result from the introduction of a new U(1) gauge symmetry to the SM.

In the SM there exist a number of accidental global symmetries, specifically baryon
number and lepton number. In the SM the individual components of lepton number:
L, L,, and L, are also conserved, though it is known that this conservation is not
respected by neutrino oscillations. A new U(1) gauge symmetry could be included
by gauging one of these global symmetries: U(1)g, U(1).,, U(1)r,, or U(1)L_, but

doing so leads to high-energy anomalies that ultimately break gauge invariance.

However, certain combinations of these symmetries can be gauged so that the
resulting anomalies exactly cancel: U(l)Le,Lu, U(l)Lu,LT, or U(1), _r_. The
U(1)p_1 gauge symmetry can also be made anomaly-free if right-handed neutrinos
are included. Right-handed neutrinos should also be included into the U(1),, L,s
U(l) L,~L.sor U (1)p,—r. in order to produce a lepton mixing matrix that agrees

with observations [169].

The introduction of a new U(1) gauge symmetry results in the presence of a new
vector gauge boson, that we denote X,. If the U(1) symmetry is broken, we must
perform a rotation to the mass basis and redefine our fields, yielding a Z’ boson
whose mass is in principle unrelated to the electroweak scale. For masses below ~ 1
MeV, couplings are strongly constrained by measurements of the CMB and other
data from cosmology and astrophysics [170,171], while above a few GeV constraints
from colliders dominate over the types of experiment we are interested in [172]. We

will therefore focus on the parameter space within the approximate range from 1
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MeV to 1 GeV.

When we rotate to the mass basis, the Z’ can acquire a kinetic mixing with the SM
neutral gauge currents, leading to terms in the Lagrangian of the form
LD <96/J§ + eeJeam> Zl . (4.2.2)
Cw
with J7 and Jg, the weak neutral current and the electromagnetic current. Here we
have expanded to first order in the mixing parameters € and ¢, which parametrise
the mixing of the Z’ with the photon and the Z boson, respectively, assuming the

mixing parameters are small.

In principle these terms can arise at tree level, with mixing parameters unrelated
to the couplings of the Z’' to SM fermions. However, such terms are forbidden in
many UV models from which additional U(1) symmetries emerge [3,169], and so
we will set € and € equal to zero at tree level. If, however, the Z' couples to any
SM fermions that also couple to the Z and the photon, kinetic mixing terms will
be generated at loop level, as seen in Figure 4.1. The Z' can then couple to all SM
fermions via this kinetic mixing, even if it only couples to a subset of SM fermions
at tree level. This loop-induced coupling will naturally be suppressed relative to the
tree-level couplings, so we will only consider its effects on scattering processes which

are not mediated by the Z" at tree level in a given model.

We will consider two of these gauge symmetries in more detail: the U(1)z_;, and the
U(l) L,~L,- We choose these models in particular as they lend themselves to study

via CErNS.

The U(1)p_; model

In the U(1)z_1, model, SM baryons have a charge of +1 under the new symmetry,
while leptons have a have of —1. The coupling to all SM fermions is therefore fixed by
a single coupling constant, gg_r,, and both CEvNS and neutrino-electron scattering

. ;.
can occur at tree level via the exchange of a Z’, in a manner analogous to the weak
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Figure 4.1: The loop diagram through which the Z’ couples to elec-
trons and nucleons in the U(1), 1, can be understood
as an effective coupling with the electromagnetic current
through kinetic mixing between the Z' and the photon.

neutral current interaction.

As the single coupling gp_; parametrises the couplings to all SM fermions, constraints
on the U(1)p_y can be obtained from many sources. Within our mass range of
interest, leading constraints arise from sources as diverse as fixed target beam dump
experiments [173,174], dedicated neutrino experiments [175,176], LHC constraints
[172], and arguments from cosmology [170]. A full landscape of constraints is shown

in Figure 4.2. The various constraints are discussed in detail in Ref. [177].

The resulting new physics contribution to the CEvNS cross section can be written

as
day}; — (71— ma ER
dER 2L
GFQQB—LQwQ/VAmA g%—LQIVQAmA 2
_ > o F*(ER), (4.2.3)
\/571‘ (QERmA+mZ/> 2w <2ERmA+mZ/)
where Q.4 = —A is the coherence factor, given by the product of the charges

of the neutrino and nucleus under the U(1)p_; symmetry. The second term in
Equation (4.2.3) is the “pure” BSM contribution to the cross section, containing the
square of the matrix element for scattering via the exchange of a Z’. The first term
emerges from the interference between the SM and BSM channels. Note that the
overall minus sign on the interference term and the negative charge of the neutrino
under the U(1)p_; symmetry lead to a positive interference term for all kinematically

allowed combinations of Er and F,,.
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Figure 4.2: Constraints on the parameter space of a new U(1)p_r,
gauge symmetry, as they appeared in July 2018. An
explanation of the sources of these constraints can be
found in Ref. [177].

The new physics contribution to the neutrino-electron scattering cross section is

do-ll/\IaPe _ 2 G%‘ Me g% L + 1 ER ’ ( a oc)me ER
dE, - \/_GF(2m Ep+ mZ ) 97 + 92 E, g1 T 92 2E3
gB—L ER m. Eg
+ 1+|11—-——=] — , (4.24
8G1(2m Eg +m5)? ( E, ) E: } (4.24)

where g7’y are those defined in Equation (4.1.2).

The U(1)r, r model

As with the U(1)p_p, there is a single coupling constant, g, that describes the
strength of the coupling to SM fermions. Unlike the U(1)p_;, however, under the
U(1)r, -, only leptons in the muon and tau families carry a charge: y and v, have

charge +1, 7 and v, have charge —1. At tree level, the new field will only mediate
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Table 4.1: Coupling coefficients c; for the interaction of the massive
vector boson Z’ to the fermionic vector current fy*f of
SM particles at leading order in the mixing parameter €,,,.
The couplings to ¢, and g, are also valid for equivalently
charged second- and third-generation quarks.

interactions between these four fermions, so any scattering with atomic matter will

have to occur through the loop-induced kinetic mixing seen in Figure 4.1.

This kinetic mixing can be expressed as a redefinition of the couplings between the

Z' and SM fermions, with terms in an effective Lagrangian of the form

Loy=—cr Y Za. (4.2.5)

Since the coupling induced by kinetic mixing will be suppressed compared with
9., we neglect the kinetic mixing contributions to the couplings with second- and
third-generation leptons. We further neglect couplings generated via mixing with the
SM Z boson, due to the comparative size of the weak and electromagnetic coupling
constants. Note that this means we have no coupling to neutral particles, such as
the v, or the neutron. This is a valid approximation because the contribution to the
cross section from other neutrino flavours and from protons in the nucleus will be
dominant. The effective couplings with all SM fermions are given in Table 4.1. For

a full derivation see Ref. [177].

The loop-induced kinetic mixing parameter is given by

e (q?) = o /01 dr (1 — x) llog <m§ i G “”)qzﬂ , (4.2.6)

oo’ my; —x(l — x)q

where e is the electromagnetic coupling constant and ¢ is the momentum transferred

in the scattering event. In the limit when ¢* << mi, which is valid for all the
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processes discussed in this work, the mixing is approximately constant,

E#T(QQ <K mi) ~ 66‘3:27' log </::L'u> ~ —%7 (427)

and the coupling via kinetic mixing is indeed suppressed compared with g,,..

Any new physics contribution to the CEvNS or neutrino-electron scattering cross
section will involve at least one particle that only couples to our mediator via kinetic
mixing. It may therefore seem that any new physics contribution will be heavily
suppressed compared with the contribution in the U(1)p_; model. However, the
constraints from most other experiments will be similarly affected. In fact, any
constraint based on scattering with only first-generation fermions will be at a greater
disadvantage, as neutrino-scattering probes can benefit from the direct coupling of

v, and v, to the new mediator.

The landscape of constraints prior to our work is shown in Figure 4.3. In Chapter 7
we will update some of these constraints based on more recent data, and see how
future experiments, including DD experiments, will allow us to probe further regions

of the parameter space.

The new physics contribution to the CEvNS cross section from the U(1) L,-L, medi-

ator is given by

do’VNaPA _ <1 _ ma ER)

dEg 2F;
[GF € €pr GurMa QLQA Qun e’ Efw 957 ma Qfa"‘ F?(ER). (4.2.8)
V21 (2maER +m},) 2 (2maER + my)? A

Here the coherence factor, @, 4 = ZQ,, , here depends on the number of protons
in the nucleus, Z, since the dominant coupling is via mixing with the photon. Also,
the sign of the first term, which arises from interference between the SM and new
physics diagrams, crucially depends on the neutrino flavour, due to the different
charges under the U(1) L,-L, Symmetry: Qf,“ =+1; Q;,T = —1. The scattering cross
section with muon neutrinos can therefore be suppressed compared with the SM

cross section in certain regions of the parameter space.
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Figure 4.3: Constraints on the parameter space of a new U(1) L,-L,
gauge symmetry, excluding any updates made as part of
my work described in Chapter 7. An explanation of the
sources of these constraints can be found in Refs. [3,177].

The new physics contribution to the cross section for neutrino-electron scattering
also depends on the flavour of the neutrino. As with the CEvNS cross section, this
flavour dependence is captured by the neutrino charge under the new symmetry,
Q.. o

da,,Naf; 2 G% m,
dER - N
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The sign on the first term again depends on the neutrino flavour. Due to the

negative electric charge on the electron, however, here the interference term can
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lead to destructive interference in the tau neutrino cross section, while for muon

neutrinos the new physics contribution is always positive.

4.2.2 Light scalar mediators

In addition to these vector models, we also considered the effects of a new scalar
boson that couples to SM particles. Here, though, we did not find any models that
were both suitable for study through neutrino scattering in DD experiments, and

sufficiently better motivated than other models to justify their study above all others.

The introduction of new scalars is a feature of many models of new physics. Some-
times they form part of a secluded dark sector [178], and may form part or all of the
universe’s dark matter [179]. If such a scalar couples to SM particles, it can form a
portal to the dark sector it inhabits. One intuitive way in which a dark scalar could
interact with SM fermions would be through a mixing with the Higgs, as occurs in

so-called Higgs portal models [180].

In a scenario in which the new scalar only couples to the SM sector via mixing
with the Higgs, its effective couplings to SM fermions will be proportional to their
Yukawa couplings to the SM Higgs, and therefore to their masses. However, the
small masses of the neutrinos mean that if they couple to the SM Higgs at all, their
Yukawa couplings are much smaller than the Yukawas of other fermions. Neutrino
scattering would therefore be a poor channel through which to search for such a

scalar.

A new scalar that couples directly to neutrinos can be motivated by attempts to
more naturally generate a light neutrino mass. The phenomenology of such a model
crucially depends on the nature of the neutrino mass. If the neutrino is a Dirac
particle, it may acquire its mass term through interaction with a second Higgs field,
with a vev much smaller than that of the SM Higgs [181]. This would allow the
neutrino to have a larger, more natural Yukawa coupling to this light Higgs, which

could then couple to other SM fermions either through mixing with the SM Higgs
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or through an entirely independent set of Yukawa couplings.

If, conversely, the neutrino is a Majorana particle, new fields must exist in order
to generate the required lepton number violating interactions. For example, the
type-II seesaw model introduces a new scalar triplet field, leading to terms in the
Lagrangian of the form

L5 (yu)abngbon (4210>

where A is the neutral component of the scalar triplet [182]. While the fields
required for this seesaw mechanism usually have masses much larger than those to
which DD experiments are particularly sensitive, an additional light scalar field could
mix with the scalar A to acquire a coupling of this form, while mixing with the SM

Higgs field to acquire couplings to other SM fermions.

So, while it is possible that a new scalar field could exist which couples to SM
fermions, including neutrinos, there is no model which fits our requirements quite
as well as the gauged U(1) models discussed in Section 4.2.1, for which only a single
coupling constant parametrises the coupling strength to all SM fermions. In the
absence of such a model, we wish to ensure our results are as applicable as possible to
the wide range of potential new physics which may be of interest. We will therefore
make as few assumptions as possible about the relative couplings between the new
scalar and SM fermions, instead constraining directly the combination of couplings

to which a given experiment is sensitive.

Our new scalar, ¢, couples to neutrinos in a manner that either conserves lepton
number (LNC), or violates it (LNV). In the former case, the neutrino-coupling term

in the Lagrangian has the form

Line D (Yo)ap®Va,rV5,L; (4.2.11)

while in the latter case it has the form

(yu)aB

‘CLNV D (,ZS?;LI/B’L. (4212)
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If the light scalar plays an important role in the neutrino mass generation, a suitable
mixing matrix (y,),s must be chosen to correctly reproduce the observed neutrino
mixing behaviour [183]. For simplicity, however, in the remainder of the work we
will assume flavour-universal, diagonal couplings, so (y,)as = ¥,045. Although this
may not be well motivated physically, it greatly simplifies our parameter space, and
it is likely that the constraints we place under this assumption could be rescaled to

give equivalent constraints on a more complex matrix of Yukawa couplings.

Within specific models of neutrino mass generation, known features of the neutrino
mass matrix can be used to constrain the properties of the additional fields which
arise. For example, bounds on the sum and splittings of the neutrino masses can
often be used to constrain the relationship between the masses, couplings, and
vacuum expectation values of new scalar fields involved in neutrino mass generation
[182,184,185]. However, these relationships are specific to the particular model
being considered, and it is challenging to derive an overall constraint in the model-
agnostic approach we have taken to the origin of our LNC and LNV scalars. The
picture is further complicated by the possibility that the couplings of our scalar to
some or all SM fermions are generated through mixing with other scalars, either the
SM Higgs or other scalar fields which may be introduced in neutrino mass models.
Some previous works have performed model agnostic analyses under additional
constraining assumptions, for example the assumption that the additional scalar
forms the majority of the DM in the universe [186,187]. In Ref. [186], the requirement
that a scalar DM candidate be stable was satisfied by enforcing the condition m, <
m,,,,. Under that choice, and using the requirements that both the DM relic density
and neutrino mass properties agreed with current limits, stringent bounds were
acquired on the properties of the scalar DM. While these specific assumptions make
the bounds acquired incompatible with our parameter space, the work demonstrates
that constraints from neutrino properties can be important when investigating a
new, light scalar interacting with neutrinos. In this thesis, we do not attempt to

derive such a constraint on our simplified models, but leave such an analysis to
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future works.

In both the LNC and LNV case, the scalar can also couple to other SM fermions,

with terms in the Lagrangian of the form
Lis=ys ffo. (4.2.13)

In each case the final state particles differ from those in the SM. The LNC scalar
couples left- and right-handed neutrino fields, so the outgoing neutrino field is a
right-handed neutrino. In the LNV case, the right-handed component of the neutrino
field is an antineutrino, so the outgoing particle is an antineutrino. In the case of
an LNC scalar, then, the mass of the right-handed neutrino will have important

consequences. We identify three possible scenarios:

e Small m, : If the mass of the right-handed neutrino is much smaller than
the energies at which our scattering occurs (< eV), our results will not be
sensitive to its exact value, and the outgoing phase space of our scattering will

not be significantly different from the SM case, where we have an outgoing vy,.

» Large m,_: If the right-handed neutrino mass is much larger than the scales
at which we are scattering (2 GeV), the scattering of neutrinos via the LNC
scalar will be kinematically forbidden, and we will not obtain any constraints

on ¥, using the arguments described below.

 Intermediate m, : If the right-handed neutrino mass falls somewhere between
these two extreme cases, scattering via the LNC scalar may be forbidden for
some of our lower-energy scattering processes, but allowed for our higher-
energy events. If the mass fell within the range of energies probed by one of
our DD experiments (m,,,, ~ keV), we may observe some interesting signals in
the neutrino scattering spectrum which could even be used to reconstruct the

right-handed neutrino mass.

The latter case displays some interesting phenomenology, and may warrant future

study. However, such an investigation is beyond the scope of this work. Instead, we
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will assume the first case, in which the right-handed neutrino mass is too small to
produce observable signatures in any of our experiments. This is the assumption
that was implicitly made in Ref. [188], from which we took our initial constraints
on these scalar models. In this case, the new physics contributions to our neutrino-
scattering cross sections are the same for an LNC and LNV scalar with equal mass
and couplings, although some of the constraints we consider are specific to one class

of scalar or the other.

As we cannot observe the outgoing (anti-)neutrino, for our purposes the new physics
scattering processes are indistinguishable from the equivalent SM process. However,
due to this difference in the outgoing particles there is no interference term in the

cross section of the kind we saw in the cross sections in Section 4.2.1.

The new physics contribution to the CEvNS cross section is

d AERyY A
dER 47TE,,(2mAER + m¢)

where Y, = ZY,+ NY,, is the coupling of the scalar to the nucleus at zero momentum
transfer. The loss of coherence at higher momentum transfer is again encoded using

a Helm form factor.

The effective couplings of the scalar to protons and neutrons can be computed from

its fundamental couplings to quarks, by

Yy = my Y [ny] . V€ {n.p}. (42.15)
q My
with £, the hadronic matrix elements for each quark flavour ¢ in nucleon N [189-191].
The f;v can be found in Ref. [188]. Interestingly, in the absence of any extreme
fine-tuning (for example near-perfect cancellation of the y, and y, terms), the overall
couplings to protons and neutrons differ by at most O(10%). We will therefore take
the approximation that they are equal, Y,, = Y, = Y}, and define our constraints on

Yy, so our constraints will be mostly independent of the relative couplings to different

quark flavours. The relevant combination of couplings for CEvNS is therefore y,Yy.
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The new scalar mediator also contributes to the cross section for neutrino-electron

scattering. The new physics contribution is

daue szRygyz

= . 4.2.16
dEgr  ATE.(2m.Eg +m3)” ( )

As with CEvNS, there is no interference between the SM and new physics channels,
due to the difference in the chirality of the outgoing particles. Here the relevant
combination of couplings is ,y., so constraints from CEvNS do not necessarily
equate to constraints on neutrino-electron scattering, or visa-versa, depending on

the relative couplings vy, and Y.

As CEvNS will be the more important scattering process in most DD experiments, we
will focus on constraints on the combination of couplings Y = /1, Yy. A collection
of these constraints was found in Ref. [188]. Some of these constraints we have since
reevaluated, but here I will introduce them as they stood prior to our work, which

we discuss in the following chapters.

The constraints, as they appeared in 2018, are shown for both the LNC and LNV

cases in Figure 4.4. They are derived from a wide range of measurements:

o COHERENT: The first measurement of CEvNS was made by the COHER-
ENT collaboration using a 14.6 kg sodium-doped Csl detector and an intense
source of neutrinos generated from pion decay at rest. The measured rate of
CEvNS was consistent with the SM at the 1o level [166], and this result has

been used to place constraints on the combined coupling ¥ = /v, Y.

« Neutron-nucleus scattering: Measurements of the scattering of neutrons
with atomic nuclei at low energy can be used to constrain any new mediators
that couple to nucleons [192-194]. This allows us to place constraints on Yy,

which can be combined with constraints on y, to calculate a constraint on Y.

e« Meson decay: If a new mediator couples to neutrinos, it opens up new final

states for meson decays due to emission from a final-state neutrino, for example
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number violating (LNV) scalar.
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7t — [Tvg. Measurements of branching ratios in meson decay experiments

can therefore be used to constrain y, [195].

Neutrinoless double-beta decay: If the new scalar violates lepton number,
it can mediate neutrinoless double-beta decay (Ov/3). Rather than emit-
ting two antineutrinos, only a single scalar ¢ would be emitted, leading to
measurable effects on the beta decay spectrum [196]. This allows us to place

constraints on (y,).. below a certain mass.

BBN constraints: The number of effective degrees of freedom (N.g) at the
time of Big Bang nucleosynthesis (BBN) cannot deviate too far from the SM
value without upsetting the agreement between our understanding of BBN
and observed abundances of light elements in the universe. In the case of an
LNV scalar, ¢ can be produced in large numbers via the process vv — ¢. If
my 2, 1 MeV, most of the scalars will decay between neutrino decoupling and
BBN, leading to no change in N4 at that time. If, however, m, < 1 MeV,
Nyg will be affected, leading to a strong constraint on the coupling y,. The
constraint from BBN on the LNV scalar therefore appears as a vertical line in
Figure 4.4. While this argument is quite approximate, the authors of Ref. [188]
note that this result agrees with other works in which the full Boltzmann

equation is solved [170].

In the case of an LNC scalar, production of ¢ is suppressed, and no constraint
can be obtained from N.g due to production of the new scalar. However, the
presence of the scalar allows production of right-handed neutrinos, through
processes such as v U;, — vpUp. As we are assuming that our right-handed
neutrinos are very light, they would contribute to N, leading to a constraint

on g, for an LNC scalar

Supernova bounds: The final class of constraints considered in Ref. [188] are
those from supernovae. In the extreme environments found within supernovae,

even very weakly-coupled forces can have important effects, and there are
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several channels through which such interactions can be constrained. However,
the processes that power supernovae are complex, and in some cases are still not
fully understood. We must therefore be aware that many constraints obtained
from supernovae will be dependant on the particular models of supernova
physics being used. In Section 5.3, we will discuss this in more detail as we
attempt to refine some of the constraints presented in Ref. [188], but here we

will simply introduce the constraints as they appear in that reference.

As was discussed in Chapter 3, in 1987 a sudden burst of neutrinos was
detected in three particle physics experiments around the world, coinciding
with the appearance of supernova SN1987A in the sky [124]. From these
measurements, both the duration of the neutrino burst (¢ ~ 10 s) and its
approximate luminosity were inferred. While these values are not known
to great precision, they are in agreement with current models of supernova
and particle physics. Constraints can therefore be placed on any processes
that would cause the properties of the neutrino burst to deviate from those

measured.

Constraints can, for example, be placed on the luminosity of any “exotic”,
beyond-standard-model particle that would be emitted from a supernova. The
so-called Raffelt criterion [197] places an upper limit on this luminosity, above
which so much energy would be lost from the nascent supernova that the
observed luminosity of neutrinos could not be produced. A new field will
violate this Raffelt criterion if it has a sufficiently large production cross section,
but sufficiently small scattering cross sections that it can free-stream out of
the supernova, carrying away energy without becoming trapped in the dense
interior. Luminosity constraints therefore exclude a region of the parameter

space between a lower and upper bound.

This argument has been used to place constraints on many new light particles,
including new scalars [198], but the resulting excluded regions lie at couplings

well below those we are sensitive to. In the case of an LNC scalar, however,
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neutrinos can scatter with neutrons, changing chirality in the process. This
leads to the production of right-handed neutrinos, which cannot then inter-
act with the surrounding medium via the weak interaction. In Ref. [188], a
constraint was obtained on regions of the LNC parameter space which would
lead to a large production of these chirality states, and for which the cross
section for scattering via the scalar mediator is too small to effectively trap the
right-handed neutrinos. This is the origin of the “SN energy loss” constraints

in Figure 4.4.

Whether the new scalar is LNC or LNV, the additional contribution to the
neutrino-neutron scattering cross section will reduce the mean free path of
neutrinos within the supernova. This will therefore lead to a change in the
diffusion time, the time taken for a neutrino to escape the interior of the su-
pernova, and ultimately, the observed duration of the neutrino burst measured
on Earth. In Ref [188], the “SN diffusion” limit is placed when the contribu-
tion to the cross section from new physics is equal to that from the SM weak
interaction, as this will cause the diffusion time to be “significantly affected”.
However, this is clearly a very approximate method for deriving a constraint.
In Section 5.3 I will discuss our efforts to improve and refine this constraint

from the neutrino diffusion time in supernovae.

Finally, if neutrino-neutron scattering is mediated by an LNV scalar, the
incoming neutrino will be converted into an antineutrino. If the cross section
for this interaction is sufficiently large, a significant fraction of the v, produced
from electron capture in the supernova core will be converted into 7,. The
resulting deleptonisation of the proto-neutron star can lead to a conflict with
traditional models of supernova dynamics, which require a certain density of
leptons to strengthen the stellar core and prevent total collapse [199]. This
limit is labelled “SN EoS” in Ref. [188], as the change in particle populations
would affect the equation of state of the stellar core. However, it should be

noted that these models of supernova dynamics struggle to reproduce the
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observed properties of supernovae [200], so a disagreement with these models
should not necessarily be taken as a true constraint on the particle physics
model. Modern supernova models are generally less sensitive to changes in the
core lepton fraction than early models were [201]. We will discuss the physical

implications of this ¥ — 7 conversion further in Section 5.3.

The constraints from Ref. [188] are displayed in Figure 4.4. Clearly, the question of
the reliability of the supernova constraints is important, as they have the potential to
constrain the parameter space of new scalars at couplings well below the sensitivity
of previous particle physics experiments. We will discuss this question further in
the next chapter, as we begin to explore the effects of neutrino scattering at DD
experiments, both as an exciting opportunity to place constraints on new physics,

and as a formidable barrier to the future of dark matter direct detection.






Chapter 5

Neutrino physics in the dark

matter parameter space

We have introduced the channels through which neutrinos can scatter with atomic
matter, both in the SM and in various simplified models of new physics. In this
chapter, we will consider the implications of neutrino scattering for future searches

for dark matter at direct detection experiments.

As we discussed in Chapter 2, any search for the signals of DM (specifically WIMPs)
scattering in DD experiments will in principle be subject to backgrounds from other
particles scattering within the detector. The simplified DM detector we introduced
in that chapter was assumed to be background-free, an assumption we made to avoid
having to consider backgrounds specific to individual experiments. However, for
some real-world detectors the approximation of zero background is indeed a valid
one. They are able to reduce the rate of background events in their analyses to < 1
count across the full exposure, allowing a genuine “background free” search in which
any events can reasonably be interpreted as a potential signal of physics beyond the
SM [202].

Even in experiments that do not attempt such radical background elimination,
backgrounds are mitigated through a variety of techniques, based on the known

properties of SM backgrounds. Most SM backgrounds have much larger scattering
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cross sections with atomic matter than DM. Those originating outside the detector
can be attenuated with shielding, while radioactive elements that could emit radiation
within the detector can be reduced through rigorous purification of construction
materials. Any background events that do occur within the detector can be reduced
through analysis cuts, for example by rejecting scattering events close to the surface of
the detector, effectively turning the outer layers of the detector into further shielding
for the inner fiducial volume. Finally, any surviving backgrounds are in general
much more likely to be due to scattering with atomic electrons than with nuclei,
so multiple detection channels are employed to discriminate between electronic and

nuclear scattering events.

However, none of these strategies for background rejection are effective at reducing
backgrounds from CEvNS. Neutrinos with energies in the 1 — 100 MeV range are
quite abundant, cannot be shielded against, and can induce keV scale nuclear recoils
which would be very difficult to distinguish from those caused by DM particles. For
WIMP candidates with very small couplings, then, any DD experiment with sufficient
sensitivity to search for them will also be sensitive to a significant, irreducible
background due to CEvNS'. This ultimately leads to a lower “discovery limit” on
WIMP couplings, below which neutrino scattering will severely hinder their study

at DD experiments, known as the neutrino floor [38].

The idea of projecting the effects of neutrino scattering onto a DM parameter space
motivated Ref. [2], the work upon which the first part of this chapter is based. In
that work, I collaborated with C. Boehm, D. Cerdeno, P. Machado, A. Olivares-del-
Campo, and E. Perdomo to study the effects of the simplified models of new physics
introduced in Chapter 4 on future searches for DM at DD experiments. At that
time we referred to the neutrino scattering lines we ultimately derived as a type of
“neutrino floor”, but we have since decided to change our nomenclature, to avoid

confusion with the original neutrino floor derived in Ref. [38]. Instead, “neutrino

n reality this background is not entirely irreducible, but significantly reducing it will require
radical changes to the design of DD experiments, for example the incorporation of directional
detection.
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contour” will be used to generically refer to our projections of neutrino physics onto

the DM parameter space.

In Section 5.3, I present my work with D. Cerdeno, M. Cermeno, and M.A. Pérez
Garcia from Ref. [4], in which we recompute some of the constraints on scalar medi-
ators introduced in Section 4.2.2. As we will see, these constraints have important
consequences for our projections of new physics onto the canonical WIMP parameter

space.

5.1 The CEvNS background in the SM

The rate of CEvNS in a DD experiment can be calculated using a master formula

equivalent to that used for WIMP scattering in Equation (2.1.1),

dR,,A 1 dqby dUVA
- dE, , 1.1
dEgr ma JE™® dE, dEg (5.1.1)

where the cross section for CEvNS in the SM is given in Equation (4.1.1) and
d¢, /dFE, is the flux spectrum of neutrinos incident on the detector. As the neutrinos
are relativistic, the velocity integral from Equation (2.1.1) is replaced with an integral
over the neutrino energy, where E™" = ,/m 4 Ex/2 is the minimum neutrino energy

required to generate a recoil energy Eg.

The dominant sources of neutrinos incident on DD experiments within the required
energy range will be solar neutrinos, which we discussed in Chapter 3, and at-
mospheric neutrinos, which are generated from cosmic ray collisions in the upper
atmosphere. An additional population exists as a result of the combined neutrino
emission of past supernovae, the diffuse supernova neutrino background (DSNB),
though its contribution to the CEvNS rate is subdominant compared with solar and
atmospheric neutrinos. The associated flux spectra are shown in Figure 5.1. As an
aside, there are statistical and systematic uncertainties of between 1 and 10% on

these fluxes. These are important to the definition of the original neutrino floor, but
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Figure 5.1: Average fluxes of solar and atmospheric neutrinos in-
cident on a terrestrial detector. Solid lines indicate
solar neutrinos, dashed lines are atmospheric neutrinos,
and dot-dashed lines are the diffuse supernova neutrino
background. Here we are assuming a high-metallicity
Sun.

in our own work we will neglect them [115]. As we will show below, the effect of

new physics can be much larger than such uncertainties.

In this work, we have neglected the effects of reactor neutrinos interacting within DD
experiments. Every location on Earth is now subject to an overall flux of neutrinos
produced in nuclear reactors around the world. However, the total magnitude of this
flux can vary considerably with location [203]. In general, DD experiments are sited
in laboratories where the reactor neutrino flux is smaller than the *B neutrino flux
by at least an order of magnitude. Additionally, the maximum energy reached by
reactor neutrinos is less than that of ®B neutrinos, so the contribution to the CEvNS

rate will be subdominant to that of solar neutrinos across all recoil energies [204].

From Figure 5.1, we see that the largest flux of neutrinos is that of the so-called pp
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neutrinos, those that are produced in the first stage of the solar pp chain. However,
the energy of these neutrinos is too small to produce detectable recoils via CEvNS
in current DD experiments. Instead, the two most important fluxes for our purposes
are the ®B and atmospheric neutrinos. The spectrum of CEvNS induced by each flux
population is shown in Figure 5.2. From this figure, we see that detectors with energy
thresholds below ~ 10 keV will be sensitive to recoils from B solar neutrinos, while
for detectors with higher thresholds only atmospheric neutrinos will be detectable,

with a much lower scattering rate.

In order to project the influence of CEvNS onto the canonical WIMP parameter space,
we begin by following the process of Ref. [38], in which the floor was first introduced.
Consider our simplified model of a DD experiment, introduced in Chapter 2. We
noted that three parameters were required to define our simplified experiments: a
target nucleus, a lower energy threshold, and an exposure. Choosing some target
and energy threshold for the detector, we can calculate the total rate of CEvNS
events per unit of exposure. We then fix the exposure so that 1 event of CEvNS is

expected over the lifetime of the experiment.

In Ref. [2], we then calculated the minimum spin-independent WIMP-nucleon elastic
cross section, afjlv, that could be excluded by an experiment with this energy
threshold and exposure at the 90% confidence level (CL) for each value of the
DM particle mass, m,.. This is a good metric for comparing sensitivities between DD
experiments, as it is typically among the first analyses performed for an experimental
result showing no clear signal of DM. Performing a background free analysis and
assuming that no events are seen in the detector, a 90% confidence limit can be
placed on the WIMP parameter space along the isovalue contour where 2.3 events
of DM scattering are expected. The contour could then be used to identify when a
DD experiment should expect to see > 1 count of CEvNS, based on its sensitivity
at the 90% CL. Here we used the cross sections and DM parameters introduced in

Chapter 2.

However, since the publication of the above work we have reexamined this definition,
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Figure 5.2: Differential rate of CEvNS induced by each flux pop-
ulation of neutrinos from Figure 5.1 scattering with
germanium nuclei.

and decided to make a modification. Rather than computing a 2.3 isovalue contour
on the WIMP parameter space, we will instead calculate the contour along which 1
event of coherent WIMP-nucleus scattering is expected. This new isovalue contour
therefore represents the region of the WIMP parameter space where equal numbers
of events are expected from both WIMP-nucleus scattering and CEvNS. The benefits
of this updated definition will arise when considering the effects of new physics in
Section 5.2. The updated contour can be obtained trivially from the lines presented

in Ref. [2], by rescaling 0§ by a factor 1/2.3.

We perform this computation for a range of simplified DD experiments, varying the
energy threshold across a wide range of values. We define our neutrino contour as
the lower envelope of the resulting isovalue contours, as shown in Figure 5.3. In
principle, an equivalent object can be defined for a generalised WIMP parameter

space, like the one we discussed in Section 2.3 [205]. However, in this work we focus
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Figure 5.3: The neutrino contour (black) is constructed from the
lower envelope of the isovalue contours along which
an equal number of events are expected from WIMP-
nucleus scattering and CEvNS, for a set of simplified
DD experiments with varying energy thresholds.

on the simplest spin-independent parameter space.

In Figure 5.4 our neutrino contour is plotted for three targets: helium, germanium,
and xenon, along with constraints and projected sensitivities from relevant DD
experiments. Germanium and xenon were selected due to their prevalence in DD
experiments, while helium was included to demonstrate the radical difference in the
form of the contour for light target nuclei. The reasons for this difference, and for
the shape of the neutrino contour in general, can be understood intuitively. The
spectra for both DM scattering and CEvNS have an approximately exponential
energy dependence, with the slope of the CEvNS spectrum approximately matching
that of a 6 GeV WIMP for ®B neutrinos, and a 100 GeV WIMP for atmospheric
neutrinos. As we saw in Figure 2.1, WIMPs with higher masses will in general be
able to induce higher-energy recoils than lighter WIMPs. For WIMPs with mass

m,, > 6 GeV, a sufficiently high energy threshold will exclude the more abundant
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solar neutrinos, leaving only the higher energy WIMP events and the much less
abundant amospheric neutrino events. Lower mass WIMPs will not produce recoils
with higher energies than those from ®B neutrino scattering, and so will always be
subject to this larger source of background. The neutrino contour is therefore lower

for high-mass WIMPs than for low-masses, for the majority of target nuclei.

Helium, however, has a nuclear mass of only 3.7 GeV. The spectral shape for CEvNS
and WIMP scattering with helium is therefore quite different from the xenon and
germanium cases. Low mass WIMPs, and CEvNS scattering with ®B neutrinos,
can induce recoils with quite high energies, and the spectrum does not vary as
dramatically with higher WIMP masses. A high energy threshold is therefore less
effective for distinguishing high-mass WIMPs from ®B neutrinos, and there is no

characteristic drop-off in the neutrino contour above m, = 6 GeV.

This neutrino contour is a useful tool for quickly identifying the importance of
CEvNS in a given search for DM. Any DD experiment that wishes to search for
WIMPs in the parameter space below this line will have to contend with an expected
rate of background events from CEvNS at least equal to the number of signal events
from DM, either in the resulting analysis or by utilising some additional technology

such as directional detection.

In Ref. [38], these isovalue contours were used as the first step towards the derivation
of the neutrino floor. As detectors begin to explore below the isovalue contour
we defined, the ratio of potential DM signal events to background events from
CEvNS will decrease linearly with o, . In that work, the behaviour of the discovery
potential (the minimum value of o, 5 for which an experiment has a 90% probability
of achieving a 30 discovery) was explored as a function of experimental exposure.
When backgrounds are negligible and a background-free analysis is possible, the
discovery potential scales as 1/MT. Below our neutrino contour, when the number
of CEvNS events is greater than the number of WIMP events, the discovery potential
instead scales as 1/ VMT. The marginal benefit of increasing the exposure of an

experiment is therefore reduced. Finally, when the neutrino background is much
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larger than the WIMP signal, the discovery potential scales even more slowly with
exposure. The uncertainty on the neutrino flux makes perfect subtraction of the
CEvNS background impossible, and WIMPs with sufficiently small cross sections
are ultimately almost indistinguishable from the neutrino background. The neutrino
floor is defined as the lower limit of the WIMP discovery potential for simplified DD

experiments with very large exposures.

There are, however, a few strategies that can be employed to search for WIMPs
below the discovery limit calculated in Ref. [38]. Firstly, spectral information can
be used to distinguish the neutrino background from WIMPs of certain masses.
Indeed, in the above reference a binned likelihood analysis is employed, so the
discovery limit plotted is not a strict lower bound on cross sections that could
be probed. There is, however, a “saturation region” of the parameter space for
which an increase in exposure, even of an order of magnitude, provides very little
improvement in the discovery potential of an experiment [206]. Additional methods
have been considered to improve detector performance below the apparent discovery
limit. For most conventional DD experiments, timing information can be utilised
to improve the discovery potential at high exposures, as WIMPs and neutrinos
each exhibit a different annual modulation effect [207]. Ultimately, directional DD
experiments could provide a way to distinguish the two signals, using the expected
spatial distributions of both WIMPs and neutrinos to largely negate the effects of
the CEvNS background on WIMP searches [208].

The neutrino floor is frequently shown on plots comparing the sensitivities and
bounds from different DD experiments [209,210], indicating how much unconstrained
parameter space remains before CEvNS becomes a hindrance to further searches.
However, as the neutrino floor is effectively a way of projecting the physics of
neutrino scattering onto the parameter space of dark matter, care should be taken
when interpreting it. As with our neutrino contour, the neutrino floor is specific to
the target nucleus for which it was derived. The most commonly used line is taken

from Ref. [38], where the floor is plotted for a xenon target, but for experiments
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utilising light targets the discovery limit can be quite different.

We were initially interested in studying the effects of new neutrino physics on the
neutrino floor. However, until a specific model of new physics is confirmed and its
properties well understood, we do not believe the neutrino floor to be the most useful
tool for our purposes. The level of the neutrino floor is determined by the sizes of the
uncertainties on the neutrino scattering rate. In the presence of one of our simplified
models of new physics, the neutrino flux uncertainty is insignificant compared with
the uncertainty on the mass, couplings, and even existence of additional particles
which affect the CEvNS scattering rate. However, the concept of using a line on the
WIMP parameter space as a tool for visualising the effects of neutrino physics is a

powerful one.

In the next section, we will examine the effects of new physics on the neutrino
contours shown in Figure 5.4, and show how this projection of neutrino physics
onto the WIMP parameter space can be used to make predictions for future DD

experiments.

5.2 Enhancing the CEvNS rate with new physics

The neutrino contours shown in Figure 5.4 have been derived under the assumption
of SM neutrino interactions. In the presence of one of the new mediators discussed in
Chapter 4, the CEvNS cross section is modified, and the neutrino isovalue contours
will move. In this section, we will explore the largest possible increase to the level of
the neutrino contour in each of our models of new physics, and discuss the significance
of the resulting object. The section is based predominantly on my own contribution
to Ref. [2], though I have included some additional and updated results, for example
the computation of the neutrino contour for a U(1) L,~L, model and the LNC scalar,

as they are relevant to the remainder of this work.

In order to calculate the maximum possible increase to the neutrino contour allowed

in each of our models across the full range of m,, we consider a selection of points



88 Chapter 5. Neutrino physics in the dark matter parameter space

in each parameter space across a range of masses, taking the maximum couplings
allowed by the constraints discussed in Section 4.2. We then compute the CEvNS
cross section and resulting neutrino contour with a mediator described by each of
these points in a given parameter space, for each of the target nuclei in Figure 5.4.
The raised neutrino contour is the maximum level of the contour allowed by each
model, found by taking the upper envelope of the lines computed for each allowed

point in the parameter space of the simplified model.

So, what is the physical significance of this object? It is not simply that it represents
the point where equal numbers of CEvNS and DM events are expected under a
particular model of new physics: if the presence of one of these mediators were
confirmed, that contour could indeed be raised, but the object we are examining is
the upper envelope across all possible modifications that could be induced under a
given simplified model. The raised neutrino contour represents the maximum DM
coupling at each mass m, for which an equal rate of CEvNS could be induced in a
given model, based on current experimental constraints. An apparent signal of DM,
consistent with a WIMP within the region between the SM neutrino contour and the
raised neutrino contour, can therefore not be immediately assumed to be the result
of DM scattering. Instead, the possibility must be considered that the additional
events seen in the detector are the result of CEvNS, its cross section enhanced by

the presence of new physics.

The contour also offers a way of quickly estimating the prospects of a DD experiment
placing competitive limits on a given model of new physics in the neutrino sector,
simply from its sensitivity to a canonical WIMP parameter space. A given WIMP
candidate can only be constrained by a DD experiment if a sufficiently large DM
event rate is expected, and not observed. If that candidate lies below the raised
neutrino contour for a given model of new physics, then some unconstrained region of
the parameter space for that model would produce a larger expected rate of CEvNS
than that of the DM candidate being constrained. A DD experiment with the ability

to constrain the WIMP parameter space below the raised neutrino contour therefore
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has a reasonable possibility of placing an equivalent constraint on the corresponding

model of new physics in the neutrino sector’.

These claims cease to be valid as the level of the raised neutrino contour approaches
that of the SM neutrino contour. Clearly, as the CEvNS rate becomes highly
constrained, the vast majority of events from CEvNS will be due to scattering
through the SM weak force, and large amounts of statistics will be necessary to
further constrain these models. However, all of the models we consider still allow
potential enhancements of the CEvNS rate of up to a factor ~ 2, so a sensitivity
below the raised neutrino contour is still a reasonable motivation for performing a

more detailed analysis of the model in question at that experiment.

The raised neutrino contours obtained in our two vector models are shown in Fig-
ure 5.5, along with the SM line for comparison. We see that in the presence of a
U(1)p_;, mediator, the level of the neutrino contour can be raised by up to a factor
of 2, while a U(1) L,-L, mediator can lead to an increase of up to a factor of 3 in
some cases. Of the DD experiments we are considering, only LZ will be sensitive
to any parameter space below the raised neutrino contour for the U(1)z_; and
U(1) L,—L, models. We will see in Chapter 7 that this supports our interpretation of
the neutrino contour, as LZ is expected to set new limits on the U(1) L,-L, barameter

space, while SuperCDMS SNOLAB is not.

In Figure 5.6, the raised contours are shown for the LNV and LNC scalars introduced
in Section 4.2.2. However, the supernova constraints taken from Ref. [188] were either
quite approximate, or dependent on the chosen model of supernova dynamics. At
the time of writing Ref. [2], when we only considered an LNV scalar, we computed
three separate lines. In the first (dotted lines in the LNV plots of Figure 5.6), we
assumed that all the supernova constraints were valid and constraining. In this case,

very little change to the neutrino scattering rate was allowed. In the second case

'Under the definition we used in Ref. [2], this is not true. There, a DD experiment setting
constraints on the WIMP parameter space below the raised neutrino contour should expect to see
> 1 event from CEvNS, but this is not necessarily sufficient to allow a constraint to be placed on
the model of new neutrino physics being considered.
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In each case the solid black line represents the raised
neutrino contour, and the grey line represents the SM

neutrino contour. The relative increase compared with
the SM result is shown in each case below the main plot.
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(dashed lines), the model dependent constraints based on the supernova equation
of state were disregarded, but the constraint from the neutrino diffusion time was
included. In the final case (solid lines), all constraints from supernova physics were
ignored. In this last case, we found that the allowed increase in the level of the
neutrino contour was very large, with increases of several orders of magnitude for

WIMPs with low masses.

For this work, I have also computed the neutrino contour for an LNC scalar. Again,
three scenarios are considered. In the first case (solid lines), as for the LNV scalar,
all supernova constraints are neglected. In the second (dashed lines), all supernova
constraints are included, with the leading contributions to the raised neutrino contour
coming from the narrow band of allowed parameter space between the neutrino
diffusion constraint and the region excluded by the vy cooling constraint. Since all
the supernova constraints have been calculated quite approximately, it is conceivable
that in a more careful calculation this narrow band could be excluded, so we also
consider the case where that band is ignored, and constraints are taken from the
bottom of the region excluded by cooling constraints (dotted line). In this case we

find very little deviation from the SM line.

The large increases allowed in the level of the neutrino contour in these scalar
models are not entirely unexpected. In these models, we considered only constraints
on the coupling Y = /y, Yy, since other constraints will only translate to bounds
on CEvNS in a model-dependent way. This means that far fewer constraints exist
on these models than on the U(1)p_; and U(1) r,-z, mediators we considered,
where the relative couplings to all SM fermions are fixed. In particular, in the
absence of constraints from electron scattering, the parameter space is not heavily
constrained at low masses around 10 MeV. These mediators can generate huge
increases to the CEvNS cross section at low energies, with very little effect at the
higher energies to which COHERENT is sensitive. There is therefore a large region
of the parameter space between the SM and raised neutrino contours to which

experiments like SuperCDMS SNOLAB will be sensitive, indicating the potential
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for them to set competitive limits on the presence of new light scalars.

However, this large increase to the neutrino contour is entirely dependent on our
interpretation of the supernova constraints derived in Ref. [188]. Understanding
these constraints is crucial in order to know whether the allowed increase to the
neutrino contour is several orders of magnitude, or almost zero. In the next section,
I will discuss my recent work [4] with D. Cerdeno, M. Cermeno, and M.A. Pérez
Garcia to determine the validity of these constraints, and ultimately recalculate

them including some important effects which were not considered in earlier works.

5.3 Supernova constraints on light scalar

mediators

When a star reaches the end of its life, its slowing rate of fusion can no longer
exert sufficient radiation pressure to counteract its self-gravity, and the star begins
to contract. As the temperature and pressure of the stellar core increase, heavier
nuclei are formed and the binding energy released from their fusion briefly slows the
collapse. The cycle of fusing heavier and heavier elements is a process of diminishing
returns, and eventually the stellar core collapses into a white dwarf, a stellar remnant
supported by electron degeneracy pressure. For stars with masses similar to our Sun,
this is where the collapse will cease, leaving a white dwarf that gradually cools over
billions of years. If the progenitor star has a mass M > 8M,, however, the continued
accretion of stellar material onto the nascent white dwarf pushes its mass towards
the Chandrasekhar limit, beyond which electron degeneracy pressure cannot support
the gravity of the core. In this case, the white dwarf collapses into an object of even
greater density: a proto-neutron star. This final stage of collapse precipitates one of

the most energetic phenomena in astrophysics: a Type-1I supernova [197].

As we discussed in Chapter 4, neutrinos play a crucial role in the the dynamics of

supernovae. Most of the gravitational binding energy of the star, approximately
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3% 10 J, is radiated out of the core in the form of neutrinos. In the early stages, as
the proto-neutron star begins to form, protons undergo electron capture, releasing
large numbers of electron neutrinos in the process. The first neutrinos free-stream
out of the core, carrying away a portion of the total lepton number of the star. As
the core continues to contract, however, its density increases and the inner core

becomes opaque to the outflowing neutrinos, trapping them.

The trapped neutrinos quickly become degenerate as the phase space volume available
to them is filled. This leads to a significant neutrino chemical potential, x,,, slowing
the rate of processes that generate more electron neutrinos. In addition to electron
capture, trapped neutrinos scatter with neutrons, converting them back into electrons
and protons. As a result, the fraction of electrons within the core tends towards an

equilibrium due to the forward and backward reactions,

p+e —=n+rv,,

n+v,—p+e . (5.3.1)

This slows the conversion of the proto-neutron star into pure neutron-degenerate
matter and most current models predict that a significant fraction of the electrons

are present in the core during the next, crucial stage of the supernova [211,212].

Until this point, the progress of the supernova has been characterised by contraction
and collapse, as the immense forces of gravity compress the core of the star into
increasingly dense states of matter. However, supernovae are best known not for this
collapse, but for the immense and violent explosion which follows it. The explosion
is understood to be the result of a shockwave generated within the inner layers of
the collapsing star which propagates outwards, halting the collapse and expelling
the outer layers into the cosmos. The exact mechanism for producing the shockwave

is not known [213].

Early models of supernovae explained the shock as the result of a “bounce”. In
this scenario, the bounce occurs when the in-falling stellar core encounters the

extreme counteracting force of neutron degeneracy pressure. The core immediately
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becomes rigid enough to halt the gravitational collapse’, and the sudden deceleration
generates a powerful shockwave within the core [216]. In this scenario, known as
the prompt shock scenario, the lepton fraction is an important quantity, as the
presence of electrons strengthens the core and reduces energy losses due to nuclear
dissociation [199]. This is the origin of the “SN equation of state” constraint in
Ref. [188], as the presence of LNV interactions could lead to the deleptonisation of
the core. However, as we stated in Section 4.2.2; simulations utilising this mechanism
result in failed supernovae, as the shockwave stalls within the first few hundred
kilometres of its propagation and the star collapses inwards without exploding [200].
This outcome has been shown to have little sensitivity to variations in the lepton

fraction of the core [217].

In order to revive the stalled explosion, additional energy must be imparted into it
from the supernova core. As neutrinos are known to carry a large fraction of the
supernova energy, they were quickly identified as a mechanism for transporting the
energy required to restart the explosion [218]. This is known as the delayed shock
scenario, as the shockwave is allowed to stall before being reignited by the injection
of additional energy from outflowing neutrinos. The delayed shock scenario is much
more successful in reproducing the observed properties of supernovae, although
significant uncertainties remain regarding the exact mechanism through which energy

is transferred from neutrinos into the stalled shockwave [219].

Following the hypothesised bounce and subsequent shock propagation, the proto-
neutron star enters a Kelvin-Helmholtz cooling phase. During this phase it radiates
off much of its gravitational binding energy in the form of neutrinos and antineutrinos
of all flavours. The supernova core is still dense enough to prevent radiated neutrinos
free-streaming, so they diffuse out of the core over a timescale determined by their
mean free path. The diffusion timescale is subject to constraints from the observation

of the neutrino burst associated with SN1987A, as it must be consistent with the

'Either permanently, leading to the formation of a neutron star, or temporarily, if the remnant’s
mass exceeds the Tolman-Oppenheimer-Volkoff limit and a black hole is formed [214,215].
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spectrum of neutrino emission detected in Kamiokande-II [124], IMB [125], and
BUST [126]. The approximate value of the diffusion time determined from that

measurement is [220]
_ 3Ry B,
N\ 2E°

e ~10s, (5.3.2)

with R, the radius of the proto-neutron star, Fy, the initial thermal energy, E° the
initial neutrino energy, and A, the mean free path. The dominant scattering process
at this stage in the supernova evolution is neutrino-nucleon scattering, and so it
plays an important role in computing the mean free path. This is the origin of the

supernova diffusion constraint discussed in Section 4.2.2.

Finally, the supernova energy loss constraints discussed in Section 4.2.2 are also
derived from the SN1987A measurements. The majority of the neutrinos detected
were electron antineutrinos, and from the combined neutrino energy and distance
to the source (in the Large Magellanic Cloud), the total energy released in electron
antineutrinos was calculated to be Ey* ~ 5 x 10*> J [221]. From this, the Raffelt
criterion on the allowed luminosity of additional particle species was derived [197],
leading to the constraint on an LNC scalar due to vg emission in Ref. [188]. However,
as we will discuss in the next section, the constraint derived on vy production is
not related to this Raffelt criterion, but rather to the apparent disappearance of the
neutrino burst which would occur if a sufficiently large proportion of active neutrinos

were converted to their sterile chirality states.

In Section 4.2.2, we summarised the approximate methods used in Ref. [188] to
derive constraints on LNV and LNC scalar models using arguments from supernovae.
All three arguments used in that work: the neutrino diffusion time, vy production,
and the equation of state (EoS); in some way rely on the cross section for neutrinos
scattering with nucleons within the supernova core. However, Ref. [188] effectively
used the vacuum scattering cross section, which fails to take into account the density
of the surrounding medium. As the core of a supernova is among the densest
environments in the known universe, this approximation requires further study. In

our ongoing work, we have attempted to recompute the supernova constraints on
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the two scalar models using the full in-medium cross section required for an analysis

in the supernova core.

5.3.1 Neutrino-nucleon scattering in a dense medium

When free particles scatter in a low-density environment, the outgoing phase space
is generally considered to include all final states that are kinematically allowed. In
an environment with finite temperature and pressure, however, the phase space can
be far more restricted and we must consider the distribution of available final states
when computing the cross section. The differential cross section for the scattering
of (anti-)neutrinos and nucleons can be written as [222]

M)

do =
4/(p - k)? — mim?

do(p,p’, k. K)(1 = fn(EN))(L = f(E)),  (5.3.3)

where |M)|? is the squared matrix element for the scattering process, and the phase
space volume element is

& &K
(27)*2EYy (27)°2E,,

dCb(p’p/a kv k,) - (27T)45(4) (p + k - p/ - k/) (534)

Here m}y is the effective mass of the nucleon in the medium, and p" and & are the
incoming 4-momenta of the nucleon and the neutrino, respectively, with primed vari-
ables representing the equivalent quantity for the outgoing particles. The Fermi-Dirac
distribution, f;(E;) = (1 + eBimm)/ T>_1, describes the occupancy of the available
phase space for particle ¢, with 7" the temperature of the medium and p; the chemical
potential. The factor (1 — f;(F;)) therefore describes the distribution of available,

unoccupied states.

As with the vacuum neutrino scattering cross sections in Chapter 4, the squared

matrix element can be decomposed into SM and new physics (NP) contributions,
IMP? = [Mléy + [MRp. (5.3.5)

The squared matrix element for the SM interaction can be found in the literature,
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for example in Ref. [223], and the new physics contribution is the same in our two

scalar models,

2v2
_yl/YN *
Fome ¢ (4my — ), (5.3.6)

with ¢" = (qo, ¢) the 4-momentum transferred from the neutrino to the nucleon.

(MRe =

The mean free path is defined as A = V/o, with o the cross section, and V' the phase
space volume of the incoming nucleons. Following the procedure of Ref. [222], we

find

)\—1 _ o . 1 /EVd /QEU_QO d|_1/2W dgb /OO d’_1
VT80 e g Mo 013 Jp W

7 E,(ExE, TT;L}E cos elz)fN(ENW — In(EN)1 = f(E)), (5.3.7)

with 6;, the angle between the incoming neutrino and nucleon, and ¢,3 the azimuthal
angle between the incoming and outgoing neutrino. The lower limit on the nucleon
momentum integral is |p_| = \/Ex_ — my, with Ey_ = =0+ @,/1 — 47:—2}2. Note
that although the transferred energy integral has a lower limit of —oo, this is weighted

by the Fermi-Dirac distribution of available nucleons with energy Eyn > Epn_.

The temperature, chemical potentials, and effective masses of the particles will
change as the supernova contracts and as the neutrinos progress further out from
the core. To account for these variations we divide the proto-neutron star into
spherical shells, which we assume to have uniform temperature and density. Values
for the temperature T', baryonic density n,, and electron fraction Y, were taken from
Refs. [224,225]. As well as spatially discretising the supernova, we consider two time
snapshots, at 1s and 5s post-bounce. We also vary the radii of the shells in time
as the core contracts and cools. In each case, the largest radius considered roughly
corresponds to the edge of the neutrinosphere, which is the last scattering surface
of most neutrinos before they free-stream out of the supernova [226]. Our analysis
could be refined by allowing the conditions to vary smoothly in both time and
space. However, such an analysis would require us to perform a full, hydrodynamic

simulation of the supernova which is beyond the scope of this work.
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In the presence of an LNV scalar with sufficiently large couplings, LNV interac-
tions lead to mass conversion between neutrino and antineutrino states in the early
stages of the supernova. This could prevent a degenerate density of trapped elec-
tron neutrinos from accumulating, reducing the neutrino chemical potential in the
proto-neutron star core. If the conversion is efficient enough, the neutrino chemical
potential will be reduced to zero. This greatly reduces the average energy of the
neutrinos produced in the supernova, which for a thermalised neutrino is given by
p, + 7T [227]. In this scenario, the deleptonisation of the core is no longer im-
peded by the density of trapped neutrinos, and the electron fraction predicted in
Refs. [224,225] will disappear. This is the origin of the SN conditions in Table 5.2.
We will discuss the requirements for this significant change in the supernova equation

of state when we introduce the “supernova EoS” line in more detail, below.

The chemical potentials and effective masses were computed for an 18 M progenitor
using the TM1 model for the supernova equation of state [228]. I was not involved
in this calculation, and so I will not go into detail on how it was performed. The
resulting values are displayed in Tables 5.1 and 5.2. In those tables, the chemical
potentials and effective masses of neutrons are shown, though we also computed the
values for protons. When performing our calculations, we summed over the relevant

contributions to the scattering rate from each species of nucleon.

Using these values, we computed the neutrino mean free path by numerically in-
tegrating Equation (5.3.7) for each radial shell and time-snapshot of the supernova.
The resulting SM mean free path, A, is shown in Tables 5.1 and 5.2. We find that
the inclusion of matter effects leads to significantly lower neutrino cross sections in
the regions with a large chemical potential compared with the vacuum cross section

used in both Ref. [188] and the more recent update in Ref. [229].
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Lepton number conserved
t~1s T (MeV) | n(fm™®) | VY, || p,(MeV) | g, (MeV) | mj(MeV) || A%V (m)
R =0, 5] km 15 0.5 0.3 496.6 114.6 249.6 0.30
R =15, 7.5] km 20 0.3 0.28 530.0 102.7 384.9 0.22
= [7.5, 10] km 28 0.15 0.25 656.5 79.9 599.4 0.20
R =110, 15] km 33 0.06 0.2 779.8 29.0 786.0 0.49
R =115, 17.5] km 18 0.03 0.1 858.7 14.4 857.0 2.9
R =1[17.5, 20] km 7 0.008 0.05 917.2 12.5 915.9 36
t~5s T (MeV) | n(tm™®) | Y, || p,(MeV) |, (MeV) | mj(MeV) || X (m)
R =10, 5] km 25 0.5 0.25 504.3 41.8 254.6 0.38
R =15, 7.5 km 28 0.4 0.23 509.4 36.1 309.1 0.50
R =17.5, 10] km 32 0.3 0.2 537.7 244 394.4 0.28
R =110, 12.5] km 25 0.15 0.13 664.8 14.2 599.1 0.63
R =1[12.5, 15] km 10 0.05 0.035 831.9 0 805.3 13
Table 5.1: Values of ju,, u,,, m.,, the baryon density, n, and temper-
ature, T, of the supernova core at a range of radii and at
three snapshots in time post-bounce. Also shown is the
antineutrino mean free path in the SM, M. Temperat-
ures, densities and lepton fraction taken from [225].
Lepton number violated
t~1s T (MeV) | n(fm™>) | Y, || p,(MeV) (MeV) | my,(MeV) )\SM(m)
R = [0, 5] km 15 05 - 512.3 - 253.9 3.1
R =[5, 7.5] km 20 0.3 — | 5444 - 380.7 13
R =17.5, 10] km 28 0.15 — 538.0 - 383.0 0.51
R =10, 15] km 33 0.06 — 781.9 - 786.1 0.69
R =115, 17.5] km 18 0.03 — 859.2 - 857.0 4.1
R =[17.5, 20] km 7 0.008 — 917.4 - 915.9 76
t~5s T (MeV) | n(fm™®) | Y, || p,(MeV) (MeV) | mh(MeV) || AM(m)
R =0, 5] km 25 0.5 — 509.9 - 256.2 0.71
R =5, 7.5] km 28 0.4 - 514.3 - 310.8 0.52
R =[7.5, 10] km 32 0.3 — 541.0 - 395.4 0.36
R =110, 12.5] km 25 0.15 — 665.9 - 599.3 0.77
R =[12.5, 15] km 10 0.05 - 831.9 - 805.3 4.1

Table 5.2: The same as Table 5.1 but assuming significant lepton
number violation, leading to the disappearance of the

electron fraction, Y,, and the neutrino chemical potential,

o,

5.3.2 Updated constraints on new physics from supernovae

In Section 4.2.2 we introduced the three arguments used to place constraints on

light scalar mediators from supernova physics in Ref. [188]. We will now revisit each

of these arguments in turn, and describe how we have updated them to provide a

more reliable set of constraints on the relevant parameter spaces. Note that since the
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majority of the events detected from SN1987A were attributed electron antineutrinos
[124], we will perform all of our calculations using the electron antineutrino cross
sections, which differ slightly from the electron neutrino cross sections in the dense
medium of the supernova core. In reality, the observed electron antineutrino flux will
depend in part on the scattering cross sections of other antineutrino flavours, due to
neutrino oscillations. Here, we neglect these effects. Note that if we were to include
oscillatory effects, we would not observe an MSW resonance in the v, spectrum, as
for antineutrinos the SM matter potential is negative [129]. Additionally, we will only
consider scattering between neutrinos and nucleons. These are expected to be the
most frequent scattering processes, with the possible exception of neutrino-neutrino
scattering. It has been shown that neutrino-neutrino scattering does not affect the
overall rate of neutrino diffusion [230], although it could affect our limits for the
supernova EoS and v production. If so, the effect would be to lower those limits
somewhat, although the exact magnitude of the shift will be model-dependent as it

depends on y, rather than /y,Yy.

e Supernova EoS: Whenever a neutrino scatters via the exchange of an LNV
scalar it will be converted into an outgoing antineutrino. As we have already
discussed, if these interactions occur in large numbers in the SN core, the
resulting loss of lepton number has the potential to accelerate the conversion
of the core into near-pure neutron degenerate matter. While such a conversion
would conflict with some early models of supernova dynamics, for modern
delayed shock models it is less significant [217], and so we do not consider this

to be a constraint on our LNV scalar model.

The loss of the electron fraction has important consequences for the equation
of state of the supernova, however. In the absence of a degenerate density of
neutrinos in the inner core, the neutrino chemical potential will vanish, and the
mean free path of the neutrino can be quite different. It is therefore important

for us to understand when this transition takes place.
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Ultimately, we cannot know the exact extent and timing of the loss of the
electron fraction and the neutrino chemical potential in a model with LNV
interactions without performing a full hydrodynamic simulation, however we
can make predictions in some simplified scenarios. In the case where each
neutrino is expected to undergo at least one LNV interaction during its time
in the neutrino trapping region, it is reasonable to believe that there will
be an effect on Y,. We therefore define an effective mean free path between
new-physics interactions, \™*. This is computed in the same way as \, using
Equation (5.3.7), but without including the SM term in |M]|*>. When the
distance traversed is equal to \F we expect each neutrino to have undergone

an average of one transition between a neutrino and antineutrino state.

Naturally, if only one LNV interaction is expected per neutrino over its entire
path out of the supernova, the electron fraction is unlikely to drop to zero
immediately after the bounce. A large density of neutrinos may therefore still
accumulate. As this work is ongoing, we are still considering the best choice
of condition for the SN EoS line. For now we will set the limit when A\™F = ¢,
with ¢ the time taken to escape the supernova core. Since only one new
physics interaction is expected along this contour in the parameter space, the
overall mean free path, and thus the diffusion time, will not be significantly
altered from its SM value, so we will make the approximation ¢tz ~ t3" when

computing this line.

vgr production and trapping: A constraint on the LNC scalar is derived
using a very similar method to the EoS line for an LNV scalar. Every time
a neutrino scatters via the exchange of an LNC scalar, its chirality is flipped,
leading to the production of a right-handed neutrino. As they do not interact
via the weak force, right-handed neutrinos will free-stream out of the core
unless the new LNC interactions are frequent enough to trap them. Taking

)\NP

the same criterion as the EoS constraint, = tg, the majority of the

left-handed neutrinos (and importantly, right-handed antineutrinos) will be
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converted to the opposite chirality state and escape the core. Once outside
the supernova, they would continue to propagate through space, the vast
majority never encountering another environment of sufficient density to trigger
a conversion back into left-handed neutrinos or right-handed antineutrinos.
Had the neutrino burst associated with SN1987A been composed of nearly-
sterile neutrinos® it would not have been detected, and the energy inferred
to be carried by 7. could not have been as large as it was. We therefore

A = to. Clearly,

place a constraint on the LNC scalar parameter space when
this constraint is dependent on our earlier assumption that the right-handed

neutrino is light enough to be produced in the supernova.

If, however, A" is much shorter than the free-streaming distance out of the
star, we can expect most of the neutrinos to be converted back into their active
chirality states before escaping. In this case many interactions will occur via
the exchange of an LNC scalar as the neutrinos propagate outwards, with half
of the neutrinos emerging in their sterile state and half in their active state.
This would reduce the active neutrino flux by half, however based on the single
observation of SN1987A it does not seem that the overall neutrino luminosity
can be constrained with a precision of 50%. We therefore set the upper bound
on the region excluded by this vz condition to AN© < R/100, with R the radius

of the supernova.

Supernova neutrino diffusion: Finally, we can obtain constraints on either
an LNC or an LNV scalar using arguments from the neutrino diffusion time,
tp. As we have already discussed, the neutrino burst observed from SN1987A
was consistent with a diffusion time ¢tz ~ 10s. If new physics interactions
reduce the mean free path, the neutrinos could be trapped for significantly

longer than this, leading to a disagreement with the observed spectrum.

To compute ¢z we model the path of the (anti)neutrinos out of the supernova

'We call these right-handed neutrinos and left-handed antineutrinos “nearly sterile”, as they
clearly interact via the exchange of our new scalar, and so are not truly sterile.
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using a random walk, with their direction chosen at random after every scatter-
ing event. This is not necessarily true, but properly accounting for the angular
dependence of the cross section would likely require a Monte Carlo simulation,
which would be very computationally intensive to perform at every point in

our parameter space.

The mean squared displacement (MSD) of a particle undergoing a 3D random

walk with mean free path \ after making n steps is
(r*) = \n. (5.3.8)

Since we assume that our neutrinos are travelling with speed ¢ = 1, the time
for them to reach an MSD R? from the centre of the supernova starting point
is given by [231]

t=—. (5.3.9)

In fact, the MSD is not the best measure of the time taken for our neutrinos to
escape the core. As neutrinos at large displacements are weighted more heavily
than those at small displacements, when the MSD matches the radius of the
neutrinosphere, R, a majority of the neutrinos will remain inside the diffusion
region. A better measure is the hitting time, the average time taken for a
neutrino to first cross the boundary of the neutrinosphere, since at this point
it is expected to free-stream and escape the star. However, computing the
hitting time in our system presents an even greater challenge than computing
the mean squared displacement [232]. Given that we are already making many
approximations, for example assuming that the neutrinos follow a random

walk, such an analysis seems beyond the scope of our work.

In our example we have divided the supernova into concentric spherical shells.
In each of these K shells the neutrino has a different mean free path, ;. The
problem of calculating the mean square displacement in a random walk with

a variable mean free path is a challenging one, and we have not yet settled
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on a perfect solution. As an interim measure, we take the equation quoted in
Ref. [229], correcting it with an additional factor of 2 so that it successfully

reproduces the simplest case of a single sphere with constant A,

ty = 2/0R dr)\z;). (5.3.10)

In our approximation, where A(r) is constant within each spherical shell, this

integral can be replaced with a discrete sum,

K 2 2
Ry — Ry—y

k=1

(5.3.11)

where R, is the outer radius of the kth spherical shell and Ry = 0. Comparing
this with a Monte Carlo simulation in a few test scenarios, we find that the
two agree within ~ 20% for most cases with six or fewer spherical shells, as

we have here.

What is the value of the mean free path that we should use in each of our
scalar models? For the LNC model, in the region of the parameter space where
we place the diffusion constraint we expect many chirality-flipping interactions
to occur as the neutrinos propagate out from the core. We therefore expect
the diffusing neutrinos to spend approximately half their time in each of the
chirality states. As each chirality state has a different mean free path, we take

the average of the two,

(A+ AN (5.3.12)

N | —

/\LNC =

In the LNV case the supernova diffusion constraint lies well above the super-
nova EoS line discussed above. It is therefore likely that the resulting LNV
interactions will prevent the formation of a large neutrino chemical potential
and deplete the electron fraction of the core. For this reason we take the values
of the chemical potentials and effective masses from Table 5.2 when calculating

the diffusion time constraint on an LNV scalar.

Our supernova diffusion constraint will therefore be different for the two scalar
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Figure 5.7: Updated constraints on the parameter space of an LNC
(top) and LNV (bottom) scalar. Note that in the LNV
case, the supernova EoS line should not be considered
a constraint, but represents the limit above which LNV
interactions could cause a significant change in the equa-
tion of state of the supernova.
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mediators. This is in contrast to earlier works, where the diffusion constraint
was found to be equal for both and LNC and LNV scalar, as they did not

account for matter effects [188,229].

Finally, we must decide which time-snapshot to use when computing the mean
free path for each line. Unfortunately, the method we are using to compute the
constraints cannot accommodate any time variation in the supernova conditions.
Instead, we will attempt to choose the time value closest to half the time we expect
the neutrinos to spend inside the supernova. This will provide a very approximate
measure of the average conditions the neutrinos will experience, although we are
severely constrained by the limited set of times for which data on the conditions were
available [225]. In the case of the supernova diffusion constraints, this time is clearly
5s, as we place our constraint when t5 = 10 s. For the other constraints, we expect
the diffusion time to be closer to the SM diffusion time. In order to choose the most
correct time snapshot possible, we performed an iterative process, computing the
SM diffusion times using the ¢ = 5 s values from Table 5.1, then choosing the time
snapshot closest to half of that diffusion time and recomputing $3M. This process
yields a SM diffusion time of M ~ 2.3 s, so we take our values from the 1s snapshot

when computing the supernova EoS and v production lines.

Our preliminary results are shown in Figure 5.7. We are still making many sim-
plifications that are necessary when performing such an analysis without building
a full numerical simulation of the supernova. However, we have made several im-
provements over previous analyses, most significantly by including the effects of
density and temperature in our computation of the neutrino-nucleon scattering cross
sections. Including these effects has led to a suppression of the cross section in the
region where significant neutrino trapping is expected. The limits we obtain are
therefore weaker than those derived in previous works. As such, our results represent
a more conservative and reliable set of constraints on the parameter spaces of new

scalars with masses in the MeV - GeV range.
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As a result of our work, supernova constraints are no longer competitive with those
of COHERENT in the LNV case, although there is a considerable region of the
allowed parameter space in which we expect LNV interactions to affect the supernova
equation of state. A more thorough investigation of these effects may be warranted,
e.g. by performing a full hydrodynamic simulation to explore the impact of the loss

of lepton number conservation on the evolution of the supernova.

In the LNC case, although all the constraints have been weakened, the maximum
allowed coupling is considerably smaller than was previously expected. This is be-
cause the narrow band of parameter space allowed by previous constraints, above the
band excluded by vy production but below the constraint from supernova diffusion,
is now excluded by particle physics constraints. This means that whilst a very large
increase to the level of the neutrino contour is allowed in the LNV case (equal to the
solid black lines in Figure 5.6), in the LNC case there is very little increase allowed
over the SM contour. We therefore predict that future DD will experiments have
more success placing competitive constraints on the parameter space of the LNV

scalar than on that of the LNC scalar.

We believe that the neutrino contour as we have defined it here can be a useful
tool for estimating the ability of DD experiments to set competitive constraints on
models of new physics which affect the rate of CEvNS. Ultimately, however, the only
way to compute a constraint on these models is to perform a careful analysis specific
to an individual DD experiment. In the remainder of this work, we will explore how
constraints on simplified models of new physics can be derived from DD experiments.
The results of the next two chapters will allow us to test some of the assumptions
we made when deriving the neutrino contours, and ultimately examine whether the

predictions we made based on Figure 5.5 are accurate.
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Constraining new physics with

CDMSlite

In addition to generic analyses of DD experiments like those described in Chapters 2
and 5, I have worked with individual experimental collaborations, most extens-
ively the SuperCDMS collaboration, to derive constraints on the simplified models
introduced in Chapter 4. These models are currently of interest due to the large im-
provements in sensitivity anticipated from SuperCDMS SNOLAB, the next iteration

of the long-running SuperCDMS experiment.

In Figure 5.5, SuperCDMS SNOLAB does not appear to have any sensitivity to
physics below the raised neutrino contour, for either the U(1)g_; or U(1) L,-L,
models. However, for the high voltage (HV) mode of the experiment there is a
potentially important process that is not included in the neutrino contour as we
defined it: neutrino-electron scattering. Many DD experiments perform analyses of
electron scattering events in parallel with their standard nuclear recoil analyses, and
we will discuss some of these in more detail in the next chapter. For SuperCDMS HV,
however, and its predecessor CDMSlite, neutrino-electron scattering will inevitably
contribute to the event rate in any analysis, as they lack the ability to discriminate

between nuclear and electron recoils.

In this chapter, I will present my ongoing work with David Cerdeno and the Super-
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CDMS collaboration to derive direct constraints on a U(1)z_;, model', using data
from Run 2 of CDMSIlite. While CDMSlite is not expected to set competitive limits
on the model, this analysis will act as proof-of-concept for future analyses of electron

scattering at SuperCDMS SNOLAB HV.

6.1 Neutrino-electron scattering at CDMSlite

The expected neutrino-electron scattering rate in a DD experiment can be calculated
in a similar way to the CEvNS rate given in Eq. 5.1.1. However, there are a few
important differences which we will have to account for. Some of these are well
understood and trivial to account for, but others present major challenges that are

still the subject of ongoing work.

As we discussed in Chapter 2, most direct detection experiments employ multiple
detection channels. The signals from these can be compared to directly discriminate
between nuclear and electronic scattering events, and are also used to determine the
recoil energy of the event. In CDMSlite, however, the two signals are combined, as a
side effect of the high voltage applied to improve sensitivity to low-energy recoils [58].
This eliminates the ability to distinguish electron from nuclear recoils, but also adds
a complication to the determination of the recoil energy of events. A nuclear and an
electron recoil of a given energy will on average impart different amounts of energy
into the so-called ionisation signal [233]. Indeed, it is this difference that allows
the two to be distinguished in the iZIP configuration of SuperCDMS. When the
ionisation and phonon signals are combined, however, we find that a given event can
be reconstructed with two different energies, depending on whether it is assumed to

be the result of nuclear or electron scattering.

As most of the events expected in CDMSlite are due to electron scattering, all events

are treated as electron recoils for the purposes of reconstructing the recoil energy,

"The U(1)r, 1, model will be discussed in the following chapter.
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which is labelled FE.., or electron-equivalent energy. For a nuclear recoil, this is

related to the actual recoil energy, E,,, by the equation

(6.1.1)

Eee - Enr <1 i Y (Enr) e‘/l)/e’}l) ’

1 +eVy/e,
where V} is the voltage applied across the detector, e is the elementary electric charge,
and €, is the energy required to create one electron-hole pair in the detector material.
For germanium, the material used in CDMSlite, e, = 3 eV. The yield, Y (£,,), can
be approximated by the Lindhard model [234,235]:

k-gl(e)

Y (Enr) = ma

(6.1.2)

where g(g) = 3" 4+ 0.7¢%% + ¢, ¢ = 11.5E,,(keéV)Z"? and for germanium we set
k = 0.157 [58]. This model has been shown to give good agreement with tests
performed on germanium down to energies of around 250 eV, [236]. Below this
energy, however, its accuracy has not yet been confirmed. Testing the behaviour
of Lindhard model down to the low energies that will be probed at SuperCDMS
SNOLAB remains an important physics goal for the SuperCDMS collaboration [58].
In this work, we will assume that the above Lindhard model continues to describe
the relationship between FE,., and E,, across the whole energy range of CDMSlite.
The total signal expected in the experiment can therefore be computed by converting
the simulated spectrum of nuclear recoil events to units of F,., and adding this to

the expected spectrum of electron recoils.

Now that we have defined the energy parameters we will be using, we can naively
write down a master equation for the rate of neutrino-electron scattering, analagous

to Equation (5.1.1),

dR,. N, / do, do,.

dE.. my YdE,dE,,’ (6.1.3)

where NV, is the number of available electrons per target nucleus within the detector.

The contributions to the cross section, do,,_/dE,., from both the SM and the U(1)5_,,
mediator were introduced in Chapter 4, and the neutrino flux spectrum, d¢, /dE,),

is the same as for CEvNS, shown in Figure 3.4. However, as the electron is much
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lighter than an atomic nucleus, the minimum neutrino energy required for a given

recoil energy is much smaller,

o
=L (E -\ Eee(Bee + 2m€)> . (6.1.4)

The relevant neutrino flux populations for neutrino-electron scattering in DD exper-
iments are therefore the more numerous low energy neutrinos, most significantly the

pp neutrinos.

Additionally, the neutrino-electron scattering cross section in Equation (4.1.2) de-
pends on the flavour of the incident neutrino, with electron neutrinos having an
additional scattering channel compared with muon and tau neutrinos. We will there-
fore need to know the fraction of solar neutrinos arriving in the v, eigenstate. Since
all the relevant solar neutrino populations are generated in the v, eigenstate, the
required quantity is the electron-neutrino survival probability, P,. = P(v, — ).

For this project, we took the values for P,, from Ref. [237].

The final missing ingredient in Equation (6.1.3) is NN,, the number of electrons
available for scattering per target nucleus in the detector. In the most naive analysis
we assume NN, = Z, as there are Z electrons per atom with atomic number Z.
However, many of these electrons inhabit shells with binding energies significantly
larger than the recoil energies we are sensitive to. Our initial analysis will cover the
energy range between 56 eV, and 2 keV,,, while the binding energy of the inner 1s

shell of germanium is ~ 11.1 keV [238].

Some analyses have attempted to account for this by only considering electrons
whose binding energies are smaller than the recoil energy being considered [239].
This is sometimes referred to as the Z.g approach, in which only electrons in the
outer shells are assumed to scatter, and are treated as free particles. In this approach,

N, is an energy dependent quantity, with
N.(Ee) => O(Ee — By) (6.1.5)

where B; is the binding energy of the ith electron, and ©(F,. — B;) is a Heaviside
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function [240].

However, electrons in atomic matter are not free particles. It has been shown that
treating electrons in bound states, either in atomic shells or semiconductor band
structures, as free particles whose initial and final states are plane waves can lead
to substantial discrepancies in predicted event rates [241,242]. Deriving accurate
constraints on new physics from neutrino-electron scattering at CDMSlite and future
SuperCDMS detectors will therefore require us to account for the wavefunctions of

the electrons in the target volume.

6.1.1 Neutrino scattering with electrons in a

semiconductor

Previous works have studied the effects of particles scattering with bound electrons
in the context of DD experiments [243]. Several liquid xenon experiments have
performed searches for the signals of low-mass, sub-GeV DM scattering with electrons
[244,245]. As LXe is a noble liquid, all the electrons in these experiments are bound
within atomic orbitals. If the scattering rate is calculated for all the electrons in a
single atom, this can then be scaled to calculate the total scattering rate within the

detector.

However, for semiconductor-based experiments like CDMSIlite, the calculation is
more complicated. While the innermost electron orbitals remain bound to a single
atom, the outer, valence, electrons share a complex band structure, as they form
the covalent bonds that hold the semiconductor crystal together. A scattering event
may raise an electron into the conduction bands, separated from the valence bands
by a band gap (0.67 eV in germanium [246]). To calculate the neutrino-electron
scattering rate within a germanium crystal', we will need to consider the overall

structure of the crystal lattice.

1SuperCDl\/IS SNOLAB HV will utilise both germanium and silicon targets. Here we focus on
germanium as this was the target used in CDMSlite, but the calculations for silicon will be very
similar.



114 Chapter 6. Constraining new physics with CDMSlite

/\/

Py
\// W
rar

Figure 6.1: Arrangement of ions in a germanium crystal. The crys-
tal has an fcc lattice structure, with the two-ion basis
(blue) repeated at every lattice point. The structure is
known as a diamond cubic structure.

The physics of a crystal is described by its lattice structure, and the basis of ions
reproduced at each lattice point, known as its primitive cell. In the case of germanium,
each primitive cell contains two germanium ions (for example the two highlighted in
blue in Figure 6.1), and this structure is reproduced at every point in a face-centred
cubic (fcc) Bravais lattice [247]. This is the same structure that is found in diamond,
albeit with germanium ions in place of carbon, so it is sometimes referred to as a
diamond cubic lattice. A single “conventional cell”, a cubic section of the crystal
structure with side-lengths equal to the lattice constant (5.65 A for germanium), is

shown in Figure 6.1.

The valence electrons in a germanium crystal experience a periodic potential from
the germanium ions in the lattice. Bloch’s theorem tells us if the electrons are
subject to a perfectly periodic lattice potential, the wavefunctions of the valence and

conduction states in a single primitive cell may be written as

b, 5 (&) = uy(F)e™ ™, (6.1.6)

where u;(Z) is a function with the periodic properties of the lattice and kis a
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Figure 6.2: Scissor corrected band structure of a germanium crystal,
showing the energy levels of the valence bands and the
first 14 conduction bands. The scissor correction is
employed to enforce a band gap of 0.67 eV. The indices
on the x-axis denote the path through the Brillouin
zone. A graphical representation of these points can be
found in, for example, fig 4.20 of Ref. [248].

wavevector [247]. Furthermore, k may always be chosen from the wavevectors that

lie within the first Brillouin zone: the equivalent of the primitive cell constructed

within reciprocal space.

As () is a periodic function, it may be written as a Fourier series over the reciprocal

lattice vectors, é, so that
— —i(k+G)-Z
@Dj’,;(x) = chﬁ_i_@e ik+ )m. (6.1.7)
e]

Both the initial and final states of an electron in the crystal can therefore be de-
composed into a set of plane waves, provided the relevant coefficients C;frG are

known.

Packages have been developed in condensed matter physics to compute these coef-
ficients from first principles, for example CASTEP [249]. These packages take ad-

vantage of the fact that while the behaviour of atomic potentials is computationally
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expensive to model, at larger radii the potential is well-described by a much simpler
pseudo-potential [250]. Since the valence electrons are mostly sensitive to this outer
region of the potential, beyond the inner electron orbitals, these pseudo-potentials
can be utilised to reproduce the electron band structure of a given crystal. As it is
the behaviour of the outer valence and conduction electrons that determines most of
the electrical and thermal properties of a material, packages such as CASTEP can be
used to compute these properties of a material from first principles [251]. However,
care must be taken in selecting the correct class of pseudo-potentials for a given
task. In Figure 6.2 we show the structure of valence and conduction bands found
in germanium. The ultrasoft pseudo-potentials I used are known to underestimate
the size of the semiconductor band gap, so a scissor correction was implemented to

reproduce the experimentally measured band gap of germanium.

Some previous works have studied the effects of electron scattering in germanium
semiconductors. In Ref. [252], Essig et. al built on their earlier work with xenon
atoms to predict the scattering rate of sub-GeV DM with valence electrons in a
germanium crystal. They were able to separate the effects of the electronic structure
into a “crystal form factor”, much like the nuclear form factors we used to calculate
the rates of coherent nuclear scattering of both WIMPs and neutrinos. However, the
form factor calculated in that work is not sufficient for an analysis on either CDMSlite
or SuperCDMS SNOLAB. Firstly, many approximations are made based on the non-
relativistic nature of DM scattering. These lead to some important qualitative
differences in the phenomenology of the semiconductor response compared with
relativistic neutrino scattering. For example, in DM-electron scattering the initial
momentum of the bound electron can exceed the momentum of the incoming DM in
the lab frame, leading to a significant enhancement of the scattering rate compared
with scattering with free electrons at rest. This enhancement would be much less
significant for relativistic neutrino scattering. Differences such as this limit our
ability to use that work to make inferences about the magnitude of wavefunction

effects on the neutrino-electron scattering rate in CDMSlite.
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Secondly, in Ref. [252] only the valence electrons were assumed to interact. This
is a valid assumption only if the maximum momentum transferred in a scattering
event is less than the binding energy of the inner electron orbitals. The analysis in
Ref. [252] was therefore limited to recoil energies F., < 50 eV, lower than even the

minimum energy threshold of CDMSlite'.

The upper energy limit in the work of Essig et. al was enforced partly because the
computation was expected to become rapidly more expensive in terms of computing
time as the scattering energy, and therefore the number of electrons energetically
available to scatter, increased. However, conversations with S. Clark, a member of the
CASTEP Developers Group, have indicated that this problem is not insurmountable.
The tightly bound inner electron orbitals of germanium have well defined energies
and relatively well understood wave functions. Using the CASTEP package [249,251],
we believe that it should ultimately be possible to obtain a more accurate prediction

of the semiconductor response to particle collisions across the whole energy range of

CDMSlite and SuperCDMS SNOLAB HV.

An alternative method has been used to study the electromagnetic properties of
neutrinos through neutrino-electron scattering in germanium crystals [240,253,254].
In these works, the rate of ionisation via neutrino scattering was computed using a
modification of the Relativistic Random-Phase Approximation, a method tradition-
ally used to study photoionisation effects in heavy atoms [255]. In these works, the
effects of the semiconductor band structure were neglected, and germanium atoms
were considered individually. To validate their results, in Ref. [240] the measured
rate of photoionisation in a germanium crystal was compared with the prediction
of their model. The authors found excellent agreement for energy transfers above
100 eV, but below this there were significant discrepancies. It therefore seems likely
that the effects of the electron band structure will be most relevant for energies

100 eV, with the individual atom approach of Refs. [240,253,254] providing a good

'In fact, the 3d orbital of germanium has a binding energy of 30 eV, and so can contribute to
scattering at these energies. To account for this, in Ref. [252] a modification was made to the
pseudo-potentials used to model the crystal, so that the 3d orbital was treated as a valence state.
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description at higher energies. They also compared the neutrino-electron scattering
rate predicted using their model with the prediction of the Z.g approximation defined
in Equation (6.1.5), which they refer to as the free electron approximation (FEA).
They found that it was a good approximation to their model above 1 keV,., but that
below this the FEA gave an overestimate of the scattering rate, with the deviation

growing to nearly a factor of 2 around E,, = 200 eV,,.

Ultimately, we would like to derive a crystal form factor approach to neutrino-electron
scattering at energies below 2 keV, in germanium. If this is achievable, in the future
the effects of the electron band structure could be included in an analysis as simply
another form factor, without requiring a radically different approach to the analysis.
In the meantime, however, we will adopt the Z.g approach, with the understanding
that this may cause us to overestimate our cross section by around a factor of 2 at
low energies (E,. < 200 eV,.). The limits presented in Figure 6.4 are therefore likely

to be weakened when these effects are included.

6.2 Extracting constraints from CDMSIlite Run

2 data

The data from CDMSIlite Run 2 takes the form of a list of events, each with an
associated recoil energy F., reconstructed under the assumption that the event
involved scattering with an electron. For analysis purposes these are sorted into
energy bins of size 10 €V, spanning an energy range between 0.056 and 2 keV,,. The
data and efficiency curves are taken from the public data release which accompanied

Ref. [58]. The data is reproduced in Figure 6.3.

To place constraints on our chosen models of new physics, we perform a Poisson-
based binned likelihood analysis, similar to that outlined in Section 2.3. However, in
this case we have to account for a non-zero background rate. We define the likelihood

of detecting N4 counts given an expected background b and some new physics with
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Figure 6.3: The spectrum of events observed during Run 2 of CDMS-
lite, with a fiducial exposure of 70.1 kg days [58]. All
energies were reconstructed assuming that the initial
scattering event was with an electron, rather than an
atomic nucleus.

parameters © as
(b+ M>Ndct€—(b+u)

E(Nd€t|®7b) = Nd t! )

(6.2.1)

with (@) the expected signal count. We can account for the spectral shape of an
experimental result by treating each bin independently and taking the product over

the likelihoods calculated for each bin, so for a spectrum o divided into n bins
L(0]0,b) = ] £L(Nyer, |©, D). (6.2.2)
k=1

The profile likelihood statistic for a given point, ©, in the parameter space of a

model is then defined as
Aol@) = £719:D)
L(o|©,b)

where parameters with a hat over them are selected to maximise the likelihood, with

(6.2.3)

unhatted variables kept constant [256].

The final ingredient required for our analysis is the background rate. As CDMSlite
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does not discriminate between electron and nuclear recoils, there are a large number
of background sources which cannot be distinguished from a potential signal on an
event-by-event basis. These include germanium activation lines (responsible for the
large peaks visible in Figure 6.3), and many other backgrounds which have roughly
flat spectral shapes. This continuous background is dominated by the Compton
scattering of v-rays [58], but also includes backgrounds from tritium and other beta
radiation spectra. To model these backgrounds, we used spectral functions provided
by the SuperCDMS collaboration. The normalisation of each background source
should then be fitted to the data wherever b appears in Equation (6.2.3). However,
these normalisations must be weighted to lie within the ranges predicted through

simulations, a feature that we have not yet implemented.

An approximate limit can be derived by simply fixing the normalisation of each
background source at its best-fit value assuming zero signal. Using this method,
we derived constraints on a U(1)p_; model, which are shown in Figure 6.4. These
limits are likely to be weakened slightly when both the background fitting and proper
handling of the electron band structure are implemented. However, they allow us to
examine qualitatively the behaviour of constraints obtained from both CErNS and

neutrino-electron scattering at CDMSIlite and similar experiments.

The constraints on a U(1)z_; model from CDMSlite Run 2, presented in Figure 6.4,
were derived at the 90% confidence level by computing the coupling gg_; at each
new mediator mass m s for which the Poisson test statistic A(o|®) = 2.707. Com-
paring the overall constraint with those derived from neutrino-electron scattering
and CEvNS individually, we see that each channel allows us to better probe a dif-
ferent region of the parameter space. For masses m, < 3 MeV, the inclusion of
electron recoils in our analysis allows us to probe smaller couplings, while above
this mass the dominant constraints come from CEvrNS. This is a pattern that we
found was repeated in other DD experiments, during the analysis described in the
next chapter. However, in experiments with the ability to distinguish nuclear- and

electron-recoil events, fewer backgrounds will in general be present in the nuclear-
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Figure 6.4: Constraint on a U(1)z_; model derived at the 90%
confidence level using data from Run 2 of CDMSIlite
(red, solid line). The red dashed line is the constraint
obtained by considering only CEvNS scattering, the red
dotted line is obtained from neutrino-electron recoils
only. Most of the constraints are the same as those in

Figure 4.2, with some additional low-mass constraints
taken from Ref. [257].

recoil channel, strengthening the constraints from CEvNS relative to those derived

from neutrino-electron scattering.

What can the behaviour of the constraints obtained from electron and nuclear
scattering in CDMSlite tell us about the prospects of probing the U(1)_; model at
SuperCDMS SNOLAB HV? If the addition of electron recoils were to improve the
sensitivity beyond what is implied by Figure 5.5, we would expect to see the combined
constraint in Figure 6.4 lying closer to the unexplored region of the parameter
space than the constraint obtained from CEvNS alone. However, this does not
appear to be the case, and the region of the parameter space to which neutrino-
electron scattering provides sensitivity is already well-excluded by astrophysical and

cosmological constraints. It therefore seems unlikely that SuperCDMS SNOLAB will
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be able to place constraints on any new regions of the U(1)p_; parameter space. In
the next chapter, we will see that our suspicion is confirmed, when we compute the
sensitivity of the next generation of DD experiments to the U(1) L, -1, model. We will,
however, find that other DD experiments will be sensitive to currently unexplored
regions of that parameter space. These regions will be of particular importance due
to recent results from the Muon g-2 experiment at the Fermi National Accelerator

Laboratory (Fermilab) [258].



Chapter 7

Solar neutrinos, (g — 2),, and the

gauged U(1)L,,— L,

We have seen that DD experiments can be sensitive to models of new physics with
light mediators that affect neutrino scattering with atomic matter. We will now
examine the parameter space of one of these models in more detail: the U(1) L,—L,
model. This model was chosen in particular as it has the potential to resolve a
longstanding discrepancy within particle physics: the muon g-2 anomaly. Since
publication, this work has gained additional relevance, with the long-awaited results

of the Muon g-2 experiment further strengthening the anomaly.

In this chapter, we will introduce the muon anomalous magnetic moment, and show
that the U(1) L,~L, model is particularly well suited to provide a solution to the
current disagreement with the SM. We will also discuss the H, tension: an ongoing
problem in cosmology that can likewise be resolved by the addition of a U(1) L,-L,
gauge symmetry. We will then explore the extent to which solar neutrino scattering
may be used to probe the regions of the U(1) L,-L, barameter space that can solve
these problems, both at current and future DD experiments and using results from

the solar neutrino detector Borexino.

This chapter is based on my work with D.W.P. Amaral, D. Cerdeno, and P. Folde-

nauer, which resulted in the publication of Ref. [3].
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7.1 The muon anomalous magnetic moment

The study of the magnetic moments of fundamental particles, especially charged
leptons, has played a crucial role in the development of particle physics over the
past 100 years. In 1922, the Stern-Gerlach experiment studied the deflection of a
beam of silver atoms passing through a transverse magnetic field. Famously, the
beam was found to split in two, with atoms being deflected towards one of two
points on either side of the original trajectory. This result confirmed the quantised
nature of angular momentum, but it did not match the original prediction of the
Bohr-Sommerfeld theory that the experiment had been designed to test. Initially,
it had been expected that the beam would split into three, as silver atoms were
assumed to have an angular momentum number of L = 1. In fact, silver atoms exist
in the L = 0 state: the magnetic moment being measured was due to the spin of the
electron. Although the theory of spin would not be formalised for some time later,
the Stern-Gerlach experiment therefore represents one of the first pieces of evidence

of the magnetic moment of a fundamental particle [259].

The magnetic moment of a lepton, ji;, is related to its spin, §, by the equation

fii = gipB%, (7.1.1)

where pp is the Bohr magneton and the g-factor, g;, is a dimensionless parameter.
An early success of the Dirac equation was its prediction of the electron g-factor,

ge = 2 [260).

Later, Schwinger computed one of the first loop-corrections to a quantity, when he
calculated the first QED correction to the electron magnetic moment. Although we
colloquially refer to this “anomalous” part of the electron magnetic moment as (g—2).,
the quantity that is typically measured is a, = (g, — 2)/2. Schwinger’s celebrated
result was that a, = /27, where av = 1/137 is the fine structure constant [261]. The
agreement of this result with experiment was a triumph for QED, but it was known

that additional contributions should exist due to higher order quantum corrections.
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Figure 7.1: Examples of loop diagrams which contribute to a, and
a,. These include QED corrections (top left), weak cor-
rections (top right), hadronic vacuum polarisation (bot-
tom left), and hadronic light-by-light corrections (bot-
tom right).

Over the second half of the 20th Century, the anomalous magnetic moment of
the electron, and its 2nd generation counterpart, the muon, were calculated and
measured to increasingly fine precision, and both values are now counted among the

most precisely measured quantities in physics.

Feynman diagrams for some of the types of process that contribute to a. and a, are
shown in Figure 7.1. The wide range of physics that contributes to the computation
of these values makes them an important tool for verifying our theories of particle

physics.

In the early 2000s, the E821 experiment at Brookhaven National Laboratory meas-
ured the muon anomalous magnetic moment to a precision of 0.54 ppm. This result
was in tension with the best theoretical predictions based on the SM at the time,
with the measured value exceeding the theoretical prediction by around 2.2-2.7 stand-

ard deviations (o) [262]. In the following 15 years, improvements in the precision
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Figure 7.2: Feynman diagram for the leading order correction to a,,
resulting from a U(1),, 1 gauge boson.

of theoretical predictions lead to an increase in this tension, eventually rising to
3.70". Then, in April 2021, a long-awaited result from the Muon g — 2 experiment
at Fermilab strengthened the deviation from accepted SM predictions when they
measured a, with a precision of 0.46 ppm [258]. Combining this result with the
earlier measurement at BNL leads to an overall significance of 4.2 ¢ in the deviation,

a significant hint of physics beyond the SM.

Meanwhile, the most precise determination of the electron anomalous magnetic
moment has revealed a 2.40 tension with the best SM prediction. In this case,
though, the measured value lies 2.4 standard deviations below the best theoretical
prediction. This combination of a positive tension in a, and a negative tension in
a. is difficult to resolve with any new physics models which do not involve some

violation of lepton flavour universality [265].

It has been shown in many previous works that a gauged U(1) L,~L, model has the
potential to alleviate the observed tension in a, [266-269]. Furthermore, it is the only
minimal anomaly-free U(1) gauge-symmetric models discussed in Chapter 4 where
a solution to the a, discrepancy is allowed under current constraints [177,270], as it
evades many of the leading constraints on those other models from electron-scattering

experiments.

L A recent lattice result of the leading order hadronic vacuum polarisation [263] could significantly
reduce this difference. However, this comes at the expense of worsening fits to other precision EW
observables [264].
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Figure 7.3: Regions of the gauged U(1) L,-L, barameter space fa-
voured by solutions to the tensions in (g — 2), (green)
and H, (blue). Existing constraints are shown in grey.

The leading additional contribution to a, in the gauged U(1)r, 1 model is due to
the one-loop process shown in Figure 7.2. For a U(1) gauge boson interacting in this

way, the additional contribution to a, can be written in the form [271]

“w

! mu?(1 — u)
Aa, = Q7 g’”/ du E , 7.1.2
n= G 47 Jo mau® +ma (1 — u) ( )

where @}, denotes the charge of the muon under the new gauge symmetry, @), = 1.
Combining the results of the experiments at BNL and Fermilab, the measured
deviation from the SM stands at Aa, = 251(59) x 10", From this, we can compute
the 2 o preferred region of the U(1) L,-L, barameter space, which we show alongside

existing constraints in Figure 7.3.

7.1.1 The H, tension and the gauged U(l)LM—LT

The U(1) L,—L, has also been proposed as a solution to another ongoing problem in

physics, the > 3 o tension in determinations of the Hubble constant, Hy [272]. H,
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is the key parameter of Hubble’s law, which describes the current rate of expansion
of the Universe,

v = HyD, (7.1.3)

where v is the recession velocity of an object a proper distance D from the observer.

The traditional approach to calculating Hy requires us to measure the velocity (via
redshift) of astronomical objects at known distances from the Earth. This involves
the use of “standard candles”: objects whose absolute magnitude, and therefore
distance from Earth, can be determined from observable properties. However, in
order to accurately determine H, the objects must be sufficiently distant that their
velocities are not affected by the gravitational influence of the Milky Way. In
order to determine the absolute magnitudes of sufficiently luminous objects, a so-
called distance ladder approach is used [273]. Parallax measurements are used to
measure distances to local Cepheid variables: stars whose luminosity varies with a
time period related to their average luminosity. Cepheid variables can be used to
calculate distances to distant galaxies, which allows for the calibration of a much
brighter standard candle: Type Ia supernovae. These are then employed to measure
the relationship between distance and redshift in very distant regions of the Universe.
In recent years, improved measurements of all these steps in the distance ladder have
allowed a precise determination of the Hubble constant, with uncertainties as low as
2.4% [274]. This method relies on accurate modelling of stellar astrophysics, though
there is evidence that the determination is quite robust to changes in the underlying

stellar models [275,276].

With improvements in measurements of the Cosmic Microwave Background (CMB),
an alternative approach to determine H, is now possible. Measurements of the
CMB power spectrum by the European Space Agency’s Planck satellite provide
the strongest evidence yet in favour of the ACDM model of cosmology. The power
spectrum that ACDM predicts is sensitive to H, and it is therefore fitted alongside
other parameters to the data acquired by Planck [11,277]. This provides a determ-

ination of H, that is independent of the above distance ladder approach, though it
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is computed under the assumption of the ACDM model.

Upon comparing the two values, a deviation greater than 3¢ is found. If this
difference is assumed not to be the result of a statistical fluctuation, resolving the
tension is likely to require a modification of either early-universe physics or late-time
cosmology [278]. The presence of a U(1)y, _ gauge boson with a mass around
10 — 20 MeV could modify N.g, the effective number of neutrino degrees of freedom
at the time of last scattering of the CMB. This would lead to a modification in the
value of Hy determined from Planck data, alleviating the tension. The region of the
U(l) L,-L, barameter space favoured by this resolution of the H,, tension, taken from
Ref. [272], is also shown in Figure 7.3. Intriguingly, the region which could resolve
both the Hj and (g —2), tensions is only partly constrained by current bounds. This
region represents an exciting opportunity for future experiments to test a possible

simultaneous solution to two important problems in fundamental physics.

7.2 Solar neutrino probes of the gauged
UL,y

We have seen that a U(1) L,-L, gauge boson can provide a solution to the tensions
in a, and the Hubble constant. We now wish to examine whether solar neutrinos
can be used to test these solutions. In order to derive constraints based on solar
neutrino scattering, however, it is important that we understand the flux of solar

neutrinos that will be incident on our detectors.

In Chapter 6, we calculated the rate of solar neutrino scattering with electrons, and
noted that the additional SM scattering channel with electron-neutrinos meant that
solar neutrino oscillation probabilities had to be considered. However, as the cross
sections for v, and v, scattering were identical, only the electron-neutrino survival
probability was needed. In the U(1) 1,1, model, each neutrino flavour has a different

charge under the new symmetry: @, = 0, QVM =1,Q, = —1. As a result, the
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cross sections for both CErNS and neutrino-electron scattering will be different for
each neutrino eigenstate, and calculating the relevant scattering rates will require

us to know the population of each flavour reaching Earth.

7.2.1 3-flavour solar neutrino oscillations

As we could not find any data on the three-flavour transition probabilities of solar
neutrinos in previous works, we decided to compute them. In Chapter 3 we showed
that solar neutrinos are produced primarily in the v, flavour eigenstate. This cor-
responds to a superposition of mass eigenstates determined by the mixing angles
in matter, which depend on the vacuum mixing properties and the local density of
electrons. If the electron number density evolves gradually enough along the path
taken out of the Sun, the neutrinos propagate adiabatically, with the occupancy of
the three mass eigenstates remaining unchanged. When they reach the surface of
the Sun, the neutrinos continue to propagate to the Earth in their mass eigenstates.
As the distance from the Sun to the Earth is many orders of magnitude longer than
the neutrino oscillation length, the neutrinos separate into a decoherent mixture of
mass eigenstates, so that the overall transition probability from the Sun’s core to

detection in an experiment is given by
3
P, = vy) = > |Unil*P, (7.2.1)
i=1

with P, the probability of the neutrino arriving at the detector in the v; mass

eigenstate and U the PMNS matrix [145, 156].

To compute P;, we must know the matter mixing angles at the point in the Sun
where the neutrinos were produced. In Section 3.2.1, we showed how the matter
mixing angle could be computed in the 2-neutrino approximation. We saw that the
magnitude of the matter effects depended on the ratio [, /I, where [, is the vacuum
oscillation length and [, is the refraction length of the medium, which depends

on the local electron density N,. A similar approach can be used to calculate



7.2. Solar neutrino probes of the gauged U(1);, _1_ 131

10?

Energy [MeV]

Figure 7.4: Probability of a solar neutrino produced in the v, flavour
eigenstate being detected on Earth in the v, flavour
eigenstate. Each neutrino flux source has a different
oscillation probability as they are produced in different
regions of the Sun. Terrestrial day/night effects are
neglected.

matter mixing effects in the three-neutrino paradigm. Taking values for N, from the
Standard Solar Model [279], we find that for the larger of the two mass splittings,
Amj; = 2.525 x 107 eV (assuming normal ordering) [156], I, < [, for all electron
densities found in the Sun. We can therefore make the approximation that 63, ~ 0,3,

and P; = sin” 5 for all solar neutrinos arriving at Earth.

The matter induced mixing angle, 0y, ,,, can be calculated using Equation (3.2.9),
and will vary with both the neutrino energy and the location within the Sun where
the neutrino is produced. As the rates of different solar fusion reactions vary with
temperature and density, each solar neutrino flux population has a different radial
production distribution, f(r), which we take from Ref. [237]. The fractions of each

neutrino population arriving in the v; and v, eigenstates depend on the matter
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induced mixing angles averaged over the regions in which they are produced, so

R
Py(E) = cos® 913/ ? drf(r) cos® 019, (E, 1), (7.2.2)
0

R
Py(E) = cos® 013/ ? dr f(r) sin® 019, (E, 1), (7.2.3)
0

with R the radius of the Sun.

Inserting these probabilities into Equation (7.2.1), we obtain the probabilities of
finding a solar neutrino in each of the three flavour eigenstates in a detector on
Earth, which we show in Figure 7.4. Terrestrial matter effects could further modify
these probabilities and lead to a day/night asymmetry, as neutrinos arriving during
the night must traverse a chord through the Earth, leading to some non-adiabatic
conversion between the different mass states as the neutrinos enter the dense interior

of the planet [280]. However, these effects are quite small, and we neglect them here.

One may wonder whether there would be any change in the oscillation probabilit-
ies due to the additional flavour non-universal interactions induced in the gauged
U(l) r,-r, model. However, since the U (1) L,-L, gauge boson has no tree-level
coupling to electrons, the dominant new physics interactions will proceed through
loop-induced mixing with the photon. This mixing will allow the U(1) L,—L, bo-
son to couple to both electrons and protons. Assuming the interior of the Sun is
approximately electrically neutral, the two contributions to the matter potential
from positively charged protons and negatively charged electrons will exactly cancel,

leading to no modification of the neutrino oscillation probabilities [281].

Before we begin to derive constraints on the U(1); _; model, there is one aspect
" T

of solar physics we must discuss: the solar metallicity problem. We mentioned this

problem in passing in Chapter 3, but we will now recap its origin and discuss its

impact on solar neutrino rates.
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7.2.2 The solar metallicity problem

The solar metallicity problem (sometimes called the solar abundance problem) is
a discrepancy that exists between different determinations of the abundance of
elements heavier than helium within the Sun. In astrophysics, all elements with
Z > 2 are generically called metals, so we refer to this abundance as the solar

metallicity.

The composition of the solar surface can be determined using spectroscopic imaging,
which provides an important input for the construction of the SSM [115]. In the
1990s, measurements of solar surface abundances [282] allowed detailed modelling of
the Sun’s interior and found good agreement with results from helioseismology [283].
Recently, updated spectroscopic measurements which incorporate more advanced
atmospheric modelling have supported surface metal abundances that are lower than
those early results by up to a factor of 2 [284,285]. These results, however, are
not compatible with helioseismology, and no solutions have yet been found to fully

resolve the discrepancy [286].

The solar metallicity problem is of great importance in astrophysics. Almost all
of our determinations of metal abundances in astrophysical objects rely in part on
our measurement of solar abundances [115]. For our work, though, the question
of the solar metallicity is important because it directly impacts predictions of the
fluxes of solar neutrinos produced during fusion. The rate of the CNO cycle is
particularly sensitive to the abundances of its catalyst elements: carbon, nitrogen,
and oxygen, and the fluxes of the associated CNO neutrinos differ by almost 50% in
the two metallicity scenarios. The other solar neutrino fluxes are also affected, due
to differences in the solar temperature and density when computed under the two

different sets of assumptions.

Measurements of solar neutrino fluxes, in particular those of CNO neutrinos, may
ultimately provide a resolution to the solar metallicity problem [287]. The first

confirmed detection of CNO neutrinos at the 5 o level was recently made by the
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Borexino collaboration [288]. However, the result was compatible with both the
high- and low-metallicity predictions, and so could not provide an answer to the

metallicity question.

In the absence of a clear solution to the solar metallicity problem, we will consider
two different sets of neutrino fluxes calculated using different values for elemental
abundances. Specifically, we will consider the B16-GS98 solar model, which we will
refer to as the high-metallicity, or HZ model; and the B16-AGSS09met model, which
we will call the low-metallicity, or LZ model. Values for the neutrino fluxes in both

models are taken from Ref. [115].

In previous chapters, we took our fluxes from the high-metallicity model. These
values are often used, as measurements of neutrino scattering at detectors such as
Borexino currently slightly favour a high-metallicity Sun [155]. However, we note
that the presence of additional particles mediating neutrino scattering could bring
the results of Borexino into closer agreement with the generally smaller neutrino
fluxes of the LZ solar models. In the remainder of this chapter, we will compute
our limits and sensitivities using both the HZ and LZ neutrino fluxes. Although the
differences in our results are small, we believe it is important to remain aware of the
current discrepancy. By presenting results for both cases we hope that our work will

remain relevant regardless of the eventual resolution of the solar metallicity problem.

7.2.3 Constraints from Borexino

With its large fiducial volume and low background rates, the Borexino experiment
has been responsible for many of the most precise direct measurements of solar
neutrino scattering to-date. Its analyses of neutrino-electron scattering have covered
an energy range from 0.19 to 20 MeV, and it has measured or placed constraints on
the fluxes of pp, "Be, pep, *B, hep, and CNO neutrinos [155]. These measurements
allow us to place constraints on many models of new physics that would affect the

neutrino-electron scattering rate.
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Of the many solar neutrino flux populations, Borexino has measured the ‘Be flux
to the highest precision. This, combined with the fact that the effect of a new light
mediator is expected to be greater at low energies, means that the "Be measurement

is likely to provide us with the strongest constraints on the U(1) r,-r, model.

In Ref. [289], the Borexino collaboration measured the ‘Be flux to a precision of 5%,
finding it to be in agreement with the SM prediction. This result has been used
to place constraints on a range of new physics models. In Ref. [176], a constraint
was placed on a light U(1)z_; gauge boson, excluding any region of the parameter
space which would lead to an increase in the "Be scattering rate of more than 8%
(approximately corresponding to a 90% CL for a measurement with a 1 o uncertainty
of 5%). This result has been translated into a constraint on a U(1),, 1 gauge
boson through a remapping of the related couplings [290], and it is this constraint
which is labelled “Borexino” in Figure 7.3. However, we found that we were able
to improve on this analysis in several ways. Firstly, we found that the U(1)p_,
analysis had not properly accounted for theoretical uncertainties associated with the
SM and SSM. They also did not consider the two possible scenarios for the solar
metallicity, assuming that the HZ fluxes were accurate, despite both the HZ and LZ
case being discussed in Ref. [289]. Secondly, by computing the constraint directly on
the U(1) L,-L, barameter space, we were able to incorporate the full neutrino-electron
cross section from Equation (4.2.9), including the interference term between SM and
new physics channels, which were neglected in previous analyses. Finally, additional
data from Phase-II of Borexino has allowed an even more precise determination of
the "Be flux, with a total uncertainty of only 2.7% [155]. This updated result further
justifies a recalculation of the Borexino constraint on both the U(1),, —;_and the

U(1)p_, parameter space.

Ideally, an overall constraint should be computed using the combined results of both
phases of Borexino. However, this should not be done without a full understanding
the systematic uncertainties associated with the two results. If the two results

were treated as independent, the combined analysis would likely over-constrain the
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parameter space, giving an unreliable result. To avoid this, we perform two separate
analyses on the two sets of results, and display both sets of constraints. As the
central value found for the "Be rate in the Phase-II analysis is larger than that found
in the Phase-I analysis, the more precise measurement provides us with the weaker of
the two constraints. The two results remain compatible with each other within their
respective uncertainties, though, and can be consistently explained as a downward

and an upward statistical fluctuation.

We compute our constraints at the 90% CL using a Ax? test. As we previously
discussed, we perform separate analyses for both the HZ and LZ solar models, with
the predicted "Be flux being approximately 10% smaller in the LZ model. The
resulting constraints are displayed for a U(1) L,~L, model in Figure 7.6, and for a
U(1)p_r, model in Figure 7.7. We include the latter for completeness, and in the

remainder of the work we will focus mostly on the U(1) L1, Parameter space.

7.2.4 Constraints from XENON1T

Around the time that we were preparing Ref. [3], a new analysis of electron recoil data
at XENONI1T found an excess of events in two of its low-energy bins, between 2 and
3 keV [60]. When compared to their background model, By, the excess represented
a 3.3 o fluctuation, although the initial analysis noted that the tension could be
eased considerably if the estimated background rate from the $-decay of tritium were
revised upwards. As we had already prepared much of the machinery for computing
constraints from neutrino-electron scattering in DD experiments, we decided to test
the hypothesis that the excess could have been caused by an additional vector gauge

boson within our mass range of interest.

We found that the enhancement to the XENON1T spectrum from either a U(1)y, 1
or U(1)p_; mediator with a mass m, 2 1 MeV would be mostly flat over the
energy range analysed by the XENONIT collaboration, giving a poor fit to the

low-energy excess. To demonstrate this, in Figure 7.5 we show the enhancement to
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Figure 7.5: Binned spectrum of electron-scattering events observed
in XENONIT [60] (points, black). The red line repres-
ents the fitted background model, By. The blue solid
and dashed lines include contributions from scatter-
ing via a U<1)LM—LT gauge boson, with mass M, =
15 MeV and coupling g,, = 5.6 x 107" (BP1) and
Gur = 1.5 X 1073 (BP2), respectively.

the XENONI1T spectrum corresponding to two benchmark points in the U(1) L,—L,
parameter space. For the first benchmark point, BP1, we take a mass m,» = 15 MeV
and a coupling g,, = 5.6 X 10, which places us within the region of the parameter
space that can simultaneously resolve the (g — 2), and Hy tensions. For the second,
BP2, we keep the same mass but increase the coupling to g,, = 1.5 X 107%, the
point at which our model disagrees with the observed data at the 90% CL, based on
the analysis below. Clearly, a U(1) L,-L, gauge boson within our mass range cannot
explain the observed excess, which peaks around 2 keV. A light vector mediator
can produce a recoil spectrum with a similar peak at low energy, but it requires
a mediator mass below ~ 100 keV, a region of the parameter space that is well

constrained [171].

If we cannot explain the XENONIT excess using one of our light vector models,
we can still derive constraints from it. Since our spectrum is relatively flat and

featureless, we derive a constraint at the 90% CL using a simple unbinned Ay?
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analysis. Summing over the data points, we compute the total number of events
observed in the energy range 2 — 30 keV, N,,;. We then compare this value with the
number of events predicted in the By background model, and in the By+U(1) L,-L,
scenario. We then place an upper limit at the 90% confidence level using a Ax? test.
These constraints are shown for a U(1) r,-1, model in Figure 7.6, and for a U (D)p_r

model in Figure 7.7.

As we noted in Chapter 6, this is not strictly the correct way to compute constraints
in a background-limited analysis. To obtain more accurate constraints, the back-
ground model B, should be re-fitted every time we include a new signal model.
However, as we discussed in the previous chapter, this type of analysis is much more
computationally expensive and requires an in-depth understanding of the underlying
background models. The effect of performing this full analysis would be to weaken
the constraints obtained in our simplistic approach. Since the limits we obtain from
XENONIT do not constrain any new regions of our parameter spaces, we can be
confident that a full analysis with variable background amplitudes would also yield

constraints that are not competitive with previous works.

7.2.5 Sensitivity of future DD experiments

We now wish to examine the prospects of studying the U(1) r,-r, at future DD
experiments. We consider four detectors that we believe to be representative of the
future of direct detection. Two of these, SuperCDMS SNOLAB [55] and LZ [291], are
considered second generation, or G2, experiments; that is, they are either currently
in operation or presently under construction. Their detector properties are therefore
quite well established, although some parameters related to background reduction
and detector performance may be adjusted during operation. We also consider
two proposed G3 experiments: DARWIN [62] and DarkSide-20k [64]. As these
experiments are in much earlier stages of development, their properties are far from

finalised. We have attempted to construct simplified models of these experiments
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Figure 7.6: Updated constraints on a U(1) r,-1, gauge boson from
Borexino (red) and XENONIT (yellow), under the as-
sumption of a high-(top) and low-(bottom) metallicity
SSM. For Borexino, two constraints are shown, derived
from the Phase-I (dashed) and Phase-II (solid) results.
In the HZ case, Borexino now provides the strongest con-
straint on the region of the parameter space favoured
by U(1)r,-1, explanations of the (¢ —2)u and H, an-
omalies.
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Experiment e [t-yr]  NR [keVy] ER [keVee] NRAER [keV,]

G2-Ge (SuperCDMS iZIP [55])  0.056  [0.272, 10.4]  [0.120, 50] -

(SuperCDMS HV [55]) 0.044 - - [0.040, 2]
G2-Xe (LZ [61)) 15 3, 5.8] [2, 30] 0.7, 100]
G3-Xe (DARWIN [62)) 200 3, 5.8] 12, 30] (0.6, 100]
G3-Ar  (DarkSide-20k [64]) 100 ; 7, 50] (0.6, 15]

Table 7.1: Simplified configurations for direct detection experi-
ments used in this section. Where appropriate, we con-
sider multiple analyses for each experiment, utilising only
the nuclear recoil (NR) or electron recoil (ER) channel,
or combining the two (NR+ER). In the latter case, en-
ergies are given in nuclear recoil equivalent units.

that are as realistic as possible, making assumptions as required.

As we have discussed at length in previous chapters, most DD experiments have some
ability to discriminate between nuclear recoil (NR) and electron recoil (ER) events.
This allows an analysis of nuclear scattering events free from the larger backgrounds
that are generally found in the ER channel. However, in some experiments, like
SuperCDMS; this discrimination power can be sacrificed to access lower energy
events. We will consider a range of detector configurations: NR, ER, and NR+ER,
as appropriate for each of our four future experiments. In this last analysis, we must
convert all of our predicted nuclear recoil events into the electron equivalent energy,

E.., as we discussed in Chapter 6.

In Table 7.1, we summarise the key properties of the various experiments: their
target material, exposure, and analysis windows. We will now discuss them each in
more detail, explaining our choices of detector properties and any assumptions we

are making.

G2-Ge The G2-Ge setup we consider is based on SuperCDMS SNOLAB. As we
have discussed in previous chapters, SuperCDMS SNOLAB will utilise two

complementary detector modes running in parallel on different detector crystals.
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G2-Xe

In the iZIP mode, phonon and ionisation signals will be measured to allow
discrimination of NR and ER events, while in the HV mode this power will be
sacrificed to achieve a lower energy threshold. Although SuperCDMS SNOLAB
will employ both germanium and silicon targets, the germanium mass will be
much larger, so we neglect the contribution from the silicon detectors here.
It should be noted, however, that the silicon HV detectors will have an even
lower energy threshold, and so may offer some interesting complementarity
in searches for low-mass mediators. The exposures are based on five years of
operation with an 80% live time, and we assume a flat 75% efficiency after

analysis cuts [55]. Background rates are taken from the predictions in Ref. [55].

The G2-Xe setup is based on LZ and serves as a proxy for other large LXe
experiments, such as XenonNT [54] and PandaX [292]. LZ will operate with
a fiducial mass of 5.6 tonnes of liquid xenon, and we assume a 1000 day
run time [61]. LZ measures two scintillation signals, S1 and S2, to allow
a nuclear recoil analysis with 50% acceptance of signal events and 99.5%
rejection of ER events [61,293]. The declared target threshold for their NR
analysis has been explicitly chosen to avoid the solar neutrino background.
However, the LUX collaboration has been able to obtain 50% efficiency in
both the scintillation (S1) and ionisation (S2) channels, required for the target
discrimination described above, at an energy of 3.3 keV,, [294]. Given recent
improvements in detector performance, we set our energy thresholds in the
NR and ER channels to 3 keV,,. We take our background rates from Ref. [61].
As we are extending our analyses slightly beyond the energy range for which
backgrounds are quoted there, we conservatively assume a flat continuation of

the background rate outside the known window.

In the NR4+ER analysis, we sacrifice measurement of the S1 signal and assume
that only the S2 signal is collected. We set our energy threshold at 0.7 keV,
the threshold achieved by XENON100 in its S2 only analysis [295]. In order

to avoid extrapolating the Lindhard model well below the energy range for
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G3-Xe

G3-Ar

which it has been tested experimentally in xenon, we conservatively assume
the same lower energy threshold in units of both keV,, and keV,.. Explicit
checks show that including the Lindhard model at low masses does not affect

our constraints in regions of the parameter space relevant for our work.

For our G3-Xe experiment we use DARWIN, a proposed future LXe detector
which aims for a greater than 10-fold improvement in sensitivity over G2-Xe
experiments like LZ [62]. We assume that the NR/ER discrimination power
and NR and ER analysis windows are identical to those of LZ. However, as
the project is still in the early stages of development, we assume a slight
improvement in the energy threshold for the combined NR+ER analysis. The
lowest energy analysis of S2 signals in LXe to-date has succeeded in measuring
energies as low as 0.3 keV , [296]. We set our low energy threshold for DARWIN
at twice this value. Backgrounds are taken from [293], and are extended to

our required energy window using the same method described for G2-Xe.

The final detector setup we consider is G3-Ar, a liquid argon detector based on
DarkSide-20k [64]. The quoted threshold for which NR/ER discrimination is
possible is too large to allow any NR analysis of solar neutrino scattering, so we
do not perform this analysis. The DarkSide-50 experiment achieved an S2-only
threshold of 0.6 keV,,, which we take as our threshold in the NR+ER analysis.
We take our backgrounds from DarkSide-50 [297], although it is possible that

some improvements will be made before DarkSide-20k is complete.

For each of these experimental setups, the projected sensitivity was calculated at the

90% CL, assuming no signals of new physics were observed. As in Chapter 6, the

ER only analyses were most sensitive to mediator masses below 1 MeV. The best

limits on our region of interest were therefore obtained from the NR, or NR+ER

analyses. As I did not perform the calculations of these sensitivities myself, I will not

discuss the process by which they were derived in detail. Instead, I will move onto

the results and what they mean for the future of the U(1) L,-1, barameter space.
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7.3 The future of the U(1) r,-L, barameter space

The projected sensitivities of each of the future DD experiments summarised in
Table 7.1 are shown in Figure 7.8. In each case, we have taken the lower envelope

of the sensitivity curves obtained in the NR, ER, and NR+ER analyses.

From Figure 7.8, we immediately see that SuperCDMS SNOLAB will not be able to
probe new regions of the U(1) L, parameter space. Of the various experimental
setups considered for SuperCDMS in Table 7.1, the greatest sensitivity was obtained
from the NR analysis of the iZIP configuration and the NR+ER analysis of the HV
mode. As we predicted in Chapter 5, a study of CEvNS at SuperCDMS SNOLAB
will not be able to outperform previous analyses on the U(1) L,-L, barameter space,
and as our results in Chapter 6 demonstrated, the inclusion of ER events will not
significantly improve the sensitivity within our preferred mass range. This result,
then, is consistent with our earlier work, and supports the use of the neutrino contour
in Figure 5.5 as a tool for estimating the sensitivity of DD experiments to non-DM
parameter spaces. We found that the most limiting background in our analysis was
the NR background generated from °°Pb decays. Reducing this background should
therefore be a priority if the SuperCDMS collaboration wishes to place competitive

constraints on models involving new light mediators in the neutrino sector.

Similarly, we see that DarkSide-20k will also not be able to probe the unconstrained
U(l) L, parameter space. The line shown in Figure 7.8 is entirely due to the
NR+ER analysis, as in the analysis including NR/ER discrimination the energy

threshold was too high to see solar neutrino scattering through CEvNS.

For future LXe detectors, however, the prospects are far more promising. We
predict that LZ, an experiment that is already beginning to collect data, will be able
to constrain currently unexplored regions of the U(1) L,-1, barameter space. The
projected reach of the detector covers most of the region where the preferred bands of
(9—2), and H, overlap, allowing us to test the possibility of a simultaneous solution

to two physics mysteries. The results for DARWIN, which will operate using similar
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Figure 7.8: Projected sensitivities of future direct detection experi-
ments (solid, thick) and other future experiments (dot-
ted, black) to the parameter space of a U(1) L,-L, gauge
boson. Existing constraints are shown in grey, while
the shaded bands represent the regions favoured by
U<1)LH—LT solutions to the muon g — 2 and H, tensions.
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technology to LZ but with a larger target mass, are predictably an improvement
over the G2 detector. DARWIN’s projected sensitivity covers the majority of the

currently explored (g — 2),, preferred region.

However, DARWIN is not expected to begin taking data for several years, and it will
have competition from other upcoming experiments. Alongside the projections for
future DD experiments, we show the projected sensitivities of three other upcoming
experiments which have been previously calculated. These include a hypothetical
upgrade of COHERENT with a 10 ton year exposure [298], searches for neutrino
trident production at DUNE [299,300], and studies of kaon decays at NA62 [301]. The
latter of these has the potential to probe the entire region favoured by a U(1) L,-L,
explanation of the muon g — 2 anomaly, and, if the required dedicated single muon

trigger can be achieved, is likely to present results much sooner than DARWIN.

The results presented in Figure 7.8 for the HZ and LZ SSMs are qualitatively the
same. The projected sensitivity curves for the four DD experiments are all slightly
weaker in the LZ case, but the existing constraints from Borexino are affected more,
since they depend on the "Be rather than the ®B neutrino flux. The result is that
in the low-metallicity scenario, more of the overlap region between the (¢ — 2),, and

H, bands is currently available to be constrained by future LXe experiments.

Studying the prospects of the four DD experiments collectively, we see that the
optimal strategy for constraining the U(1) r,-1, Parameter space with DD experi-
ments is to search for coherent elastic neutrino-nucleus scattering with the largest
exposure possible. Between experiments whose energy thresholds are sufficiently
low to observe part of the CEvNS spectrum, those that have focused on maxim-
ising exposure, like LZ, outperform those that have additional sensitivity to low
energy recoils, like SuperCDMS. For these experiments, the NR channel provides
the strongest constraints. Electron recoils only provide significant improvements at
mediator masses that are already well constrained, and the benefit gained by the
slightly lower thresholds of the NR+ER analyses are in general outweighed by the

additional backgrounds of the ER channel.
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In the long term, the entire muon g — 2 favoured region of the parameter space is
likely to be explored by other experiments, such as NA62, before G3 DD experiments
like DARWIN are complete. Should a signal of new physics be seen by one of
these experiments, though, data from DD experiments could provide important

complementary information to test a U(1) L,-L, interpretation of their results.






Chapter 8

Conclusions

As direct detection (DD) experiments continue to increase in scale, they will even-
tually become sensitive to the interactions of solar neutrinos via coherent elastic
neutrino-nucleus scattering (CEvNS). This is a known consequence of SM physics,
and CEvNS will ultimately form a major obstacle to searches for dark matter (DM)
candidates with very small scattering cross sections. However, in the presence of
certain models of new physics, the neutrino scattering rate can be modified, and

signals of CEvNS may appear in DD analyses sooner than expected.

In this thesis, we have explored the effects of new physics on neutrino scattering
at DD experiments. We chose to study four simplified models that introduce new
light mediators which interact with SM fermions. These models were discussed in
Chapter 4, and include two vector models, the U(1)z_; and U(1) L,-L,. and two
scalar models, one lepton number violating (LNV) and the other lepton number
conserving (LNC). In Chapter 5, we introduced the neutrino contour, a method of
projecting the effects of new physics onto the parameter space of a canonical weakly
interacting massive particle (WIMP). The contour represents the earliest point at
which a given model could generate observable effects in DD experiments, based on
existing constraints on the model. This has two significant implications for future

DD experiments: one positive, and one negative.

Clearly, an enhanced rate of neutrino scattering would further limit the DM dis-
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covery potential of future experiments. Additionally, as the CEvNS spectrum can
closely resemble the spectrum of a canonical WIMP, the signature of some previously
unknown new physics at a DD experiment could be naively interpreted as a signal
of DM. The neutrino contour delineates the region of the WIMP parameter space
within which an apparent WIMP signal could be mimicked by new physics affecting
the CEvNS rate.

If, however, a DD experiment is sensitive to the WIMP parameter space below the
neutrino contour and does not see any signals of new physics, this would indicate
that it could constrain not only the properties of DM, but also the relevant model
of new physics interacting in the neutrino sector. The neutrino contour therefore
provides an immediate indication of the sensitivity of a DD experiment to models
of new neutrino physics, based on its sensitivity to the canonical WIMP parameter
space. In Figure 5.5, we compared the level of the neutrino contour in our two vector
models with some past and future DD experiments. For these models, only LUX-
ZEPLIN (LZ) appeared to have any sensitivity to the WIMP parameter space below
the neutrino contour, indicating that it is a good candidate for placing competitive

constraints on those simplified models.

In Figure 5.6 we see that for the two scalar models we considered, the maximum
level of the neutrino contour depends heavily on our interpretation of constraints
that were previously derived from supernova physics. These constraints relied on
the computation of the mean free path of neutrinos within a supernova, as a large
modification to this value could conflict with observations of the neutrino burst from
SN 1987A. However, earlier analyses had made many simplifying assumptions that
warranted further examination. We improved on these analysis in several ways, most
significantly by including the effects of the temperature and density of the supernova
core when computing the neutrino scattering cross section. The resulting constraints
are significantly weaker than those previously calculated, and we argue that one of
the limits quoted in an earlier work should not be considered a true constraint on

the model of new physics. This means that in the presence of an LNV scalar, the
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CEvNS rate could be enhanced by up to five orders of magnitude at low energies.

Our analysis of the neutrino contour was based solely on the effects of new physics
on the rate of CEvNS. However, experiments such as CDMSlite could also be sens-
itive to modifications of the neutrino-electron scattering rate. Chapter 6 described
our efforts to derive constraints on the U(1)p_; parameter space using data from
CDMSlite. Although the constraints were not expected to be competitive with other
experiments, the analysis would act as proof-of-concept for future analyses at Super-
CDMS SNOLAB. Including neutrino-electron scattering in our analysis introduced
several new challenges, some of which we have not yet resolved. In particular, our
expressions for the scattering rate assume that the initial and final states of the
electron are plane waves, as would be the case for free particles. In a semiconductor
crystal, like the germanium crystals used by CDMSIite, this is not the case, and the
free electron approximation is expected to lose accuracy at scattering energies below
1 keV. However, our simplified analysis indicated that neutrino-electron scattering is
not the optimal channel for studying our models of new physics at DD experiments,
and so the approximation will not affect our conclusions about the ability of DD

experiments to probe new neutrino physics.

Finally, in Chapter 7 we examined in detail the prospects of using DD experiments
to study the U(1) r,-r, model. This model is of particular relevance as it has the
potential to resolve two ongoing problems in fundamental physics: the muon g-2
anomaly and the H, tension. A reevaluation of earlier constraints from Borexino
found that its results are more constraining than previously calculated, but con-
firmed that a simultaneous resolution of both anomalies is still allowed by current
constraints on the model. We calculated the sensitivity of four future DD experi-
ments to the U(1) L,—L, barameter space. These sensitivities are shown, alongside
projections for other upcoming experiments, in Figure 7.8. As we expected from the
results of Chapter 5, LZ will be able to set constraints that are competitive with
previous experiments, and we expect that it will be able to test almost the entire

region favoured by a simultaneous explanation of the muon g-2 and H, tensions.
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SuperCDMS SNOLAB, which has a lower energy threshold than LZ but < 1% of the
exposure, will not be able to probe any unexplored regions of the parameter space.
Nor will DarkSide-20k, a next-to-next generation liquid argon experiment. Although
it has a significantly larger exposure than LZ, its energy threshold lies above the
maximum energy that can be deposited by solar neutrinos through CEvNS. DAR-
WIN, a proposed successor to LZ, will probe the majority of the region favoured by
solutions of the muon g-2 anomaly, though this task is likely to be achieved sooner

by other neutrino experiments.

In summary, we have assessed the ability of DD experiments to explore certain
simplified models of new physics through neutrino scattering. Our work indicates
that they can indeed provide valuable information about the presence of new light
mediators that is complementary to other searches, including those at dedicated
neutrino detectors. We believe that an optimal strategy for improving the reach of
DD experiments to these models of new physics is to maximise detector exposure,
while ensuring the minimum energy threshold is low enough to detect at least part
of the spectrum of CEvNS from solar neutrinos. Our results are consistent with our
interpretation of the neutrino contour, indicating that a projection of the neutrino
scattering rate onto a DM parameter space can be a useful tool for estimating the

sensitivity of DD experiments to models of new physics that would affect the rate

of CEvNS.
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