New Physics with Nu Messengers

by

Thomas Schwemberger

A dissertation accepted and approved in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

in Physics

Dissertation Committee:
Timothy Cohen, Chair
Tien-Tien Yu, Advisor

Stephanie Majewski, Core Member

James Murray, Institutional Representative

University of Oregon

Summer 2025



(©) 2025 Thomas Schwemberger
All rights reserved.

This work, including text and images of this document but not including
supplemental files (for example, not including software code and data), is licensed
under a Creative Commons
Attribution 4.0 International License.


http://creativecommons.org/licenses/by/4.0/

DISSERTATION ABSTRACT

Thomas Schwemberger
Doctor of Philosophy in Physics

Title: New Physics with Nu Messengers

The particular properties of neutrinos provide a unique probe of physics
beyond the standard model. In this thesis I explore how these properties in
terrestrial and astrophysical environments can be used to test theories of new
physics. These properties include their low mass and weak Standard Model
interactions which I exploit to probe possible couplings to feebly coupled fields
using neutrinos from the Sun in both low-threshold skipper CCD experiments and
larger more conventional liquid noble element dark matter (DM) experiments.

We first consider a set of generalized interactions focussing on light
mediators (scalar, pseudoscalar, vector, and axial vector), and consider coupling
these mediators to either quarks or electrons. We find that such small low-threshold
detectors can improve current constraints by up to two orders of magnitude for
vector mediators and one order of magnitude for scalar mediators.

We then consider the case of much larger detectors which do not benefit
from the low-energy enhancement provided by light mediators. In this case
we enter a standardized regime in the literature where neutrino Non-Standard
Interactions (NSI) are parameterized relative to the weak force. By mapping these
parameters to the S leptoquark, we set first limits on these models which result in
sizable u — d and 7 — d sector neutrino NSI.

Due to their weak interactions, neutrinos propagate efficiently from the

farthest reaches of the universe. We use this property to probe the annihilation
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of DM during the formation of the first stars. Non-observation of such neutrinos
in Super-Kamiokande is used to place constraints on Dark Stars, a non-standard
cosmology which aims to explain the formation of supermassive black holes
(SMBHs). We use the abundance of such SMBHs and JWST observations of high
redshift galaxy-like objects to determine the population of such objects and set the
redshift by which they must have collapsed to black holes.

Other neutrinos of astrophysical origin include some of the most energetic
particles ever measured. We study a particular event, KM3-230213A, the highest
energy neutrino ever recorded, to quantify the discrepancy between measurements
of the two largest neutrino telescopes on Earth, KM3NeT and IceCube. We find
that for most isotropic diffuse neutrino signals, this tensions falls in the region of
3.1 — 3.6 0. while a transient reduces the tension to 2.0 o

Through these studies, I demonstrate the utility of neutrinos as a
complimentary probe of new physics in the era of multi-messenger astronomy.

This dissertation includes previously published and unpublished co-authored

material
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[16. Recoil rates from a neutrino magnetic moment at the

| Borexino bound. Note that given one free parameter, the

nuclear recoil rate (blue) is indistinguishable from the SM

rate (black) while the electron rate (red) has a different

| spectral shape. The uncertainties, denoted by the bands,
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[18. Constraints on gauged B — L from terrestrial and

| astrophysical sources. Blue regions are sensitive to electron

couplings, grey regions require both couplings and red

|
| regions are sensitive if the A" couples to either. SN1987A
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|
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|
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19. Efficiency models for 1, 2, and 5 keV thresholds compared

to LZ experiment data analysis [4]. The sensitivity of DM

detectors to NSI is strongly dependent on their energy

| threshold (e.g. [405]). We consider the 2 keV threshold

| model to be an optimistic efficiency for such near tuture detectors.| 74
[20. Neutrino flux contributions including solar, atmospheric, |
| and DSNB components and their respective uncertainties |
| on the surface of the Earth considering SNOLab detector |
| ] - S T Tahlo i ditonal oSl 3

BT Recol . ] a5 koY Tireshold ] l

SM interactions of neutrinos (dashed lines), with B8, hep,

DSNB, and atmospheric neutrino sources, and the total

(thick grey line) as well as the total including a scalar NSI

(magenta) for ef’ = 0.02 for all g and ¢ . . .

[22.  Neutrino-quark scattering mediated by the S; scalar leptoquark. .
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[23. Left: 30 (solid) and 50 (dashed) discovery reach of

a xenon detector for an NSI with universal couplings

W — AV — v -
(efe = e = e2]) as a function of detector exposure, for

a 1 keV (magenta) and 2 keV (purple) detector threshold

as defined 1n Sec. [3.1.1] Also shown 1s the reach using the

LZ efficiency and threshold (yellow). As expected, a lower

threshold improves the discovery reach. Right: discovery

reach of a xenon detector to NSIs coupling only the d quark

to either v, or v, assuming a 2 keV threshold. Thin lines

indicate the sensitivity based only on atmospheric neutrinos.

| Fainter lines show the improvement to be gained from more

| precise measurement of the atmospheric neutrino flux with

| reduced uncertainties. Upper panels show results for scalar

NSI while lower panels are vector NSI results. In the vector
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the thick (thin) lines, and show that they are similar. The

| lower right panel maps to the 57 L) parameters in Fig. |31]]
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Left: 30 (solid) and 50 (dashed) discovery reach of an

argon detector for a scalar (top) or vector (bottom) NSI

with universal couplings as a function ot detector exposure,

for a 1 keV (magenta) and 2 keV (purple) detector

threshold as defined in Sec. [3.1.1] As expected, a lower

threshold improves the discovery reach. Due to its larger

target mass, kinematics distavors lead detectors despite the

increased scattering rate. This i1s also responsible for the

more dramatic improvement with detector threshold in lead.

Right: discovery reach of an argon detector to scalar (top)

or vector (bottom) NSIs coupling only the d quark to either

v, or v, assuming a 2 keV threshold. Thin lines indicate

the sensitivity based only on atmospheric neutrinos. Fainter

lines show the improvement to be gained from more precise

measurement of the atmospheric neutrino flux.| .

Same as Fig. [24] but for a lead detector. Note that due to

its heavier nucleus, lead loses more sensitivity than argon

or xenon at higher thresholds, and gains more from higher

energy neutrinos such as the atmospheric flux.| . .

Evolution of DS luminosity for different DM masses and

annihilation channels. We assume baryonic accretion rate

of 0.1M, yr~' in a 10°M,, halo until DS reaches a mass

of ~ 10°M,,. We consider that baryonic accretion stalls

when DS reaches approximately ~ 1% of the host halo

mass, resulting in a plateau corresponding to DS mass

and luminosity being approximately constant until DM

annihilation becomes inefficient and DS collapses.|. . .

Inferred probability density of the neutrino energy of the

KM3NeT event, given the 3,672 triggered PM'T's, tor three

different underlying source flux assumptions.| .

Preferred regions in the diffuse power-law spectrum flux

normalization ¢q and spectral index ~ for the ultra-high

energy KM3NeT event and IceCube data at 68% and 95% CL.| . . .
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20.

Predictions, measurements, and constraints on the high

energy neutrino flux. The gold band shows the IceCube

measurement of a single power-law flux, extrapolated to

£, > 100 PeV while the three colored curves represent a

selection of cosmogenic neutrino models [64, 60, 430]. We

show IceCube’s segmented power-law data in black with

error bars [367] and high energy constraints in gray [350].

In red we show a best fit segmented power-law flux from

the event in KM3NeT in the 90% CI from a E* power-law

prior and lo error bars on the flux normalization. | .

116

130.

IceCube sky coverage on the KM3NeT local zenith and

azimuth angles.|

118

BI.

Projected constraints on the yp — d (left) and 7 — d (right)

Yukawas for a selections of exposures, mapped from

sensitivity to a €5/ minimal NSI in a xenon DM detector

with a 2 keV threshold. Dashed (solid) lines represent 5o

and 3o sensitivity reach. We set the first limits on LQs from

preliminary LZ data with 0.9 ton-year exposure [7]. In the

d — p figure (left), the thick grey line indicates the preferred

values to alleviate the (¢ —2), anomaly for quark generation

and chirality independent couplings. Pair production (P_P)

and Drell-Yan (DY) bounds on the muon coupling are from

36 fb~' data from the LHC [413| [412]. In the d — 7 figure

(right), we show the LHC bounds on the tau coupling [192]

which constrain mro > 1.3 TeV. IceCube results are from

resonance searches in atmospheric neutrino data J112).

At the highest masses, the L) Yukawa coupling is only

constrained by perturbative unitarity [71]. |

B2.

Same as Fig. [31] but for argon (top) and lead (bottom).| .
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3.

[Left] The neutrino flux from 10° M supermassive DSs

| ] [SMBIs o O DN Tt ] |

considering DM mass m, = 10 GeV (dashed line) and 10

TeV (solid line), for reference cross-section (ov) = 3 x 107<°.

Measurements of atmospheric neutrino flux by Super-

Kamiokande [387] (round marker) and IceCube [11] 12]

(triangle marker) for electron neutrinos (grey) and muon

neutrinos (black). Predicted combined muon and electron

neutrino atmospheric flux from Ref. [297] (solid grey line)

is also displayed. [Right| DM annihilation cross-sections

for which the DS neutrino flux peak exceeds that of the

atmospheric backeround for a selection of fousp and

f, = 1/3. Line colors indicate where Super-Kamiokande

(green) and IceCube (magenta) have leading sensitivity.

Steep DS collapse model (thick lines) and gradual DS

collapse model (thin lines), consistent with JWS'T candidate

events, are shown. We assume DSs grow to 1% of their

host halo mass in M;, = 10° — 10° M, halos, to an upper

mass limit of Mps =  10°M. Overlaid (shaded regions)

are existing bounds from indirect DM detection searches in

IceCube [25], Super-Kamiokande [37], and ANTARES [287].

The thermal relic DM annihilation cross-section [418] (gray

dashed line) is displayed for reference. . .

128

A.34.In xenon and argon (not shown) the le~ threshold

sensitivity is sensitive to the yield function, but the 4e™ case

is not since 4e~ and higher events correspond to energies

where the yield functions are well measured.| .
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[A.35.Colored bands indicate the range of possible sensitivities

to nuclear recoils contained within the choice of yield

function between the red and blue lines in Fig. [3|for a 1

kg-yr semiconductor. Colors indicate the detector threshold.| .

IB.1.

One-loop neutrino mass generation in the S; + Ry L(Q model.
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B.2.

Oscillation conversion probabilities of atmospheric

neutrinos, calculated using the NuCraft code, with (dashed

line) and without (solid line) vector NSI effects for distinct

directions with respect to zenith. . .
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B.3. Oscillation conversion probabilities of solar neutrinos, as

calculated with the SNuDD module, for SM (solid line)

and including vector NSI coupling of tau neutrinos to up

quarks (dotted line), down quarks (dashed line), or both
(dot-dashed line).| Ce e
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[C.1. DS photosphere radius tor DM annihilation channel vv for

| different masses considering that the fraction ot DM mass

| m, converted to neutrino energy is f, = 1/3|. . .

145

|C.2. Halo formation rate density d*n/dM;dt integrated over

halo mass range. Integrated halo formation rate density we

consider as reference (green line), results extended to lighter

halos (yellow line), results extended to more massive halos

(lavender line) are shown. Press-Schechter (solid lines, P-S)

and Sheth-Tormen (dashed lines, S-T) halo formation are indicated.|

147

[(C.3. Same as Fig. |33| considering gradual DS collapse model with

[ fur given by Eq. (C.14)]. . . .

149

(C.4. Differential neutrino spectra normalized to one neutrino for

a range of DM masses trom m, = 10 GeV to 10 TeV for

different DM annihilation channels. Spectra are taken from

Ref.

152

(C.5. Extragalactic neutrino flux from 10 TeV DM annihilating

in dark stars (pink/solid) assuming DS reach 1% of their

host halo mass which is in the range M; = 10° — 10° M,

| compared to the expected neutrino flux from conventional
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C.6. Same as Fig. [33] but for DM annihilation to W~ [Top|,

bb [Middle] and p*p~ [Bottom]. Existing bounds from

indirect DM detection searches by HAWC [75], Fermi-

LAT , AMS and HESS are shown as shaded
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Effective areas used in this work. We use the IceCube

cffective area 8° above the horizon [10] (green) in our

discussion of point sources. For KM3NeT, below 100

PeV we used the one reported in Ref. [I72] (purple solid),

while above 100 PeV we extrapolate it by matching our

own effective area calculation (purple dashed, see text for

details). We take the all-sky averaged KM3NeT effective

area (gold) from Ref. [69]. In the lower panel we plot

the ratio of effective areas for IceCube &° declination and

KM3NeT all sky. |
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D.2

The distributions derived 1n this work of the number of

PM'T's triggered for 10, 100, and 1000 PeV muons pass

through KM3NeT' as dashed histograms. The official results

are also shown for comparison as shaded histograms [69].

The vertical line [abeled “3,672 PM'I's” indicates the

number of triggered PM'T's for the high energy event we

are interested in. .
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CHAPTER I
INTRODUCTION

In the past century, the study of particle physics has build and refined one of
the most successful models in science. Despite its great success and the discovery of
the Higgs boson [2], this Standard Model of particle physics remains incomplete as
it lacks the mechanisms to explain a handful of phenomena observed in the universe.
Among the most prominent of these shortcomings are the inability to explain the
nature and origin of neutrino masses and the elusive dark matter which is required to
explain numerous astrophysical phenomena from the formation and speed of stars in
galaxies and galaxy clusters [394. [375] [452] to the cosmic microwave background [415]
and matter power spectrum [55] among others [402].

Multiple extensions to the standard model have been proposed to explain dark
matter (DM) including its production and modern abundance, accounting for roughly
five times as much mass as baryonic matter [55]. Many such extensions carry a
common theme motivated by the freeze-out of thermal particles in the expanding
universe [I15]. In this paradigm, DM particles are in thermal equilibrium with the
standard model in the early universe until Hubble expansion makes the bath too
dilute for efficient annihilation. If one assumes a coupling similar to the weak force,
the correct relic density for a DM is achieved by a mass at the weak scale in what is
often called the “WIMP miracle” where WIMP stands for weakly interacting massive
particle.

The pursuit of modern physics to fill in these gaps in the Standard Model has led
to the construction of high energy particle accelerators [103, 205], detectors sensitive

to the low energy recoil of particles from collisions with DM [87, [70] [428], and a suite
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of observatories [50, 67, 260, 197, [72] which scan the skies for the subtlest hints of
the underlying nature of these gaps in the standard model.

Historically, astronomical observatories relied on the emission of electromagnetic
radiation, first optical light [264], though they have now expanding to fill the entire
electromagnetic spectrum from radio waves [72] to high energy gamma rays [197].
While this combined observation across multiple wavelengths of light has been a useful
tool for astronomers for some time, recent observations of gravitational waves have
heralded the era of “multi-messenger astronomy,” particularly regarding observation
of GW170817, a binary neutron star merger measured in both gravitational and
electromagnetic radiation [31]. This is not the first multi-messenger observation
however as cosmic rays and neutrinos had previously been observed in coincidence
with electromagnetic radiation. The latter most famously in the case of supernova
1987A (SN1987A) [296, [153] in which several dozen neutrinos were observed in
multiple experiments hours before the electromagnetic radiation reached Earth.

1.1 Neutrino Observatories

Neutrinos provide a unique prong in the fork of multi-messenger astronomy.
Their low masses and weak couplings mean they travel in straight lines at the speed
of light across cosmological distances. They are unaffected by the gas, dust, and
magnetic field of galaxies and can escape the hottest and densest environments of the
universe, only being briefly trapped within the cores of collapsing supernovae [177,
309]. These effects which trap or slow down light are responsible for the time delay
between of the electromagnetic signal of SN1987A relative to the neutrino one. They
also makes neutrinos a popular candidate to probe the most extreme cosmological

environments [383] and can lead to the identification of ultra high energy cosmic ray
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sources as the highest energy photons are deflected by magnetic fields while neutrinos
can be directly traced back to their origin [22] 419, [386].

Neutrino observatories take various forms depending on the energy of the
neutrinos they aim to detect. The highest energy detectors look for the Cherenkov
radiation produced by ultra-relativistic charged particles from the collision of
neutrinos with standard model particles in or near the detector. The largest such
detector, Pierre Auger, is built to detect primary charged particles at even higher
energies and is thus only sensitive to 50 - 100 PeV neutrinos and has yet to observe
any candidate events [275]. The largest dedicated neutrino observatories are cubic
kilometer scale detectors such as IceCube [67] or KM3NeT [50] which leverage existing
bodies of water (or ice) by adding strings of photomultiplier tubes (PMTs) to detect
Cherenkov light. These experiments are built with PMTs spaced such that their
lower energy thresholds range from 10 GeV to the TeV scale. Despite its smaller
area and runtime and the non-observation in Pierre Auger or IceCube, KM3NeT has
recorded the highest energy neutrino ever seen with an energy ~ 72 — 2600 PeV [69].
In Chapter 6 we discuss the tension this implies with other observations including
possible explanations there-of.

Smaller experiments can provide better energy resolution and thresholds at
the expense of reduced exposure. The largest detector in this category is Super-
Kamiokande [260] which operates with a fiducial mass of 22.5 ktons of water and
a threshold which varies based on neutrino flavor, but reaches a few MeV for
electron neutrinos. For other flavors, the interaction cross section falls sharply at
low energies since the dominant process (charged current scattering) has a kinematic
limit to produce heavy charged leptons. Below ~ 100 MeV, muon neutrinos can

only scatter via neutral current interactions which has a smaller cross-section. The
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Deep Underground Neutrino Experiment (DUNE) is under construction and will
compliment the capabilities of Super-K with a similar scale detection volume and
threshold while the liquid argon time projection chamber will provide additional
information on the interaction and direction of the particles [41].

The lowest threshold detectors which are studied in this work for neutrino
observation are not build with the intention of measuring neutrinos. Rather they are
DM experiments in which neutrinos are considered an irreducible background [374].
This “neutrino fog” is regarded as a major limiting factor in the reach of such
experiments as the signal is, event by event, indistinguishable from DM scattering.
The first measurements of this solar neutrino background was recently reported by the
XENON collaboration [90]. Efforts to mitigate this background include directionality
and temporal variability in the scattering rate. A significant side effect of these efforts
to distinguish a potential DM signal is an improved ability to measure the low energy
neutrino scattering rate.

These DM experiments can broadly be grouped into two categories. First are
nuclear recoil experiments. These are typically a ton-scale fiducial volume of a liquid
noble element such as argon or xenon where recoiling nuclei emit photons measured
in the detectors. Leading experiments include XENONnT [88] and LUX-ZEPLIN [6]
which have thresholds of a few keV. Notably, the kinematics of imparting enough
recoil energy to a heavy nucleus to be detected in such experiments poses a challenge
for lighter DM or less energetic neutrinos.

This leads to the second broad class of DM direct detection experiments, those
aimed at the detection of DM electron scattering. In this case, the lighter target allows
for the detection of lighter (sub GeV) DM or lower energy neutrinos. While liquid

noble element experiments are sensitive to electron recoils, dedicated experiments
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offer a number of advantages. Such experiments are usually based on semi-conductor
targets where an electron is excited into the conduction band. This also reduces the
threshold on recoil energy to the eV scale. The leading experiment in this category
is SENSEI which uses a skipper CCD to probe recoil energies less than 10 eV [122].
1.2 Neutrino Non-Standard Interactions

In their own right, neutrinos constitute one focus of the 2023 Particle Physics
Project Prioritization Panel (P5) guidance to “Decipher the Quantum Realm” due
to their quantum oscillations [I07]. As a probe of astrophysical environments, they
are a powerful took for the second focus of the P5 report, to “Illuminate the Invisible
Universe.”

This dissertation follows these two foci in that order first exploiting the weak
interactions of neutrinos to probe similarly weak couplings to potential new particles.
These new theories are standardized in the literature as “generalized neutrino
interactions” and “neutrino non-standard interactions” (NSI). The former retains the
Lorentz structure and mass of the propagator while the latter simplifies the interaction
as a four-point effective field theory (EFT) after integrating out the mediating field,
requiring the field to be much heavier than the recoil energy of the target nucleus or
electron. I study these two regimes in chapters 2 and 3 respectively.

These potential interactions of neutrinos beyond the standard model (BSM)
arise in various well motivated theories which extend the underlying symmetries of
the standard model to include features like gauged B — L or L, — L, symmetries
or in grand unified theories which introduce leptoquarks, hypothetical particles with
both baryon and lepton number. Such models have been proposed to provide a

mechanism to generate DM or the baryon asymmetry of the universe. Modified
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neutrino scattering can then probe these models which evade constraints based on
measurements of charged leptons [313].

Exploiting neutrino couplings induced by these models has a number of
advantages over those induced in the charged leptons. Notably the kinematics and
instabilities of the charged leptons. Since neutrinos don’t decay and interact only
weakly, modifications to the couplings of second and third generation fermions are
more accessible.

Such couplings to standard model particles also modifies the matter potential
experienced by neutrinos as they propagate through the Earth. This in turn modifies
the oscillation probabilities providing another mechanism for their detection. This
method is used in neutrino propagation experiments including Super-K measurement
of atmospheric neutrinos [425] and planned work at DUNE [203], 225].

1.3 Searching for DM with Neutrinos

Considering the second focus of the P5 report, neutrinos provide a complimentary
probe of the invisible universe. Just as they intertwine themselves in direct detection
experiments, they are an integral part of indirect detection probes of DM. These
indirect detection experiments search for the standard model products of DM
annihilation or decay. In this work and most of the literature, the focus is on the
former. In this case, the annihilation rate scales as the density squared along the line

of sight of an observation. This is quantified by the J-factor:

J://p%M(:c,Q)dade (1.1)

where x is the distance along the path and €2 is the angle over which the
observation is performed. It is thus advantageous to search for DM in regions of
high DM density while reducing the background from standard model processes.
This often means searching in dwarf galaxies with low stellar luminosities [45].
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Despite the high backgrounds, searches focused on the galactic center have also
been promising with a confirmed excess of gamma rays, though it is unclear if
the origin is DM since the background from unresolved point sources is not well
understood [300}, 202, 17, 329, [18, 299, [450]. While such studies are subject to larger
theoretical uncertainties and must make certain simplifying assumptions [334], they
often provide the most sensitive probes of new physics.

Using neutrino signals instead of gamma rays provides a complimentary probe of
such signals [29] and allows for searches of different regions of space including those
which are opaque to high energy photons or have different backgrounds of standard
model processes. Typically the energy of neutrinos from DM annihilation is set by the
DM mass, thus for canonical WIMPs experiments search for neutrinos with energies
up to ~ GeV — TeV, and thus straddle the transition where large water Cherenkov
detectors like Super-K or kilometer scale arrays like IceCube or KM3NeT are most
effective.

One such scenario arises from DM annihilation in the first stars in the universe
where photons would mostly be trapped within the star while neutrinos escape. These
stars formed in an environment with a higher DM density than today due to Hubble
expansion. As they formed in the centers of the first halos, it has been proposed that
DM annihilation is actually the dominant source of energy for these stars. Such “dark
stars” burn at much lower temperatures, allowing for continued accretion and fueling
to sustain them at extremely large masses and luminosities on timescales similar to
the age of the universe.

These objects are also proposed as explanations for the origin of supermassive
black holes at the centers of galaxies which otherwise have no known production

mechanism. In Chapter 4 we study the neutrino signal of such objects, finding they
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produce a detectable diffuse neutrino background, similar to the diffuse supernova
neutrino background (DSNB) which arises from the cosmic history of supernovae.
Using differences in their spectra, we place constraints on which DM models may
produce such dark stars and seed supermassive black holes.

1.4 Outline

Chapter 2 studies the interaction of solar neutrinos in low threshold DM
experiments to search for new light mediating particles and was co-authored with
Tien-Tien Yu and published in Physical Review D [405]. These generalized neutrino
interactions involve a new field which couples to both neutrinos and a nucleus or
electron allowing scattering on target materials in DM experiments.

Chapter 3 represents a continuation of this work at higher energies to search
for more massive mediators and leptoquarks in larger experiments. The work is co-
authored with Tien-Tien Yu and Volodymyr Takhistov and published in the Journal
of Cosmology and Astroparticle Physics [404].

Chapters 4 then turns to the second focus of the P5 report as I look at
astrophysical neutrinos originating from beyond our solar system. These more exotic
sources could reveal information about the nature of DM. This work is co-authored
with Volodymyr Takhistov and has been accepted for publication in Astrophysical
Journal Letters with a pre-print posted publicly [403].

Chapter 5 Continues the study of astrophysical neutrinos to evaluate a recent
observation of an ultra high energy event in the context of data from competing
experiments. This work is co-authored with Shirley Li, Pedro Machado, and Daniel
Naredo-Tuero and is also under peer-review for publication in Physical Review Letters

with a public pre-print [337].
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CHAPTER II
DETECTING BEYOND THE STANDARD MODEL INTERACTIONS OF
SOLAR NEUTRINOS IN LOW-THRESHOLD DARK MATTER DETECTORS

This work is co-authored with Tien-Tien Yu and is published in Physical Review
D [405).

As low-threshold dark matter detectors advance in development, they will
become sensitive to recoils from solar neutrinos which opens up the possibility to
explore neutrino properties. We predict the enhancement of the event rate of solar
neutrino scattering from Beyond the Standard Model interactions in low-threshold
DM detectors, with a focus on silicon, germanium, gallium arsenide, xenon, and
argon-based detectors. We consider a set of general neutrino interactions, which fall
into five categories: the neutrino magnetic moment as well as interactions mediated by
four types of mediators (scalar, pseudoscalar, vector, and axial vector), and consider
coupling these mediators to either quarks or electrons. Using these predictions,
we place constraints on the mass and couplings of each mediator and the neutrino
magnetic moment from current low-threshold detectors like SENSEI, Edelweiss, and
SuperCDMS, as well as projections relevant for future experiments such as DAMIC-M,
Oscura, Darwin, and ARGO. We find that such low-threshold detectors can improve
current constraints by up to two orders of magnitude for vector mediators and one
order of magnitude for scalar mediators.

2.1 Dark Matter Experiments and Neutrino NSI

The WIMP paradigm has driven the landscape of DM research on both the
experimental and theoretical fronts for the last several decades. The tightening of
constraints in the WIMP parameter space has motivated the development of low-

threshold detectors targeted at DM masses below those predicted by the canonical
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WIMP models, which sit at the O(10 — 100eV) mass scales. These low-threshold
DM detectors are sensitive to O(eV) energy depositions, opening up access to
sub-GeV DM candidates. The DM detectors optimized for WIMP searches rely
on the detection of DM-nuclear scattering, in which the recoiling nucleus imparts
some detectable signature in the form of heat, light, or ionization. It has been
long understood that neutrinos, specifically solar neutrinos, can mimic these same
signatures through the coherent scattering of neutrinos on nuclei; this has been
historically called the “neutrino floor” or “neutrino background” (see e.g. [150] and
references therein). More recently, it was demonstrated that low-threshold detectors
which observe ionization, e.g. electron, signatures are also subject to this neutrino
background [235]. Although the background is due to neutrino-nuclear scattering, a
fraction of the nuclear recoil energy can be converted into electron recoil energy, thus
leading to an ionization signal.

The 2017 observation of coherent elastic neutrino-nucleus scattering (CEvNS)
by COHERENT [71] motivates the discussion of the potential to unearth new BSM
physics in the neutrino sector. This has led to a series of efforts to look for generalized
BSM interactions of neutrinos with the SM in a variety of detectors. Previous work
has focused on detectors with thresholds above O(100 eV) [209, B50] or nucleon
only interactions [339]. In this work, we make a systematic study of BSM neutrino
interactions in low-threshold DM detectors, down to the bandgap energies of O(eV),
using a simplified models framework to encode the neutrino non-standard interactions
(NSIS)H The advantage to using low-threshold DM detectors to study NSI is two-

fold. Low-threshold ionization experiments, as discussed above, are sensitive to

'Note that we are using the terminology “NSI” for the simplified-models framework rather than
the effective field theory style framework typically used to quantify new physics in the neutrino
sector (see e.g. [214], [97) [154]). Thus, neutrino magnetic moments fall under our definition of NSI.
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both electron and nuclear recoils, the latter as a result of the conversion of nuclear
recoil energy into electron recoil energy. This makes these detectors sensitive to
a wider range of models, some of which can evade the astrophysical constraints
that rely primarily on electron interactions. We will calculate the sensitivity to
both quark and electron couplings independently as well as a neutrino magnetic
moment. Furthermore, there is an additional enhancement of the scattering rate
which is inversely proportional to the nuclear recoil energy from which low-threshold
detectors, with their sensitivity to small energy depositions, profit tremendously. We
also calculate the sensitivities in noble liquid detectors using xenon and argon where
the much larger exposures can overcome the relative inefficiency of converting nuclear
recoil energy into an ionization signal.

The difficulty in detecting CEvVNS and low-energy neutrino-electron scattering
lies in running an experiment with both low detector noise and a low energy threshold.
Recent technological advancements in semiconductor targets such as the use of
Skipper CCDs [428] or high bias potential voltages [393, 102] have led to sensors
with sub-electron noise and energy thresholds down to the band gap, O(eV), of
the semiconductor. Existing experiments to date have provided early data with an
exposure of ~ 10 g-days [406, 228 [79] which can place constraints on light vector
boson-mediated models such as U(1)_y, comparable to those of Borexino [291], 263].
Similarly, noble liquid detectors such as XENONI1T also set competitive constraints
on such models [I59]. These constraints will only strengthen with the next-generation
of low-threshold detectors which will have increased exposure. With larger Skipper
CCD experiments planned, it will be important to understand the signals they may

be sensitive to both from neutrinos and dark matter.
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The rest of this chapter is organized as follows. In Sec. we present the
expressions for the neutrino-nuclear and neutrino-electron scattering rates in both
the SM and five NSI simplified models. In Sec. 2.3 we discuss the signatures of
the scattering events in semiconductor (Si, Ge, and GaAs) and noble liquid (Xe and
Ar) materials used in low-threshold detectors. Here, we include the discussion of
ionization efficiencies and charge yields in each material. In Sec. we discuss the
effects of the simplified models on the event rates calculated in Sec. and present
our projected sensitivities to the NSI simplified model parameters. We discuss the
interpretation of our results in relation to complete ultraviolet models in Sec. and
conclude in Sec. ?7.

2.2 Neutrino Scattering Rates

Neutrinos are produced in the sun via a series of nuclear processes, which are
broadly categorized as pp or CNO, depending on the elements involved. These nuclear
processes constitute the different components of the solar neutrino flux, as shown in
Fig. To determine the measured event rate from solar neutrino scattering in a
detector, we follow the procedure outlined in [235], and sum the contributions from
each component of the solar flux, themselves determined by integrating over their
energy spectra. We use the fluxes given by the high-metallicity solar neutrino model
BS05(OP) [117, 116]. Specifically, in order to produce a (kinetic) recoil energy Eg,
the incident neutrino must have at least the energy given in Eq. where mr as
the target mass (either electron or nucleus) and we have explicitly kept the neutrino
mass (m,) to leave open the possibility of heavy sterile neutrinos. The minimum

neutrino energy is therefore given by

1 2
By = - (ER + \/Elg + 2Epmy (m_2 + 1) + 4m3> . (2.1)
m

T
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Figure 1. Differential neutrino flux components from the pp and CNO cycles using
the high-metallicity solar neutrino model BS05(OP) [117, 116]. The black line does
not include the monochromatic components which are included individually in the
calculations which follow.

We integrate the differential neutrino flux, ‘;g”, from this minimum energy to the

highest energy neutrino in each solar component weighting by the differential cross-
section for either nuclear or electron recoils and multiply by the number of targets

per kg of detector material (Nr) to get the recoil rate in events per kg-yr,

dR do dN,
AN 27 Y, 2.2
dEr " /Em dER dE, (2:2)

where C[‘IE—”R is the differential cross-section of neutrino scattering. In what follows, we

present the expressions for this differential cross-section in both the SM and in five
representative NSI simplified models.

2.2.1 The Standard Model. The SM differential cross-sections for

nuclear and electron recoils are

do G% .,
dBy — dr Om (1

_ myEn
2F2

14

) F%(Ey) (2.3)
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do  GEm,
dE,  27mE?

[4530(2&% + E? — E,(2E, +m,.)) £ 252 (E.m, — 2E%) + ES] . (2.4)

where G is the Fermi constant, s, is the sine of the Weinberg angle, ), = N —
Z(1 — 4s%) is the weak nuclear hypercharge (for N neutrons and Z protons), and
the + distinguishes electron neutrinos (—) from the other flavors (+). F(FEy) is the
Helm nuclear for factor as defined in [335], which is approximately unity at the energy
scales we consider. We leave the discussion of our treatment of neutrino oscillation
to Sec. 2.2.21

2.2.2 Non-Standard Neutrino Interactions. Low-threshold detectors
like SENSEI, Edelweiss and SuperCDMS, open up access to the lower range of recoil
energies for which neutrino scattering produces a detectable signature. Therefore,
we focus on a set of simplified infrared models for NSI which modify the differential
cross-section at low energies. Arguably the simplest way to introduce a NSI is to give

the neutrino a magnetic moment, u,, via the interaction

LD 5 dsA,v. (2.5)
As of 2022, the strongest constraint on the magnetic moment of p, < 2.8 x 10711y,
where p, = V4wa/2m, is the Bohr magneton, is from Borexino [59]. Note the
inclusion of this interaction provides an enhancement to both the CEvNS and electron
recoil rates, though as we will see in Sec. the former is suppressed by both the

yield function and nuclear mass.

The enhancement of the neutrino-nucleus cross-section is given by

do, 9 910 1 1
— = Z°F“(F _— 2.
= iz F(En) (5 - 5 (2.6
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where F'(ER) is, again, the Helm nuclear form factor as detailed in [335]. As before,
F(ER) ~ 1 for the recoil energies of interest. The neutrino electron cross-section is
similar to Eq. [2.6] but without the nuclear charge number (Z) or form factor.

For full generality, we consider set of simplified models in which the couplings of
the mediator to neutrinos and the target (nucleus, electron) along with the mass of
the mediator are free parameters. This approach permits us to remain agnostic about
the underlying theory and allows the reader the map our results onto a wide-range of
UV-models. We calculate the enhancement (or suppression) to the scattering cross-
section resulting from NSI mediated by scalar, pseudoscalar, vector, or axial vector
propagators, as shown in Eq. . For scalars and pseudoscalars, we include line
1 of Eq. while for vectors and axial vectors we use line 2. Line 3 denotes the
operators O; coupling the field (i) to fermions with the appropriate Lorentz structure

as shown in Table [Tl

L D (gpovrvr + h.c.) + (gus¢vrvL + h.c.)
+ 9w Y VL 2, A gualiy'viLZ, (2.7)

+ geiOi(év 6) + gql©l(§7 Q)

Mediator Couplings O:.(f. f)

Scalar (S) 9vS5 JeSs 9qSs ¢ff7
Pseudoscalar (P)  g,p, gep, gqp —Z"Yf¢f f

Vector (V) 9o, 9evs9qov Zu A
Axial Vector (A)  gua, Gea, §ga —ZLf’Y“’Y5f

Table 1. Couplings, and operators for the four (S, P, V,A) generalized mediator
models. Note the relative minus-sign for the CP-odd interactions.

The electron recoil cross sections from the NSI contribution without the SM are
given in Eq. (2.8). Asin [I75], we neglect terms which are higher order in Er/FE, since

we focus on signals in low threshold detectors where Fr/E, < 1072. The subscripts
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(S, P,V, A) correspond to the scalar, pseudoscalar, vector, and axial vector mediated
interactions. We consider NSIs where the neutrino coupling is generation independent,
but the generalized case simply considers the recoil rate from each neutrino flavor

weighted by their oscillation probability.

doe . ggngSEng

dERr|g  47E2(2Egm. + m2)?

doe | gngzPEIQ%me

dER|p 8TEZ(2Egpm. + m3)? )
doe | _ V2Grmegoguv gev Megiy 9oy (28)
dEgr|,  m(2Egm.+m3) = 2n(2Egm. + m3,)?

do. | _ V2Grmegagagea N Megaaden

dEr|, m(2Erme.+m?%)  2n(2Egm.+ m?)?

where g, and g, are the weak vector and axial couplings, and m. g py 4 are the masses
of the electron, scalar, pseudoscalar, vector, and axial vector respectively. Eq.
does not include the effects of electron binding energy which can have a measurable
effect at low energies [I81]. We will revisit this effect in Sec. [2.4] where its effect
on sensitivities is relevant. Note however that they are coupling solar neutrinos to
electrons, so we must consider a weighted average over the same-flavor and mixed-
flavor couplings: g, = 22 + 1/2, goe = +1/2 and g, 17 = 252 — 1/2, g u1r = —1/2.
We do this with the typical 2-flavor neutrino mixing approximation in Eq. where
sin?(f15) = 0.31 and Am?, = 7.5 x 107°eV? are the mixing angle and mass splitting
respectively. L is the Earth-Sun distance in km and L,,. = 2.48 km x E,/Am3, with

E, in GeV

P(v, — v,) = sin®(2012) sin®(7 L/ Los.) (2.9)

For most solar neutrinos, L > L, and sin?(L/Lgs) — <sin2(L/ LOSC)> =1/21is a

good approximation when we integrate over the neutrino energy spectrum. However,
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this is not true for monochromatic solar neutrino channels such as "Be and pep sources
since we are effectively integrating a delta function and are sensitive to the exact value
of Am2,. Therefore, we use the full expression, Eq. , in our calculations.

The nuclear recoil cross-sections are given by

don| _  F*(Bp)QLErmy

dER S 47TE3(2ER7TLN —|—m§)2

dO'N —0

dER|p

dUN _ _FQ(ER)GFmNQUQ;(QEE — ERmN) FQ(ER)mNQ’i(ZEB — ERmN)

dER |y 2V2wE2(2Epmy + m?,) 4nE2(2Ermy + m3,)?

dO’N _ F2(ER)GFTTI,NQ;[QG<2E5 + ERTTLN) - QUEREU] i FZ(ER)mNQ’i(QEE + ERTTLN>
dER| 4 221 E2(2Egmy + m?) 4T E2(2ERrmy + m?)?

(2.10)

where the effective nuclear couplings Qng 4 and @, , used in the CEVNS enhancement

are listed in Eq. (2.11)) and Sy is the nuclear spin weighted over the isotopes present

in the detector.

Q. = gusges(14A + 1.12)

Q' = govgev(34)
Qs = 9v4944(0.35y) : (2.11)
Qu=A—(2—4s2)Z
Q. =135y

In the above, A, Z correspond to the atomic mass and number, respectively.

The strengths of low-threshold detectors relative to traditional WIMP direct
detection experiments is at low energies. To this end, we note the limiting behavior

of each of these models, but also note that at such low energies the SM background
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is dominated by CEvNS which enhances both the signal and background. In the
case of the neutrino magnetic moment, the recoil rate increases as 1/FEgr without
bound, though the neutrinos which produce such soft recoils also tend to be less
energetic, so the —1/F, term reduces this gain. The scalar rate also scales as 1/Egr
until Eg < mé /my where my is the target mass, below which the electron recoil rate
falls proportional to Eg, however, below ~ 100 eV nuclear recoils dominate and the
rates regain their power-law form. The pseudoscalar rate does not enjoy the same low
energy enhancement so the detectors we discuss here will be less sensitive to it. Both
vector and axial vector mediators produce a differential rate which scales as 1/E% and
plateaus at Er ~ mé /mp below which nuclear recoils dominate again. This makes
vector and axial vector models particularly interesting for low threshold detectors.
We plot the recoil rates for the magnetic moment as well as 1, 10, and 100 keV scalar
and vector mediators in Fig. [2] to illustrate these behaviors.
2.3 Ionization Signals in Low Threshold Detectors

Once a neutrino has scattered off of a nucleus or electron, the recoil energy of
the target must be translated into a detectable ionization signal. In this section,
we summarize that process for both electron and nuclear recoils in semiconductors
and noble liquid detectors. For scattering off of electrons, one must first translate
the theoretical quantity of electron recoil energy into the experimentally measured
number of electrons (or photoelectrons, for the case of noble liquid detectors). The
exact procedure depends on the detector, which we will describe below.

For nuclear recoil, there is an additional step of converting the nuclear recoil
energy into electron recoil energy. To determine the nuclear recoil rate, we consider
the energy a nuclear recoil (Fr) must have to produce the same effect as an electron

recoil with energy E.. We use the convention E, = Y (Eg) x Er where Y (Eg) is
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Figure 2. Combined electron and nuclear recoil rates in silicon from vector (blue)
and scalar (gold) mediators and a neutrino magnetic moment (green). Nuclear rates
are shifted to the rates at the equivalent electron energy to account for the yield
function as discussed in Sec. [2.3] We plot the NSI electron recoil rates with thin lines
to illustrate the limiting behavior at low-energies. The black line is the SM. Borexino
data is from [I39] and XENONIT from [86], while SENSEIQMINOS, Edelweiss,
and CDMS-HVeV are from [406], 228 [79] respectively. The couplings are chosen
to approximately saturate the XENONIT constraints.

the yield function which depends on nuclear recoil energy and the material of the
detector. The electron ionization signal from a nuclear recoil is then calculated by
binning the differential electron energies corresponding to a differential nuclear recoil

element. This is calculated by differentiating the electron energy as a function of

nuclear recoil energy.

dE, dY (ER)
=Y(F Erp——= 2.12
By~ Y ER) T Ergp (2.12)
Then by a change of variables
1
dRe _ diin (2.13)

dE.  dEgr ~ Y(Eg) + Ep22n)
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where R, and Ry are the effective electron ionization rate and nuclear scattering
rates respectively. The rate in Eq. is then binned like the direct electron
recoils, noting that the right-hand side is a function of Ez so the bin boundaries must
be adjusted to match using the inverse of the yield function.

At high energies, the quenching factor is well-approximated by the Lindhard

model [344],
kg(e)
Yiindhard(ER) = 7/
Lindhard(ER) 1+ kg(e)
gle) = 3¢%15 4 0.7%6 4 ¢ (2.14)

e=1152""3Ey
where Z is the atomic number of the recoiling nucleus and Ef is in keV. Although
the original description set k = 0.13322/3A1/2, with A as the mass number of the
nucleus, experimental data point to a range of values for k. Therefore, k is typically
treated as a free-parameter.

However, the Lindhard model breaks down at the energies of interest to this
work. Combined with the lack of experimental data at the lowest energies, we must
extrapolate the yield function to a range of cut-off energies in an attempt to span all
possible low-energy limits. To do this we define three yield functions (high, fiducial,
low) which we set to vanish at three respective cut-off energies, E., and smoothly
match them to the high-energy model with an analytic extrapolation. Where possible,
we use more modern corrections to the Lindhard model which include the effects of
binding energy to more closely match low-energy data from Refs. [179, 40T [195]. In
the following sections we discuss these extrapolations and updates to the Lindhard
model at low energies. Note that the sensitivity of the low threshold detectors is

dependent both on the magnitude and slope of the yield function as seen in Eq. (2.13)),
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and therefore has a strong dependence on the choice of extrapolation. We examine
this dependence in detail in Sec. and Appendix [AT]

2.3.1 Semiconductors. Inlow-threshold semiconductor experiments, such
as those using Skipper CCDs, the ionization signal comes in the form of quantized
electrons, n.. The electron recoil energy, E., can be translated into quanta by binning
the electron energies starting from the band gap energy with a bin width equal to
the average electron-hole pair production energy. In other words, for a recoil with
energy Ee, n. = 1+ |(E. — Egap)/c], where | 2] rounds x down to the nearest integer,
Fg.p is the bandgap energy of the material, and ¢ is the mean energy per electron-
hole pair. This is a fairly good approximation, accurate to about ~ 10% [230] of
more sophisticated models (see e.g. Refs. [384], 392] and references therein). The
relevant energies are summarized for the three semiconductors of interest in Table [2]
The procedure to convert nuclear recoil energy into quantized electrons is more
complicated. First, the nuclear recoil energy is translated to electron energy with
a yield efficiency (sometimes called quenching factor) which carries a large theoretical
uncertainty and has not been measured at energies below several hundred eV.

The Lindhard model makes several approximations which begin to break down at
the energies of interest, as discussed in Ref. [396]. For example, the Lindhard model
neglects the binding energy of the electrons, assumes that the energy transferred
to the electrons is significantly smaller than that transferred to the recoiling ion,
and that the nuclear kinetic energy is small. Ref. [396] revisits the calculation of
Lindhard in silicon and germanium using a first-principles approach and relaxing the
above approximations. Note that this work assumes a constant binding energy. Near
the transition region, there exists empirical measurements by DAMIC [179] for silicon

and Ref. [401], 195] for germanium. We use an ionization model which combines the
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first-principles approach of Ref. [396] and the empirical measurements. For illustrative
purposes, we adopt as our fiducial models an updated calculation from Ref. [363, 395],
where they allow for the binding energy to vary. They also use an enhanced model of
the electronic stopping power which takes into account Coulomb repulsion effects as
well as high-energy effects from the Bohr stripping criterion. We extend this model to
different cut-off energies to illustrate the sensitivity of the detectors to small changes
in the yield function. The functions are plotted in Fig. [l Our extrapolations are fit
using a power law: Y (Eg) = a(z — E,)® where E. is the cut-off energy and a and b are
chosen to match the high energy model at 600 eV in silicon and 100 eV in germanium
(roughly 10 times the cut-off in the model developed by Ref. [363, 395]). In Si(Ge),
our deviations extend the cut-off to 20(5) eV for the high-yield case and 200(20) eV
in the conservative case.

In the absence analogous first-principles calculations for gallium arsenide, we
extrapolate the Lindhard model, Eq. , below 254 eV to a choice of three cut-off
energies (15, 40, and 90 eV), but use a different model for the extrapolation since
the low energy behavior is smoother than the models of Ref. [363] [395]. Here we
choose an exponential of the from Y (Eg) = a(1 — eP<=Fr)/) where a and b are again
chosen to match the high energy model at the branching energy (254 eV). The lines
in Fig. [3] are the average of the Ga and As yield function and our results are reported
as a sum of the contributions from each component, but we keep the yield functions
independent up to the final event rate calculations.

2.3.2 Noble Liquid Detectors. The Noble Liquid detectors, also known
as Liquid Noble Gas detectors, used in many of the larger dark matter experiments
such as XENONIT and DarkSide are primarily designed to look for nuclear recoils

and treat electron recoil signals as background. The filtering of electron recoils
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Material — E, [eV] ¢ [eV]

Si [@37] 1.2 38

Ge 321 07 3.0
GaAs [200] 152 4.2

Material W [eV] fr fe
Xe 343 138 0 0.83
Ar2I8] 195 0 0.83

Table 2. Left: values used for the band gap energies (E,;) and the average energy
needed to produce additional electron-holes (¢) in the three semiconductor materials
considered. Right: values used for the Thomas-Imel model for electron recoil signals
in xenon and argon
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Figure 3. Yield functions in silicon, germanium, and gallium arsenide. Data points for
silicon are from the DAMIC collaboration [179] while germanium is from [401] [195].
The vertical bands in the right frame illustrate the sensitivity of the recoil rate to
the slope of the yield function. The wider bands imply that a larger range of recoil
energies correspond to an event which produces the same number of electrons.

from nuclear recoils is based on the ratio of primary (S1) to secondary (S2) photons
produced via scintillation (i.e. nuclear recoils) and ionization (i.e. electron recoils)
respectively. Since the S2/S1 ratio is less effective below ~ 5 keV most analyses and
experiments stop there. However, more recently these experiments have embarked
on sub-GeV DM searches utilizing the S2-only data sets [85], 50], [183]. Here we argue

that keeping these low energy events also allows for the detection of NSIs in a low

noise noble liquid environment.
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As with semiconductors, we must convert the electron recoil energy into the
detectable signal; in this case, the photoelectrons which make up the S2 signal. We
adopt the Thomas-Imel model [427] and sum the contributions from recoils of each
orbital, of which the next-to-outer shells dominate. In this model, a recoiling electron
with energy F., produces both ions (1V;) and excited atoms (N,) with an average
energy W, thus E., = (N; + N, )W since, at low energies, the fraction of ions which
recombine is small (fg ~ 0) and the fraction of observable quanta is f. = (1 —
fr)/(1 + N./N;) ~ 0.83. The total number of observed electrons then follows a
binomial distribution of n;4ny with probability f. where ny = | E.,./W | is the number
of quanta produced immediately and ns is the number of electrons produced when
photons emitted from the excited states photoionize. For a more detailed discussion
of this process, see [232]. We report the values used for W, fg, and f. in Table 2|

We follow an analogous procedure to the semiconductor case for converting
nuclear recoil energy into quantized charges. For liquid xenon and argon detectors,
the NEST collaboration [423] [422] [424] has provided excellent simulated models for
ne.(Er) down to energies ~ 200 eV for nuclear recoils which we use to predict the
charge yield from nuclear interactions. Below this 200 eV limit, we again extrapolate
as a power-law to a spectrum of cut-off energies for nuclear recoils and plot the results
in Fig. [l As can be seen in Fig. 5], the effect of this extrapolation in nuclear recoils
is limited to the le~ and 2e~ bins. As with silicon and germanium, [396] provides an
updated model for nuclear recoils in xenon, though we find that the choice of yield
function has a much less significant effect in noble liquid detectors, and we use the
NEST functions in this work.

Finally, to determine the event rate in each charge bin, we must consider the

statistics which govern the binning of events so we use Poisson statistics to weight
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Figure 4. Charge yield of nuclear recoils in noble gases. The extrapolations to 10,
50, and 200 eV for xenon and 5, 30, and 90 eV for argon are fit to NEST simulations
using a power-law

the recoil spectrum by its likelihood to be in each charge bin and integrate over all

recoil energies to get n;, the rate of observed events in the i-th electron bin.

EE™ dR ni(E

n; :/ _Me—ne(ER)dER (2.15)
Emin dl;R Z!

R

2.3.3 Summary and Discussion on Ionization Signals. We provide a
summary of the semiconductor and noble liquid parameters (Table [2)) and a summary
of the yield functions (Table |3 used in this work. The dependence of Eq. on
the derivative of the yield function as well at the shift of integration limits means that
a more gradually changing yield function will significantly enhance the observed rate
in the detector. We highlight the effect of the latter dependency on the le™ bin in
GaAs with the shaded bars in Fig. [3] The width of these bars correspond to the range
of nuclear recoil energies which contribute to each charge bin and their effect can be
seen in our results that follow. Here, we see that the rates in the lowest charge bins
can vary by orders of magnitude between yield functions highlighting the need for
accurate, empirical measurements of the yield function at low energy. We investigate

the effects of the choice of yield functions in more detail in Appendix
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Figure 5. Event rates from nuclear (red) and electron (blue) recoil from a 100 eV
vector mediator near the projected bound for vIOLETA [240]. The SM rate is given
in black. The bands around the nuclear and SM rates come from varying the choice
of ionization yield function.
2.4 Results

In this section, we present the results for the scattering rates as well as projections
on the constraints of the NSI couplings. The simplified models — vector, scalar,
axial vector, pseudoscalar — contain three free parameters: the mediator mass, the
nuclear coupling, and the electron coupling. For the neutrino magnetic moment
model, there is only one free parameter: the neutrino magnetic moment p,. In what
follows, we present our results in terms of the free parameters of the models under

consideration. Note that for the simplified models, the nucleon and electron couplings

are independent and must be constrained separately while the one parameter model
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for the magnetic moment allows for a more detailed analysis which we will discuss
in Sec. To generate constraints on each model from semiconductors and noble
liquid detectors, we consider a detector which sees no events above the predicted
background at 90%C.L., e.g. 3 events.

For the simplified models, we present the 90%C.L. projected constraints at
exposures of 0.1, 1, and 30 kg-yrs in semiconductors which corresponds to the expected
exposures of SENSEI, DAMIC-M, and OSCURA [131]. We consider exposures of 20,
200, and 1000 tonne-yrs in xenon, corresponding to XENONnT, Darwin [194], and
a more far future detector and 50, 360, and 1000 tonne-yrs in argon, the first two
being roughly the exposure of DarkSide-20k and ARGO [272], and the third is again
a far future detector. Because of their larger exposures, the noble liquid detectors
can place a tighter bound on the electron couplings, but the lower threshold of the
semiconductors makes them more sensitive to CEvVNS and hence improves the quark
coupling sensitivity.

As mentioned in Sec. [2.2] we neglected the effects of binding energy in the electron
scattering cross-sections. They restrict the available phase space for the interaction
and reduce the cross-section at low energies by a factor ~ 3. We approximated this
effect in xenon with a series of step functions as in [I81] which led to a reduction in
sensitivity of O(30%) for vector models and O(20%) in scalar models, both in the
low mass limit. We expect the magnetic moment sensitivity to behave like the scalar
under this correction due to its similar ELR dependence at low energies and also expect
a similar effect in other materials In what follows, we present the results without the
effects of binding energy, leaving a more rigorous analysis for later work.

2.4.1 Simplified Models. Using the yield functions from Table [3| the

methods described in Sec. [2.2] and the fluxes from Fig. [ we are able to calculate the
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Figure 6. Sensitivity to NSIs mediated by a new vector in Si (left), Ge (middle), and
GaAs (right) for electron (top) and nuclear (bottom) couplings. The line shading
indicate the exposures of 0.1 (lightest), 1, and 30 (darkest) kg-years, while the solid
(dashed) lines denote the one (two) electron bin. Also included are the current

constraints from SENSEIQMINOS [406] in silicon and Edelweiss [228] in germanium.
The shaded gray regions are the existing constraints on the parameter space and the
grey contours are constant € as defined in Eq. . See text for details.

event rate for an interaction mediated by either a scalar, pseudoscalar, vector, or axial
vector coupling either to nucleons or electrons. In the following subsections, we plot
illustrative examples of these rates for 100 eV mediators with generation independent
couplings near the sensitivity projected for the vVIOLETA experiment [240] for both
electron (red) and nuclear (blue) recoils. Note that the NSI rates are the combined
SM background (CEvNS and electron recoils) with the NSI contribution. As such, the

region where the blue line is below the black in the vector model indicates destructive
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Figure 7. Sensitivity to NSIs mediated by a new vector in Xe (left) and Ar (right)
for electron (top) and nuclear (bottom) couplings. The various shadings for the
green (orange) lines denote the different exposures for xenon (argon), while the solid
(dashed) lines denote the one (four) electron threshold. The shaded gray regions
are the existing constraints on the parameter space and the grey contours represent

constant € as defined in Eq. . See text for details.

interference and a negative NSI contribution. The shading indicates the uncertainties
resulting from the choice of yield function. Although these only effect the nuclear
recoils, they are present in the background from SM CEvNS so we keep them for
calculations of our sensitivity to electron couplings though they are too small to be
visible in Fig. |5l Both the electron and nuclear rates are sensitive to uncertainties in
the solar flux, but these uncertainties are subdominant to the choice of yields function.

As such, the majority of the uncertainties in the event rate can be improved without
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changing the detectors, but rather improved measurement or modeling of the yield
function.

Each of the bins in Figs. [f [ and [I4] can be used to place a constraint on
the parameters of the model used to generate the NSI rate. At the exposures of
interest in semiconductors, the background is essentially undetectable and any NSI
signal will be dominated by the 1 and 2 e~ bins since they correspond to the lowest
energy recoils, so we focus on those. The 1e™ bin will generally provide the stronger
constraint at low exposures, but the le~ bin may still have too much noise in some
experimental environments.

We consider two simplified cases in noble liquid detectors. The first is a sum of
all events with four or greater electrons as such detectors are already sensitive to. The
second is a sum of all events including those with less than four electrons. In each
of these cases, the sensitivity could be improved by evaluating a likelihood function
with a global fit to the entire set of event rates, but we take the simplified cases
as conservative limits and simply note that qualitatively, the more robust analysis
would have a larger improvement for the all-charges-included case since the low charge
behavior has a stronger deviation from the SM and switches between constructive and
destructive interference in the vector mediated case. In the vector case, we note that
we do not consider the direction of the deviation from the SM, but rather consider
the absolute value of this deviation and its ratio with the SM expectation.

In the subsections that follow, we overlay our projected sensitivity for the
materials discussed in Sec. 2.3 on existing constraints. Existing nuclear coupling
constraints come from CONUS [193], CONNIE [63], and COHERENT [341] [158,
277, 98, 96]. The latter is a collection of detectors using liquid argon, CsI(Na),

and Nal(Tl) at the Spallation Neutron Source at Oakridge National Laboratory [71]
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Figure 8. Event rates from nuclear (red) and electron (blue) recoil from a 100 eV
scalar mediator near the projected bound for vIOLETA [240]. The SM rate is given
in black. The bands around the nuclear and SM rates come from varying the choice
of ionization yield function.

while the first two are germanium and silicon detectors at commercial nuclear power
plants. As such, they are only sensitive to couplings to electron-neutrinos while
COHERENT is sensitive to all flavors. Their constraints also depend on the particular
properties of their detector materials. For instance, the argon detector subsystem
of COHERENT cannot constrain axial vector mediators since argon nuclei have no
spin. While CONUS and CONNIE can place constraints on the coupling to electrons,
they are subdominant to some larger experiments. We focus instead on the results of
XENONIT [160, 05, [10T], Borexino [291], Texono [207], and GEMMA [240]. As a dark

matter detector, XENONIT is designed to search for DM-nucleus recoils which are
54
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Figure 9. Sensitivity to NSIs mediated by a new scalar in Si (left), Ge (middle), and
GaAs (right) for electron (top) and nuclear (bottom) couplings. The line shading
indicates the exposures of 0.1 (lightest), 1, and 30 (darkest) kg-years, while the solid
(dashed) lines denote the one (two) electron bin. The shaded gray regions are the
existing constraints on the parameter space. The grey contours represent constant e
as defined in Eq. (2.16]). See text for details.

individually indistinguishable from CEvNS. Such a distinction could only be made by
the energy distribution of those recoils. The most distinct feature of that distribution
is the much lower energy of CEvNS. Since DM recoils are at higher energy, XENON1T
is not optimized to see CEvVNS so we can only place competitive constraints on
electron couplings since the lighter target recoils with higher energy. Borexino [100]

uses a b-ton liquid scintillator to detect scattering of solar neutrinos off of electrons.

It is therefore sensitive to couplings with any neutrino flavor. Texono [207] and
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GEMMA [I33] are reactor experiments, with the former using a 187 kg CsI(Ti)
scintillating crystal and the latter using a 1.5 kg germanium detector. As with other

reactor experiments, they are only sensitive to electron-neutrinos.

Gvigsmi
= 2.16

As discussed in Sec. we are using a different convention than much of the
literature regarding NSIs. Elsewhere, the NSI strength is often given by € (see e.g.
[214]) which parameterizes the strength relative to the SM weak force and relates
to our couplings by Eq. where ¢,; and ggp; are the couplings from Table
coupling the mediator (i) to neutrinos and quarks/electrons respectively. To visualize
this relation, we include contours of constant € in the figures covering the relevant
parameter space.

2.4.1.1 Vector. We show the rates for neutrino-nucleus and neutrino-
electron scattering in Fig. |5/ for my = 100 eV and couplings near the projected bound
for the vVIOLETA experiment [240]. Here, we clearly see the enhancement in the rate
at low-energies that result from the ~ 1/F% scaling for Exr > mi, /my, as discussed in
Sec.[2.2.2] In addition, the new vector mediator leads to a unique feature in the recoil
spectrum, which arises from the destructive interference between the new vector and
the SM weak bosons. This destructive interference is visible at n. ~ 20 — 40 in the
semiconductor materials, where the nuclear recoil event rate drops below the SM rate
in Fig. [l Although not pertinent for our studies, which focus on the lowest charge
bins, this unique feature could serve as a powerful means of discriminating between
signal and background.

In Figs. [0] and [7, we plot the projected sensitivities to a vector mediator in
semiconductor and noble liquid detectors, respectively. In Ar and Xe, the 1(4)e”
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refers to the lower bound of the summation of events while in the semiconductors,
the 1(2)e™ refers explicitly to the charge bin used to derive the constraints. Electron-
coupling constraints are plotted in the upper panels and nuclear ones on the lower.
We see that, despite the destructive interference that appears at the high-electron bin,
the low-thresholds of these experiments lead to an improvement of the sensitivity to
both electron and nuclear couplings. In particular, the improvement from decreasing
the threshold can, in some cases, be more significant than increasing the exposure.
For comparison, we also calculate the constraints from SENSEIQMINOS [406] — the
results from CDMS-HVeV [79] will be comparable — and Edelweiss [228] on the silicon
and germanium panels, respectively, and show that they can be comparable to some
of the existing constraints for low vector masses.

2.4.1.2 Scalar. We plot an example event rate for the scalar mediated
interaction in Fig. In contrast to the vector case discussed above, we see that
the scalar recoil rate has a weaker enhancement at low Fg, as discussed in Sec. [2.2.2]
Thus, we expect the sensitivity of semiconductor targets to be reduced as these targets
have relatively small exposures and rely on the enhancement at low-energies to have
competitive bounds. This reduced sensitivity is evident in Figs. [9] and where
even a 30 kg-yr semiconductor struggles to match the results of XENONI1T. The
new constraints from SENSEIQMINOS and Edelweiss are 4.0 x 107°/1.3 x 10~* and
3.0 x 107°/1.1 x 10~* respectively for the electron/quark couplings; these values are
not competitive with existing constraints and thus do not appear in Fig. 9

2.4.1.3 Awxial vector. Like the vector model, the axial vector mediated
cross-section has a 1/F% enhancement for light mediators at low energies so
semiconductors regain their advantage. However, there is an additional suppression

due to the coupling of the axial vector to spin, which we can see explicitly in the
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Axial Vector : My =100 eV
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Figure 11. Event rates from nuclear (red) and electron (blue) recoil from a 100 eV
axial vector mediator near the projected bound for vIOLETA [240]. The SM rate is
given in black. The bands around the nuclear and SM rates come from varying the
choice of ionization yield function.
lower panels of Figs. and [I3] Of particular note is argon and silicon; argon is
not sensitive to axial vector mediated nuclear scattering since it has no nuclear spin
(the same is true of *He although we do not include it in this work). This feature of
argon, combined with its sensitivity to the other models, makes it a useful material to
distinguish an axial vector mediator if a signal is seen in other materials. Similarly,
the abundance-averaged spin of silicon is small, so the rate is also suppressed there.
2.4.1.4 Pseudoscalar. The pseudoscalar mediator case is notably distinct

from the other three simplified models in that it does not couple to nuclei, resulting

in no enhancement for nuclear scattering (see second line of Eq. (2.10))). Instead,
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Projected Sensitivity to Axial Vector NSI
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Figure 12. Sensitivity to NSIs mediated by a new axial vector in Si (left), Ge (middle),
and GaAs (right) for electron (top) and nuclear (bottom) couplings. The line shading
indicates the exposures of 0.1 (lightest), 1, and 30 (darkest) kg-years, while the solid
(dashed) lines denote the one (two) electron bin. In the lower left panel, we see the
effect from the suppression due to the small abundance-averaged spin in silicon. The
shaded gray regions are the existing constraints on the parameter space. The grey
contours represent constant € as defined in Eq. . See text for details.

the NSI only appear in the electron-scattering rates, as shown in Fig. [14] Therefore,
detectors that can distinguish between low-energy nuclear and electron recoils could
be a promising way to test such a model. However, the recoil rate of a light
pseudoscalar mediator is not enhanced at low energies, negating the advantages of

low-threshold detectors. The top panels of Fig. [15| show that semiconductor targets

require exposures well above the anticipated exposures of future experiments to probe
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Figure 13. Sensitivity to NSIs mediated by a new axial vector in Xe (left) and Ar
(right) for electron (top) and nuclear (bottom) couplings. The various shadings for
the green (orange) lines denote the different exposures for xenon (argon), while the
solid (dashed) lines denote the one (four) electron threshold. The lower right panel
shows the effects of argon’s lack of net nuclear spin. The shaded gray regions are the
existing constraints on the parameter space. The grey contours represent constant e

as defined in Eq. . See text for details.
open parameter space. The noble liquid detectors are more promising and can probe
new parameter space for pseudoscalar masses below ~ 50 keV.
2.4.2 Magnetic moment. We plot the event rate for the magnetic moment
in Fig. [16|for a magnetic moment at the Borexino bound.
To predict the sensitivity of a detector to the neutrino magnetic moment, we use

a more robust analysis because the model is fully determined by a single parameter.

We define the likelihood that a particular distribution of events in an observing run
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Figure 14. Event rates from electron (blue) recoil from a 100 eV pseudoscalar near

the projected bound for vIOLETA [240].

is the result of our signal model (the magnetic moment) or the background (SM),

. 6 ("7M+EJ 177]

L(py,, d) = XHE ®;) xH N fu (1 +Z7]Jf] n;) | - (2.17)

In so doing, we consider both the total rate of events as Well as their distribution in
the charge bins. This approach includes the effect of the uncertainties in the solar

neutrino fluxes and can be generalized to determine the significance between multiple

BSM models.
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Figure 15. Sensitivity to NSIs mediated by a new pseudoscalar in semiconductor
(top) and noble liquid (bottom) targets. The colored lines correspond to the varying
exposures, while the solid (dashed) lines correspond to the detector thresholds. Note
that, in contrast with the other simplified models, the pseudoscalar only couples to
electrons. The grey contours represent constant € as defined in Eq. .

Our approach follows the analysis in Ref. [235] and uses the likelihood function
Eq. where p, and ng are nuisance parameters corresponding to the magnetic
moment and neutrino fluxes respectively. 7, and n; are the number of events resulting
from the magnetic moment and j-th component of the solar flux respectively, and
fu(n;) and f;(n;) are the (normalized) distributions of events in the n; bin from the
magnetic moment and solar flux components. We then vary the nuisance parameters

to maximize the likelihood functions both with p, = 0 fixed and with p, as a free
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nuisance parameter. The statistical penalty associated with these variations of the

fluxes is captured by

L(¢;) = ! e*§(ﬂ> (2.18)

The ratio of these two minima

, (2.19)

is used to determine the test statistic: ¢ = —2log(\) if the magnetic moment which
maximizes L is positive and zero otherwise.

This process gives the significance ¢ = /t of a single data set containing
the number of observations in each charge bin. To project a discovery reach, we
assume the NSI exists, generate 1000 sets of Poisson fluctuated pseudodata around
the rates predicted by the NSI at each exposure or magnetic moment and average the
significance.

For the neutrino magnetic moment, we plot the results of our more rigorous
analysis and show the projected reach of a 100 kg-yr detector as a function of the
magnetic moment and the discovery reach for a fixed magnetic moment (p, = 2.8 X
107" y) at the Borexino bound as a function of the exposure.

2.5 Interpreting Simplified Models

We have presented our results in the language of simplified models, which
focuses on the low-energy Lagrangian without specifying the gauge-invariant models
at high-energies. However, one can map our results to motivated UV-completions
to compare the constraints from low-threshold direct-detection experiments and with

other model-specific probes.
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Figure 16. Recoil rates from a neutrino magnetic moment at the Borexino bound.
Note that given one free parameter, the nuclear recoil rate (blue) is indistinguishable
from the SM rate (black) while the electron rate (red) has a different spectral shape.
The uncertainties, denoted by the bands, are dominated by the yield function’s effect
on the SM nuclear recoils.

As an illustrative example, one can map the vector-mediated model to the well-

studied gauged U(1)p_r. The Lagrangian for such a model is given by

1 1
Lp_1 D —gp-rey*ALe+ §QB—LC?VQA/QQ — g LY ALy — §€FP/WFW7 (2.20)

where A’ is the new vector boson, gg_;, as the gauge coupling and € is the kinetic

mixing of the SM photon A and A’. In addition to the direct-detection constraints

presented in this work, the B — L model has constraints from both terrestrial

experiments [140, 378 [156, 128 234, 231, 127, 65, 164, 48] and astrophysical

observables [199, 208, 385, 94, 361, 242] 106], 134, 290]. In Fig. we show these
65



Discovery Reach at 100 kg-yrs Discovery Reach at p, =2.8 x 107y,

— Si £
104 — Ge =
— Xe 8
101 Ar
GaAs

1.0 15 2.0 25 3.0 102 10°
Magnetic moment () x107H Exposure (kg yrs)

Figure 17. The discovery reach for the magnetic moment as a function of the value
of the magnetic moment (left) and exposure (right). Solid lines are derived using
all charge bins, dashed are using n. = 2 in the semiconductors (Si, Ge, GaAs) and
ne. > 4 in Xe and Ar.

additional constraints, color coded by whether the constraint depends on couplings
to electrons (blue), both electrons and nuclei (grey), or either (red). A priori, the
astrophysical constraints which arise from stellar cooling measurements dominate the
parameter space of interest.

Additionally, there is a choice of parameters €,gp_ 5 such that the gauge
contribution exactly cancels with the kinetic mixing of the new vector boson with
the photon, which provides an interesting case where the new vector directly couples
only to neutrons and neutrinos and couplings to electrons are loop—suppressedﬂ This
loop-suppression relaxes several of the astrophysical constraints, specifically the ones
that rely on the electron-coupling, while preserving the direct-detection constraints.
The sensitivities to nuclear couplings plotted in Figs. [f] and [7] will change modestly

in such a model. The cancellation eliminates the couplings to protons which reduces

2However, such a choice presents both a fine-tuning problem and a stability problem under
renormalization group evolution (see e.g. discussion in [294]).
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Figure 18. Constraints on gauged B — L from terrestrial and astrophysical sources.
Blue regions are sensitive to electron couplings, grey regions require both couplings
and red regions are sensitive if the A’ couples to either. SN1987A is dominated
by neutrino pair coalescence and is therefor relevant regardless of electron and
quark couplings [199] as are fifth force searches [48| [164]. The anomalous magnetic
moment [140], atomic physics [127], and stellar cooling [385], 290] constraints require
leptonic couplings. A stellar cooling bound can also be produced without an
electron coupling by v radiation, but this process is subdominant. The beam dump
constraints [150], 128] can be divided into two categories: proton and electron beams.
Both look for ete™ final states, but the former (grey) requires both electron and
baryon couplings while the latter (blue) requires only electron couplings. The B-
factories [I75] constraint relies on both electron and quark couplings. The v — e
constraint [I75] uses combined results of GEMMA [133], Borexino [106], Texono [207],
and CHARM-IT [152]. The blue (cyan) lines represent the projected sensitivity of
silicon using electron (nuclear) recoils and line styles the same as Fig. @ Similarly,
green (lime) lines represent the electron (nuclear) detection channels in xenon and
dark (light) orange for argon. For noble elements, the line style matches Fig. El
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the effective coupling Eq. by a factor of A/(A — Z), thereby reducing the
sensitivity to nuclear scattering. In contrast, the sensitivities to electron-scattering
will be greatly reduced as the interactions are cancelled at tree-level and the mediator
becomes leptophobic. This alleviates the constraints (shown in blue and gray in
Fig. arising from stellar cooling, beam-dump experiments, v — e recoils, and
(g9 — 2). However, the constraints coming from fifth force experiments [127], 48, [164]
and SN1987a [199, 208, 385] still apply as these rely on the coupling to nucleons.
Chameleon effects are another proposed way to evade or weaken astrophysical
constraints [239].

In addition to U(1)p_r, a vector model can be mapped to U(1)r,_r, or the
kinetic mixing of heavy sterile neutrinos. The latter can be tuned in such a way that
the heavy neutrinos only produce recoils at arbitrarily low energy to evade constraints
from existing detectors even with a much larger coupling. Low-threshold detectors
provide an excellent way to study such a model.

Constraining scalar-mediated interactions of neutrinos is relevant as such models
can influence neutrino oscillations in matter by modifying the effective mass
matrix [I10]. This effect is independent of the neutrino energy, unlike the vector
or axial vector cases which modify the matter potential. Since the scalar interactions
change the effective mass matrix, they change the CP phase and can lead to fake CP
violation [266].

Axial vector currents would evade the next generation of long baseline neutrino
oscillation experiments which will be able to place strong constraints on vector
currents due to their influence on the matter potential [359]. This makes the

improvement seen in Figs. [12] and [13] more important.
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Note that we have not provided an exhaustive list of UV complete theories, as
the set of simplified NSI models discussed in this paper are common to a large set of
theories.
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Semiconductors: Y (Eg)

E, [eV] Transition (E, < Eg < E;) High energy model
1 high 20 4.49 x 1073 x (Er — E,)0486
silicon . . .
(Ey = 600 eV) fiducial 60 Sarkis et al. Sarkis et al.
low 200 1.33 x 1072 x (Egr — EC)0~335
. high 5 7.06 x 1072 x (Ep — E,)%195
germanium . ‘ ‘
(E, =100 eV) fiducial 10 Sarkis et al. Sarkis et al.
low 20 8.35 x 1072 x (Er — E,)*164
i high 15 0.183 x (1 — e(Fr—Ec)/T1.9)
satiumL i _ (Er—E.)/61.5 .
(B, =254 0y)  Dducial 40 0.182 x (1 — et®r™ ) Lindhard
low 90 0.180 x (1 — e(Fr—Fo)/42.7)
. high 15 0.180 x (1 — e(Fr—Fe)/T1.9)
arsenic . (Ba—E.)/6L5 .
(B, = 254 ey) fducial 40 0.179 x (1 — oFambe)/oL9) Lindhard
low 90 0.177 x (1 — e(Br—FEe)/42.7)
Noble Liquids: n.(Eg)
high 10 7.61 x 1074 x (Eg — E.)"*
xXenon . i B .
(Ey = 667 V) fiducial 50 1.36 x 107 x (Eg — E.) NEST
low 200 1.16 x 1072 x (Eg — E.)%94
high 10 1.57 x 1076 x (Ep — E,)>3!
argon . i o1
(Ey = 300 oV) fiducial 50 5.70 x 107° x (Er — E.) NEST
low 200 1.16 x 107 x (Egr — )1~66

Table 3. Yield functions for semiconductors (E. = Er x Y (FEg)) and noble liquids
(ne(ER)). Yields are zero below the cut-off (E,.) and match the high-energy model
above the branching energy Fj. The high-energy models are given by Sarkis et al. [396,

395], Lindhard [344], and NEST [422]
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CHAPTER III
HUNTING NONSTANDARD NEUTRINO INTERACTIONS AND
LEPTOQUARKS IN DARK MATTER EXPERIMENTS

This work is co-authored with Volodymyr Takhistov and Tien-Tien Yu and is
published in the Journal of Cosmology and Astroparticle Physics [404].

In this chapter, we continue the discussion of neutrino non-standard interactions
now shifting to align with the conventional definition of NSI in the literature.
Since the discovery of neutrino oscillations [259], a multitude of experiments have
confirmed and further developed the SM picture of neutrino interactions and 3-flavor
oscillations [441]. With neutrino physics entering the precision era in a broad, world-
wide program including a variety of upcoming major next generation experiments such
as DUNE and Hyper-Kamiokande, significant attention is being devoted to probing
new neutrino physics. Sizable novel NSI can readily appear (see e.g. [1] for review)
in broad classes of motivated models, such as those based on SM extensions by an
additional U(1) gauge symmetry and new mediators (e.g. [237]). These NSI will be
observable in the previously mentioned upcoming neutrino experiments.

Along with precision tests of SM parameters, observations of CErNS, such
as data from COHERENT, allow for a unique probe of neutrino NSI and related
theoretical models [126] 400], 360, B42, 273, B15, 211, 238, 02 151, 148, 204, 121,
171), 243| 210]. Upcoming next generation DM experiments will have sensitivity to
CEvNS that allows for unique opportunities to test novel neutrino interactions in
complementary ways to dedicated neutrino experiments. Studies already initiated
exploration of the reach of DM detectors to neutrino NSI [292] [174] mediated by novel

scalar, pseudoscalar, vector, and axial-vector particles. Limits on solar neutrino NSI
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from observations of previous DM experiments have also been exploredﬂ such as from
LUX experiment data [147].

In this work, we expand on previous studies and demonstrate the power of
DM experiments to probe neutrino NSI. In the case of heavy scalar mediators, the
effective interaction becomes a dimension six operator which can either be the familiar
NSI modeled after the SM vector-interaction (y*Ppvqy,Prq), which is a vector
NSI, or a scalar NSI (7rgq). Our analysis advances the results in the literature
in several important ways. While SM interactions of atmospheric neutrinos have
been explored in DM experiments [371], we study for the first time their potential
NSI effects. Furthermore, we explore first constraints on leptoquarks (LQs) and
associated theories that can lead to sizable solar and atmospheric neutrino NSI effects
in DM experiments, and for the first time use LZ data to set constraints on LQs. We
discuss the complementarity of LQ searches in DM experiments and other venues,
especially colliders, and connect them with models aiming to address flavor physics
observations [83], 333, 241], (¢ — 2),, and neutrino mass generation [221| 448 [100].
Our analyses are complementary to studies of NSI in DM experiments associated
with light mediators, such as Ref. [340, B51], 292] 206, 174] or Ref. [405], the latter
of which demonstrated that low-threshold (~ eV) DM detectors are sensitive to light
(~ keV - MeV) mediators where the low energy limit provides an enhancement of the
recoil rate.

The chapter is organized as follows. In the Sec. [3.1} we describe the neutrino
flux, its flavor composition, and its signal in DM detectors. In Sec. we show the

effects of neutrino NSIs and the effective theories that produce such interactions. In

!Neutrino NSI can also be readily probed through electron scattering in DM experiments, which
has been recently exploited in attempt to address excess in the XENONIT experiment data [I61].
However, in this work we focus solely on CEvNS interactions.
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Sec. we discuss the details of a UV completion of the effective models as LQs
including effects on neutrino masses, (¢ — 2),, and neutrino oscillations. In Sec.
we demonstrate the ability of DM detectors to observe the effective models described
in Sec. [3.2] calculate constraints from the LZ experiment, and project the discovery
reach of future DM detectors based on xenon, argon, and lead.
3.1 Standard Model Neutrino Scattering

3.1.1 Interaction rates and CEvNS. In DM experiments, the recoil rate
of neutrinos as a function of the nuclear recoil energy depends on both the physics of
the scattering process encapsulated in the cross-section, neutrino energy and flux, as
well as the properties of the detector such as target material, size, efficiency, energy

threshold, and energy resolution. The general differential recoil rate is given by

dR do dN,
—N 20 g, 3.1
dgy, T /Em dEY, dE, (3-1)

where dN, /dE, is the neutrino flux, Ny is the number of target nuclei per unit mass
(ton) of detector material, do/dFE’'g is process cross-section and for SM CEvNS it
is given by Eq. . Here, primed energies represent the scattering energy of the
interaction while the unprimed energies are those actually measured by the detector.
The effects of new physics on the interactions will be explored in Sec. From
kinematics, the minimum required neutrino energy to induce a recoil energy E7, of a

nucleus with mass my is

, 1
EM = 5 (E'R + \/E’% + 2E’RmN> . (3.2)
We incorporate the detection efficiency and energy resolution of the detector

by integrating over Ej convoluted with the efficiency and a Gaussian function

representing uncertainty

~ N2
dR / dR  n(E%R) o (2?2(531:)) dE}, (3.3)
o dEp(Ep)V2r |
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Figure 19. Efficiency models for 1, 2, and 5 keV thresholds compared to LZ
experiment data analysis [4]. The sensitivity of DM detectors to NSI is strongly
dependent on their energy threshold (e.g. [405]). We consider the 2 keV threshold
model to be an optimistic efficiency for such near future detectors.

where for n(E%) we will consider data-driven efficiency function of Eq. (3.4]) and ((E%)
is the energy resolution that we conservatively assume to be O(10)% for all energies
of interest [

Focusing on the data analysis from LZ experiment as a characteristic target [4],

we model the detection efficiency with a hyperbolic tangent as

n(E) = 12?@ (tanh§ (Eﬂth - 1) + g> : (3.4)

where 7 is the maximum efficiency at high energy, £ sets the rate of the efficiency

rise, Eyy, is the threshold energy, and ( enforces that the efficiency vanishes at zero
recoil energy. We fix £ = 2, which requires ( =~ 0.964. To approximately match the
LZ efficiency, we use 1y = 0.9 such that the only remaining parameter is Eyy,, which
we vary between 1 and 5 keV. We display the efficiency for a selection of threshold

energies in Fig. |19,

2Qur analysis can be readily adapted for other efficiency and resolution functions.
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Neutrinos that do not possess sufficient energy to discriminate individual nuclear
constituents interact with the whole target nucleus via CEvNS mediated by the weak
neutral current [247,223]. For low momentum transfer |q| satisfying 1/|q| > R, where
R is the nuclear radius, the target nucleons interact in phase. CEvNS is particularly
relevant for neutrino sources with F, < 50 MeV, above which other interactions
become significant (see e.g. [244] for review). Within the SM, CEvNS interactions

are given by

dO’N G%‘ 2 2 mNER
N ZERYR 1— .
dER s A ( R)vaN 2E§ ) (3 5)

where G is the Fermi constant, Q, = N — Z(1 — 4s?) is the weak nuclear charge,
N is the number of neutrons, Z is the number of protons, and s,, is the sine of the
Weinberg angle. For the atomic mass number A = N 4+ Z and m,, = 931 MeV, the

nucleus mass is my ~ Am,,. Here, we employ the Helm nuclear form factor [336] 295]

371 (qRet) 12 _ (12
F2(ER) — [%] e (gs) , (36)

where j; denotes spherical Bessel function, ¢ = +/2muyFEg is the transferred 3-

momentum, Reg = \/(1.23AY3 — 0.6)2 + 77212 /3 — 552 is the effective nuclear radius,
s = 0.9 fm is the skin thickness and ry = 0.52 fm is fit numerically from muon
scattering data. With s2 = 0.232 [441] CEvNS interactions scale as ~ N2, signifying
sizable enhancement of interaction rates for heavy target materials such xenon, argon,
or lead.

3.1.2 Neutrino sources. A variety of neutrino sources can contribute
to irreducible background (i.e. giving rise to “neutrino floor/fog”) in direct DM
detection experiments, including solar, reactor, geo-, diffusive supernovae background

(DSNB) as well as atmospheric neutrinos. For reference, we consider benchmark
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detector located at SNOLab in Sudbury, Canada that is among likely sites to host
next generation DM experiments [

The integrated fluxes for various neutrino components and their uncertainties
(rounded to percent level) are listed in Table [4 Contributions from atmospheric,
reactor and geo-neutrinos will depend on the location of the experiment. Depending
on the experimental energy threshold for nuclear recoil energy E,., only fluxes resulting
in neutrinos with maximum energy E™® > EMin where E™" is given by Eq. , will
contribute. In Table 4] we display the minimum required energy thresholds in xenon-
based and argon-based DM experimentsﬁ to detect a particular neutrino source flux.
We display the combined solar, DSNB and atmospheric neutrino flux contributions
in Fig. [20] along with shaded bands depicting their respective uncertainties.

The keV-level threshold recoils in representative xenon-based experiment require
that E™™ > O(fewxMeV), such that solar (hep and ®B) background contributions
dominate in the region of interest for non-standard neutrino interactions. We include
the subdominant atmospheric neutrinos as they are useful in specific UV complete
NSI models. A representative figure for scalar-mediated non-standard neutrino
interactions are displayed in Fig. ??, further discussed below in Sec. [3.2]

Solar neutrinos: The majority of neutrinos reaching the Earth’s surface are

produced in nuclear fusion processes in the Sun (for review see e.g. [293] 118]). The
flux and energy spectrum of solar neutrinos depends on the specific nuclear reaction
chain step that produces them. The vast majority of Sun’s energy, nearly 99%,

originates from proton-proton (pp) chain reactions, producing pp, hep, pep, "Be, *B

3The SNOLab experimental site is located at 46°28'19” N, 81°11°12” W with a 6010 meter water
equivalent depth.

4Considering dominant isotopes, we take A(Z) = 130 (54) for xenon and A(Z) = 40(18) for
argon.
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Neutrino Total Flux Emax EXe (EAY)
Contribution [em™2 s71] [MeV] [keV|

Solar (ve, pp) 5.98(1£0.01) x 10 | 0.42 | 2.99(9.81) x 1073
Solar (v., pep) 1.44(140.01) x 10% | 1.45 | 3.42(11.2) x 1072
Solar (v, hep) 7.98(1 £0.30) x 10° | 18.77 5.74(18.9)
Solar (v., "Be) 4.93(14£0.06) x 10° | 0.39 | 1.20(3.96) x 1072
Solar (v, ®B) 5.46(1 4 0.12) x 10° | 16.80 4.58(15.1)
Solar (v, *N) 2.78(1£0.15) x 10 | 1.20 | 2.33(7.65) x 1072
Solar (v, 1°0) 2.05(1£0.17) x 10 | 1.73 0.0486(0.160)
Solar (v, 'F) 5.29(1 +£0.20) x 10° | 1.74 0.0492(0.161)
Atm. (r,)! 1.27(1 +£0.50) x 10" | 944 | 1.47(5.00) x 10*
Atm. (7,) 1.17(1 £ 0.50) x 10" | 944 | 1.47(5.00) x 10*
Atm. (v,) 2.46(1+£0.50) x 10 | 944 | 1.47(5.00) x 10*
Atm. (7,) 2.45(1 £0.50) x 10 | 944 | 1.47(5.00) x 10*
DSNB (v,)? 4.55(1 £ 0.50) x 10" | 36.90 22.1(72.7)
DSNB (7,) 2.73(1 £0.50) x 10* | 57.01 52.8(174)
DSNB (v,)? 1.75(1 £ 0.50) x 10* | 81.91 109(359)
Reactor (7,, 2°U)%| 1.88(1 & 0.08) x 10° | 10.00 1.62(5.33)
Geo. (7., 1K) 2.19(1£0.17) x 107 | 1.32 | 2.83(9.29) x 1072
Geo. (7., 23¥U) 4.90(1£0.20) x 10 | 3.99 0.259(0.849)
Geo. (7, 22Th) | 4.55(1 £0.26) x 10° | 2.26 | 8.29(27.2) x 1072

I The cut-off of Fluka analysis.
2 Fermi-Dirac spectrum with neutrino temperature of T}, = 3,5,8 MeV for
Ve, Ve, Vg, respectively.

3

4 Only the most dominant element is considered.

Table 4.

v, is the total contribution from all other neutrinos and antineutrinos.

Neutrino flux components that contribute to the coherent

neutrino scattering background in direct detection experiments at the
SNOLab location. Solar fluxes are from B16-GS98 [434], atmospheric
from FLUKA [129], DSNB from a theoretical average [301], nuclear from
the combined result from multiple nearby reactors [268], and Geo. from
a global Earth model, incorporating several theoretical models.
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Figure 20. Neutrino flux contributions including solar, atmospheric, and DSNB
components and their respective uncertainties on the surface of the Earth considering
SNOLab detector location. See text and Table [4] for additional details.

neutrinos. The remaining ~ 1% of Sun’s energy originates from Carbon-Nitrogen-
Oxygen (CNO) cycle, producing *N, 150, 'F neutrinos.

For E, < 20 MeV energies, solar neutrinos dominate background for direct DM
detection experiments. In this work we employ solar neutrino fluxes of high metallicity
solar model B16-GS98 [434], favored by recent Borexino neutrino observation data
analysis [84]. The dominant neutrino background contribution for a range of
parameters stems from 8B neutrinos.

DSNB: For neutrino energies around 20 MeV < E, < 50 MeV DSNB significantly
contributes to neutrino background fluxes [132]. Around 99% of the gravitational
binding energy is released in the form of neutrinos in core-collapsing supernova,
resulting in ~ 10°® neutrinos emitted yielding about ~ 10° ergs in energy. The DSNB
denotes combined contributions of neutrinos originating from all the historic core-
collapse supernovae events. The DSNB flux is formed from convolution of the redshift-

dependent core-collapse supernovae rate, which is found from initial stellar mass

function and star formation rate, as well as emitted core-collapse neutrino spectrum.
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Approximating the emitted neutrino spectra as thermal, we consider DSNB neutrinos
characterized by temperature T, averaged for each species over theoretical models in
Ref. [301]. Significant efforts are underway by neutrino experiments, especially Super-
Kamiokande [3§], to detect the DSNB in the near future.

Atmospheric neutrinos: For E, 2 50 MeV, neutrino contributions become

~Y

dominated by neutrinos produced from cosmic ray collisions with nuclei in the
atmosphere (see e.g. [261] for review). Such interactions produce copious amounts of
7% and K* mesons that predominantly decay to u™ + v, and u~ + i, followed by
muon decay to electrons and pairs of neutrinos resulting in a v, and v, flux twice that
of v, and 7. The atmospheric neutrino flux carries an O(30%) theoretical uncertainty,
which we take to be 50% conservatively, due to the uncertainty in the cosmic ray flux
and its propagation in the magnetic fields of the Earth and solar system. In addition
to this uncertainty, the flux varies significantly though predictably with the position
of the detector and the phase in the solar cycle [451].

Neutrino Oscillations: As shown in Table [4 solar neutrinos are produced as

electron neutrinos. Since these neutrinos have a much longer baseline than those in
reactor experiments, neutrino oscillations result in a significant fraction of neutrinos
reaching the detector with - or 7-components, allowing experiments to constrain
interactions of second and third generation neutrinos.

Neutrino oscillations in matter are further complicated by the Mikheyev—Smirnov—
Wolfenstein (MSW) effects [440]. The matter potential Vyisw = v2G rn.diag(1,0,0),
where n, is the electron number density, modifies the neutrino oscillation Hamiltonian

as

MMT
2F,

Hmatter - EV + + VMSW . (37)
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Vector NSI contribute to the matter potential analogously to MSW effects [257].
Scalar NSI contribute a new mass-like term, which has inverse neutrino energy
dependence and hence suppressed at higher neutrino energies [267]. We consider these
effects and include in oscillation analysis as discussed in Appendix [B.3] Throughout,
we assume normal neutrino mass ordering.

3.2 Nonstandard Neutrino Interactions

There are several formalisms to incorporate general interactions of neutrinos (see
e.g. [215]). Ome system of simplified models which has gained popularity generates
NSI by introducing new mediators which couple to neutrinos and normal fermions as
outlined in Ref. [I74], also employed in e.g. Ref. [345] 405]. categorizes interactions
by the Lorentz structure of the mediator such that interactions are defined as scalar,
pseudoscalar, vector, axial vector, and tensor (SPVAT). Specifically, we focus on
scalar mediators with masses above ~ 1 TeV, which allows us to map our general
interactions to effective four-Fermi interactions at low energies which are recognizable
in the conventional language of NSI [215].

In this work, we will consider either flavor independent couplings of a generalized
scalar interaction, or what is often called a “minimal coupling” scenario, in which all
couplings are zero except the one of interest that couples a particular flavor of neutrino
with a specific quark. The latter is typically more useful in mapping to UV complete
models, and example of which we show in Sec. |3.3. For this case although the form
of the cross-section is flavor-independent, the fluxes vary as discussed in Sec. [3.1]
This means that for a comprehensive treatment of a scalar coupled to multiple flavors
one would need to calculate the scattering of each flavor independently and combine
the signals. Additionally, we are primarily interested in couplings to first generation

quarks as this is where DM experiments are sensitive as we discuss in Sec. [3.4 In
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Sec. [3.2.1] we provide the expressions for scalar NSI and in Sec. we do the same
for vector NSI.
3.2.1 Scalar NSI. The effective Lagrangian for scalar NSI with Dirac

neutrinos is given by [267]

S _ _
Lsnst O Gp Z EapPalsdq (3.8)
q,o,8
where the interaction is a dimension six operator suppressed by two powers of a

large mass scale. The indices ¢ run over the quark flavors, while «, § run over the
lepton flavors. In this work, we will consider flavor-conserving interactions, a =
B = ¢. Scalar NSI cannot be converted to conventional vector-like NSI by Fierz
transformations since they arise from a neutral scalar mediator [I11]. On the other
hand, as we will discuss in Sec. a charged (colored) scalar produces a conventional
vector NSI after Fierz transformations.

The scalar NSI effective vertex gives rise to an additional contribution to the

CEvNS cross-section:

do | F?*(Er)GheiqiErmy (3.9)
dER S N 47TE3 ’ ‘

where Eg is the energy of the recoiling quark, my is the nuclear mass, and gg is the
effective scalar charge of the nucleus. In the flavor/generation independent case, we
have g ~ 14A 4 1.1Z [I74]. A sample of the differential recoil rate, both from the
SM and NSI is shown in Fig.

3.2.2 Vector NSI. The effective Lagrangian for a vector NSI is

Lysr = —2\/§GF Z 53}; (’7a7#PLV,8> (QWPCI) ) (3.10)

g,
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Figure 21. Recoil rates in a xenon detector with a 5 keV threshold for SM interactions
of neutrinos (dashed lines), with B8, hep, DSNB, and atmospheric neutrino sources,
and the total (thick grey line) as well as the total including a scalar NSI (magenta)
for EZ; = 0.02 for all ¢ and /.

where P = Pp, Pgp are the projection operators. As with the neutral scalar, we
assume flavor-conserving NSI, that is, « = § = (. Similarly, we assume the interaction

: . 1%
conserves quark flavor. Vector NSIs can be parameterized in terms of vector (ef, =

€2l 4 e1) and axial (€% = €%/ — £27%) components.

In the case of CEvNS, the vector component of the interaction gets enhanced by
the size of the nucleus while the axial component is proportional to the nuclear spin.
This results in a 1/A suppression of the axial component relative to the vector part.

As in [126], we drop the axial component and consider only the vector component of

the interaction. The scattering cross-section for vector NSI is given by

do _ FQ(ER)G%Q?VSITRN
dER NSI 27TE3

In Eq. (3.11)), Qnss is the change in the effective nuclear coupling induced by the

(2E. — myEpR) . (3.11)

NSI and given by

Qsr = [QSM + (25?)/ + 52}(}/) Z+ (5?2/ + 25212/) N]Q — Q% (3.12)
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for a nucleus with Z protons and N neutrons. 6y is the Weinberg angle and
Qsm = [(1/2 — 2sin*(6w)) Z — N/2] is the SM contribution to the neutrino-nuclear
coupling. In general, since the 532/ parameters can be positive or negative, there exists
parameter space for a given detector material where the up and down couplings cancel
and the NSI does not change the scattering rate.

In what follows, we will study two cases which we call “flavor universal” and
“minimal” NSI, where “flavor universal” means e.. = €., = €--. In the scalar NSI
case, this extends to the quark sector as well, that is €%’ = €%7. In the vector NSI
case, we note it is impossible for a singlet scalar to have both €f/ and e} while
conserving electric charge, so in the case of vector NSI, “flavor universal” refers only
to lepton flavors. “Minimal” NSI means 62/ = 0 for only one flavor of ¢ and gq.

3.3 Case Study: Scalar Leptoquarks

We will demonstrate how models of leptoquarks (LQs), which interact with
baryons and leptons, provide an example application of our formalism. LQs are
theoretically well-motivated and naturally arise in the context of Grand Unification
theories such as SU(5) [269] and SU(10) [258, 270], as well as the Pati-Salam models
that unify quark and leptons [376]. Further, they can manifest in R-parity violating
models of supersymmetry [288] 123].

LQs have been recently connected to possible observational anomalies in semi-
leptonic B decays [81], 3,83, 333]. In addition, scalar LQs have been posed as solutions
to the neutrino mass problem [221} [100] (see Appendix. for an example). If the
LQ couples to muons, it provides a contribution to the anomalous magnetic moment
at one loop order and may be part of the explanation for the anomalous magnetic

moment of the muon (g — 2),, [448, 220], 241, 271].
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Figure 22. Neutrino-quark scattering mediated by the S; scalar leptoquark.

Here, we consider LQs in the large coupling regime, which are of interest
for observations and provide a heavy scalar that couples to both quarks and
neutrinos [399, 219]. To map the LQ models to the NSIs discussed above, we
note that because the mediator carries lepton and quark quantum numbers, the
interactions proceed via s and w-channel diagrams rather than the ¢-channel of
uncharged scalar interactions (see Fig. . Once the massive fields are integrated
out, a Fierz transformation leads to an effective four-fermion vertex identical to the
vector NST Sec. [3.2.2] We derive the vector NSI parameters in Appendix [B.2

3.3.1 The S; leptoquark. We will focus on scalar LQs as the
simplest realization of neutrino NSIs. As a concrete realization, we consider the
S; = (3,1,1/3) leptoquark, where parenthesis represent transformation under SM
(SU(3),SU(2),U(1)) symmetries. The additional relevant Lagrangian terms due to

Sy are [99, 113, 114]:
Ls, D —m% |S1]> + (\ES1Q5eLy + N&SullR + h.c.), (3.13)

where Q; = (up,dy); and Ly = (vgr, £1) are the left-handed quark and lepton doublets
respectively, ¢ is the lepton flavor, € is the Levi-Civita tensor, and 7 is the quark

generation index. From expansion of the SU(2)-doublets in Eq. (3.13)), we note that
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the same Yukawa interaction that couples charged leptons to up-type quarks will
couple neutrinos to down-type quarks. Thus, by constraining neutrino scattering, we
also place constraints on the charged lepton S; couplings. Throughout, we do not
consider possible effects of diquark terms, which could lead to nucleon decay. Such
terms can be readily restricted by additional symmetries, however detailed model
implementation is beyond the scope of the present work.

As stressed in Refs. [2106, [399], without a model-independent reason dictating a
flavor pattern of L(Q couplings all nine quark-lepton generation pairings are possible.
Strong constraints exist on the first generation couplings, A%, particularly from atomic
parity violating experiments [390, 113, 82, 399]. Here, we shall focus on L) couplings
to the p and 7 flavored leptons. For simplicity, we will also assume the LQ couples
only to one-generation (sometimes called the “minimal leptoquark” [399]), either u
or T leptons.lﬂ

The interactions of S; LQ can lead to distinct phenomenological consequences.
Through the coupling to p-sector the S; LQ can directly contribute to the magnetic
moment of the muon. For mg, > m, the resulting contribution to a, = (g — 2),/2
s [130]

DY ng% (I, /m?, = T/4) ROGAP) — o 2m (Z IX2P? + Z |x2|2) ,
Z 1 (3.14)

which is dominated by the term proportional to the up-type quark masses. In a LQ
model where the charm and top quarks have the same coupling as the up-quark,
we can estimate a favored region in the L(Q mass vs. up-type Yukawa plane that

alleviates the (g — 2),, anomaly. This region is indicated with a grey band in Fig. [31]

®The flavor-changing constraints in this case are much weaker and couplings to both p and 7
may be simultaneously allowed as long as one coupling is marginally smaller than the other [449].
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In the case that the coupling to charm and top quarks vanishes or A\g < Ar, the
second term dominates and exacerbates the anomaly.

Since we are interested in coupling to protons and neutrons, we restrict ourselves
to couplings to first generation of SM quarks. We are considering neutrino-nuclear
scattering in or near the elastic regime, so the parton distribution functions (PDFs)
are dominated by the first generation quarksﬁ Thus, we consider scalar S; LQ with
couplings A%, where £ = 1, 7.

With these assumptions and for an O(TeV) LQ, we can integrate our the LQ
field, perform a Fierz transformation, and map the resulting dimension six operator

back to the NSI parameters in eq. (3.10]) as
v P
S = LG,
We provide details on this calculation in Appendix Note the interactions

(3.15)

only involve down-type quarks, which is accounted for by a change in the effective
charge Qg, .
1 .2 av 1 av
Qs, =27 (5 — 2sin*(fw) + Ea,sl) + N (—5 + 25%,5&) : (3.16)
Lastly, we are considering the “minimal LQ” model in which the S} couples to a single
flavor of neutrinos, such that the neutrino-nuclear scattering signal only involves a

single neutrino-flavor. Note that this is contrast to SM CEvrNS, which involve all

flavors.

6This neglects the “sea quarks” which provide trace amounts of anti-quarks of the first generation
as well as (even fewer) strange quarks and anti-quarks. In principle, these sea quarks provide an
effective charge allowing detection of NSIs coupled to strange quarks or, as in the case of the R,
LQ (defined in Appendix [B.1]), NSIs which only couple neutrinos to anti-quarks (or quarks to anti-
neutrinos), though the PDF suppression is such that neutrino scattering is not a competitive means
to set bounds.
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3.4 Discovery Reach of Dark Matter Detectors

We are interested in calculating the potential of a DM direct detection experiment
to uncover signals of neutrino NSIs, with the SM CEvNS as our effective background.
In the following analysis, we will present our results in terms of the general NSI
parameters 535 and in terms of the LQ model parameters, )\glf; ,mg,, from the
previous section. For generality, we will consider that we are dominated by statistics
and do not focus on making predictions in the context of more detector-specific
systematic backgrounds, such as radioactive decay in or near the detector, or any
other instrumental noise. Neutrino oscillation effects are present for both scalar and
vector NSIs, though as we discuss in Appendix [B.3] these effects are minimal for
the NSI parameters we consider and are not included in the following analysis. We
also do not consider the presence of a DM signal in this analysis, although Ref. [147]
studied the effect of NSIs on the neutrino fog.

3.4.1 Statistical analysis. Since we have reduced the NSI cross-section to
one free parameter, 52’5, we use a likelihood ratio method to project the significance of
simulated data. This follows the method used for the magnetic moment calculation
in Ref. [405], which was also dependent on only one parameter. We take as our

likelihood function

e~ 521 (e jtnsm

) ny N Ny
L(e,¢) = i X H£(¢j) X H <Z (Mej f=,5(Es) +UijM,j(Ei))> :

Jj=1

(3.17)
where we have dropped the labels on ¢ = 535 for simplicity, n, label the neutrino
fluxes and N labels the energy bins. Here, gg are nuisance parameters normalizing

the neutrino flux channels. They are allowed to fluctuate weighted by Gaussian
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distribution,

L(p;) = ! 6%(%]_0,]) (3.18)

where the width of their uncertainties, o; is given in Table . The functions f. ;(E;)
and fsa ;(E;) are the distribution functions (é.e. the normalized rates) for the number
of events in the i-th energy bin from the j-th neutrino flux from NSI (¢) or SM
scattering. 7., and nga,; are the number of events predicted from the NSI or SM
in each channel (j) based on the nuisance parameters. The latter depends only on
the normalization of the neutrino flux components while the former depends on both
the flux normalization and the NSI parameter (). The product over ¢ runs over the
number of events in the simulated data.

For a particular data set, we maximize the likelihood with ¢ = 0 as our null
hypothesis and |e| > 0 for NSI signals. If the null likelihood is greater than the signal
likelihood, we assign the significance o = 0. If L(e # 0)/L(e = 0) = A > 1, we have
a test statistic ¢ = 2log()\) and significance ¢ = v/t. This analysis is run on 600 of
sets of pseudo-data generated by Poisson fluctuating the expected rates for a given
azf and exposure. The average of these data sets is then used for the projections in
Sec. B.4.2

3.4.2 Results. In this section, we present the results of the likelihood
procedure described in the previous section. We show the 30 and 50 contours for e
in the exposure-¢ plane in Fig. for a flavor universal scalar (525, upper left) and
a minimal scalar (%7, upper right) while the equivalent contours for vector NSI are
shown in the lower panels. The yellow curves show the reach using the efficiency from
the LZ experiment [4]. Improving the detector efficiency can lead to a significantly
stronger reach, and we see that lowering the detector threshold from Ei, = 2 keV to

1 keV improves the reach on € by about a factor of few. Since FP._,; > F._,, when
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averaged over the solar neutrino spectrum, there will be ~ 3 v, for every 2 v, thus
we expect 7 constraints to be stronger by a factor ~ \/ﬁ This is confirmed by the
results in Fig. 23| where we also show the results of an analysis of only atmospheric
neutrinos which are useful to constrain interactions with anti-neutrinos such as the
Ry LQ (see Appendix . We further display how the results will improve as
atmospheric neutrino flux uncertainty is further reduced, as far down as optimistic

O(1%)-level.
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Figure 23. Left: 30 (solid) and 50 (dashed) discovery reach of a xenon detector for
an NSI with universal couplings (2} = %" = £27) as a function of detector exposure,
for a 1 keV (magenta) and 2 keV (purple) detector threshold as defined in Sec. [3.1.1]
Also shown is the reach using the LZ efficiency and threshold (yellow). As expected,
a lower threshold improves the discovery reach. Right: discovery reach of a xenon
detector to NSIs coupling only the d quark to either v, or v, assuming a 2 keV
threshold. Thin lines indicate the sensitivity based only on atmospheric neutrinos.
Fainter lines show the improvement to be gained from more precise measurement of
the atmospheric neutrino flux with reduced uncertainties. Upper panels show results
for scalar NSI while lower panels are vector NSI results. In the vector NSI panels, we
present results for both £ < 0 (¢ > 0) with the thick (thin) lines, and show that they
are similar. The lower right panel maps to the S; LQ parameters in Fig. [31]
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In addition to xenon, other DM experiments can also have enhanced sensitivity to
CEvrNS and related new physics. In general, the effective charge of the nucleus grows
as the square of its mass, so for a given detector target mass, larger nuclei are expected
to result in more events even though there are fewer target nuclei. This competes
with the kinematic effects whereby higher intensity but lower energy neutrinos are
often pushed below threshold in detectors with heavy nuclei.

In figures and we display the 30 and 50 discovery reach contours for
the NSI parameter € in the exposure-¢ plane for argon and lead-based detectors.
For estimating the sensitivity to scalar NSIs, while the details depend on the
specific experimental configuration, we assume for simplicity the same threshold and
efficiency parameters as for xenon-based detector. Note that argon does not see
much improvement as the threshold falls below 5 keV (the differences seen above
are statistical noise). Argon has a relatively light nucleus and the peak induced by
boron-8 is at higher energy, so lowering the threshold does not increase the number
events as efficiently until the oxygen-16 neutrinos have an effect (below ~ 0.5 keV).
For the heavier lead nucleus, recoils induced by boron-8 neutrinos are partially cut
by the threshold, so improving the threshold makes a much larger number of recoils
accessible. The lower panels of figures [24] and [25] show the sensitivity to minimal
couplings assuming the 2 keV threshold and efficiency.
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Figure 24. Left: 30 (solid) and 50 (dashed) discovery reach of an argon detector for a
scalar (top) or vector (bottom) NSI with universal couplings as a function of detector
exposure, for a 1 keV (magenta) and 2 keV (purple) detector threshold as defined
in Sec. B.1.0] As expected, a lower threshold improves the discovery reach. Due
to its larger target mass, kinematics disfavors lead detectors despite the increased
scattering rate. This is also responsible for the more dramatic improvement with
detector threshold in lead. Right: discovery reach of an argon detector to scalar (top)
or vector (bottom) NSIs coupling only the d quark to either v, or v, assuming a 2 keV
threshold. Thin lines indicate the sensitivity based only on atmospheric neutrinos.
Fainter lines show the improvement to be gained from more precise measurement of
the atmospheric neutrino flux.
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gains more from higher energy neutrinos such as the atmospheric flux.
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CHAPTER IV
NEUTRINO WHISPERS FROM DARK STARS SEEDING SUPERMASSIVE
BLACK HOLES

In this chapter we transition to a different source of astrophysical neutrinos.
Rather than searching for hints of new physics from NSI which may be connected to
the production of dark matter, we search directly for the products of DM annihilation.
We do so in the context of a particular model of cosmology which is proposed as a
general feature of WIMP dark matter. This work is co-authored with Volodymyr
Takhistov and has been accepted for publication in the Astrophysical Journal Letters
with a pre-print available here [403].

First stars powered by DM heating instead of fusion can appear in the early
Universe from theories of new physics. These dark stars (DSs) can be significantly
larger and cooler than early Population III stars, and could seed supermassive black
holes (SMBHs). We show that neutrino emission from supermassive DSs provides
a novel window into probing SMBH progenitors. We estimate first DS constraints
using data from Super-Kamiokande and IceCube neutrino experiments, and consistent
with James Webb Space Telescope observations. Upcoming neutrino telescopes offer
distinct opportunities to further explore DS properties.

Dark Stars.— The first generation stars are thought to have played a pivotal
role in the Universe, including shaping cosmic evolution, influencing reionization
and chemical enrichment. These population IIT (Pop III) zero-metallicity stars are
believed to have formed from the gravitational collapse of pristine gas left over
after the Big Bang, within DM mini-halos of mass ~ 105 — 10" M, around redshifts
z ~ 20 (e.g. [39, 169, 443]). Despite their significance, Pop III stars are yet to be

observed, although candidates have been suggested [431], 439, [43§].
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Supermassive black holes (SMBHs) with masses ranging ~ 10 — 10°M,, are
ubiquitous at the centers of galaxies, powering quasars and active galactic nuclei
(AGN). The origin of SMBHs at high redshifts remains a mystery, especially in light of
recent observations by the James Webb Space Telescope (JWST) [353], 445, 217, 420]
suggesting SMBH detections even at redshifts of up to z ~ 10.3 [162]. Achieving
the necessary rapid growth of such massive objects challenges Eddington-limited
accretion and hierarchical mergers of stellar-mass black holes on relevant cosmological
timescales (e.g. [433] [120]). While Pop III stars offer plausible candidates for forming
lighter ~ 10?2 — 103M, SMBH seeds, alternative scenarios such as direct collapse
have also been suggested (see e.g. [436], [307] for review) and further investigation is
necessary.

An intriguing distinct class of first stars, known as dark stars (DSs), powered by
heating from DM constituting a small fraction of their mass instead of fusion, has been
put forth and that could seed SMBHs [417, 249, 416]. DM heating can be a general
byproduct of annihilation of weakly interacting massive particles (WIMPs) [417],
but can also arise in contexts such as self-interacting DM [442]. During formation,
the contraction of baryonic matter induces adiabatic contraction of DM, leading to
high DM densities sufficient for efficient annihilation. The energy released from DM
annihilation halts the collapse at low temperatures, preventing the onset of nuclear
fusion. When the DM fuel is exhausted, the DS collapses into a black hole. Massive
DSs seeding SMBHs could also explain paucity of intermediate-mass black holes [426].
Although detection of DS is challenging, their electromagnetic emission contributing
to photon background has been considered [397, B354, [444]. Recently, it has been
suggested that some high-redshift galaxy candidates observed by JWST could be

spectroscopic manifestations of DSs [306].
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In this work we investigate neutrino signatures originating from DSs and
establish a new observational window into the progenitors of SMBHs. Going beyond
previous limited considerations [397, [308], we show that DSs can produce detectable
neutrino signals and we set constraints on DM annihilation using data from neutrino
experiments. Furthermore, we show that our findings are consistent with observations
from the JWST. Our study bridges key gaps between other directions, such as neutrino
signatures [409, 410, 346, [365] from intermediate supermassive stars that might arise
from star cluster collapse or primordial clouds in astrophysical SMBH formation
paths.

Dark star population.— The DS population is expected to trace that of the first
DM halos. The comoving number density distribution of DM halos based on a

generalized halo mass function can be expressed as

dny, Pm  |2A%0 o\ —pu2/e AV
== 1 Ple P2 4.1
AR < + (59 )e M, (4.1)

where v = 0./ D(z)o(My,) with D(z) = §(a)/d(1) being the linear growth factor [303],

a = (14 2)7! being the scale factor, and § as defined in Ref. [I73]. Here, §. =
1.68 is the critical overdensity above which a spherically symmetric perturbation
region will collapse to form virialized halo. p,, = p:Qn(1 + 2)3 is the average mass
density of the Universe scaled to critical density p. = 9 x 1073% g ecm™ at present
by fraction 2, = 0.3 [55]. In Eq. parameters (A, 5,p) = (0.5,1,0) correspond
to the Press-Schechter mass function [381], which we focus on throughout. We find
similar results for the Sheth-Tormen [408] mass function, corresponding to (A, 8, p) =

(0.322,0.707,0.3). The variance of the initial density fluctuation field o(M},) is

(M) = 2—; / W2(kRag, ) Py (k) k2 (4.2)
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where W (zx) = 3(sinz — x cosz)/z3 is a top-hat window function smoothing density
fluctuation over scale Ry, = (3My/47py,). This is derived from the matter power
spectrum Pjs(k) = A,(k Mpc)™T?(k) where A, is normalized by oy [377] and T'(k) is
transfer function fitted to cold DM model [124] with a spectral index ns, = 0.965 [55].

We model the DS formation rate to be proportional to the halo formation
rate dznh/thdt up to a scaling fsups that quantifies the fraction of DM halos
hosting DSs. We do not consider the possible dependence of fsyps on halo mass and
redshift and assume minimal delay between halo formation and the DS formation of
initial mass Mpg; ~ 5 My, which doesn’t significantly affect our results unless these
timescales are comparable to the DS lifetime. The DS growth proceeds by accretion,
and we consider that halo mass does not appreciably changes during this period. We
have confirmed that our DS luminosity as a function of mass matches numerically
computed 1D stellar evolution of DS results of Ref. [389] within a factor of few,

assuming a constant accretion rate of Mpg = 1079M), yr~!

with DS mass following
Mps(t) = Mps,; + Mpst.
The comoving number density of DSs surviving to a redshift z at a given

cosmological time ¢ in halos of mass M), and age 7 is given by

dnps f /Oo 22 dt *ny,
am,, — MR LT de | dtdM,

(M, 't — 1)) , (4.3)

where we consider M = 1072M,, as the upper limit of DS mass. Here dz/dt =

(1 + 2)H(z) with the Hubble parameter for ACDM H(z) ~ Hyy/Qm(1 +2) +Qn ,
where Hy = 67.4 km/s/Mpc is the Hubble constant at present, 24 = 0.7 accounts for
dark energy density and the radiation density of the Universe is neglected.

The total DS number npg can then be obtained by integrating Eq. over
the halos with DSs. For the lower limit we take M}, yin ~ 108 M, as the minimum

mass where molecular hydrogen cooling causes protostellar clouds to collapse [305].
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If lighter halos M), ~ 10° M allow for DSs, this could significantly enhance their
abundance (see Supplemental Material). However, we estimate that the lighter and
less-luminous DSs would only contribute a factor ~ 2 enhancement to the total
resulting neutrino flux. For the upper halo mass limit we take Mj pa ~ 109 Mg,
but our results are not very sensitive this limit as such massive halos are rare at
z 2 15.

The exact lifetimes and upper mass limits of DSs require further exploration. A
large upper limit on DS mass being ~ 5% of the halo mass was considered in Ref. [305].
Recent high redshift SMBH observations appear to favor SMBH formation from ~
10° My “heavy seeds” at z = 15 [162]. Considering halos of mass M > 105 M, as
the supermassive DS hosts, the average halo mass is around ~ 107 M. Typical DS
masses of ~ 10° M, can be achieved considering DSs grow to ~ 1% of host halo mass.
Our results can be readily rescaled to account for different DS masses by appropriately
considering the DM cross-section in Eq. . Smaller DSs are more challenging to
detect with telescopes, with weakened constraints and allowing for higher abundance
at lower redshifts.

Considering DS formation in mini-halos at redshifts z 2 25 and that they undergo
collapse by z ~ 15, as discussed below, the corresponding DS lifetime is O(10%) yrs.
Such DSs powered to luminosities of ~ 10! L, will require fueling of ~ 10° M, of
DM, roughly percent-level of typical halo masses. DSs consuming heavier DM have
smaller luminosities and can be expected to deplete host halos less significantly (see
e.g. Ref. [252] discussion).

Dark star emission.— As baryonic matter undergoes protostellar collapse, it
deepens the gravitational potential well at the center of a DM mini-halo of mass

Mj,. This alters the orbits of dissipation-less DM particles in accordance with the
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adiabatic invariant [I57], M (r) = const., where M (r) is the mass enclosed within
radius r. As M(r) increases due to baryonic inflow, » must decrease, leading to
the adiabatic contraction of DM. This process concentrates DM at the center of the
halo, where it can reach sufficiently high densities for efficient annihilation [417].
The energy released by DM annihilation heats the surrounding baryonic gas, stalling
further collapse. The additional energy source in stellar evolution results in formation
of a new DS category of early stars with much lower densities and temperatures.
We compute DS luminosity evolution considering an analytic polytropic model,
as described in detail in Supplementary Materials. The resulting luminosity for DS

of mass Mpg can be well fit by

MDS (t) 0.85 <0_v> 0.45
Lps ~ 2.1 x 10* 7
bs <10 < Mg 10-26 cm?/s

% (M) L (4.4)

100 GeV

3q—1

where reference (ov) >~ 107?°cm3s™! is the thermally averaged DM annihilation cross-
section as motivated by thermal relic abundance (e.g. [418]), f, is the fraction of the
DM mass m, that is converted to neutrino energy. We find approximate agreement
with results of Ref. [252].

The much lower temperatures of DSs, with < few x 10* K [389] at their surface,
compared to Pop III stars result in lack of strong stellar winds. This facilitates
persistent accretion of surrounding gas [253]. Depending on the mass of the host
halo, DM concentration as well as baryonic accretion rates DSs can reach masses of
~ 10%" M, and luminosities of ~ 10 L, [254]. In Fig. We display the evolution of

luminosities of DSs that grow to ~ 108 M, for different DM masses and annihilation

channels, assuming Mpg = 0.1Mg yr~! accretion rate in a M, = 108M, halo and
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Figure 26. Evolution of DS luminosity for different DM masses and annihilation
channels. We assume baryonic accretion rate of 0.1M yr=! in a 108M, halo until
DS reaches a mass of ~ 106M,. We consider that baryonic accretion stalls when
DS reaches approximately ~ 1% of the host halo mass, resulting in a plateau
corresponding to DS mass and luminosity being approximately constant until DM

annihilation becomes inefficient and DS collapses.
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that DM fueling persists for extended period resulting in approximately constant DS
mass and luminosity once the star reaches Mpg ~ 1072M,,.

When DSs reach their maximal mass we consider efficient accretion to stall,
leading to a phase of sustained stability. This persists until the surrounding DM in
the host halo is sufficiently depleted, causing DM annihilation—the primary energy
source of DSs—to become inefficient. At this stage, DSs collapse. High-mass DSs
could collapse directly into black holes, though a brief intermediate phase of nuclear
fusion is possible [254].

Supermassive black hole progenitors and JWST.— Supermassive DSs constitute
intriguing possible early massive ~ 10*7°M, seeds for SMBHs. We consider DS
number densities consistent with distribution of SMBHs at galactic centers, one per
10'°M,, baryon mass object as can be found in some dwarf galaxies, analogous to
the method of Ref. [365]. For this, we set fsups in Eq. such that number
density of SMBH seeds is nsypu(2)/(1 + 2)% ~ pp/10'° My, where ngypu(z) is given
by integrating Eq. for contributing halos M, = 10° to 10° M and pp = p.Q) =
4 x 1073!'g/cm? is the baryon density of the Universe with Q, = 0.0476 [55]. We
then evaluate ngypr(2)/(1 + 2)? just before DS collapse, taking z = 15 for reference,
and compare with pg/101°M at present. We find foyps =~ 6 x 1073, This estimate
is conservative as it does not account for such effects as mergers. To account for
additional uncertainties, we consider fqups in the range from 1% to 0.1%. Additional
precision in fsyps evaluation can be obtained from detailed simulations of structure
growth beyond our scope, including feedback effects [426].

Supermassive DSs could be directly detected by sensitive telescopes [305] [446],
300], providing an independent and complimentary probe. In particular, JWST’s

infrared sensitivity, ability to probe the high-redshift Universe and spectroscopic tools
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uniquely position it to search for DSs. Recently, three supermassive DS candidates
at redshifts z ~ 11 — 14 have been claimed from JWST Advanced Deep Extragalactic
Survey (JADES) data [306]. Ref. [305] used Hubble Space Telescope (HST) data to
constrain DSs up surviving to redshift z = 10, and showed that JWST can efficiently
detect supermassive DSs up to z = 15 for Mpg = 10° M.

DS parameters consistent with JWST observations can be identified from the

number of supermassive DSs observable in JWST at a particular redshift expressed

as
dNops  6°
dV, dnpg
My, =(t — 4.
X 2 ang, M2t =7), (4.5)

where 02 = 26.4 arcmin? is the JWST coverage [388], fu and fo,s denote the
DS fraction that survives to redshift z and the likelihood that JWST observes a
DS of mass Mpg at redshift z respectively. Eq. also includes the differential
volume element dV./dz, with V. = (47/3)D3, the comoving volume of the Universe

where [317]

Dy (22) 20l 2 ) T o

Hy 02, (1+2)
for a flat Universe without dark energy that is a good approximation at redshifts
z 2 10 we consider. The total number of DSs observable with JWST is the integral
of Eq. over redshifts.

Here we consider fops(z > 15) = 0 and survival model fy,, being a step-function
at z = 15, resulting in conservative Ng,s = 0 DS candidates for all redshifts. This
also maximizes possible DS neutrino flux consistent with JWST observations. In
Supplemental Material we present a model of gradual DS collapse, showing that it

can account for Ny > 1 JWST DS candidates.
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Dark star neutrino signals.— Supermassive DSs shining at high luminosities can
emit significant neutrino fluxes, contributing to a diffuse background analogous to
the diffuse supernova neutrino background (DSNB) in the later Universe. Unlike
the DSNB produced by transient events with neutrino energies determined by
supernova temperatures, DSs emit neutrinos over prolonged time with neutrino
energies determined by DM.

The electromagnetic comoving luminosity density of the total DS population as

a function of redshift and integrated by DS age-distribution is

t(z) Mh,max
LEM(Z) = / dr thLDS(th T)
0

Mh,min
dQRDS (
dMydt

where evaluating d?npgs/dM,dt by differentiating Eq. (4.3) and evaluating at z(t —7)

X four(2) My, z(t —71)) , (4.7)

gives the DS age 7 distribution at cosmological time ¢ formed in halos of mass Mj,.
Here, we do not include contributions from DM annihilation outside of DSs that is
also enhanced by the adiabatic contraction, making our estimates conservative.

The resulting DS diffuse neutrino flux
do o dN

= dz (1 E, (1
= [ s att@ma )

Zlim
dt

(=t o) | .

where (F,) is the average neutrino energy from DM annihilation and depends on

considered channel (see Supplemental Material), dN/dFE, is a neutrino emission
spectrum from DM annihilation and spectrum factor (14 z) accounts for compression
of the energy scale. In Ref. [254] f, = 1/3 was assumed. For DM annihilation
channels we consider neutrino spectra computed by Ref. [I88 [185], summarized
in Supplemental Materials. Here, f,/(1 — f,)(E,) converts the electromagnetic

luminosity to neutrino number flux. We integrate from a minimum redshift where
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JWST becomes unable to observe the most massive DSs in our population zj;,, = 15.
In the Supplemental Material we show that our generalized formalism for extended

source emission can also account for fluxes like DSNB.
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CHAPTER V
CLASH OF THE TITANS: ULTRA-HIGH ENERGY KM3NET EVENT VERSUS
ICECUBE DATA

Here we again consider a different category of astrophysical neutrino, in this
case, and individual event observed in KM3NeT. While annihilating dark matter is
capable of producing such an event, that is not the preferred context for this study.
We instead focus on the phenomenology and statistics of such an observation while
remaining agnostic on its implication for new physics. This work is co-authored with
Shirley Li, Pedro Machado, and Daniel Naredo-Tuero and is under peer review for
publication in Physical Review Letters with a pre-print available here [337].

KM3NeT has reported the detection of a remarkably high-energy through-going
muon. Lighting up about a third of the detector, this muon likely originated from a
neutrino exceeding 10 PeV in energy. The crucial question we need to answer is where
this event comes from and what its source is. Intriguingly, IceCube has been operating
with a much larger effective area for a considerably longer time, yet it has not reported
neutrinos above 10 PeV. We quantify the tension between the KM3NeT event and
the absence of similar high-energy events in IceCube. Through a detailed analysis, we
determine the most likely neutrino energy to be in the range of 23 — 2400 PeV. We find
a 3.5o tension between the two experiments, assuming the neutrino is from the diffuse
isotropic neutrino flux. Alternatively, assuming the event is of cosmogenic origin and
considering three representative models, this tension still falls within 3.1—-3.60. The
least disfavored scenario is a steady or transient point source, though still leading to
2.90 and 2.00 tensions, respectively. The lack of observation of high-energy events

in IceCube seriously challenges the explanation of this event coming from any known
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diffuse fluxes. Our results indicate the KM3NeT event is likely the first observation
of a new astrophysical source.
5.1 Kilometer Scale Neutrino Telescopes

High-energy astrophysical neutrinos provide a unique means to observe the
universe at distances and energies not easily accessible through electromagnetic
radiation. Unlike photons or charged particles, neutrinos can travel vast
distances across the universe without being absorbed or deflected, making them
invaluable probes of astrophysical phenomena, particularly at identifying high-energy
astrophysical sources.

The IceCube experiment has been a pioneer in the field of high-energy neutrino
astronomy, observing neutrinos above the PeV scale [9, [§]. These observations
have led to the discovery of an isotropic diffuse neutrino flux [211, [15, 23| 411} 26].
Additionally, point sources such as blazars have been identified as potential sources
of high-energy neutrinos [22].

Moreover, several large-scale neutrino observatories are under construction or
in development, such as KM3NeT in the Mediterranean Sea [50], Baikal-GVD in
Lake Baikal [109], the Pacific Ocean Neutrino Experiment (P-ONE) in the Pacific
Ocean [60], and the planned IceCube-Gen2 [16]. The synergy among these detectors,
which employ different detection techniques and cover complementary regions of the
sky, will improve our ability to detect astrophysical neutrinos and identify sources [6§].

Recently, the KM3NeT collaboration reported a remarkable event: a through-
going muon that triggered 3,672 photomultiplier tubes (PMTs), roughly a third of
the detector [190, 69]. The collaboration inferred the energy of the neutrino that
produced this muon to be between 72 — 2600 PeV, making it the highest-energy

neutrino event ever confirmed.
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Although this observation is extraordinary, it raises important questions, such as
the origin of this neutrino and its production mechanism [53, 52, [366), 370} 236], 226].
Given IceCube’s longer exposure time and larger effective area, one would expect it
to have detected similar high-energy muons, which would help identify the source.
However, no events exceeding 10 PeV have been reported by IceCube. This suggests
a possible tension between the KM3NeT single-event observation and IceCube’s lack
of observation in more than ten years of data [54].

In this paper, we aim to examine potential sources for this KM3NeT event
through compatibility tests of KM3NeT and IceCube data. We consider the diffuse
flux observed by IceCube, cosmogenic neutrinos, and potential transient point sources.
We evaluate the likelihood of each source by computing the tension between the
KM3NeT detection and IceCube’s non-observation given each flux assumption. Our
analysis complements KM3NeT’s test of the compatibility between their event and
data from IceCube and Auger [54]. While our results are qualitatively similar to
KM3NeT’s, the differences in procedures lead to quantitatively distinct outcomes.
We comment on these differences throughout this manuscript.

5.2 The KM3NeT event

Triggering a significant fraction of the detector’s PMTs, the KM3NeT event is
consistent with a through-going muon [190, [69]. The KM3NeT detector is still being
constructed, and this event occurred during the ARCA21 phase, where 21 strings have
been deployed, with an exposure of 288 days. The angular direction of the muon is
well reconstructed, coming from 0.6° above the horizon. KM3NeT has estimated
the muon energy to be 120 PeV, and the parent neutrino energy to be within 72 —
2600 PeV at 90% confidence level (CL). In addition, the collaboration reported the

number of PMTs that were triggered by the through-going muon, Ny = 3672, as
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Figure 27. Inferred probability density of the neutrino energy of the KM3NeT
event, given the 3,672 triggered PMTs, for three different underlying source flux
assumptions.

well as Monte Carlo simulations of the number of PMTs triggered by 10, 100 and
1000 PeV through-going muons [190, 69].

Even though the collaboration reported the range of likely neutrino energy for the
event, it did not report its probability density, which our analysis requires. Therefore,
we first infer the probability density for the neutrino energy. Bayes theorem states
that the probability of a neutrino energy given the number of triggered PMTs (hits)
is

1

P(Eu|Nhit) = m/dEuP(Nhit|EM)P(EM|EV)P(EV)7 (5-1)
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where P(E,) is the prior on the neutrino energy and P(E,|E,) is the probability
that an interaction of neutrino with energy F, outside the detector leads to a muon
entering the detector with energy E,. P(Nui|E,) is the probability of such a muon
triggering Npiy PMTs in the detector. Note that the probability P(E,|E,) depends
on the effective area of the detector, for which our calculation matches well the
official KM3NeT effective area, see App. [D.I] This probability further depends
on the neutrino charged-current interaction cross section, which we simulate using
MadGraph [78]. The probability of a muon triggering Ny, PMTs, P(Np|E),), depends
on muon energy loss in water, simulated here with PROPOSAL [310], as well as the
details of the detector, for which we adopt a simplified model to account Cherenkov
light production, light propagation in water, and light detection. In addition, we set
a prior that muons entering the detector need at least 1 PeV energy. For more details,
see App. [D.2]

Figure [27 shows the inferred neutrino energy of the event for three representative
priors on the neutrino energy: a power-law flux E; 252 which represents the diffuse

-2
v

flux observed by IceCube [367]; a power-law flux E 2 which represents a generic
source spectrum motivated by Fermi acceleration; and the cosmogenic neutrino flux
from Ahlers et al. [66]. We also highlight the 90% interval and most likely neutrino
energies, summarized in Table 5 We find excellent agreement when comparing our
90% confidence interval (CI) with KM3NeT’s official 90% energy estimate for a F—2
power-law [69]. While the 90% interval has some dependence on the flux prior, we
can see a robust preference for neutrino energies at or above the 100 PeV scale,
possibly reaching EeV energies. This preference for ultrahigh neutrino energies raises

an obvious question: Where does this event come from? Why hasn’t IceCube observed

similarly high-energy events?
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Prior Peak energy (PeV) | 90% CI (PeV)
Power-law, (y = 2.52) 120 4.0, 760]
Power-law, (y = 2.0) 190 (23, 2400]

Cosmogenic (Ahlers 2012) 335 (93, 2400]

Table 5. Most likely neutrino energies and 90% confidence intervals for the KM3NeT
event assuming different underlying fluxes.

5.3 Compatibility between KM3NeT and IceCube data

The estimated compatibility between KM3NeT and IceCube data depends on the
assumptions we adopt for the origin of the event. We will investigate three possibilities
for the origin of this event: diffuse power-law, cosmogenic, and point source neutrino
fluxes. For each assumption, the expected number of events triggering at least Ny
PMTs at KM3NeT can be calculated as

g

Noyi = 47T / dE, / dNyiy P(Nuie|E,) <
0 Nhit dEV

Aeﬁc<EV>> , (5.2)

Q

where ¢ is the neutrino flux, A.g is the effective area, angle brackets indicate an
average over the solid angle, T = 288 days [69] is the exposure, and P(Nys|E,) =
[ dE,P(Nw|E,)P(E,|E,) is the probability that Ny PMTs are triggered by a muon
originating from a neutrino with energy FE,, as discussed in the previous section.
5.3.1 Power-law diffuse flux. The diffuse flux of one flavor (muon

neutrinos and antineutrinos) is well-characterized by a single power-law spectrum:

dgb EV - —18 2
iE = Qbo m x 10 /GeV/cm /S/SI', (53)

where ¢ is a dimensionless flux normalization and 7 is the spectral index. This
parametrization has successfully described the observed neutrino spectrum from tens

of TeV to the PeV scale in IceCube [367].
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In order to quantify the compatibility between KM3NeT and IceCube, we employ

the likelihood

L(¢0,7) = Laux(P0,7) * Leve(Nevi (@0, 7)) - (5.4)

We account for IceCube’s measurement of the high-energy neutrino flux with a
Gaussian prior Lguy in ¢y and . Although the flux parameters from IceCube differ
slightly from different datasets, they are largely consistent with each other [367].
For our analysis, we take the results of the combined fit [367], which yields ¢y =
1.837012 and v = 2.52 + 0.04. The probability of observing one event at KM3NeT
with Ny > 3672, given the flux parameters, is encoded in the Poissonian term
Lot = Nee Nevt| see Eq. . The posterior distribution is computed from the
likelihood assuming a flat prior on N.. We then quantify the tension by means
of the usual Bayes factor between the KM3NeT observation and IceCube preference.

After marginalizing over the flux parameters, we find a 0.039% (3.50) tension
between the ultra-high energy event observed in KM3NeT and the IceCube
measurement of astrophysical neutrinos. If we take IceCube’s power-law preference
based on through-going events only [23], which allows slightly harder spectra, the
tension is still 0.13% (3.20).

The tension found here is greater than the 1.90 quoted by KM3NeT [54]. The
reason for this discrepancy is twofold. Firstly, KM3NeT calculates the tension
assuming that the probability for the neutrino energy is flat in the 90% CI. We
account for the neutrino energy probability distribution, which penalizes lower
energies where the tension would be smaller. Secondly, KM3NeT includes their non-
observation of events outside the 90% CL energy interval. This increases the degrees-

of-freedom while barely contributing to the test-statistic, due to strong analysis cuts.

112



as Power-law diffuse flux
) I
’ — 68% CL
KM3NeT —
3.0 event 95% CL
[ceCube

o
ot

|
I
I
I
|
I
1
I
I
I

I

,’ combined fit |
I

I

I

I

I

Flux Normalization ¢
(N)
-]

1.57
I
I
II
1.0 1 [ceCube
, II ( - _-" through-going tracks
2.2 2.4 2.6 2.8 3.0

U576 18 20
Spectral Index ~

Figure 28. Preferred regions in the diffuse power-law spectrum flux normalization ¢g
and spectral index 7 for the ultra-high energy KM3NeT event and IceCube data at

68% and 95% CL.

113



Consequently, this lowers the tension. If we follow KM3NeT’s procedure, we confirm
their 1.90 result.

Another way to appreciate this tension is to examine the preferred regions for
the power-law spectrum parameters given IceCube data and the ultra-high energy
KM3NeT event in Fig.[28 Since it is obtained by fitting a single event while dropping
the Gaussian prior on Eq. , the KM3NeT region exhibits a degeneracy between
¢ and y. For IceCube, we show the allowed regions for through-going events only and
through-going plus shower events. The lack of overlap between IceCube and KM3NeT
is the tension among these data. Given IceCube’s nominal flux, KM3NeT should have
expected 0.005 events between 72 — 2600 PeV during the exposure. Alternatively,
given the normalization of the flux inferred from KM3NeT’s event, assuming a spectral
index of 2.52, IceCube should have expected 75 events in their diffuse search between
72 — 2600 PeV.

5.3.2 Cosmogenic flux. Given the extremely high energy of the event,
it is reasonable to ask if this is the first detection of the long-awaited cosmogenic
neutrinos. Cosmogenic neutrinos are produced when ultra high-energy cosmic rays
interact with the cosmic microwave background [283, 447]. These neutrinos, which
can reach EeV energies, have never been observed. We consider three benchmark
scenarios for the cosmogenic flux, Ahlers 2010 [64], Ahlers 2012 [66], and van Vliet
2019 [430], as possible origins of the KM3NeT event. These scenarios have been
previously studied by IceCube [2§], which found p-values of 0.3%, 4.3%, and 26.8%
for these models respectively based on the non-observation of a neutrino flux exceeding
~ 100 PeV. For each model, we calculate the probability of producing an event in
KM3NeT that triggers at least 3672 PMTs, and subsequently combine this with the

p-values provided by IceCube in Ref. [2§].
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Cosmogenic Model Combined p-value
Ahlers2010 1EeV 3.3 x 107 (3.60)
Ahlers 2012 1.6 x 1073 (3.10)
VanVliet2019 1.6 x 1072 (3.10)

Table 6. Combined p-value of KM3NeT and IceCube, for distinct cosmogenic neutrino
flux models.

We find p-values of 0.033%, 0.16%, 0.16% for Ahlers 2010, Ahlers 2012, and van
Vliet 2019, respectively, revealing a robust tension between KM3NeT and IceCube
data under these assumptions. The reason for the tension is fairly simple and it is
depicted in Fig. 29] where we show IceCube and KM3NeT data, the flux predictions
for each cosmogenic model, and the IceCube constraints on the power-law and
cosmogenic fluxes. In a nutshell, Ahlers 2010 predicts 6.2 x 1073 events in KM3NeT
but it is disfavored by IceCube with a p-value of 0.3%. Using Ahlers 2012 yields
2.8 x 1072 events in KM3NeT but its IceCube p-value is 4.3%. Finally, van Vliet
2019, with the highest IceCube p-value of 26.8%, only predicts 5.7 x 10~* events in
KM3NeT. Therefore, none of the benchmarks can readily accommodate the observed
ultra-high-energy event without being in tension with IceCube’s non-observation of
neutrinos above 10 PeV. Even without taking IceCube data into account, none of the
cosmogenic models considered here predict a sizable event rate in KM3NeT.

We note that the tension we report is more significant than KM3NeT’s official
numbers. In addition to the different treatment of the neutrino energy, this is due
to the fact that we adopted IceCube’s lastest constraint on cosmogenic flux [2§],
whereas KM3NeT used an older result in Ref. [I4]. If we adopt the previous IceCube
constraints on a cosmogenic neutrino flux, our tension decreases to about 2.50 for

Ahlers2010 1 EeV cosmogenic model, consistent with KM3NeT.
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Figure 29. Predictions, measurements, and constraints on the high energy neutrino
flux. The gold band shows the IceCube measurement of a single power-law flux,
extrapolated to F, > 100 PeV while the three colored curves represent a selection of
cosmogenic neutrino models [64], 66, [430]. We show IceCube’s segmented power-law
data in black with error bars [367] and high energy constraints in gray [355]. In red
we show a best fit segmented power-law flux from the event in KM3NeT in the 90%
CI from a E;? power-law prior and 1o error bars on the flux normalization.
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5.3.3 Point Sources. The tensions discussed in the previous sections
could potentially be alleviated if the event seen in KM3NeT originated from either
a steady point source or a transient source that was in an unfavorable location for
IceCube detection. At the high energies preferred by the KM3NeT event, absorption
in the Earth strongly attenuates up-going neutrinos, making effective areas virtually
null for sources below the detector horizon. Similarly, for down-going events, the
smaller amount of target material above the detector not only reduces the interaction
probability but also increases the cosmic ray background, which suppresses the
effective area.

Therefore, a source location where KM3NeT has good sensitivity but IceCube has
reduced sensitivity due to either Earth absorption or reduced interaction probability
could help explain the apparent discrepancy between the detectors. Nevertheless, this
is not the case here. Figure |30| depicts the IceCube sky coverage on KM3NeT local
zenith and azimuth coordinates. The shaded gray region corresponds to a declination
at IceCube of -15° where Earth matter would significantly absorb neutrinos above
E, = 10 PeV [20]. The dashed black line, on the other hand, corresponds to the
IceCube horizon.

The event in KM3NeT, shown as a green dot in Fig. [0, was within 1° of
the local horizon providing maximal sensitivity for KM3NeT. However, as shown in
Fig. the event’s azimuthal angle of approximately 259.8° at KM3NeT (36° latitude)
corresponds to roughly 8° above the horizon at IceCube —where IceCube maintains
optimal sensitivity to ultra-high energy neutrinos.

Since the event originated from a zenith angle where IceCube has a larger effective
area and has been recording data for about 10 times longer, a point source is unable

to alleviate the tension between the two experiments. For a single event in KM3NeT,

117



L.
. KM3NeT

coordinates

0.5¢

v-absorption
at IceCube

-
_____

————————
-~ SS

v-absorption
at IceCube

~
_____

/i

roln |

gbazimuth
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one would expect the number of events in IceCube to simply scale up as the ratio
of effective areas times exposures, namely, (AegT ) / (AerT)i ~ 280, where we have
considered 10 years of IceCube and averaged the effective areas over the 90% CL
energy interval when assuming a E,? power-law prior (see Table . Notice that,
due to the Earth’s rotation, KM3NeT’s effective area should be averaged over the
08 Oenitn range spanned in a day. We find that cos,enyn € [—0.87,0.73], which
implies that the day-averaged effective area is close to the sky-averaged effective area.
Hence, we employ the latter in our statistical procedure. We consider a likelihood
consisting of two Poissonian terms, which encode the probability of observing one

event at KM3NeT and none at IceCube when Nk and Nj¢ are expected respectively.

_ _ . Nic (AT
L = Nge Ve . e7Ne with = IC 5.5
K Nk (AegT)y (5:5)

We test, by means of a Bayes factor, this hypothesis against the scenario in which no
events are seen in both experiments, assuming flat priors on Nk and Ni¢. This boils
down to a 2.90 tension. Similar results are obtained using a frequentist approach.

A last possibility would be a transient source whose neutrinos only started
arriving at the Earth after KM3NeT started taking data. This would mitigate
the tension by reducing IceCube’s longer exposure. Nevertheless, the difference in
effective areas still lead to a 2.00 tension. We also note that mis-reconstruction of
the azimuthal angle of this event could put it significantly above IceCube’s horizon.
In that case, due to large cosmic muon backgrounds, it would not be surprising
that IceCube missed this transient source. However, as discussed in Ref. [69], 5.6°
mis-reconstruction would be a 5o deviation from KM3NeT’s nominal systematic

uncertainty on the direction of the event.
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Note added: After the publication of this manuscript, the KM3NeT results
came out [69]. We have updated our effective areas accordingly and the distributions
of triggered PMTs in . Our conclusions remain unchanged. Moreover, Ref. [370]
appeared, claiming that for a transient point source, the consistency between IceCube
and KM3NeT is below the 90% CI. The main difference in our analyses is the
statistical treatment in computing p-values. Reference [370] computes the 90% CI for

both experimental observations, and due to the overlap of these two intervals, they
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conclude there is no tension at 90% CI. This procedure double counts the statistical

error, artificially lowering the tension.
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CHAPTER VI
CONCLUSION
6.1 Detection of Neutrino NSI with Solar Neutrinos in Low-Threshold
Dark Matter Experiments

In Chapter 2, we showed that near-future low-threshold dark matter detectors,
both semiconductor and noble liquid targets, have the potential to probe previously
unconstrained parameter space for vector, scalar, and axial vector NSI simplified
models; pseudoscalar models are more difficult to probe. The potential for vector
mediators is especially promising with improvements to the electron (nuclear)
coupling constraints of an order of magnitude for My < 1(1000) keV in
semiconductors and one (two) order of magnitude in noble liquid detectors at similar
mediator masses. Axial vector models see a similar improvement except where
detector nuclei have little or no spin (such as argon). In scalar models, semiconductors
can roughly match the electron coupling constraints while improving upon the nuclear
ones by an order of magnitude below Mg < 1(1000) keV and noble liquids can
improve constraints by an order of magnitude for electron and nuclear couplings.
In contrast, there is little room for improvement with the pseudoscalar models; the
noble liquid detectors can improve upon current constraints by a factor of a few but
the semiconductor experiments are not competitive. In the event of a putative signal,
one can perform an model-specific analysis in lines with the one discussed in Sec. [2.4.2]
In addition to the simplified models, both semiconductors and noble liquids will be
sensitive to a neutrino magnetic moment. A silicon (germanium) detector can match
the current best bounds at 95%CL with an exposure of 10 (35) kg-yrs while xenon

(argon) can do so with 60 (70) kg-yrs.
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The sensitivity of Skipper-CCDs to reactor neutrinos was recently studied in
[240], which provides a complementary analysis to the one performed in this work.
Specifically, there are two key differences between reactor and solar neutrinos: the
neutrino energies and the neutrino flavors probed. Although solar neutrinos are a
lower intensity source, they are at higher energy than their reactor counterparts. The
other difference is in the neutrino flavors detected. For a detector ~ 10m from a
reactor, all of the incident neutrinos will be electron neutrinos. In comparison, solar
neutrinos are traveling much longer distances so a detector using solar neutrinos will
be sensitive to the effects of neutrino oscillations and NSIs with any neutrino flavor.
This broadens the set of UV theories such as U(1)r,_r, which map to these simplified
models. Combining the results from reactor and solar neutrinos broadens the scope
of analyses on NSIs.

In summary, we have demonstrated that current and near-future low-threshold
DM direct detection experiments have tremendous potential to probe models of NSIs.
The semiconductor experiments can improve the existing constraints on the neutrino
magnetic moment and to measure the changes to the SM CEvNS rate while liquid
xenon and argon detectors will be able to improve the measurement of potential
electron couplings. We have shown that in noble liquid detectors, the improvements
gained by lowering the threshold have a stronger effect at low masses compared to the
order of magnitude increase in the exposure. A more robust statistical analysis could
generally improve these constraints, but we leave that analysis to be performed on
real data collected by future detectors. We have omitted the uncertainties associated
with our choice of yield function to maintain plot legibility, but we include them in
Appendix for a single exposure to demonstrate their importance. They dominate

the uncertainty in these calculations and better measurement of them, specifically
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at low energies, is vital to validating constraints placed by such low-threshold DM
detectors.

We have made use of the existing infrastructure of DM detectors to project
constraints on NSIs because the signals produced by these NSIs, specifically in nuclear
recoils, are very similar to DM recoils. A single event is indistinguishable, but by
using the distribution of events a robust likelihood analysis, like the one used for the
neutrino magnetic moment, can disentangle two BSM models such as a NSI and an
ultralight DM particle. Additional information can be seen by the relative strengths
of a signal in electron recoils or different materials such as argon’s insensitivity to
axial vector models. Such dedicated analyses are worthwhile undertakings that we
leave for future work.

6.2 Nonstandard Neutrino Interactions and Leptoquarks in Dark Matter
Experiments

In Chapter 3, we projected the sensitivity of larger scale, higher threshold dark
matter experiments to neutrino NSI and realized these interactions in the form of a
UV complete model of Leptoquarks. Results are presented in the main body of the
chapter, but we reiterate the important conclusions here. We find that the discovery
regions for general neutrino NSI of the experiments we consider are within the range
of values allowed by IceCube (—0.041 < €% < 0.042) [30] and Super-Kamiokande
(—0.049 < €% < 0.049) [362].

We also present our results in terms of the scalar LQ S; parameters, A% and mg,
in Fig. for a few select detector exposures. Our work, for the first time, shows
the constraints from the LZ experiment in black. In addition, we show constraints
from the LHC searches looking for LQ pair production (PP) and Drell-Yan (DY)

production using 36 fb~! of data [413,412]. As seen in Fig. , the DM direct detection
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mg, [TeV] msg, [TeV]
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Figure 31. Projected constraints on the p — d (left) and 7 — d (right) Yukawas for a
selections of exposures, mapped from sensitivity to a €4/ minimal NSI in a xenon DM
detector with a 2 keV threshold. Dashed (solid) lines represent 50 and 3¢ sensitivity
reach. We set the first limits on LQs from preliminary LZ data with 0.9 ton-year
exposure [7]. In the d — p figure (left), the thick grey line indicates the preferred
values to alleviate the (¢g—2), anomaly for quark generation and chirality independent
couplings. Pair production (PP) and Drell-Yan (DY) bounds on the muon coupling
are from 36 fb~! data from the LHC [413, [412]. In the d — 7 figure (right), we show
the LHC bounds on the tau coupling [192] which constrain mrg > 1.3 TeV. IceCube
results are from resonance searches in atmospheric neutrino data [I12]. At the highest

masses, the LQ Yukawa coupling is only constrained by perturbative unitarity [77].

constraints are competitive with the LHC constraints for the A%, but do not access
the parameter region relevant for (g — 2), shown in gray. The DM direct detection
constraints are significantly stronger than the LHC constraints for A", where the
mass and short lifetime of the charged 7 weaken the LHC constraints [399], and the
IceCube constraints coming from atmospheric neutrinos [30]. For both scenarios,

there are constraints from perturbative unitarity [77], which provide the strongest

constraints on A% for mg, > 3 TeV.
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In Fig. [32] we translate our results into sensitivity projections for scalar LQ S;
parameters, XJL@ and mg,, as before. We find that a detector constructed from either
material, argon or lead, and reaching multi-ton-year exposure can be sensitive and
improve existing bounds on the S; LQ couplings.

Direct DM detection experiments constitute a central pillar in the search for DM
and will continue to increase their exposures and lower thresholds and backgrounds.
As we demonstrate, this will allow such experiments to constrain or reveal new
physics in the space of neutrino interactions, complementary to conventional neutrino
telescopes. We set new limits on LQs associated with scalar neutrino NSI using latest
data of direct DM detection experiments, in particular LZ. We find that near-future
DM detectors can probe parameter space of LQs that is out of reach of the LHC.
We discuss how upcoming measurements improving uncertainties for atmospheric
neutrino could probe L(Q and NSI parameter space. The studied LQs are of particular
interest for interpreting the observations of (g — 2), and explaining neutrino masses.
Our analysis can be extended to variety of other models and similar methodology
could also be applied to vector-like LQs, which may be associated with measurements
and anomalies in flavor physics. Such a realization of massive scalar mediated NSIs
provides a new benchmark for testing new physics beyond the SM at planned near-
future experiments.

6.3 Neutrino Signals from Dark Stars Seeding Supermassive Black Holes

In Chapter 4 we departed from the detailed world of precision measurements
of neutrino scattering to study neutrinos from much larger structures in the early
universe. By considering the adiabatic contraction of DM with the first stars, we
show that highly massive and luminous Dark Stars could produce neutrino signals

which remain observable to the present day.
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Figure 32. Same as Fig. but for argon (top) and lead (bottom).
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Figure 33. [Left] The neutrino flux from 10° M, supermassive DSs that can seed
SMBHs for different DM annihilation channels considering DM mass m, = 10 GeV
(dashed line) and 10 TeV (solid line), for reference cross-section (ov) = 3 x 10726,
Measurements of atmospheric neutrino flux by Super-Kamiokande [387] (round
marker) and IceCube [I1, 12] (triangle marker) for electron neutrinos (grey) and
muon neutrinos (black). Predicted combined muon and electron neutrino atmospheric
flux from Ref. [297] (solid grey line) is also displayed. [Right] DM annihilation
cross-sections for which the DS neutrino flux peak exceeds that of the atmospheric
background for a selection of fsvsp and f, = 1/3. Line colors indicate where Super-
Kamiokande (green) and IceCube (magenta) have leading sensitivity. Steep DS
collapse model (thick lines) and gradual DS collapse model (thin lines), consistent
with JWST candidate events, are shown. We assume DSs grow to 1% of their host
halo mass in Mj;, = 10° — 10° M, halos, to an upper mass limit of Mpg = 10°M.
Overlaid (shaded regions) are existing bounds from indirect DM detection searches in
IceCube [25], Super-Kamiokande [37], and ANTARES [282]. The thermal relic DM
annihilation cross-section [418] (gray dashed line) is displayed for reference.

In Fig. we display resulting DS neutrino flux at present for different DM
annihilation channels and masses computed with Eq. , together with atmospheric
neutrino background. We focus on signals when FE, = 200 MeV. At lower energies
contributions from solar, DSNB and reactor neutrinos also appears.

The DS neutrino flux has cut-off energy spectrum within factor of few of
E, ~ my/(zim + 1) ~ m,/16, set by the DM mass and considered annihilation

channel as well as redshift effects. Hence, such neutrino flux could be distinguished

with atmospheric neutrino background including by spectral shape, depending on
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uncertainties. Further, at higher energies muon neutrinos dominate atmospheric
flux [11], while the DS neutrino flux can contain all flavors. For lower DM masses we
find Super-Kamiokande [387] data can place the strongest bounds, while data from
IceCube [111, 12] for m, 2 10 TeV.

In Fig. 33| (right panel) we show DM parameters for which neutrino flux peak
from DSs is estimated to exceed the atmospheric neutrino background when DM
annihilation has has f, = 1/3 to vv for energies F, 2 200 MeV following Super-
Kamiokande [387] measurements, well fit by predictions [297], and at higher energies
IceCube [T}, 12] data. For reference, we overlay existing indirect detection constraints
on DM annihilation. These estimated limits are seen to improve at higher DM masses
due to different power law scaling between atmospheric flux and DS flux and at lower
masses where the atmospheric flux flattens. Further, sensitivity at smaller DM masses
increases also due to increased luminosity as seen from Eq. . These results can
be further refined with detailed statistical analysis that we leave for future work. We
estimated that a x? analysis considering available data and uncertainties on detected
neutrino energies (e.g. from Super-Kamiokande [387]) can be expected to yield results
within ~ 1 — 2 orders of magnitudes of our present simplified treatment. At lighter
masses the DS neutrino events become degenerate with those of DSNB, although with
distinct spectra. At larger DM cross-sections, the electromagnetic emission from DSs
is also enhanced and can affect other constraints. In the Supplementary Material we
discuss DM annihilation to W+W ™, bb, and ptp~ and provide an equivalent figure.

Upcoming large scale neutrino telescopes such as the 187-kton water Cherenkov
detector Hyper-Kamiokande [36], 40 kton liquid argon DUNE [40, 44] and 20 kton
liquid scintillator JUNO [42] can probe DSs fueled by ~GeV-TeV scale DM with

enhanced sensitivity.
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DSs provide compelling candidates for the first stars and potential seeds for
SMBHs. Considering their neutrino emission and neutrino experiments, we estimated
the first constraints on supermassive DSs and the DM interactions powering them
from Super-Kamiokande and IceCube data, opening a novel window into SMBH
progenitors. Our results are less sensitive to assumptions about DS populations
and masses compared to direct searches such as with telescopes like JWST, offering
a complementary approach to probing DSs at high redshifts. Our work paves the
way for future probes of the nature of high redshift objects with upcoming neutrino
telescopes including Hyper-Kamiokande, DUNE and JUNO as well as bridges fields
of neutrino astronomy, DM physics, and early black hole formation.

6.4 Ultra-high energy KM3NeT event versus IceCube data

In the final chapter of this dissertation, we considered a single event, the highest
energy neutrino ever recorded. While this event has been used by the KM3NeT
collaboration to claim the discovery of a new cosmological source of neutrinos, we
study the tension of such a flux with the non-observation of similar events in the
much larger and older IceCube detector

We have shown that, if due to a neutrino interaction, this event would likely point
to a neutrino with energies of hundreds of PeV. While this would be the highest energy
neutrino observed to date, the lack of such high-energy events in IceCube’s data set
seems to point to an important tension between these experiments.

We have analyzed this potential tension under several assumptions for the origin
of the KM3NeT event: power-law diffuse flux; cosmogenic origins; and point sources.
Under any of these assumptions, the tension is found to be between 2.90 and 3.60,
corresponding to a p-values of 0.36% and 3.3 x 1074, respectively. Only a transient

source would reduce this tension to 2.00, or 5.5%. The robust tension between this
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event and data from IceCube deepens the mystery of its origin. Given the small
probability of this event to originate from the diffuse neutrino flux observed by
IceCube, the KM3NeT event is very likely the first observation of a new astrophysical
source.

The tension with IceCube data also carries broad implications for new physics
beyond the standard model which might allow such an event to have gone unobserved

in the larger, older experiment on the South Pole.
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APPENDIX A
SUPPLEMENTAL MATERIAL FOR SOLAR NEUTRINOS IN LOW
THRESHOLD DARK MATTER EXPERIMENTS

A.1 Yield Function Uncertainties

As noted in Sec. [2.5] the dominant source of uncertainty in these projected
sensitivities in semiconductors (or the actual constraints placed by an experiment) is
the yield function. Here we demonstrate these effects on the nuclear recoil sensitivities
at a single exposure (1 kg-yr in semiconductors, 100 t-yrs in Xe and Ar) for both the
1 and 2e~ thresholds in semiconductors and 1 and 4e~ thresholds in the noble liquids.
The sensitivity to electron recoils is only influenced by the change in the SM CEvNS
rate thus is less sensitive to the yield function compared to the nuclear recoil case.

In Fig. we plot only the xenon rates, noting that argon exhibits a similar
dependence on the yield function except in the axial vector case to which it is not
sensitive. In Fig.[A.35] we plot the uncertainty in silicon and germanium. We see that
the ionization yield uncertainties have stronger effect for the lower threshold (le™),

where they can change the projections by up to an order of magnitude in silicon.
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recoils contained within the choice of yield function between the red and blue lines in
Fig. |3| for a 1 kg-yr semiconductor. Colors indicate the detector threshold.
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APPENDIX B
SUPPLEMENTAL MATERIAL FOR LEPTOQUARKS IN DARK MATTER
EXPERIMENTS

B.1 Model extension and neutrino mass

Following Ref. [113], we discuss a simple model extension of the S; LQ with a
second scalar LQ, Ry = (3,2,1/6), that is an SU(2) doublet (RT3, R~'/3), which can
readily result in Majorana neutrino mass generation at one-loop level. The considered
LQs can arise in a variety of theoretical frameworks, such as models of R-parity

violating supersymmetry [288 [123]. The additional Lagrangian terms due to R, are
Lz, D (Nd Roe Ly + pH' RyST + h.c.) — mZRZI}?QF : (B.1)

where the p-term mixes Sy and Ry LQs and H = (1,2,1/2) is the SM Higgs doublet.
At loop-level, S; and R, LQs generate neutrino mass, as displayed in Fig. .

Expanding the SU(2) doublets, the necessary terms to generate neutrino NSI and

masses are

Ls, 5, O N (nedi R7V? = td; RTP) + X (vyd; — 0a5) Sy — pR™PH S} + hec. (B.2)

+——>
ds d;

<

Figure B.1. One-loop neutrino mass generation in the S; + Ry LQ model.



The mixing term implies the existence of a new L() mass basis with eigenvalues

1

miy = 5 (Moo + m, F\f(m2, —md, )2+ due?) (B.3)

and a mixing angle

2 _ 2 )
mSl mR_1/3

tan(20) = (B.4)

where v is the Higgs vev and mp-1/s 5, include the bare masses and the mass induced

by spontaneous symmetry breaking. The neutrino mass matrix is given by

3sin(20) m?\ < -
=355 10 (%) (AMGAE + X MgAT) (B.5)

where M, is a diagonal matrix of down-type quark masses. In the case of a LQ

coupled only to down-type quarks and leptons, Eq. (B.5) simplifies to

~ 3sin(20)

m? ~ ~
(M) = 97 108 (Eé) Mg x (AN 4 Nde )95y (B.6)

2
and similarly for LQs coupled to only strange or bottom quarks with mg — ms,. In
the specific cases we study, only one element of A% is non-zero implying only the
generation of a single neutrino mass. However, the Ry coupling Nda may contribute
a second element to the neutrino mass matrix, or as noted in |3.3.1] it is possible for
both A% and A% to be non-zero.

We note that with a multitude of parameters determining the neutrino mass
above, there is degeneracy in LQ coupling and mass parameter space. From
cosmological observations, the sum of neutrino masses given by the eigenvalues of
M, is constrained to Y m, < 0.13 eV by cosmic microwave background radiation
(CMB) data from Planck and the Dark Energy Survey (DES) [32].

B.2 From leptoquarks to NSI

To map the S; LQ to the scalar NSI parameters, we need to find the expressions

for £/} and gs in terms of the LQ parameters. Expanding the SU(2)., doublets in eq.
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(3.13) and explicitly writing the hermitian conjugate, we have
Ls, D —m3, 1Sy + M (WPl — d°Prug) Sy + N (a°Ppl — d°Pp)' 57 (B.7)

Where we've specified ¢ = 1 for the u and d quarks. Since we are considering massive

scalars of O(TeV), we can integrate out the LQ using the equations of motion

%ﬁﬁ = —m3 81 + N (@ Pl — dPry) =0
8551 2 o 14 (~c RTe (B.8)
95 — —mg, ST+ [ (Pl — d°Pry) =0
and find
Ls, D | %'2 (@ PLO)(aPrLe)T — (a°Pre)(d°Prie)’ — (d°Pruyg)(uPrl)" + (d°Prve)(d°Prve) ']
B (B.9)

We now focus on the last term which introduces an effective four-Fermi interaction

between d quarks and neutrinos.

|>\1é 2 c t JC |)\ ’2 c — c
Ls, D -~ (d°Ppvy) (v Pr(d°)") = “L—(d°Ppvy) (00 Prd®) (B.10)
Sl Sl
After a Fierz transformation [I55], this becomes
AL
ﬁsl D) o2 (dc"yuPRdc)(Dg")/uPLl/g) (B.ll)
S1

Now we evaluate the charge conjugation of the quarks and find

Ls, O |2 (dv, Prd) (v, Prve) (B.12)
m?,

Finally, noting that we get no RH coupling and 5& = 6M + €M we find that the S,

LQ maps to Eq. (3.10) with

av LA
€ = B.13
5 4\/§Gpm§1 ( )

We note that the NSI parameter resulting from an S; LQ is negative.
B.3 Neutrino oscillation effects
In Sec. we briefly discussed the effects of neutrino oscillations. Here, we

expand the discussion and consider neutrino oscillations with and without NSI effects
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in neutrino propagation through the Earth or Sun. To analyze neutrino propagation
through Earth we use the NuCraft code [437], which is based on the PREM Earth
reference model[] [227], and include modifications for vector neutrino NSI [257, 276
196] and scalar neutrino NSI [267]. For solar neutrinos, full in-medium effects and
NSI are already built into the SNuDD module [80] that we use to calculate the flavor
dependence of the solar neutrinos when they reach Earth. In all cases we assume
normal neutrino mass ordering.

In the case of vector NSI, the contributions to the matter potential result in the

effective Hamiltonian

MMT

\% matter >~ EV
H NS, matt + 5F,

+ (Va1 + Vasi), (B.14)

where the neutrino mass matrix M, SM matter potential Vg, and the vector NSI
matter potential contributions Vyg; are 3x3 matrices. The matter potential becomes
significant only when the neutrino energy F, or matter density are sizable 2E,V 2>
Amj; [267]. Flavor conserving NSI in the j1—7 sector can be parameterized by a single
parameter €., — €, where gy = > s Yfz—:gev is the sum of couplings to each fermion
weighted by the fermion number density Y; (relative to Y.). In this parameterization,
current experimental limits are |eg| < 0.04 [30] in u — 7 sector. Constraints on flavor
violating NSI from oscillations are much stronger since they have a greater effect on
oscillation probabilities, but we do not consider these NSI in this work.

In Fig. we display the oscillation probabilities for a characteristic vector NSI
values we consider [€2Y| ~ 1072 along with the SM medium effects inside the Earth.
For the SM effects, we find reasonable agreement with [35]. Note that effects of a

coupling to up or down quarks are similar, since the NSI potential scales with Y, and

I'NuCraft was built for IceCube and thus considers a detector 2 km deep near the south pole.
Slight deviations are noted with results for different geomagnetic locations including Kamioka in
Japan and Sudbury in Canada
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Y, respectively. From Fig. we observe that at particular propagation directions
with respect to zenith?] and neutrino energies vector NSI & ~ 0.01 can modify flavor
oscillation by O(10%). Here we do not consider detectors with directional sensitivity.
Hence, integrating the atmospheric flux contributions over the field-of-view and
including recoil kinematics and detector resolution further reduces the significance
of the vector NSI on the signal in dark matter experiments. Further detailed study
and consideration of detectors with directional sensitivity could leverage these effects
to improve sensitivities to vector NSI, analysis of which we leave for future work.

The vector NSI effects are suppressed at lower neutrino energies and thus the NSI
parameters we consider have negligible effect on solar neutrinos despite the increase
in medium density. In Fig. we display oscillation probabilities for solar neutrinos
as calculated using SNuDD package considering NSI of ¢ = 0.1, which is significantly
larger than the parameters we consider in this work. Solar neutrino oscillations in
vacuum are also considered, though are subdominant to the medium effects. We
assume a constant Earth-Sun distance of 1.5 x 10® km. Qualitatively, we have found
agreement of our considerations with discussion in Ref. [352].

In contrast to vector NSI, scalar NSI induce an effective correction to the neutrino
mass matrix, which scales with the matter density and is suppressed by the neutrino
energy. This leads to a neutrino oscillation probability that is sensitive to the matter
density variations along the propagation baseline [267]. In the flavor basis, M.ff =
M + Mygsr where M is the standard neutrino mass matrix and Mygs; = > g n,G Fa‘gf
where 535 is the scalar NSI parameter in Eq. and ng is the quark number

density. We focus on flavor conserving NSIs, so Mgy is diagonal in the flavor basiﬁ.

2Straight down propagation is at 180°.

3In general, eg% are also possible.
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Figure B.2. Oscillation conversion probabilities of atmospheric neutrinos, calculated

using the NuCraft code, with (dashed line) and without (solid line) vector NSI effects
for distinct directions with respect to zenith.
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Figure B.3. Oscillation conversion probabilities of solar neutrinos, as calculated with
the SNuDD module, for SM (solid line) and including vector NSI coupling of tau
neutrinos to up quarks (dotted line), down quarks (dashed line), or both (dot-dashed
line).

Transforming to the mass basis and rotating the phasing matrix into the NSI term,
M.y is given in Eq. (B.15) where D, = diag(m;, mo, mg)ﬂ is the diagonal neutrino
mass matrix, 4 is the PMNS matrix, and P is the diagonal rephasing matrix

Mgy =UDU' + P'Mysi P . (B.15)
Following the notation of Ref. [267], we take /|Am3,| as a characteristic mass scale
and parameterize the NSI mass contribution as

PTMysiP = 6M = \/|Am3,| (1) (B.16)

where (7);; are matrix elements in the mass basis. For neutrinos propagating in

matter with scalar NSI contributions, the effective Hamiltonian is

M.y M]
Hsnstmatter = £y + Tff + Vg1, (B.17)

4diag(x,y, z) is defined as the 3 x 3 diagonal matrix with elements x, %, z on the diagonal.
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where Vg is the SM matter potential from charged-current interactions. For
antineutrinos, Vg changes sign. At the energies and couplings we consider in the
analysis, SM vector interactions contribute significantly more strongly to neutrino
oscillations than scalar NSI, such that the latter do not have appreciable effects in

dark matter experiments.
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APPENDIX C
SUPPLEMENTAL MATERIAL FOR DARK STARS

Here, we provide additional details of DS evolution, population, computation of
resulting diffuse neutrino flux as well as comparison to indirect DM detection.
C.1 Dark Star Model and Evolution

We analytically investigate DS evolution by considering a polytrope model with
hydrostatic and thermal equilibrium. This is expected to be in approximate agreement
with detailed numerical evaluations of DS evolution with MESA 1D stellar evolution
within a factor of few [389].

DSs are powered by DM heating instead of nuclear fusion in their cores and are of
lower density and temperature than main sequence stars. With their equation of state
typically dominated by non-relativistic gas pressure, DS stellar density profiles in early
stages can be modeled as a polytrope with index n = 3/2 [250], describing systems
supported primarily by thermal pressure with contributions from DM annihilation. In
Ref. [416] later stages of DS evolution were modeled as n = 3 polytropes, considering
dominance of radiation pressure. We confirmed that n = 3 polytropes result in larger
DS volume and lower temperatures than their n = 3/2 counterparts, with resulting
luminosity differing within a factor of few. Here, we use n = 3/2 throughout. The

equation of state relating pressure P and density p is
P = Kptt/m (C.1)

where n is the polytrope index and constant K is set by the stellar boundary
conditions. We focus on n = 3/2 polytrope description of DSs.

For mass M, contained within a radius r

MT:/ dr'dmr”p(r") (C.2)
0
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the hydrostatic equilibrium is

dpP GM,
—_— = - C.3
dr P2 (C:3)
Combining with Eq. (C.1)), this gives the well known Lane-Emden equation
1 d [ ,df
- ) =9 A4
22 dx <I dx) ’ (C.4)
in terms of the dimensionless variables x = r/a, 6" = p/p. where a = (n +

K /47?Gpi71/ " and p,. is the density at the center of the star. This is subject to
the boundary conditions #(0) = 1, df/dxz(0) = ¢'(0) = 0, and 6(z1) = 0 where 24
corresponds to the surface of the star. For n = 3/2, one finds x; ~ 3.65. For a

particular stellar radius R and mass M the constant K from Eq. (C.1)) is determined

—1+43/n M 1-1/n
X GV N ary
) —z30' (1)

Here, we use the density contrast D, = p./p, which evaluates to D3/, = 5.99 for

by

K= % (C.5)

n = 3/2, in order to set p,.
We can then compute the photosphere radius Rs. The temperature is governed

by the equation of state as

pkBT(T) 40’3 4
=0y 228y .
g T, (C.6)

P(r)
where op the Stefan-Boltzmann constant, kg is the Boltzmann constant, and m =
m,(2X + 3Y/4)"! ~ 0.588m,, is the mean atomic weight in terms of mean atomic
mass unit m, =~ 0.931 GeV with H and He mass fractions X = 0.76 and Y = 0.24,
respectively, taken from Big Bang nucleosynthesis [47]. The resulting photosphere

radius can be obtained by solving

Pk (pr,, Tr,) = §g<Rs) ; (C.7)
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Figure C.1. DS photosphere radius for DM annihilation channel vv for different
masses considering that the fraction of DM mass m, converted to neutrino energy is

f,=1/3.

where k is the opacity taken from numerically computed OPAL astrophysical
opacity tables [304] and g(r) = GM,/r? is the gravitational acceleration. Here,
p(r) is determined from the Lane-Emden equation (C.4), P from the polytrope
equation , and T from the equation of state (C.6). The surface luminosity
is then determined from the obtained photosphere radius and effective temperature

considered to be T'(R;)
Lt = 410 R*T(R,)* . (C.8)

We consider three distinct DS sources of energy playing a relevant role: (A)
nuclear fusion, (B) gravitational energy and (C) DM heating via annihilation. Besides
contributions from initial DM density, DM heating can benefit from the capture of
additional DM from scattering with baryons in the star. We do not consider this

contribution as it relies on additional assumptions about the DM-baryon interactions.
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Once DM is depleted, the star contracts and transitions to hydrogen burning. Prior
to this, DM contributions dominate due to the lower core densities and pressures that
suppress nuclear fusion, and the efficiency of DM annihilation. As DM annihilation
products are converted into heat and heating the star more efficiently than fusion,

neutrinos escape [417]. Therefore, we have
Lot = Ltus + Lgray + Lpm = Lpwm - (C.9)

The DM luminosity can be found from

(ov)p

R 2
Loy ~ (1 — fy)/ drdmr? X (C.10)
0

My
Note that eq. ((C.10|) is enhanced by a factor of two for Majorana particle DM.
From Navarro-Frenk-White (NFW) DM profile [369] simulations, after adiabatic

contraction the DM density at the outer edge of baryonic core is found to be [417]

~ 17 x 10" GeVem 3 (— " )" (C.11)
P =5 108 cm—3/ '

where n is the baryon number density. We consider n, = 10'® cm™3 at the initial DS
formation, as in Ref. [417]. We then iteratively solve the polytrope equations. As a
DS evolves, n;, changes accordingly. Outside the core, the DM is found to scale with
r~19. We adopt this as the representative DM density.

In thermal equilibrium, the luminosity of Eq. (C.10) must balance the surface
luminosity of Eq. (C.8)), with
LDM,eq. - Lsurﬂeq . (012)

In Fig.[C.1] we display the equilibrium radius as a function of time for DM annihilating
to v in a DS that reaches 10° M, after prolonged accretion at M =0.1 Mg yr—t.
To compute this, we first consider an initial DS radius value and find its photosphere

radius. We then compare the surface and DM luminosities. After this, we iteratively

adjust our initial radius as needed until Eq. (C.12)) is satisfied. This procedure yields
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Figure C.2. Halo formation rate density d?n/dM;dt integrated over halo mass
range. Integrated halo formation rate density we consider as reference (green line),
results extended to lighter halos (yellow line), results extended to more massive
halos (lavender line) are shown. Press-Schechter (solid lines, P-S) and Sheth-Tormen
(dashed lines, S-T') halo formation are indicated.

resulting DS luminosity and radius as well as temperature, density, and pressure
profiles for a given DS mass and DM particle mass. We have verified that for other
DM decay channels results are similar.

Incorporating numerical simulations, analysis of Ref. [252] revealed that
centrophilic orbits [429], which repeatedly pass through the star, can sustain the
DM fuel supply for 2 1 Gyr. This extended fueling allows to support supermassive
DSs, with their masses reaching > 10° M, and luminosities of 10° — 10 L. In
our study we also neglect the possibility of DM capture via scattering off baryons in
DSs, which could extend their lifetime after the ambient DM density decreases. The
effectiveness of this mechanism depends on the DM interactions with SM. The impact
of DM capture on dark stars was initially studied in Ref. [255] and further refined

in Ref. [254], where it was shown that stars fueled by captured DM are typically
147



few times hotter and have radii smaller by an order of magnitude compared to those
powered solely by adiabatic contraction.

Our results for supermassive DSs in Fig. give luminosities that are
approximately consistent with discussion of Ref. [389] indicating that luminosities
obtained from polytropic model are expected to be suppressed by a factor of few
compared to results from detailed stellar evolution simulations. We find that the DS
luminosity can be well approximated by Eq. .

C.2 Dark Star Population and Collapse Rate

The halo density formation rate per halo mass d*n/dMydt can be obtained by
differentiating Eq. with respect to time. Integrated contributions over halo
masses of the halo density formation rate in the total DS luminosity as described by
Eq. depend on the considered halo mass limits M}, min and Mj, max. In Fig. |C.2
we illustrate the effect of different choices of the halo mass limits on the integral of
d*n/dMydt with respect to Mj,. Increasing M}, max does not have an appreciable effect
at z;;m since massive halos become increasingly rare at higher redshifts. On the other
hand, decreasing M}, in substantially increases the halo density formation rate due to
larger contributing population of smaller halos. These lighter halos are less luminous
and thus result in a smaller enhancement on the flux despite being numerous.

As discussed in the main text, DSs can potentially be detected by sensitive
telescopes such as JWST. For 10 M, DSs, with luminosities of 10! L, we consider
that JWST can observe all such objects that survive beyond z = 15. Three
DS candidates have been identified considering JWST JADES survey [306], which
initially covered approximately ~ 26.4 arcmin® [229, [388]. Since the identification
of these candidates, the JADES survey has expanded its observational area to

~ 56 arcmin® [213]. We assume JWST can efficiently identify such DSs. Then,
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Figure C.3. Same as Fig. considering gradual DS collapse model with f,, given
by Eq. (C.14).

to remain consistent with these observations, the majority of ~ 10° M, DSs should
collapse before z = 15.

In our analysis, we model DS collapse with a step function in redshift
fowr =1—0(z — 21im) (C.13)
where O is the Heaviside step function. We also consider a more gradual collapse
scenario, with a DS survival fraction parameterized by
fow = % [1 + tanh (z — zo)} ) (C.14)

where zy is a redshift parameter. In the framework of Eq. (C.14)), a fraction of
the population survives to later times. Observations by JWST allow to constrain
the surviving DS fraction and combination fsypsfsur- Choosing feups = 1072 as a
reference values, consideration of zy ~ 22 allows for three candidate objects in the 26.4

arcmin? JADES field of view as claimed by analysis of Ref. [306]. Additional data from
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JWST will expand the angular coverage 2. If no additional DS candidates are found,
the resulting constraints on the population of luminous DSs will become more strict.
Specifically, the bounds on the number of detectable DSs at high luminosities can be
improved, with results scaling as oc N/6? (see Eq. (4.5)). Our approach establishes
a direct connection between DS diffuse neutrino emission and the DS candidates of
JWST.

In Fig. [C.3] we display the predicted DS neutrino flux considering gradual DS
collapse with fq, following Eq. and compare with Fig. based on step
function rapid DS collapse model of Eq. . The gradual DS collapse model gives
neutrino flux predictions suppressed by around an order of magnitude compared to
the step-function model. This originates from constraints on the low-redshift tail of
the DS population that also impact DS population at higher redshifts.

C.3 Generalized Diffuse Neutrino Flux

Our general formalism of Eq. , and considering Eq. as the comoving
luminosity density of population of sources, captures extended source emission with
variety of source lifetimes. This can readily reduce to conventional formalism for
transient sources [I32]. In particular, we can consider the DSNB with evolving
redshift-dependent core-collapse supernova rate Rgn(z).

Let us consider DS luminosity as a Dirac delta function
Ls = Lod(7) , (C.15)

with Ly = [ drLpg(7) such that the total integrated DS luminosity is identical to
that of prolonged emission. Note that Eq. (C.15) also implies all DS emission occurs

at formation, with 7 = 0, allowing to neglect fs,,. With this luminosity, Eq. (4.7)
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Annihilation | m, = 10 GeV | m,, =100 GeV | m, = 10 TeV | m, =100 TeV
channel 1o (E,) fv (E,) fv (EL) Jv (Ey)

bb 047 0224 045 0944 | 045 419 |045 198
e 063 313 [062 310 |062 206 |061 1113
W+W- |N/A N/A 050 128 |052 932 |050 463
%7 1/3 10 |1/3 100 |1/3 10® |1/3 104

Table C.1. Fraction f, of DM mass m, emitted as neutrino energy different DM
masses and annihilation channels. The v channel only produces neutrinos and hence
does not inherently allow powering DSs through heating when f, = 1, and we consider
fo ~ 1/3. Energies are reported in GeV.

becomes

Mnas s
Lin(z / dr / AM Lod(r) i dt( (t—T),Mh>

mzn

s / T g, Enws (=) M) = LoR(2) . (C.16)
o g P

where in Eq. (C.16]) we have identified R(z) as the rate density of DS formation that

is analogous to supernova rate Rgn(2) in computation of DSNB [132].

From this computation, our Eq. becomes Eq. , where Lof,/(1 —
fv){(E,) is the number flux of neutrinos emitted per DS and spectrum dN/dE is
normalized. Hence, (dN/dE,)Lf,/(1— f,)(E,) is the neutrino emission from a single
DS analogous to the DSNB emission spectrum ¢ in Ref. [132] in units of neutrinos
per unit energy. Under theses considerations, Eq. can be matched with DSNB

flux computation of Ref. [132]

de fo/ (L= 1) dt

i :/dz {(Hz)jg (B(1+2)) 222 T LO] [R(=)] |5

In Fig. we show the neutrino spectra dN/dFE obtained from Ref. [I88] and

(C.17)

list a selection of neutrino fractions in Tab. [C.1l
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Figure C.4. Differential neutrino spectra normalized to one neutrino for a range of
DM masses from m, = 10 GeV to 10 TeV for different DM annihilation channels.
Spectra are taken from Ref. [I88] [185]

C.4 Comparison With Indirect Dark Matter Detection

DM annihilation can produce a range of observable signatures, including
extragalactic diffuse gamma-ray background and the diffuse neutrino background.
Here we examine how the emission from DSs associated with DM annihilation
compares to signals in the context of indirect DM detection.

Since DM annihilation is follows oc pd,, for DM density ppy, we define fps
as the enhancement factor representing the overdensity of DM annihilation within
DS compared to that in a typical galactic DM profile, which we assume follows the

NFW [369] distribution

Jy® phs(r)rdr

Jos = fom p2 (r)r2dr

(C.18)
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Figure C.5. Extragalactic neutrino flux from 10 TeV DM annihilating in dark stars
(pink/solid) assuming DS reach 1% of their host halo mass which is in the range
M;, = 105 — 10° My, compared to the expected neutrino flux from conventional dark
matter halos (purple/dashed) from [93].

Here, pps is the DS density profile, rpg is the DS radius and pxpw is the NFW profile

density

_ 4ps
L= )+ 1) (C-19)

where r; is the characteristic radius and p; is the characteristic density.

We consider ra to denote the outer radius of the halo such that

4
M, = Apc(z)gm“‘z : (C.20)

where p.(z) =2 pe(Qn (14 2)% +Q4) is the critical density of the Universe with €, and
Q4 denoting fractional contributions from matter and dark energy [55]. Hence, the
density within rx is A times the critical density of the Universe. Following Ref. [380],
we consider overdensity threshold A = 200. Then, the halo concentration is found

from ca = ra/rs. We employ ca(My, z) parametrization of Ref. [347] obtained from
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the fit of all available data from the MultiDark/BigBolshoi simulations [380], and

which enters as

ra - MyAp.(z
| i = ges) L (©21)
0 7
where g is given by
N All—(1+ca)?
glea) = all = (A tca)”] (C.22)

3In(1+ca) —ca/(1+ca)l*

Previously, analysis of DS gamma-ray background of Ref. [444] found that DM
annihilation rate from DSs exceeds that of halos by enhancement of fpg ~ 103.
They considered DS density profiles of Ref. [251] for ~ 10 — 100M DS forming in a
10° — 105 M, halo. Using of Ref. [251] we have computed similar fpg ~ 103 to that of
Ref. [444]. Tmportantly, those profiles correspond to very early phase in DS formation
when baryonic matter has only contracted to a hydrogen density of ~ 103cm=3.

However, as can be seen from Ref. [389] for the supermassive DSs we consider, the
baryon densities reach nearly ~ 10*’cm~3. For an increase in density from 10'3cm=3
to 10'°cm™3, considering the DS and halo mass is the same and DS mass is only
Mps ~ 107*M,,, the enhancement factor significantly increases to fpg ~ 10°. For
supermassive DSs we study, as DSs further evolve and grow to ~ 1% of the halo mass
the enhancement factor increases to fpg ~ 10%. For a M), = 10® M, halo we find
fps = 4 x 108 for a DS of mass Mpg = 10°.

As we have demonstrated, supermassive DSs we explore benefit from greater
enhancements fps compared to what was found in earlier studies (e.g. [444]) that
focused on less concentrated smaller and earlier DSs that compose a less significant
fraction of the host halo mass. We note that constraints from the extragalactic diffuse

gamma-ray background have not been evaluated in such case in detail, which we leave

for future work. We note that DS electromagnetic radiation has also been studied in
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the context of reionization [398, B97], however these analyses relied on a DS phases
after DM depletion.

Besides electromagnetic diffuse emission, we can also compare DS emission with
halo emission for DM annihilating to neutrinos. For comparison to the extragalactic
neutrino flux from indirect DM detection, we are now interested in contributions
from the entire halo population and compare to results of Ref. [93]. Noting that
fps varies by only O(1) factors for halo masses in the range of 10 M, to 109 M,
we assume a constant value fpg ~ 10% for DSs that reach 1% of the halo mass.
Since only massive halos in the range 10° — 10° M can host supermassive DSss,
this enhancement is suppressed. Halos less than 10% M, are far more abundant and
we find that they contribute ~ 103 times more to the extragalactic neutrino flux
than the heavier portion of the halo population. Thus fpg ~ 10® enhances only
portion of the total diffuse DS neutrino flux that is suppressed by a ~ 1073 due
to subdominant contributions of large halos hosting DSs. From these approximate
considerations, we expect supermassive DSs to enhance the neutrino flux compared
to DM annihilation by a factor ~ 10°. In Fig. we display our computational
results, showing qualitative agreement with the estimates above and finding that the
DS neutrino flux exceeds that of halos by around ~ 106.

C.5 Different Dark Matter Annihilation Channels

In the main text we focused on results for DM annihilating to vv. In Fig. we
provide results for DM annihilation to W*+W =, bb and pp~ channels. As in Fig.
of the main text, we show DM annihilation cross-sections for which neutrino emission
from DSs in a fraction fsypg of halos exceeds the atmospheric background at energies
E, 2 200 MeV. The total energy radiated in neutrinos is primarily determined by DS

luminosity, which only weakly depends on DM annihilation channel. The difference
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in these results stems from the different neutrino spectra, with softer spectra such as
that of bb channel being more challenging to distinguish and identify than the peaked

spectra such as from vv channel.
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Figure C.6. Same as Fig. |33 but for DM annihilation to W+ W~ [Top], bb [Middle] and
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APPENDIX D
SUPPLEMENTAL MATERIAL FOR KM3NET AND ICECUBE

D.1 Effective area

The sensitivity of neutrino telescopes is typically quantified by the effective area,
Aegr, which includes the propagation and scattering of neutrinos in the Earth. In the
following, we reproduce Aqg from KM3NeT in order to extend it to higher neutrino
energies.

By including propagation and scattering, the effective area captures all the
ingredients to compute the neutrino event rate in an experiment. To be more precise,

the expected rate of events is given by

% _ T/dQ Au(Ey, c030) B(E,, Q), (D.1)

where 2 is a solid angle, and ® and E, are the neutrino flux and energy. Following

the prescription in Ref. [262], we derive the effective area as
Ag(E,,cos0) = pNsVo(E,)e T E<s¢(E, cosb), (D.2)

where p is the density of the Earth near the detector, N4 is Avogadro’s number, V'
is a volume, 7 is the attenuation length of a neutrino with energy FE,, arriving from
a zenith angle 0, and e captures the detector efficiency. We assume that for the high
energies we are considering, the KM3NeT efficiency is unity, e = 1. We compute the
attenuation of neutrinos in Earth from the neutrino cross section o(F,) and using
the PREM density profile [227]. For starting events, the volume V is the same as
the detector volume. However, for through-going muons, V' is more complicated as
the effective volume is larger since muon neutrinos can interact outside the detector.
This produces a muon which still propagates to the detector. We account for this

effect following Ref. [262]. Although there is a dependence of the effective volume
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on the specific detector geometry, which translates into a cosf dependence to the
effective area, this effect is much less significant than attenuation at PeV energies.
For simplicity, we assume a spherical detector.

Figure shows the A.g used throughout this work. IceCube data at 8° above
the horizon (green) comes from Ref. [10]. Below 100 PeV, KM3NeT data at horizon
(purple) can be found in Ref. [I72] while at higher energies we use our own calculation
of the effective area, matching the normalization to account for the simplifications
made hereH We find the energy dependence of A.g to match the KM3NeT curve well
and, based on our calculation, we can extend the effective area to higher energies,
and arbitrary zenith angles. For the all-sky averaged A.g (gold) we use the result
provided by the KM3NeT collaboration [69].

D.2 Neutrino and Muon Energy Reconstruction
As discussed in the main text, Bayes theorem states that the probability of a

neutrino energy given the number of triggered PMTs (hits) is

1
P(ENu) = oy [ ABPORIEP(EJEPE). (D3
P(Nuit)
where P(E,) is the prior on the neutrino energy, namely
1 do,
P(E,) = ——, D.4
(Ey) 5. dE, (D.4)

where ¢, is the neutrino flux. P(E,|E,) is the probability that a neutrino with energy
E, interacts and produces a muon which has energy F, when entering the detector.
This probability accounts for muon production from a neutrino with given energy,

which is simulated with MadGraph [7§].

1 Using a spherical detector, our overall normalization is about a factor of 3 larger than KM3NeT
official one at 100 PeV, which we consider to arise from the detector geometry.
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More concretely,

1 do(E,, E,)
o(E,) dE,

P(E,|E,) = (D.5)

where o(F,) is the neutrino cross section. The differential cross section for a neutrino
with energy £, to produce a muon which reaches the detector with energy E, is given

by [262]

do _ __ Ma / Oy / L (D.6)
dE, a(l+ E,/Ean) Jo V) drdy” '

where o ~ 2 MeV /cm?; E.; is the critical energy, typically around 500 GeV; z is the
Bjorken-z; and 3/ is the inelasticity parameter.

We then calculate the probability P(Ny|£,) that a muon arriving at the detector
with energy £, triggers a certain number of PMTs Ny;.. We simulate muon energy loss
in the detector with PROPOSAL [316), [73], 224] which records muon energy deposition
through both continuous and radiative energy losses. We then map the muon energy
loss to a number of triggered PMTs, Ny, in a simplified manner. We assume that
light will be attenuated exponentially as a function of propagation distance in water.
A PMT will trigger if the light intensity reaching it is above some threshold, which
we take to be 8 GeV/cm?. Varying this threshold does not lead to a large variation
on Ny;. This allows us to compute the fraction of detector volume which is above
threshold and convert it to a number of triggered PMTs assuming they are uniformly
distributed through the detector volume.

We find optimal values for light attenuation and PMT thresholds by matching
the KM3NeT distributions for 10, 100, and 1000 PeV muons as shown in Fig.[D.2] To

model the tail of the Ny distribution, we fit our histograms to a Fréchet distribution

Plr) = & (g) T e (D.7)
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where « sets the width and s the peak location. In Fig. we compare our
distributions (dashed histograms) to KM3NeT’s official ones (shaded histograms).
For reference, the uncertainties on light propagation in water shift the KM3NeT
distribution peaks by about 10% [190]. For the highest energy muons, we simulate
the truncation of the triggered PMTs around 6,000 with a hyperbolic tangent function

to match the KM3NeT result.
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Figure D.1. FEffective areas used in this work. We use the IceCube effective area
8° above the horizon [10] (green) in our discussion of point sources. For KM3NeT,
below 100 PeV we used the one reported in Ref. [I72] (purple solid), while above 100
PeV we extrapolate it by matching our own effective area calculation (purple dashed,
see text for details). We take the all-sky averaged KM3NeT effective area (gold)
from Ref. [69]. In the lower panel we plot the ratio of effective areas for IceCube 8°
declination and KM3NeT all sky.

162



0.20 ' ' ' ' ' '

Elu — 10 PeV
0.15¢ = | E, = 1000 PeV
£ | :
C{ | | ,ﬁ
L o o
> 1 I ~
- L &
B 010! . | |
> 0.10 | .
= o ol
Q : _: I_| L,I
g 1 1 1 i
. PR
0.05} . ] |
i l-i"-{"l__ -1_“1___L
0.00 =i 4= T P T

0 1000 2000 3000 4000 5000 6000 7000
Number of PMTs triggered

Figure D.2. The distributions derived in this work of the number of PMTs triggered
for 10, 100, and 1000 PeV muons pass through KM3NeT as dashed histograms. The
official results are also shown for comparison as shaded histograms [69]. The vertical
line labeled “3,672 PMTs” indicates the number of triggered PMTs for the high energy
event we are interested in.
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