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Fundamental physics with the diffuse supernova background neutrinos
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The Universe is awash with tens-of-MeV neutrinos of all species coming from all past core-collapse
supernovae. These have never been observed, but this state of affairs will change in the near future. In less
than ten years, the Super-Kamiokande experiment, loaded with gadolinium, is expected to collect dozens of
events induced by the scattering of neutrinos from the diffuse supernova neutrino background (DSNB).
Next-generation projects, including Hyper-Kamiokande and Theia, are expected to collect data samples
with hundreds of DSNB events after a decade of running. Here, we study quantitatively how well the
DSNB, including its energy spectrum, will be measured by different current or upcoming large neutrino
detectors. We analyze the simulated data in order to estimate how well measurements of the DSNB can be
used to inform research topics in cosmology—including measurements of the Hubble parameter—
astrophysics—including the star-formation rate—and particle physics—including the neutrino lifetime and
the possibility that neutrinos are pseudo-Dirac fermions.
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I. INTRODUCTION

A core-collapse supernova (CCSN) emits almost all its
binding energy in the form of neutrinos. Observations of
these neutrinos can provide crucial information on both the
dynamics of CCSNe [1,2] and the properties of neutrinos,
including the neutrino lifetimes [3], magnetic moments
[4-6], and the number of neutrino species [7]. To date, we
have only observed neutrinos from one CCSN: SN1987A
[8.,9], in the Large Magellanic Cloud. In spite of the limited
statistics, these provided priceless information and solidi-
fied the current understanding of the dynamics of CCSNe.

Galactic CCSNe, however, are very rare; their rate is, on
average, around one to three per century [10]. There is,
however, an additional, strongly related but continuous
source of astrophysical neutrinos: the diffuse supernova
background (DSNB). The DSNB consists of neutrinos and
antineutrinos emitted cumulatively from all past CCSNe in
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the observable Universe (see [11,12] for a detailed review).
The DSNB is expected to be, to a very good approximation,
isotropic and time independent. It can be determined from
the rate of CCSNe in our Universe [13] and the flavor-
dependent time-integrated neutrino spectra from CCSNe.
We discuss the different ingredients that go into simulating
the DSNB in Sec. II and provide a brief summary in the
next paragraphs.

The CCSN rate can be determined from observations of
the cosmic star-formation rate (SFR), which can be
deduced from measurements of the distributions of stars
as a function of their luminosities and masses [14—16].
With these observations, an analytical fit to the SFR can be
obtained [15,17]. This method depends on numerous
astrophysical inputs, and is fraught with uncertainties
[18]. The neutrino flux from CCSNe is also not very well
known, keeping in mind the very limited statistics from
SN1987A [8,9]. One has to resort to large-scale hydro-
dynamic simulations in order to estimate the energy and
flavor spectra of neutrinos from CCSNe [2]. Different
groups agree, with varying degrees of precision, that the
neutrino spectra are quasithermal and can be described as
pinched Fermi-Dirac spectra [19]. Finally, the neutrino
fluxes are processed, deep inside the CCSN, by collective
oscillations [20-33] and, a little further out, by oscillations
in the presence of ordinary matter with a decreasing
number density. The latter are described well by the
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Mikheyev-Smirnov-Wolfenstein (MSW) resonant flavor
conversion mechanism [34,35]. Uncertainties in these
different flavor conversion mechanisms also translate into
uncertainties in the DSNB flux.

Previous studies have tried to address the uncertainties
that plague the DSNB. A detailed study of the SFR [15],
incorporating multiple observations, confirmed the analytic
fit and demonstrated that uncertainties in the SFR translate
into an uncertainty of 40% in the DSNB fluxes. On the
neutrino-flavor-conversion side, a comprehensive study of
the nontrivial effects of collective oscillations and MSW
transitions on the DSNB neutrino flux have been performed
in [36-38]. Overall, nontrivial qualitative progress will only
be made with a direct measurement of the DSNB.

Several publications have focused on the prospects
for the detection of the DSNB in current and future
generation experiments including Super-Kamiokande (SK)
[39], Hyper-Kamiokande (HK) [40], the Jiangmen
Underground Neutrino Observatory (JUNO) [41], and the
Deep Underground Neutrino Experiment (DUNE) [42].
The sensitivity of the DSNB spectra to the local supernova-
neutrino rate using a combination of CCSNe and failed
supernovae have been studied in [38]. The strongest
upper limit on the DSNB flux, imposed by SK, hovers
about a factor of a few above current predictions [39,43].
Enrichment with gadolinium (Gd) will improve SK’s
sensitivity drastically, and is predicted to lead to the
detection of the DSNB with 3¢ significance [44,45] in
about five years. Future experiments like HK [40] and
Theia [46], a very large, water-based liquid-scintillator
detector, have very good prospects for detecting the DSNB
and, assuming a discovery in SK, measuring some of its
properties.

Detecting the DSNB would open up new avenues in
multimessenger astronomy. In particular, it offers the
unique opportunity to probe properties of the cosmos using
neutrinos (as opposed to photons). Given current and near-
future experimental capabilities, the sensitivity of neutrino
observables is inferior to that of photons but the probes are
qualitatively distinct and, in some circumstances, comple-
mentary. Measurements of the DSNB, for example, allow
one to “look back™ at the Universe with neutrinos and
constrain the properties of its expansion. Instead, with
precise knowledge of the expansion rate of the Universe,
one can use the DSNB observation to inform the SFR. And
finally, given external knowledge of the underlying cos-
mology and the SFR, one can probe new neutrino proper-
ties with the DSNB. In sum, the detection of the DSNB
offers a unique way to pursue complementary avenues in
particle astrophysics and cosmology using only neutrinos
as probes (for example, see [38,47-51]).

In this work, we explore some of these avenues. We
simulate the DSNB event rate in future neutrino detectors,
particularly HK and Theia, and demonstrate how the DSNB
can be utilized to inform the parameters of the Standard

Model of cosmology (ACDM) [52], the SFR, or new
neutrino properties. Details of our simulations are provided
in Sec. III. In Sec. IV, we assume that there is no new
physics beyond the Standard Model other than nonzero
neutrino masses and study how well one can probe ACDM
given our current knowledge of the SFR, and vice versa. In
Sec. V, we ask the opposite question: given our current
understanding of ACDM and the SFR, how well can the
DSNB probe new neutrino properties? We consider two
different scenarios: (i) neutrino decay, and (ii) pseudo-
Dirac neutrinos. We find that the DSNB can provide very
nontrivial information in both cases. We summarize our
results in Sec. VL.

II. MODELING THE DSNB FLUX

The DSNB flux is a function of the rate of CCSNe
(Rcesn)- This, in turn, depends on the history of star
formation. An analytical fit of the redshift evolution of the
comoving SFR yields [15,17]

(2.1)

where pg is an overall normalization factor and a, 3, y are
dimensionless exponents. The analytical fit to data is
essentially a broken power law, with B and C labeling
the functional breaks at characteristic redshifts z; and z,.
They are defined as

B = (142)", (22)

C = (1+42)P9/r(1 4 z)!17. (2.3)
The redshift breaks are defined to occur at z; = 1 and
7, =4. A fit to data from different astronomical surveys
reveals po = 0.0178 00 Mg yr~! Mpc™, a = 3.4 £0.2,
p=-03+£02 and y = —-3.5 £ 1. The variability in the
comoving SFR considered in Ref. [15] takes into account
the local rates estimated by different astronomical surveys.
The —10 factors in Eq. (2.1) are chosen to smoothen the fit.

Rccsy also depends on the initial mass function (IMF)
of stars w(M), which gives the density of stars in a given
mass range. The IMF is assumed to have a power-law
behavior; according to Salpeter, y o« M~23% [53]. With this
information,

Sy (M)dM

monan Y

Reesn(z) = p4(2)

The IMF in the numerator of Eq. (2.4) is integrated over the
mass range of 8-50 M to account for the stars that can
undergo a core collapse, while the denominator accounts
for all stars up to 100 M. The fraction of stars undergoing
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a collapse to a SN corresponds to 0.007/M. Stars with
masses greater than 50 M, lead to the formation of a black
hole [38] and are neglected in this analysis.

The diffuse differential neutrino flux, associated with an
energy E at Earth, is

0,8) = [ S ReesOFE). @5)
where
H(E) = Hoy/ (14 2 + Q01+ 21+ (1= 0 = Q)1+ 2)° 2:6)

is the Hubble function determined from the Friedmann
equation. The Hubble parameter is taken to be, unless
otherwise noted, H, = 67.36 kms~! Mpc~!, in agreement
with the best fit to the latest Planck data [52]. z,,,x =5 is
the maximum redshift up to which there is a reasonable
amount of star formation. Here, Q,, and Q, refer to the
matter and vacuum contributions to the energy density, in
units of the total energy density, and w is the equation-of-
state parameter for the dark energy. E’ is the neutrino
energy at the source, relative to which E is redshifted,
E=F/(1+2z).

F,(E) is the supernova-neutrino spectrum. Most of the
neutrino flux is emitted during the cooling phase of the
supernova, which lasts for, very roughly, 10 s postbounce.
This phase is characterized by approximately equal lumi-
nosities for all neutrino flavors so each neutrino species
has, to a good approximation, the same total energy E'°'/6.
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FIG. 1. The DSNB flux, excluding oscillation effects, for each
neutrino species, as a function of the neutrino energy E at Earth.
T, =6.6MeV,T; =7 MeV,and T, = 10 MeV. The hatched
region indicates current bounds from Super-Kamiokande [39].
The shading around the bands indicates the corresponding
uncertainty arising from the SFR. The regions of energy space
where significant backgrounds are expected at the future facilities
of interest are indicated with a gray background.

|

Neutrino energy spectra from these CCSNe are approx-
imately thermal and can be described by a nondegenerate
time-integrated Fermi-Dirac distribution [12],

ot 2

Fo(E) = %&254% (2.7)
Trt T4 eB/Te ]
T, is a species-dependent quantity as it is set by the
neutrino interactions within the medium. Since temper-
atures inside the supernova allow, to a good-enough
approximation, only the electron-flavored neutrinos to
undergo charged-current interactions, the temperature hier-
archy T, <T; <T,_ is generically expected [2]. Here v,
refers to either v, or v, or their antiparticles. The neutron
richness of the supernova environment causes the v, to
interact more than the 7,, accounting for the lower value of
T,, relative to T . These are the spectra at the so-called
neutrinospheres (one for each species v,, ,, v,). Neutrino
oscillations both inside the CCSN and between the CCSN
and Earth lead to “mixed” spectra at the time of detection.
We will discuss our treatment of oscillation effects
momentarily.

Figure 1 depicts the DSNB spectra as a function of E
for all three species of neutrinos, discounting oscillation
effects. The shaded regions around the spectra indicate the
corresponding uncertainty arising from the SFR. The hotter
spectra extend out to higher energies while the cooler
spectra have a more pronounced peak at lower energies.
the hatched region indicates current bounds from Super-
Kamiokande [39]. The regions of energy space where
significant backgrounds are expected at the future facilities
of interest are indicated with a gray background. These will
be discussed in detail in the next section.

Neutrino-oscillation effects inside the CCSN are signifi-
cant and diverse; they depend, for example, on whether the
neutrinos were produced earlier or later in the explosion.
Neutrino interactions with the medium and neutrino inter-
actions with other neutrinos lead to a rich oscillation pattern
that is still the subject of intense theoretical and phenom-
enological investigation [20-33]. Here, we ignore collec-
tive oscillations and assume that a strong, adiabatic MSW
effect dominates neutrino flavor evolution for all energies
of interest. We further assume that the neutrino mass
ordering is, unless otherwise noted, known to be normal
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so all neutrinos that exit the neutrinosphere as v, will exit
the CCSN as v; while all antineutrinos that exit the
neutrinosphere as v, will exit the CCSN as 7, . The other
states exit the CCSN as incoherent mixtures of v, v, ¥,, and
U5. In summary, we assume an incoherent mixture
of neutrino and antineutrino mass eigenstates arrives
at the surface of Earth. Their energy distributions are given
by Eq. 27) with 7,, =7, ,T,, =T, =T,, T;, =T,
ad Ty, =Ty, =T, .

As we will discuss in Sec. III, we will concentrate on
detectors that are sensitive to the v, and D, flavors. A mass
eigenstate v; or v; (i = 1, 2, 3) arriving at Earth’s surface
will be detected as a v, or a 7,, respectively, with
probability P,; and P,;. If the neutrinos do not travel a
fair amount of Earth in order to get to the detector, P,; =
P, =|U,* (i=1, 2, 3), where U,; are elements of the
leptonic mixing matrix. Instead, if the neutrinos have to
travel a fair amount of Earth in order to reach the detector,
Earth matter effects need to be taken into account.
Assuming the DSNB flux is isotropic, these effects can
be included via the average probabilities (as a function of
the neutrino energy) (P,;) and (P,;). We checked that the
impact of Earth matter effects is safely negligible for our
purposes and have not included them here.

It turns out that neutrino oscillation effects have a small
impact on the results we discuss here. In the energy range of
interest (see Fig. 1), the different F,(E) for the different
neutrino species are rather similar given the large SFR
uncertainties. Had they been exactly the same, oscillation
effects would have been completely absent so the impact
of the oscillations, very generically, are proportional to
the differences among the initial spectra. Since these are
small given the large uncertainties, oscillation effects are
also small.

III. DETECTING THE DSNB

The DSNB flux is very small, concentrated around
neutrino energies of order tens of MeV. Large neutrino
detectors sensitive to these neutrino energies have to
contend with several different sources of background
[11] that render the unambiguous detection of the DSNB
a difficult task [39]. It is, however, widely expected that the
next generation of experiments will be both large and well
equipped enough to identify signal from background to
detect the DSNB in the next five to ten years [44,45].
Indeed, several upcoming or planed experiments should be
able to not only detect but also measure some of the

'For the inverted neutrino mass ordering, still allowed by
current data [54], all neutrinos that exited the neutrinosphere as v,
would exit the CCSN as v, while all antineutrinos that exited the
neutrinosphere as 7, would exit the CCSN as 5.

In Sec. VB we explore the hypothesis that neutrinos are
pseudo-Dirac fermions and need to revisit this hypothesis more
carefully.

properties of the DSNB. These include, in the near future,
Super-Kamiokande [45] and JUNO [41] and, further down
the road, the Hyper-Kamiokande [40] and Theia [46]
detectors.

In order to estimate the sensitivity to the DSNB, we
compute the expected event rate for each experiment as a
function of the reconstructed energy. Those events are
distributed in an array of bins of reconstructed energy, the
size of the bin depending on the energy resolution of each
proposed experiment. Inside a given bin i, the expected
total number of events is

N; =Ny T / dE'dE'®,0.¢(E' E") + Bkg;,  (3.1)

where o, is the cross section of the main detection channel,
a = e, u, tis a flavor index, @, is the flux of each neutrino
species at the detector, and e(E’, E") correlates the true
neutrino energy E’ with the experimentally reconstructed
energy E". The integrals are over the values of E’ that
define the bin and over all E’. The normalization constants
Ny and T correspond to the number of targets in the
detector and the running time, respectively. Here, we
assume ten years of data taking unless otherwise noted.
The correlation matrix e for each experiment was obtained
by Monte Carlo integration. Bkg; is the number of expected
background events in the ith energy bin after all back-
ground-reduction information has been applied. These also
depend, of course, on the type of experiment.

The dominant background to detect the DSNB depends
on the energy. For energies above ~40 MeV, atmospheric
neutrinos make up the majority of the neutrino flux [55].
Atmospheric muons also contribute to the background via
muon spallation [40,56]. At lower energies, neutrinos from
the Sun or nearby nuclear reactors become a significant
component of the neutrino flux. For energies below
10 MeV, these are expected to overwhelm the DSNB.

We will concentrate on the detection of U, via inverse
beta decay (IBD) in water and liquid-scintillator experi-
ments and on the detection of v, in liquid-argon experi-
ments, discussed later. For neutrino energies typical of the
DSNB, the main detection channel for electron antineu-
trinos is the IBD interaction with free protons, o, + p —
n+ et [57]; unless otherwise noted, we ignore all 7,
subdominant detection channels in the experiments we will
be considering here. The identification of the positrons
created in the IBD interactions of the DSNB is challenging
due to the large number of background sources of electrons
or positrons in the same energy range, around tens of MeV.
For energies below 10 MeV, the dominant irreducible
background consists of 7, from nuclear reactors. We
assume those overwhelm the DSNB for all experimental
setups of interest. For higher energies, the reactor flux is
significantly smaller than the expected DSNB flux and the
main background sources are muon-spallation products,
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FIG. 2. Number of events expected for HK (left panel) and Theia (right panel) in ten years, from different sources. The DSNB is in
purple, this shading indicating the corresponding modeling uncertainty, while different background sources correspond to differently
colored histograms. For HK, background sources are reactor antineutrinos (red), atmospheric o, (cyan), and the decay of invisible
atmospheric muons (green). For Theia, the background sources are atmospheric 7, (cyan), neutral-current atmospheric neutrino
scattering on carbon (orange), and reactor antineutrinos (red). Some of these backgrounds are reducible. See text for details.

atmospheric v,—this background is irreducible—the decay
of invisible muons produced in the charged-current inter-
actions of atmospheric muon neutrinos and antineutrinos,
and neutral-current scattering of atmospheric neutrinos of
all species. Some of these backgrounds are, however,
reducible if one is able to identify the neutrons produced
in the IBD process: neutron tagging. These neutrons are
associated with the IBD positron both in time and space.
Efficient neutron tagging is fundamental for the detection
of v, from the DSNB.

In what follows, we describe the main techniques
proposed for the measurement of the DSNB, focusing
on the different detector technologies that will be used by
future experiments and projects.

A. Water doped with gadolinium: SK and HK

Soon, SK, a 50 kton water Cherenkov detector running
in Japan, will be doped with gadolinium. The main purpose
of the gadolinium doping is to increase SK’s sensitivity to
the DSNB [44]. Other immediate applications include
precision measurements of the flux of antineutrinos pro-
duced in nuclear reactors around SK [44,58]. In the future,
HK, another water Cherenkov detector proposed in Japan,
with a fiducial volume of 187 kton [40], is also expected to
be doped with gadolinium.

In water, neutrons are absorbed by hydrogen, emitting a
photon with 2.2 MeV. Using neutron tagging with hydro-
gen, SK has searched for the DSNB flux [39]. Remaining
backgrounds were such that SK was restricted to look for
the DSNB in the energy window depicted in Fig. 1. Unlike
hydrogen, gadolinium has a large cross section for captur-
ing neutrons and these are associated with the emission of

8 MeV of photons. Both of these facts increase the neutron-
tagging capabilities of large water Cherenkov detectors.
The impact of the neutron tagging with Gd is expected to
reduce the background signal below that of the expected
DSNB flux for energies between 10 and 40 MeV. The
reduction is particularly significant for the muon-spallation
background, and only spallation nuclei created together
with a neutron, like °Li, may still be misidentified as an IBD
signal. It is expected that with the Gd doping, SK will be
sensitive to the DSNB for antineutrino energies immedi-
ately above the reactor background (£ = 10 MeV). For
antineutrino energies above, roughly, 40 MeV, the invisible
antimuon-decay background overwhelms the DSNB
signal.

In order to estimate the sensitivity of SK and HK to the
DSNB flux, we compute the number of events for neutrinos
in the energy range from 10 to 50 MeV. We distributed
those events in energy bins of 8 MeV; the size of the bins is
2 times the uncertainty in the energy reconstruction at the
maximum energy considered. We assume the energy
resolution to be oy = 0.61/E/MeV, corresponding to an
uncertainty of 20% at 10 MeV [40] for both SK and HK.
Figure 2 (left panel) depicts the number of events expected
for HK (purple) together with the contribution of the
different backgrounds. The shading indicates the uncer-
tainly associated with the SFR.

B. Liquid scintillator (LS): JUNO

Organic liquid scintillators are another popular medium
for the detection of electron antineutrinos with tens of MeV
of energy via IBD. JUNO is a 20 kton LS detector under
construction in China and expected to be the largest LS
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detector for the foreseeable future. Its main mission is to
precisely measure the flux of electron antineutrinos from
nearby nuclear reactors. The nuclear power plants at
Taishan and Yanjiang, located 53 km from JUNO, limit
the detection of the DSNB flux to energies above 10 MeV.
At higher energies, the main backgrounds come from
atmospheric muons and neutrinos. Backgrounds from
muon-spallation products in LS detectors dominate below
10 MeV and are less significant in the energy range of
interest. In addition to the charged-current (CC) inter-
actions of atmospheric 7, (irreducible background), the
neutral-current (NC) interactions of high-energy atmos-
pheric neutrinos with the carbon nuclei can lead to the
emission of a neutron and to an excited nucleus that will
emit y rays as it deexcites [59]. That signal will mimic the
IBD events of interest. The NC background can be reduced
using timing information of the deexcitation of the carbon
nucleus and the shape of the signal [60]. LS is more
efficient in the identification of muons than water
Cherenkov experiments, thanks to the detection of the
Michel electron associated with the muon decay at rest and
to more information on the shape of the event. This allows
one to effectively eliminate all backgrounds associated with
muons interacting or decaying inside the detector. Muons
that interact outside the detector, however, can produce fast
neutrons that can penetrate the detector volume and interact
with protons. The recoil of the proton and the absorption of
the neutron will lead to a signal that can mimic the IBD.
A shape analysis and reduction in the fiducial volume—
the short penetration length of the neutrons implies that
those events are concentrated toward the boundary of the
detector—will reduce this background.

When simulating the JUNO detector, we consider a
fiducial volume of 17 kton. For energy resolution, we

consider an uncertainty o = 0.03/E/MeV. We consider
the DSNB flux from 10 to 50 MeV, distributing the events
in bins of 1 MeV.

C. Water-based liquid scintillator (WbLS): Theia

Some liquid scintillating materials can be dissolved in
water. The detection material, therefore, consists of a
solution of 1%-10% liquid scintillator in water. Theia
is a proposal for one of the four modules in the DUNE
far detector complex and plans to use WbLS as its
detector material. There are two proposals for the size
configuration, 25 and 100 kton. The results presented here
are based on the larger realization. The advantage for using
this kind of target material is the possibility to combine
the reconstruction techniques developed for water
Cherenkov and liquid-scintillator detectors. In a nutshell,
water Cherenkov detectors are good at reconstructing event
topologies whereas the liquid scintillator provides precise
information on the energy of the event. In addition to the
irreducible backgrounds—neutrinos from reactors at low
energies (below ~10 MeV) and atmospheric antineutrinos

at high energies (above ~40 MeV)—similar backgrounds
to those at LS detectors will affect WbLS detectors. In the
energy region of interest, the dominant backgrounds
include backgrounds of atmospheric origin including muon
spallation °Li, the NC interactions of atmospheric neutri-
nos, or the fast neutrons created outside the detector that
penetrate and interact elastically with free protons.
Studying the topology and the time distribution of each
event, together with the ratio between the Cherenkov and
scintillation light, WbLS detectors appear to be capable of
eliminating most of these sources of background, reducing
remaining sources by more than 1 order of magnitude. The
sources that cannot be eliminated are the atmospheric CC
v, and NC neutrino interactions [46,61].

When simulating events at Theia, we consider a fiducial
volume of 80 kton and 6.2 x 10°? targets. We compute the
number of events in the energy range from 10 to 50 MeV
using bins of 1 MeV. For energy resolution, we assume

or = 0.03,/E/MeV. The expected event distribution (pur-
ple) as well as the main background expectations are
depicted in Fig. 2 (right panel). The energy resolution
for Theia will depend on the fraction of scintillator
dissolved in the water. The value we use here corresponds
to the most optimistic expected energy resolution.

D. Liquid argon (LAr): DUNE

Liquid-argon detectors are currently the subject of
intense experimentation. The DUNE far detector [42],
which will be ready before the end of the decade, is
expected to be the largest such detector for the foreseeable
future with 40 ktons of LAr. LAr is mainly sensitive to the
v, component of the DSNB flux. These are measured via
neutrino absorption in “°Ar, yielding an electron and an
excited state of potassium, v, +* Ar -*°K* + ¢~. In the
deexcitation process, the potassium nucleus emits a cascade
of photons. Both the electron and the photons are measured
as MeV blips in the LAr. The dominant backgrounds
here—mostly irreducible—include the flux of v, from the
atmosphere, for energies above 40 MeV, and the solar
neutrinos, for energies below 16 MeV.

When simulating events in the DUNE far detector, we
consider a fiducial volume of 40 ktons. To simulate the
interaction of the DSNB flux with LAr, we used MARLEY
[62], a Monte Carlo event generator that provides the final
states and their energies after the neutrino interaction for a
given neutrino energy. We assume that electrons and
photons are observed if their energies are above 2 MeV.
Regarding the energy resolution, we assume the same
precision demonstrated in previous LAr experiments [63],
op = O.IIW + 0.2(E/MeV). The expected events
are distributed in energy bins of 5 MeV.

For the analysis of all simulated data, we include
systematic uncertainties associated with the DSNB flux in
the form of a 40% uncertainty in the overall normalization
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FIG. 3.

Ay? (relative to the minimum value) as a function of the Hubble parameter H,, (left panel) and the equation of state parameter

for the dark energy w (right panel), for ten years of simulated data at Theia (blue) and HK enriched with Gd (green). The vertical bands
in the left panel indicate the current bound from CMB observations by Planck (gray) [52] and observations at low redshifts (orange)
[65-68]. The vertical band in the right panel indicates the current bound from Ref. [52].

and include uncertainties associated with the current knowl-
edge of the leptonic mixing matrix from the results of the
global fit in Ref. [64]. The latter have a negligible impact on
our results, presented in the next two sections.

IV. COSMOLOGY AND ASTROPHYSICS
POTENTIAL OF THE DSNB

Equation (2.5) reveals that the DSNB fluxes (different
flavors and energies) broadly depend on three input
quantities:

(1) The rate of core-collapse supernovae Rccsy, Which
in turn depends on the SFR. This depends on various
astrophysical inputs, as discussed earlier.

(2) The cosmological history of the Universe, through
the parameters Q,,,, Q4 , and H), assuming the ACDM
model.

(3) The spectra of the emitted neutrinos F,(E).

These three ingredients are entwined in the observables
related to the DSNB we can hope to measure in the future,
i.e., energy spectra inside a limited energy window for
different neutrino species. Assuming external knowledge
on subsets of these parameters, however, measurements of
the DSNB can be used to inform the complementary subset
in a nontrivial way.

In this section, we look at the first two directions. We
assume that there is no exotic physics in the neutrino sector,
i.e., the only new physics we assume is that neutrinos have
nonzero masses and oscillate, so the input that goes into
F,(E) is as described in Eq. (2.7) and Sec. I In Sec. IVA,
we assume that the SFR is indeed given by Eq. (2.1) and
constrained as discussed in Sec. II, and try to constrain
some of the different parameters of ACDM cosmology
using the simulated events. In Sec. IV B, we ask the reverse

question: if cosmology is indeed governed by ACDM with
the different parameters well determined by Planck [52]
and other cosmic surveys, how well can we constrain the
SFR parameters?

A. Probing ACDM cosmology with the DSNB

The DSNB, composed of neutrinos coming from all
possible CCSNe at redshifts z < 5, is sensitive to the low
redshift expansion of the Universe. Therefore, measure-
ments of the DSNB serve as unique tools to constrain the
underlying six-parameter ACDM cosmology using neutri-
nos. While, for example, measurements of different proper-
ties of the cosmic microwave background (CMB) already
provide excellent measurements of these parameters [52],
these measurements are essentially properties of the high-
redshift (z~ 1100) Universe. The DSNB offers a very
distinct probe of the same parameters at low redshifts. In
particular, with the tension between the extracted value of
the Hubble parameter H, inferred from CMB data [52] and
those from low-redshift measurements of type Ia super-
novae [65-68], an independent, low-redshift measurement
of H, with neutrinos from CCSNe would play a role in
resolving the tension. While the Planck measurements are
expected to be much more precise owing to the high
statistics of CMB photons, future measurements of the
DSNB offer an intriguing, albeit a lot less precise, way of
looking at the early Universe using neutrinos.

The left panel of Fig. 3 depicts the sensitivity of HK and
Theia to the Hubble parameter, H,, measured using the
DSNB. Since H|y controls only the absolute normalization
to the DSNB flux, it is more sensitive to the number of
events than their energy distribution. In the fit, we assume
the parameters associated with the SFR and neutrino
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FIG. 4. Ay? (relative to the minimum value) as a function of , (left panel) and a (right panel) for HK with Gd (green), and Theia
(blue). The vertical shaded regions indicate the current allowed range for the relevant parameters, obtained from fits to astronomical

observations [14,15]. See text for details.

mixing are known perfectly and agree with their current
best-fit values. As discussed earlier, the 40% systematic
uncertainty assumed for the overall neutrino flux partially
takes care of uncertainties associated with the SFR and
neutrino mixing. Both HK and Theia can rule out, at more
than the 20 level, Hy < 10 kms~' Mpc~! and can hence
confirm that the Universe is expanding. On the other hand,
very large values of H, can be ruled out at more than the 3¢
level. As advertised, DSNB measurements are not com-
petitive with those using photons at either high [52] or low
redshifts [65-68]. Nonetheless, it is remarkable that one
can obtain a nontrivial, independent measurement of
H, using the DSNB flux.” The figure reveals that after
ten years, both HK and Theia would be able to measure H,
at the 40% level. Given the 40% systematic uncertainty on
the expected flux assumed here, this means the ten-year
result is already systematics dominated. A significantly
more precise measurement would require qualitatively
better understanding of the theoretical expectations for
the DSNB flux.

The DSNB signal is not very sensitive to the energy
density parameters €, ,; it can, however, be used to
constrain the dark energy equation-of-state parameter w.
The right panel of Fig. 3 depicts the sensitivity of HK and
Theia to w. Assuming the true value of w = —1 (cosmo-
logical constant), both HK and Theia can exclude w = 0.5
at around the 3¢ level. Due to higher statistics, HK does a
marginally better job than Theia.

3Strictly speaking, we are measuring the impact of the
expansion rate of the Universe on the propagation of neutrinos
between the source and the detector. In our analysis, we assume
that these effects are divorced from the impact of the expansion
rate when it comes to determining the SFR, for example.

B. Probing the star-formation rate with the DSNB

One of the major inputs that go into calculating the
DSNB spectra is the rate of CCSNe in the observable
Universe. Rccgy 1s governed by the star-formation ratio,
given by Eq. (2.1). Data from different astronomical
surveys provide key insights into the cosmic SFR up to
redshifts z~6 [14-16]. The uncertainties arising from
these surveys translate into uncertainties in the fit param-
eters (pg, @, fB,7), as outlined in Sec. II (also see Table I
of Ref. [15]).

It is interesting to consider the prospects of constraining
the SFR parameters through the detection of the DSNB
neutrinos in HK [69] and Theia [46]. A recent discussion of
the capabilities of HK can be found in Ref. [70]. We
simulate events in these detectors, assuming the SFR is
described by the current best-fit values of (pg, a, 5, 7), and
allow these parameters to vary one at a time when analyzing
the simulated data. In the fit, we assume the parameters
associated with the expansion rate of the Universe and
neutrino mixing are known perfectly and agree with their
current best-fit value. The same is true of the SFR
parameters not under investigation. As discussed earlier,
the 40% systematic uncertainty assumed for the overall
neutrino flux partially includes the uncertainties associated
with the SFR, cosmological parameters, and neutrino
mixing. We find that the DSNB measurements are most
sensitive to py and a, and these parameters can be non-
trivially constrained. Figure 4 depicts the Ay? as a function
of py (left panel), and « (right panel). p, functions as an
overall normalization, and both HK and Theia have similar
sensitivity to it, as we observed in the H, discussion in
Sec. IV A. On the other hand, when it comes to constraining
a, HK has slightly better sensitivity than Theia. The bounds
arising from fits to the astronomical survey data, presented
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in Sec. I, are depicted in gray. At the 2o level, the results
obtained from the measurement of the DSNB are almost
competitive with those obtained from astronomical surveys.

We also studied the sensitivity of the DSNB signal to pg
and a simultaneously. Figure 5 depicts the allowed con-
tours in the py-a plane for HK (left panel) and Theia (right
panel). Both HK and Theia exhibit a clear correlation
between these two SFR parameters. With access to more
data, one can expect the contours to shrink, especially in the
a direction. As before, in the fit, all other parameters are
held fixed.

V. CONSTRAINING EXOTIC NEUTRINO PHYSICS
WITH THE DSNB

In Sec. IV, we demonstrated how the DSNB can be used
to put constraints on cosmological as well as astrophysical
parameters, assuming one has a clear understanding of the
underlying neutrino physics. However, one might turn the
argument around and use the DSNB as a probe of exotic
physics in the neutrino sector. This, of course, requires
knowledge of the underlying cosmological model and the
star-formation rate. In this section, we assume that the
underlying cosmology is governed by ACDM and that
the vacuum and matter energy density fractions are well
constrained by Planck [52] and other cosmic surveys.
Furthermore, we assume the SFR is governed by
Eq. (2.1) and that the phenomenological parameters are
within the range quoted in Sec. IL

One can use the naturally long baseline offered by the
DSNB to constrain “slow” neutrino dynamical processes.
These include testing the hypothesis—from Standard
Model-only interactions and massive neutrinos—that the
neutrino lifetime is much longer than the age of the
Universe, and looking for new neutrino oscillation lengths

0.010 0.015 0.020 0.025 0.030 0.035

Theia
6 T

P R R R
0.005 0.010 0.015 0.020 0.025 0.030 0.035

po Mgy~ Mpc™]

Allowed regions of the p, vs a parameter space, from ten years of HK with Gd (left panel) and Theia (right panel), at the

associated with tiny new mass-squared differences. The
latter searches allow one to constrain the hypothesis that
massive neutrinos are pseudo-Dirac fermions.

A. Probing neutrino decays with the DSNB

Massive neutrinos can decay into lighter ones. Within the
SM, these decays take place via weak electromagnetic-
dipole diagrams and weak box diagrams, and the expected
lifetimes are much longer than the age of the Universe.
However, if the neutrino has interactions beyond those in
the SM then it can decay faster. Such nonradiative decays
of the neutrino have been studied extensively, in the context
of terrestrial and astrophysical neutrinos [3,71-94].
Mostly model-independent bounds on the decays of v,,
using the ®B solar neutrino data, constrain 7,/m, >
1073 s/eV [79,93]. Similarly, one can use the 'Be and
low-energy pp neutrino data [95] to constrain 7;/m; >
10~* s/eV [79]. The tiny magnitude of 5 makes it very
difficult to use solar neutrinos to constrain the v lifetime.
Bounds on 73 from atmospheric neutrino data are much
weaker, 73/m3 > 10710 s/eV  [83,88]. Astrophysical
bounds arising from the observation of neutrinos from
SN1987A [96] are quite uncertain, and cannot be treated at
the same level of accuracy.

Model-dependent bounds are somewhat stronger.
Recently, for example, Funcke et al [94] proposed
model-dependent bounds on 73/ms; > 22 x 107 s/eV
using KamLLAND solar neutrino data. It is also expected
that next-generation neutrino-oscillation experiments like
JUNO [41] and DUNE [97] can do a better job constraining
invisible v3 decays [89]. Astrophysical neutrinos have
longer baselines, and hence can be used to constrain longer
lifetimes. Constraints from the observation of ultrahigh-
energy neutrinos by IceCube are potentially stronger, but
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they suffer from uncertainties in the neutrino flavor
composition [98—101]. Measurements of the cosmic micro-
wave background can be used to put very strong bounds on
the neutrino lifetimes, of order 10® s [102,103], but these
are indirect probes of neutrino decay in the sense that one is
using information on the expansion rate of the Universe to
infer whether the neutrino component of the Universe is
changing.

Typically, neutrino flavor evolution in a supernova is
very involved and is marred by the details of collective
flavor oscillations. One can circumvent some of these
complications by concentrating on the neutrinos emitted
in the shock-breakout epoch [3,104] that are usually free
from such effects. The impact of neutrino decays in current
and forthcoming experiments was recently explored by de
Gouvéa et al. [105]. Depending on the mass ordering,
neutrino decay can either enhance or deplete the neutrino
flux in an observable manner. It was inferred that one can
constrain neutrino lifetimes as long as 7/m ~ 10° s/eV
[105] from the neutronization-burst neutrino spectra. These
bounds are model dependent, and depend on whether the
neutrinos are Dirac or Majorana fermions.

One can extend the same line of argument for the DSNB.
Here the typical baseline is even longer than what is
expected of an observable individual CCSN. Effects of
neutrino decay on the DSNB signal were studied in
[104,106] where it was concluded that such decays
could be observable for neutrino lifetimes as long as
7/m ~ 10'° s/eV. The bounds quoted in these works were
relatively simple estimates that did not take into account
realistic detector-related effects, including systematics and
the effect of finite detector energy resolution. In this section,
we revisit the sensitivity of measurements of the DSNB to
the neutrino lifetime and calculate the signals that can be
observed in current and near-future generation detectors.
The specifics are, of course, model dependent, and also
depend on whether neutrinos are Dirac or Majorana fer-
mions [105]. For concreteness, we consider a scenario where
the neutrinos are Majorana fermions and interact with an
almost-massless scalar ¢. The interaction is described by

fij

L DT(DL)i(I/L)j(/)—FH.C. (5.1)

At tree level, this operator allows a heavy neutrino v; to
decay into a lighter neutrino v;, and ¢. For concreteness, we
consider the scenario where the heaviest neutrino decays
into the lightest one, i.e., if the neutrino mass ordering is
normal (inverted), a v3(v,) decays into a v (v3). Although
the neutrino mass ordering is still not known, global fits of
neutrino-oscillation data favor the normal mass ordering
[64] (see, however, [54]), which will be assumed through-
out. Results for the inverted mass ordering are qualitatively
similar.

Assuming the v is massless, the rate of decay is given by

frm3
6471'E3 ’

where the factor of 2 arises because both the left helicity (L)
and right helicity (R) final states contribute. Depending on
whether the daughter neutrinos have the same helicity as
the parent [helicity conserving (h.c.)] or different helicity
[helicity flipping (h.f.)], the energy distribution of the
daughter particles is

[(E;) = 2 x (5.2)

1dl' 2E,
WH.c.(E37E1)Efd—E1°<E—§ forvs, — vy, +¢o.

1dir 2 E
WHf(E:;’El)EFd—E‘lOCE—;(l__i) fOI'I/:;L—)I/]R‘i‘QDO.

(5.3)

Since we are assuming the neutrinos are Majorana neutrinos,
the “wrong” helicity neutrinos act as what we typically refer
to as “antineutrinos” (and vice versa), and will interact with
the detector even in the limit where the daughter neutrino is
massless. On the other hand, for Dirac neutrinos, the wrong-
helicity neutrinos (right-handed neutrino states and left-
handed antineutrino states) are essentially inert.

To calculate the daughter v flux from the decay of the
3, one needs to compute a Boltzmann transfer equation for
vy, involving terms which can create or destroy v;. The flux
of the mass eigenstates arriving at Earth is

mx d7 ~ ,
@, (E) A MRCCSN(Z/)F%(E(I + 7/))e TEKE)
@, (B) = [ O Recon(@)Fu(E(1 4 2)
vy = )y, Z
p) 0 H(Z/) CCSN o
e  d7 , )
@, (E) = A mRCCSN(Z JF, (E(1+72))

max d / G
THY . / dE'
o H(Z) E(1+2)
x (@, (EC(E )yyc (E E(1+2))

+ @y, (ENC(E )y (E' E(1 + 2))]. (5.4)
where ((z) = [fdZH7'(Z)(14+2)72, and zp, = 5.
Similar expressions hold for the antineutrinos. For a
detailed derivation of these transfer equations, see [106].

Using this formalism, we explore the consequences of
neutrino decay on the DSNB flux. Figure 6 depicts the
expected neutrino spectra in HK (left panel) and Theia
(right panel) for three different lifetimes for the heaviest
mass eigenstate, v3. As expected, the number of events in
each bin increases if the neutrino decays faster. While HK
profits from larger statistics, Theia has better energy
resolution and is more sensitive to distortions in the spectral
shape.
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FIG. 6. Expected event rates as a function of the reconstructed positron energy after ten years of data taking in HK (left panel) and
Theia (right panel) for different values of the heaviest neutrino lifetime. See text for details.

We consider the data to be consistent with the hypothesis
that the neutrinos do not decay, and perform a simple y?
analysis to estimate the bounds forthcoming experiments
can set on the neutrino lifetime. Figure 7 depicts Ay” as a
function of the lifetime over mass 73/ms3 for some of the
current and forthcoming experiments sensitive to the
DSNB. Near-future experiments like SK and JUNO (and
DUNE) are expected to observe only a few events and
hence are not very sensitive to a finite v; lifetime. HK
(doped with Gd) and Theia, on the other hand, are sensitive,
at more than the 26 level, to lifetimes as long as 10° s/eV.
In the fit, we assume the parameters associated with the

Neutrino decay — DSNB

6 T T LR | T
L — SK 1
i DUNE ]
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53 ]
ob—— "
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FIG.7. Ay? (relative to the minimum value) as a function of the

v lifetime-over-mass 73 /mjs, for ten years of simulated data at
different current and future experiments.

SFR, the time evolution of the Universe, and neutrino
mixing are known perfectly and agree with their current
best-fit value. As discussed earlier, the 40% systematic
uncertainty assumed for the overall neutrino flux partially
takes care of uncertainties associated with the SFR,
cosmology, and neutrino mixing. This sensitivity, while
somewhat limited, rivals some of the best bounds on
neutrino lifetimes, and would complement bounds
inferred indirectly from cosmology [102,103]. The lack
of higher statistics prevents us from getting a higher
sensitivity to neutrino lifetimes even in these experiments.
Note that these sensitivity estimates are around 1 order
of magnitude smaller than those quoted in [106] that
are less detailed when it comes to more specific exper-
imental issues, including backgrounds and the energy
resolution at different future experiments. More statistics
leads to better sensitivity. After 20 years of data taking,
for example, we estimate that HK can reach 3¢ sensitivity
to 73/m3 <5 x 10° s/eV.

B. Probing pseudo-Dirac neutrinos with the DSNB

Neutrinos are the only Standard Model fermions whose
fundamental nature is still unknown. They can be either
Dirac or Majorana particles, depending on whether total
lepton number is exactly conserved in nature. An intriguing
possibility is that neutrinos are Majorana fermions but
the lepton-number-breaking structure of the theory is such
that neutrinos behave, for the most part, as Dirac fermions
[107-111]. Under these circumstances, neutrinos are
referred to as pseudo-Dirac fermions.

If neutrinos are pseudo-Dirac fermions, right-handed
neutrino fields N; (i = 1,2, ..., at least two of them) exist
and couple of the Standard Model lepton doublets L,
(e =-e, p, 7) and the Higgs double ® via Yukawa
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interactions (proportional to Yukawa couplings Y;,). In the
absence of more sources of mass, after electroweak
symmetry breaking, neutrinos are Dirac fermions with
mass M, = Yv/v/2, where v/+/2 is the vacuum expect-
ation value of the neutral component of the Higgs doublet.
If, along with Mp, there is another source for the neutrino
masses—in the form of either Majorana masses M for the
right-handed neutrinos or Majorana masses for the left-
handed neutrinos—these would arise, after integrating out
new, heavy degrees of freedom, via the Weinberg operator,
(L®)?>—and the new source of mass is subdominant to M ,,
neutrinos are pseudo-Dirac fermions.

For concreteness, we concentrate on the so-called
type I seesaw scenario, where, after electroweak symmetry
breaking, the neutrino Majorana mass matrix M;; (i, j =
1,2,3,...,3 + ng, where np is the number of right-handed

neutrino fields) is
0 M
=y )
Mp Mg

where 0 is a 3 x 3 matrix of zeros. In the pseudo-Dirac
regime, Mp << Mp and we will assume ny is equal to 3
henceforth.

It is straightforward to diagonalize the 6 x 6 mass matrix
in Eq. (5.5) via V(M'M)V = M3, perturbatively in this
regime. The unitary 6 x 6 matrix V can be written as [110]

v 1 (U 0 > ( 1 il >

- V2\0 Ux) \o —ip)’

where 1 is the 3 x 3 identity matrix, U is a 3 X 3 unitary
matrix that is equivalent of the leptonic mixing matrix in the
limit Mp — 0, Up is an (unphysical) 3 x 3 matrix which
diagonalizes the “sterile” sector mass matrix, and ¢
depends on unknown phases ¢ = diag(e™1, 702 ¢=i03),
The active neutrinos can be expressed as linear super-
positions of the six mass eigenstates, {v;,v;,}.j = 1,2, 3:

(5.5)

(5.6)

1 .
Vg, = E Uyj(vjs +ivj,). (5.7)
These, in turn, have masses squared
1
mi = mi + 55m%, mi, = mi — 55’”%’ (5.8)

k=1, 2,3. m and 5m% are functions of the elements of
M and M. In the limit M — 0, m? — 0 and m? are the

eigenvalues of M ,M L. In this limit, it is easy to see that the
neutrinos are Dirac fermions.

The pseudo-Dirac limit, Mp << Mp, can be understood
as follows. Neutrino mass eigenstates are organized into
three pairs of quasidegenerate states, separated by small

mass-squared differences Em%, which are much smaller
than the known “solar” Am3, and “atmospheric” |Am3,|.
These degenerate pairs are 50-50 linear combinations—
maximal mixing—of active and sterile neutrinos. These
small mass-squared differences will lead to oscillations at
very large distances. Limits on this scenario are obtained by
considering solar neutrino oscillations, sensitive to mass-
squared differences down to sm7 ~ 10712 eV?2 [111,112],
and from atmospheric neutrinos, affected if 6mi >
10~ eV? [113]. High-energy astrophysical neutrinos con-
strain 10718 eV2 <6m3 < 10712 eV2, but these bounds
depend strongly on knowledge of the gamma ray burst
mechanism and the neutrino energy [113,114].

The DSNB was emitted, on average, at large redshifts
and hence allows one to probe baselines of order a few
gigaparsecs. Therefore, we expect sensitivity to very tiny,
new mass-squared differences. Oscillation probabilities can
be obtained in the standard way [110,111], with a few extra
ingredients that are worthy of note. The initial states are,
according to our oscillation discussion in Sec. II, the
“active” mass eigenstate v;,, i = 1, 2, 3, which will be
detected as a v, on Earth with probability |U,;|* (ignoring
Earth matter effects). These are the states that oscillate into
sterile states (with maximal mixing). The oscillation phase
has to be corrected in order to include the energy redshift
since neutrinos are propagating in an expanding Universe
[113,114]. Furthermore, given the cosmological distances,
wave-packet-separation decoherence effects may also play
an interesting role and are included.

The oscillation probability for v; — v, as a function of
the neutrino energy today and the redshift, is

1 2 _LZ 5m%
Piﬁ(Z,E):§|Uﬁk| 1+e £ cos ELZ(Z) , (5.9

where the decoherence factor £;(z) is [115]

Ek(Z)_ 5m% L3(Z)

= 5.10
4\/§E2 Gx ( )

and o, the initial size of the wave packet. The distances
L,(z) are [113,114]

_L = d7 1
Laf2) = HoA (1+2)"/Q, 01 +7) +Q,
- Hio{zml, (5= 2n)/6: (4 — ) /3:
-Q,/Q\] = (1 +2)'7",F[1.(5—-2n)/6;

(4-n)/3;—(1 +2)°Q,,/Q4]}. (5.11)

where ,F[a, b; c; z] is the hypergeometric function.
Oscillation and decoherence effects are important for
mass-squared differences and wave-packet sizes of order
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AnE E 10-25 eV?2
L. =L 803G (512
= Sm? pe <1o MeV> ( o ) (5.122)

_4V2F?

h=—"75"—"0
COl |5m%‘ X

E \2/10%eV?\ [ o
~180G L.
pC<10MeV> ( om? )<1o—l2m)

(5.12b)

Hence, measurements of the DSNB are sensitive to
mass-squared differences as small as O(107% eV?). For
mass-squared differences Sm7 <1072 eV2, the naive
oscillation length is larger than the size of the observable
Universe and, for neutrino energies E ~ O(10 MeV), such
mass-squared differences are simply not accessible.

Decoherence effects may be significant if ¢, is small
enough. For an initial wave-packet size of 6, ~ 1 fm and
dm2 ~ 1072 eV?2, for example, the DSNB neutrinos arrive
at Earth as incoherent superpositions of active and sterile
states. In this case, the expect flux is 50% that of not-
pseudo-Dirac neutrinos. In fact, if the o, values were of
order 1 F, decoherence effects would always supersede
oscillation effects for typical DSNB energies,

Len V2 E oy
=—Fo, ~0.002 .
Lo 7 Loxm000 3<10 MeV) <10-15 m)

In this regime, it is unfair to refer to the phenomenon in
question as quantum mechanical oscillations. Incoherent
mixtures of active and sterile states would be a more
appropriate description. For the rest of this discussion, we

will be agnostic concerning the value of o,. We assume
that it cannot be smaller than 1 F—the size of a proton—
given how CCSN neutrinos are produced and the con-
ditions under which they are produced. In fact, we expect
o, > 1 fm; thoughtful studies in the literature have argued
for o, ~ 10713 m [116].

Figure 8 depicts the modification of the DSNB active 7
flux due to active-sterile oscillations in the pseudo-
Dirac scenario. In the left panel, 6, = 107! m is held
fixed and the different curves correspond to different values
of m?. We observe an oscillatory behavior for the active
flux on Earth for 6m? < 1072* eV2. For larger values, the
oscillations average out and one is left with half of the
unoscillated flux. In the right panel, sm7 = 3 x 1072 eV?
is held fixed and the different curves correspond to different
values of o,.

Assuming data consistent with no active-sterile oscilla-
tions, we perform a y? analysis asking how future facilities
could constrain the new mass-squared differences 5m%, for
fixed values of the initial size of the wave packet. Here, we
assume the three new mass-squared difference are the same,
om? = 5m3 = 5m3. Figure 9 depicts the sensitivity to the
pseudo-Dirac scenario for SK (left panel), HK (center
panel), and Theia (right panel). When the decoherence
effects are not important, i.e., for o, = 10710 m, SK is
sensitive to a new mass-squared difference at the 20 C.L.
if 6m? > 1.8 x 1072 V2, while HK (Theia) would be
sensitive to dm3; 2 1072 eV? (6m7 2 1.3 x 1072 eV?).
Moreover, since the new oscillations would induce a large
modification of the shape of the fluxes in the observable
region, we find a significant enhancement in the sensitivity
for 1072 eV? <6m3 < 1072* eV2, reaching values of
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FIG.9. Ay? (relative to the minimum value) as a function of 5m%, for ten years of simulated data at SK (left panel), HK (middle panel),
and Theia (right panel), for three different values of the decoherence parameter 6, = (10~ m, 10~'* m, 1072 m).

Ay? = 70(30) for HK (Theia). Ten years of SK data can rule
outdm? € {2.5,7.9} x 1072* eV? atthe 3¢ level. For values
of 6m? < 1072¢ eV?2, the oscillation lengths are larger than
the cosmological baselines of the DSNB, so the sensitivity is
effectively lost. On the other hand, if the mass-squared
difference is large, 5m? 2 1072* eV?, the oscillations are
averaged out, and neutrinos arrive basically as incoherent
superpositions of active and sterile states. The sensitivity in
that case does not depend on dm3, plateauing at Ay> =
{4.3,5.9,5.5} for SK, HK, and Theia, respectively.

One interesting effect appears when the decoherence due
to the initial wave-packet size is important. Since the
oscillations are erased by the separation of the wave
packets, the modification of the DSNB spectra becomes
less pronounced, thus reducing the overall sensitivity for all
three experiments considered. However, we find that the
sensitivity is shifted to lower values of m; because the
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decoherence effects are present even for cases in which the
oscillations would be absent. The effect is maximal for
om? ~ 107 eV? and o, = 107" m in all experiments
considered since, for these values of the relevant param-
eters, decoherence effects impact the shape of the DSNB.
This enlarges the accessible region of parameter space, and
one is sensitive to 6m3 ~ 5 x 1073 eV? for HK and Theia
at the 26 C.L., while for SK the sensitivity remains below
the 20 level for om? <1072* eV2 The sensitivity to
pseudo-Dirac neutrinos as a function of o, and 6m% is
depicted in Fig. 10 for SK (left panel), HK (center panel),
and Theia (right panel). We observe that the sensitivity is
independent of o, for ¢, > 107'* m at the three experi-
ments. For some range of mass-squared differences, all
experiments can rule out the pseudo-Dirac neutrino hypoth-
esis at more than the 30 level as long as o, is large enough.
In the case of HK, even when decoherence effects are

HK

Theia
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oy [m]
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FIG. 10. Sensitivity on the (o, 5m%) parameter space from ten years of simulated data at SK (left panel), HK (middle panel), and Theia
(right panel). The regions that can be tested at less than or equal to 1o, 20, 30 level correspond to the blue, green, and yellow areas,

respectively. The white regions have a sensitivity >3 C.L.
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of the Hubble constant H|, from Planck [52], DES + BAO + BBN [117], SHOES [65,68], CCHP [118], MIRAS [119], HOLICOW
[120], MCP [121], and SBF [122], along with our estimates for the precision with which H, can be extracted from future DSNB data.

strong, one can rule out the pseudo-Dirac neutrino hypoth-
esis at more than the 3¢ level for some range of mass-
squared differences.

VI. CONCLUSIONS

Since the dawn of the first stars, core-collapse super-
novae have created a plethora of tens-of-MeV neutrinos of
all species. This steady source of CCSN relic neutrinos, the
DSNB, serves as a complementary probe of certain aspects
of cosmology, astrophysics, and particle physics. As Super-
Kamiokande, doped with gadolinium, prepares to take data,
the detection of the DSNB appears to be just a matter of
time. As a result, a detailed study of the role played by the
DSNB in this era of multimessenger astronomy is timely.
This is what we pursued here.

Predicting the DSNB flux requires inputs from three
different disciplines: (i) the cosmological history of the
Universe, (ii) the rate of CCSNe, which depends on the
star-formation rate and is constrained by astrophysical data
and modeling, and (iii) the neutrino energy spectra from
CCSNe that depend on simulations of CCSNe and the
particle-physics properties of neutrinos. As a result, suc-
cessful detection of the DSNB in currently running and
future detectors can help to constrain different cosmologi-
cal parameters, the star-formation history, as well as
different types of beyond-the-Standard-Model particle
physics. In this work, we have analyzed the potential
of terrestrial detectors to constrain the above, using the
DSNB.

In ten years, JUNO and SK are expected to accumulate a
few to several tens of events. In ten years, HK and Theia
should have hundreds of events in hand. These samples dictate
what information one can hope to extract from measurements
of the DSNB. Before HK and Theia are available, combined
SK and JUNO could already yield interesting results. In
Fig. 11 (left panel) we depict how well combined JUNO and
SK data, collected over a five-year period, could constrain the
hypothesis that neutrinos are pseudo-Dirac fermions. We find
that a small range of new mass-squared differences (around
several times 1072 eV?) can be ruled out at the 3¢ level. We
refer to Sec. V B for more details.

More statistics allow one to consider more ambitious
measurements. We argued that HK and Theia, after a
decade of running, can provide a “neutrino measurement”
of the expansion rate of the Universe. Figure 11 (right
panel) depicts the current “electromagnetic”’ measurements
of the Hubble constant at both low and high redshifts, along
with our estimate for how precisely HK and Theia could
measure H, after ten years of DSNB data are collected. The
latter are expected to be systematics dominated; improved
estimates of the star-formation rate allow for more precise
measurements of H,. While it is clear that DSNB mea-
surements of H, will not compete, precisionwise, with
current measurements of Hy—they probably will not be
able to seriously inform the current tension between low-
[65,68,118—121] and high-redshift data [52,117,122]—it is
also clear that a neutrino measurement of the expansion of
the Universe would be invaluable. Given expectations that
H, will be measured using the detection of gravity waves
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from the collisions of ultradense objects [123—125], it seems
we are only a decade away from doing multimessenger
cosmology with photons, gravitons, and neutrinos.
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