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Measuring core-collapse supernova neutrinos, both from individual supernovae within the Milky Way
and from past core collapses throughout the Universe (the diffuse supernova neutrino background, or
DSNB), is one of the main goals of current and next generation neutrino experiments. Detecting the heavy-
lepton flavor (muon and tau types, collectively νx) component of the flux is particularly challenging due to
small statistics and large backgrounds. While the next galactic neutrino burst will be observed in a plethora
of neutrino channels, allowing us to measure a small number of νx events, only upper limits are anticipated
for the diffuse νx flux even after decades of data taking with conventional detectors. However, paleo
detectors could measure the time-integrated flux of neutrinos from galactic core-collapse supernovae via
flavor-blind neutral current interactions. In this work, we show how combining a measurement of the
average galactic core-collapse supernova flux with paleo detectors and measurements of the DSNB electron-
type neutrino fluxes with the next-generation water Cherenkov detector Hyper-Kamiokande and the liquid
noble gas detector DUNE will allow to determine the mean supernova νx flux parameters with precision of
order ten percent. Realizing this potential requires both the cosmic supernova rate out to z ∼ 1 and the
integrated Galactic supernova rate over the last ∼1 Gyr to be established at the ∼10% level.
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I. INTRODUCTION

Supernovae play an important role for the workings of
our Universe as well as for our understanding thereof. The
rapid injection of energy from supernovae is crucial for the
properties of galaxies, and the extreme environment of a
supernova makes them the birthplaces of much of the
heavy elements in our Universe as well as prolific sources
of energetic cosmic rays. Neutrinos play a crucial role in
the explosion mechanisms of supernovae, not least because
the matter density during the initial stages of a core-
collapse supernova is so high that neutrinos are the only
(known) particles which can escape this environment.
While core-collapse supernovae produce enormous fluxes
of all flavors of neutrinos, to date, the only supernova
neutrinos measured by terrestrial experiments are the
historical ν̄e events detected from SN1987A [1–4].
Detecting all flavors of supernova neutrinos is an impor-
tant goal, for example to infer the total energetics of the
collapse, to test complex neutrino oscillation phenomena,
and to search for physics beyond the Standard Model [5].

In the upcoming decades, the next generation of neutrino
detectors, in particular Hyper-Kamiokande [6] and DUNE
[7], will provide unprecedented sensitivity to supernova
neutrinos. Utilizing charged-current interactions, Hyper-
Kamiokande is predominantly sensitive to ν̄e neutrinos
while DUNE is mostly sensitive to the νe fluxes. In order to
detect heavy lepton flavor neutrinos νx ¼ fνμ; ν̄μ; ντ; ν̄τg,
one must rely on processes with significantly smaller event
rates. One strategy to detect νx is to use scattering on
protons in scintillator detectors [8–12]. Another strategy is
to exploit flavor-blind channels, for example, elastic
scattering events in large direct dark matter detection
experiments, and subtract the (anti-)electron-type neutrino
contribution by merging datasets.
If next-generation neutrino detectors are operational at

the time of the next galactic core-collapse event, supernova
neutrinos of all flavors will be measured with relatively
large statistics—Hyper-Kamiokande, DUNE and JUNO,
would detect Oð105Þ ν̄e, Oð103Þ νe and Oð102Þ νx events,
respectively. In addition, the current generation of tonne-
scale dark matter detectors such as XENONnT, LZ, or
PandaX-4T, would make flavor-blind detections of neutri-
nos from such a galactic core-collapse event [13,14]. While
neutrinos from the next galactic core-collapse supernova
will teach us invaluable lessons about neutrinos and
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supernova physics, this approach also comes with draw-
backs: The galactic core-collapse supernova rate is esti-
mated to be 2–3 per century [15–20] and the only remedy is
patience. Furthermore, one would measure the neutrinos
from an individual core-collapse supernova which may well
be atypical. Both of these issues are mitigated by attempting
to detect neutrinos from the diffuse supernova neutrino
background (DSNB), the neutrino flux from distant core-
collapse supernovae throughout the Universe [21,22].
However, detecting the DSNB is challenging due to its
relatively small neutrino flux and because the DSNB
spectrum is significantly redshifted—the DSNB flux is
dominated by supernovae at redshifts z ∼ 1 – 2. The next
generation of neutrino detectors, in particular Hyper-
Kamiokande and DUNE, are expected to detect ν̄e and
νe neutrinos from the DSNB and measure the corresponding
neutrino flux parameters. However, no (conventional) neu-
tral-current detector with the required combination of
exposure and energy threshold is available to measure
the νx fluxes. Even future direct dark matter detectors such
as DARWIN [23] are expected to set only upper limits on
the DSNB νx flux roughly an order of magnitude above the
expected flux [24].
In this work, we show the prospects of paleo detectors to

measure the νx supernova neutrino flux. Rather than
operating a real-time laboratory experiment to search for
neutrinos, paleo detectors [25–27] would use nuclear
damage tracks recorded in natural minerals of geological
ages (100 Myr − 1Gyr) to search for neutrino-induced
nuclear recoils [28]. Many minerals are excellent solid
state track detectors [29–32] and retain the damage tracks
caused by nuclear recoils for timescales which can exceed
the age of the Earth by many orders of magnitude. Modern
microscopy techniques such as small angle x-ray scattering
[33–35] potentially allow for the readout of these damage
tracks in macroscopic samples. Paleo detectors have been
considered to study atmospheric [36] and solar neutrinos
[37,38] in addition to supernova neutrinos [28].
There are two crucial differences between detecting

supernova neutrinos in paleo detectors and in Hyper-
Kamiokande/DUNE: First, the geological timescales paleo
detectors record neutrino-interactions over are many orders
of magnitude longer than the (inverse) supernova rate of the
Milky Way (2 – 3 per century [15–20]). Physically then,
paleo detectors are sensitive to the mean supernova neutrino
properties from many past core collapses, similar to the
DSNB modulo different distances. When averaged over
timescales much longer than a century, the supernova
neutrino flux on Earth is no longer dominated by the
DSNB, but by neutrinos from supernovae in our galaxy,
and this time-averaged flux is a factor of order 100 larger
than the DSNB flux [28]. Second, paleo detectors would
detect supernova neutrinos via coherent elastic neutrino-
nucleus scattering (CEνNS), a process mediated by neutral
currents and hence sensitive to the total neutrino flux rather

than the ν̄e=νe fluxes Hyper-Kamiokande/DUNE would
measure. In this regard, paleo detectors utilize the same
interaction physics as direct dark matter experiments.
Combined with the significantly larger time-integrated
galactic supernova neutrino flux, paleo detectors offer a
unique opportunity to measure all flavors of neutrinos
emitted from a population of past core-collapse events.
In order to extract the νx flux parameters, a measurement

of the total galactic supernova neutrino flux in paleo
detectors must be combined with flavor-sensitive measure-
ments of supernova neutrinos. To this end, we consider a
combination of the paleo-detector measurement with mea-
surements of the DSNB ν̄e=νe parameters with Hyper-
Kamiokande/DUNE. The main background for supernova
neutrinos in paleo detectors stems from radiogenic neutrons
originating from the 238U decay chain, and we project the
precision to which the νx flux parameters can be extracted
for different assumptions on the uranium concentration in
paleo-detector samples. We find that for a 238U concentration
of 10−11 g=g (10−12 g=g), the average energy as well as the
total energy of the νx flux can be measured with few tens of
percent (≲10%) precision.
The remainder of this work is structured as follows: In

Sec. II, we discuss the calculation of the time-averaged flux
of neutrinos from galactic supernovae at Earth, the calcu-
lation of the DSNB and the calculation of the neutrino-
induced signal in paleo detectors. A discussion of the most
relevant background sources in paleo detectors can be found
in Sec. II A. In Sec. III we explain the statistical analysis we
use to extract the neutrino parameters from mock data in
Hyper-Kamiokande, DUNE, and paleo detectors. We show
our results for the projected precision of the reconstruction
of these parameters in Sec. IV. In Sec. V, we summarize and
discuss our findings.

II. PALEO DETECTORS AS (SUPERNOVA)
NEUTRINO DETECTORS

In this section, we discuss the signal from supernova
neutrinos in paleo detectors as well as the most relevant
backgrounds. For a more detailed discussion of paleo
detectors as (CEνNS) neutrino detectors, see Ref. [28],
and for discussions of the relevant background sources in
paleo detectors see also Refs. [26,27].
We model the spectrum of the neutrino species νi from a

supernova as a pinched Fermi-Dirac distribution [39]

�
dn
dE

�
νi

¼ Etot
ν
ð1þ αÞ1þα

Γð1þ αÞ
Eα

hEνi2þα e
½−ð1þαÞ E

hEνi�; ð1Þ

where Etot
ν is the total energy radiated in νi, hEνi is the

average energy of the neutrinos, and α is a (dimensionless)
spectral shape parameter. For flavor-blind interactions such
as CEνNS, the relevant neutrino flux is the sum over all
flavors,
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dn
dEν

¼
�
dn
dE

�
νe

þ
�
dn
dE

�
ν̄e

þ 4

�
dn
dE

�
νx

: ð2Þ

The time-averaged neutrino spectrum from core-collapse
supernovae in our Galaxy is then obtained by integrating
over the probability density fðREÞ for a supernova to occur
at a distance RE from Earth and by multiplying with the
galactic core-collapse supernova rate, _Ngal

CC,

�
dϕ
dEν

�
gal

¼ _Ngal
CC

dn
dEν

Z
∞

0

dRE
fðREÞ
4πR2

E
: ð3Þ

For fðREÞwe assume that supernovae occur predominantly
in the stellar disk and model the distribution of core-
collapse supernovae as a double-exponential in galacto-
centric coordinates,

ρ ∝ e−R=Rde−jzj=H; ð4Þ

where R is the galactocentric radius, z the height above
the galactic plane, and we use Rd ¼ 2.9 kpc and
H ¼ 95 pc [20].
Similarly, the DSNB neutrino flux is obtained by

integrating over the volumetric cosmic supernova rate,
_ncosmo
CC , [21,22]

�
dϕ
dEν

�
DSNB

¼
Z

∞

0

dz

H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ þ Ωmð1þ zÞ3

p _ncosmo
CC ðzÞ dn

dE0
ν
;

ð5Þ

where H0 ≃ 67 km=s=Mpc is the Hubble constant, ΩΛ ≃
0.68 and Ωm ≃ 0.32 are the cosmological density param-
eters for dark energy and matter, respectively, and z is the
cosmological redshift. Note that the supernova neutrino
spectrum, dn=dEν, must be evaluated at the redshifted
neutrino energy E0

ν ¼ ð1þ zÞEν. The cosmic supernova
rate is related to the (volumetric) star formation rate _ρ�ðzÞ
via the conversion factor

_ncosmo
CC ðzÞ ¼ _ρ�ðzÞ

R
100
Mmin¼8 ψðMÞdMR
100
0.1 MψðMÞdM ; ð6Þ

which is equivalent to assuming that all massive stars with
mass above Mmin ¼ 8 M⊙ undergo core collapse. This is a
reasonable assumption for our estimates (see, e.g., discus-
sions in [40])—although a fraction of massive stars are
expected to collapse to black holes, with systematically
higher temperature neutrino emissions [41], we neglect their
contribution in this work. First, their occurrence rate remains
highly uncertain, and secondly, their contributions would
enhance the detectability of the DSNB so we remain
conservative byomitting their occurrence.The star-formation
rate is observationally measured [42,43], especially well in
the low redshift range of importance for estimating the

DSNB, and we adopt the functional fit described in, e.g.,
Refs. [41,44]. Note that alternatively one could also take
_ncosmoCC ðzÞ directly from supernova surveys, see for example
Ref. [45]. However, the limited depth of current supernova
surveys means that in the most relevant redshift range, z≲ 2,
the errors of such direct measurements of _ncosmoCC ðzÞ are larger
than those of inferring _ncosmoCC ðzÞ from measurements of the
cosmic star formation rate via Eq. (6).
Supernova neutrinos (predominantly1) induce signals in

paleo detectors via CEνNS interactions. The differential
recoil spectrum (per unit target mass) for a target nucleus T
to recoil with energy ER is given by [46,47]�

dR
dER

�
T
¼ 1

mT

Z
Emin
ν

dEν
dσ
dER

dϕ
dEν

; ð7Þ

where mT is the mass of T and Emin
ν ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mTER=2
p

is the
minimum neutrino required to induce a nuclear recoil with
ER. The differential CEνNS cross section is

dσ
dER

ðER; EνÞ ¼
G2

F

4π
Q2

WmT

�
1 −

mTER

2E2
ν

�
F2ðERÞ; ð8Þ

with the Fermi coupling constant GF, the nuclear form
factor FðERÞ,2 and

QW ≡ ðAT − ZTÞ − ð1 − 4 sin2 θWÞZT; ð9Þ

where θW is the weak mixing angle, and AT (ZT) the
number of nucleons (protons) in T.
The observable in a paleo detector is the track length

spectrum, which is obtained from the recoil energy spec-
trum by summing over all target nuclei and weighting with
the stopping power of T in the material, dER=dxT ,

dR
dx

¼
X
T

ξT
dER

dxT

�
dR
dER

�
T
; ð10Þ

where ξT is the mass fraction of T in the target material.
Similarly, the length x of a track from a nucleus T recoiling
with energy ER is obtained by integrating the stopping
power,

xðERÞ ¼
Z

ER

0

dE

���� dEdxT
����
−1
: ð11Þ

We use SRIM [49,50] to calculate stopping powers
in the target materials used in this work, epsomite

1Additional signals arise via quasielastic charged-current
interactions and, for more energetic neutrinos, via (deep) inelastic
neutrino-nucleus interactions [36]. However, the contribution
from quasielastic interactions is suppressed compared to the
CEνNS one by the lack of coherent enhancement, and the
contribution of inelastic interactions of more energetic neutrinos
is suppressed by the quickly falling neutrino flux.

2We use the Helm form factor [48] as in Ref. [28].
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[MgðSO4Þ · 7ðH2OÞ], gypsum [CaðSO4Þ · 2ðH2OÞ], and
sinjarite [CaCl2 · 2ðH2OÞ].

A. Background sources

Let us briefly discuss the most relevant background
sources for supernova neutrino searches in paleo detec-
tors. These backgrounds have been discussed in detail in
Refs. [26,28] see also Ref. [27]. Note that all relevant
backgrounds stem from nuclear recoils. Natural defects in
minerals are either single-site or span across the entire
monocrystalline volume, and thus do not resemble the
damage tracks induced by CEνNS of supernova neutrinos.

(i) Cosmogenics: In order to suppress cosmic-ray
induced backgrounds, minerals used as paleo de-
tectors must have been shielded by a sufficiently
large overburden for the entire time they have been
recording nuclear damage tracks. The modest
amounts of target materials required for paleo
detectors, at most a few kg, can be sourced from
much greater depths than those of existing under-
ground laboratories. For example, boreholes drilled
for geological R&D or oil exploration are promis-
ing sources of samples. For an overburden of
≳5 km rock, cosmogenic backgrounds, in particu-
lar the cosmogenic muon induced neutron flux, are
suppressed to a negligible level.

(ii) Radiogenics: Any mineral used as a paleo detector
will be contaminated by trace amounts of radioactive
material. In order to mitigate the associated radio-
genic backgrounds, it is crucial to use as radiopure
minerals as possible as paleo detectors. The most
important radioactive isotope in natural minerals is
238U. Minerals formed in the Earth’s crust have
typical 238U concentrations of C238 ∼ 10−6 g=g,
which would lead to prohibitively large radiogenic
backgrounds. The 238U concentration in so-called
ultra basic rocks (UBRs), formed from the material of
the Earth’s mantle, and in marine evaporites (MEs),
salts formed from sea water, are much lower, making
them attractive as paleo detectors, see Refs. [51–57]
as well as the discussion in Refs. [26,28]. As in
previous work on paleo detectors [25–28,36,58], we
will assume benchmark 238U concentrations of
C238 ¼ 10−11 g=g for the ME examples epsomite
[MgðSO4Þ · 7ðH2OÞ], gypsum [CaðSO4Þ · 2ðH2OÞ],
and sinjarite [CaCl2 · 2ðH2OÞ] we use as target
materials in this work. We will also show prospects
for measuring supernova neutrinos for a more opti-
mistic assumption of C238 ¼ 10−12 g=g. The most
relevant radiogenic background in paleo detectors are
nuclear recoils induced by the elastic scattering of
radiogenic neutrons off the nuclei constituting the
mineral. These neutrons are produced by spontaneous
fission of heavy radiogenic isotopes as well as by

ðα; nÞ-reactions of the α-particles from the 238U decay
chain. We use SOURCES-4A [59] to model these
neutron spectra, and calculate the induced nuclear
recoil spectrum using TENDL-2017 [60–63] neu-
tron-nucleus cross sections as tabulated in the
JANIS4.0 database [64].3

(iii) Astrophysical neutrinos: Just like supernova neu-
trinos, neutrinos from other sources give rise to
nuclear recoils and, in turn, nuclear damage tracks
in paleo detectors. The most relevant backgrounds
to supernova neutrino induced recoils are solar and
atmospheric neutrinos. We take the corresponding
neutrino fluxes from Ref. [68] and model the
corresponding nuclear recoil spectrum as for the
supernova neutrinos described above.

In Fig. 1 we show the signal induced by the coherent
scattering of neutrinos from supernovae in our Galaxy in

FIG. 1. Number of events per bins of track length in a Epsomite
[MgðSO4Þ · 7ðH2OÞ] paleo detector with 100 gram Gyr exposure.
Throughout this work, we use 70 log-spaced bins in the range
7.5 nm ≤ x ≤ 103 nm. The red lines show the events induced by
CEνNS of neutrinos from core-collapse supernovae in our galaxy.
The blue line indicates the spectrum induced by scattering of
solar, atmospheric, and DSNB neutrinos, and the black line
shows the spectrum induced by radiogenic neutrons. As we show
in this work, by utilizing the entire spectrum the galactic
supernova signal and its properties can be measured although
it produces fewer tracks than the backgrounds for all track
lengths.

3We take only elastic neutron-nucleus scattering into account;
this yields a conservative estimate of the background because
neutrons typically lose a larger fraction of their energies through
inelastic processes than in elastic scattering. Note also that our
Monte Carlo simulation of the nuclear recoils induced by
radiogenic neutrons has been validated with a calculation of
the nuclear recoils induced by the same neutron spectra with
FLUKA [65–67] in Ref. [36] for the particular case of a halite
target.
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epsomite [MgðSO4Þ · 7ðH2OÞ] together with the back-
grounds induced by other astrophysical neutrinos and
radiogenic neutrons, assuming C238 ¼ 10−11 g=g. Note
that we have included contributions from solar and
atmospheric neutrinos as well as from the DSNB in the
spectrum labeled “ν bkg.” As we will see, the properties of
the galactic supernova neutrino flux can be inferred in a
paleo detector despite the fact that the overall normali-
zation of the associated track length spectrum is smaller
than that of the backgrounds. This is possible thanks to
the enormous exposure achievable in paleo detectors:
Reading out 100 g of a mineral which has been recording
damage tracks for 1 Gyr corresponds to an exposure
of ε ¼ 100 g Gyr ¼ 100 kt yr. For such an exposure,
there would be about 2.8 × 103 νx tracks with length
between 100 and 500 nm. In the same range, there
would be 1.8 × 105 tracks from background events for
our fiducial assumption of C238 ¼ 10−11 g=g. Therefore,
considering only statistical uncertainty, the νx signal
can be observed with a statistical significance of

2.8 × 103=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1.8 × 105

p
¼ 6.6σ. For the same exposure in

gypsum [CaðSO4Þ · 2ðH2OÞ] and sinjarite [CaCl2·
2ðH2OÞ], there would be a significance of 3σ and 2σ,
respectively. Note that even for 238U concentrations as
large as C238 ¼ 5 × 10−11 g=g, the (statistical) signifi-
cance for seeing νx induced tracks in an epsomite paleo
detector would still be 3σ.

III. ANALYSIS

In order to calculate the track length distributions in paleo
detectors for both supernova neutrino and background
events we use the public code presented in Ref. [27]. In
our analysis we employ three rock samples: Epsomite
[MgðSO4Þ · 7ðH2OÞ], gypsum [CaðSO4Þ · 2ðH2OÞ] and sin-
jarite [CaCl2 · 2ðH2OÞ]; these minerals provide particularly
good detection statistics for supernova neutrinos. We
assume that 100 g of each material can be read out with
track length resolution of 15 nm.4 Such a sample size and
readout resolution may, for example, be achievable with
small angle x-ray scattering microscopy [33–35], see the
discussion in Ref. [26]. We consider both a default 238U
concentration of C238 ¼ 10−11 g=g and a more optimistic
one of C238 ¼ 10−12 g=g. These choices are summarized in
Table I. Concerning the neutrino energy spectrum, the
parameters used for generating our set of mock data are
given in Table II. These have been extracted from Fig. 1 in
[69], where the first 3D supernova simulation up to

7 seconds post bounce has been presented, providing a
more reliable estimate of the total energies of each neutrino
species. In particular, the values for the average energies
reported in Table II refer to the time-averaged quantities
reported in Fig. 1 of [69], whereas the total energies are
obtained by integrating over time.
Since the contribution of galactic supernova neutrinos

to the track length distribution is subdominant with
respect to the radiogenic and solar neutrino background,
paleo detectors alone cannot (completely) break the
degeneracy between the three supernova neutrino compo-
nents (νe; ν̄e; νx). To alleviate this problem we include
an independent measurement of the DSNB with the
future neutrino detectors DUNE [7,70–72] and Hyper-
Kamiokande [6], which will be sensitive to νe and ν̄e,
respectively. Let us note that observations of the neutrinos
from a single future galactic supernova in neutrino and
dark matter detectors can, in general, provide much higher
precision measurements of the supernova neutrino spec-
trum than the combined measurement of the DSNB in
DUNE and Hyper-Kamiokande and galactic supernova
neutrinos in paleo detectors we consider here. However,
our approach has two important advantages. First, we do
not need to wait for the next galactic core-collapse
supernova. Second, our approach would measure neutri-
nos from a large population of supernovae rather than
from one specific (possibly atypical) supernova.

TABLE I. Summary of paleo detector properties used in our
simulation.

Track Resolution 15 nm
Track Length Min 7.5 nm
Track Length Max 1000 nm
Number of Log Bins 70
Rock Sample Mass 100 g
Rock Sample Age 1 Gyr
Default Uranium Concentration (C238) 10−11 g=g
Optimistic Uranium Concentration (C238) 10−12 g=g

TABLE II. Summary of neutrino properties used to generate
our set of mock data. Note that Etot

νx refers to the total energy of
one of the four νx neutrino species (νμ, ν̄μ, ντ, ν̄τ), see Eq. (2), and
αν is the pinching-parameter of the energy distribution of
neutrinos [39], see Eq. (1).

hEνei 11.2 MeV
hEν̄ei 13.5 MeV
hEνxi 13.4 MeV
Etot
νe 6.8 × 1052 erg

Etot
ν̄e 6.6 × 1052 erg

Etot
νx 6.2 × 1052 erg

ανe ¼ ανx ¼ αν̄e 3
Galactic Supernova Rate 0.023 per year

4In order to include the effects of finite track length resolution,
we compute the number of tracks in the ith bin with reconstructed
length x ∈ ½xmin

i ; xmax
i � in a sample of mass M which has been

recording tracks for a time tage as Ni ¼ M × tage
R
dx0W

ðx0; xmin
i ; xmax

i ÞðdR=dx0Þ, where dR=dx0 is the true track length
spectrum andW is a window function, see, for example, Ref. [27].

ROCKS, WATER, AND NOBLE LIQUIDS: UNFOLDING THE … PHYS. REV. D 106, 123008 (2022)

123008-5



In order to project the precision with which DUNE and
Hyper-Kamiokande can constrain the parameters controlling
the supernova neutrino spectrum, we compute the DSNB
flux as in Eq. (5), except that we use the spectrum from the
appropriate single neutrino flavor νi rather than the total
neutrino flux, see Eqs. (1) and (2). For detection at DUNE,
we consider a 40 kton liquid argon detector and detection of
electron neutrinos through the charged-current interaction
νe þ Ar → e− þ Kþ. We adopt the cross section based on
the random phase approximation scheme of Ref. [73]. Since
DUNE is under construction, we assume a detection
efficiency of 86% based on the DUNE design report
[7,74]. For detection at Hyper-Kamiokande, we consider
a gadolinium-enhanced water detector with fiducial volume
of 187 kton and detection of antielectron neutrinos through
inverse-beta interaction on water ν̄2 þ p → nþ eþ. The
cross section is well-known [75,76], and we assume a
detection efficiency of 67% [74]. For detector backgrounds,
we consider the models adopted in Refs. [74,77]. These
include for Hyper-Kamiokande atmospheric neutrinos,
spallation products, and invisible muons (i.e., tracks pro-
duced by the decay products of sub-Cherenkov threshold
muons); and for DUNE, atmospheric neutrinos. We consider
a 20-year run time for both Hyper-Kamiokande and DUNE.
We note that although other detectors, e.g., JUNO [78], have
sensitivity to DSNB neutrinos [77], DUNE and Hyper-
Kamiokande will dominate the sensitivity to νe and ν̄e,
respectively.
In our analysis we perform a scan over a 12-dimensional

parameter space. Six parameters correspond to the average
and total energies of νe; ν̄e and νx (the pinching parameters
ανi are fixed to the values in Table II). The floating
parameters related to paleo detectors are the normalization
of the radiogenic and solar neutrino background. Those
related to DSNB measurements are the normalization of the
backgrounds in DUNE and Hyper-Kamiokande, for which
we adopt the spectra modeled in Refs. [74,77]. The last two
parameters are the galactic supernova rate and the overall
normalization of the DSNB signal, which parametrize the
uncertainty on the star formation rate. We introduce
Gaussian priors with (relative) width of 10% on the galactic
supernova rate and the normalization of the DSNB, and
priors with 20% width on the background normalization in
DUNE and Hyper-Kamiokande. To put our choices of
priors on the galactic supernova rate and the DSNB in
context, we note that the uncertainty on the cosmic star
formation rate is already at the level of ∼20% at the low
redshifts most relevant to the DSNB and local core collapses
[21,42,43]. We expect considerable improvements on this
uncertainty in the next decade, not least from the upcoming
surveys with the James Webb Space Telescope [79] and the
Vera C. Rubin Observatory [80]. While the time evolution
of the galactic star formation rate on gigayear timescales
remains uncertain with tens-of-percent fluctuations (see,
e.g., Refs. [81–83]), we emphasize that the relevant quantity

for our analysis is the local supernova rate integrated over
the past ∼1 Gy rather than the instantaneous rate. Note that
we are not including any priors on the normalization of the
solar neutrino and radiogenic backgrounds in paleo detec-
tors nor on the total and mean energies of the supernova
neutrino fluxes. We scan over the parameter space using a
Markov Chain Monte Carlo through the public software
PyMultinest [84,85]. We define the following likelihood:

logðLÞ ¼ −
XNpaleo
bins

i¼1

½Nth
i − Ndata

i þ Ndata
i ðlogðNdata

i Þ

− logðNth
i Þ� −

1

2

X
p

�
fp
σp

�
2

−
X
exp

XNexp
bins

i¼1

½Mth
exp;i −Mdata

exp;i

þMdata
exp;iðlogðMdata

exp;iÞ − logðMth
exp;iÞ�; ð12Þ

whereNdata
i is the number of simulated data events in the ith

track length bin for paleo detectors and Nth
i the number of

expected events, defined asNth
i ¼ N0;th

i ð1þP
p fpÞ, where

the fp are the free normalization parameters discussed
above and N0;th

i is the expected number of events calculated
with the default values of parameters. Mdata;th

exp;i is defined
analogously to Nth

i , but refers to DSNB events for
exp¼ ðHyper‐Kamiokande;DUNEÞ. Concerning the bin-
ning, we use 70 log-spaced bins between 7.5 nm
and 103 nm.
For the DSNB we take into account also possible

neutrino oscillations inside the supernova.5 In particular,
focusing only on the MSWeffect and neglecting collective
and turbulence effects, we consider three cases:
no oscillations, normal and inverted mass ordering.
For normal mass ordering the survival probability of
νe is Pðνe → νeÞ ¼ 0, whereas the one for ν̄e is
Pðν̄e → ν̄eÞ ¼ 0.7. For inverted mass ordering the survival
probability of νe is Pðνe → νeÞ ¼ 0.3, whereas the one for
ν̄e is Pðν̄e → ν̄eÞ ¼ 0. Note that when we report our
projected constraints on the neutrino parameters below,
neutrino flavors always refer to the those emitted in the
supernova explosion, i.e., prior to any flavor oscillations.

IV. RESULTS

Figure 2 displays the allowed regions at 68% and
99.7% confidence levels for the average energy and total
energy of each neutrino flavor obtained when using
only the measurement of DSNB neutrinos in DUNE and

5Since paleo detectors measure supernova neutrinos (predomi-
nantly) via CEνNS, flavor oscillations have no effect on the signal
in paleo detectors.
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Hyper-Kamiokande for 20-years of operation, i.e., the
results in Fig. 2 are without any information one could
obtain from measuring the galactic supernova neutrino flux
in paleo detectors. In all figures presented in this section,
the left panels show the projection in the plane of the νe
average energy vs total energy, the middle panels are for the
ν̄e flavor parameters, and the right panels for the νx flavor
parameters; the panels in the top row are for the “no
oscillation” scenario, while the middle (bottom) row shows
results for normal (inverted) ordering. In general, a degen-
eracy between average energy and total energy is observed,
which is due to the fact that the statistics of the signal events
is proportional to the product hEναi2Etot

να .
Let us discuss the results for the different oscillation

scenarios in a little more detail: For the “no oscillation”

case (shown in the top row), we find slightly better
precision for the ν̄e parameters (middle panel) than for
the νe parameters (left panel). This is due to the better
statistics of the ν̄e events in Hyper-Kamiokande compared
to the νe events in DUNE. Since under the assumptions
made in this work neither Hyper-Kamiokande nor DUNE
are sensitive to νx neutrinos, we do not find any corre-
sponding constraint in the top right panel.
For the normal ordering case shown in the middle row,

recall that the survival probability for νe is Pðνe → νeÞ ¼ 0
and for ν̄e, Pðν̄e → ν̄eÞ ¼ 0.7. Accordingly, we find no
constraint for the νe parameters, while the constraint for the
ν̄e parameters is somewhat worse than for the “no oscil-
lation” case. On the other hand, νx produced in the
supernovae now oscillate into νe and ν̄e at the detector,

FIG. 2. Posterior probability distribution function of the supernova neutrino parameters obtained by observing the DSNB in DUNE
and Hyper-Kamiokande only. The left column shows the projection in the plane of the νe average energy vs total energy, the middle
column shows the ν̄e flavor, and the right column for the νx flavor parameters. The panels in the top row are for the “no oscillation”
scenario, while the middle (bottom) row shows results for normal (inverted) ordering. Note that for “no oscillation”/normal ordering/
inverted ordering, DUNE and Hyper-Kamiokande alone do not constrain the νx=νe=ν̄e parameters.
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hence, we find a constraint of the νx parameters from
Hyper-Kamiokande and DUNE alone.
For the inverted ordering case [where Pðνe → νeÞ ¼ 0.3

and Pðν̄e → ν̄eÞ ¼ 0] shown in the bottom row, the
posterior probability distribution functions change compare
to the “no oscillation” case for analogous reasons: In this
scenario, one obtains no constraint on the ν̄e parameters and
the constraints on the νe parameters degrade compared to
the “no oscillation” scenario. As in the normal ordering
case, one does obtain a constraint on the νx parameters for
inverted ordering, and the allowed regions for the νx
parameters are somewhat smaller for inverted ordering
than for normal ordering due to the oscillation patterns and
the different detection statistics of ν̄e in Hyper-Kamiokande
vs νe in DUNE.

Figure 3 displays the allowed regions at 68 and
99.7% confidence levels for the average energy and total
energy of νe, ν̄e and νx obtained by using both the
information obtainable with a paleo-detector measurement
of galactic supernova neutrinos and the DSNB in Hyper-
Kamiokande and DUNE. Here, we have assumed a
uranium concentration of C238 ¼ 10−11 g=g, controlling
the normalization of the most important background for the
supernova neutrino measurement with paleo detectors.
Compared to the Hyper-Kamiokande+DUNE only results
shown in Fig. 2, adding the information of the flavor-blind
measurement in paleo detectors now allows to obtain
constraints on all neutrino flavors regardless of the oscil-
lation parameters. Note that since νx ¼ fνμ; ν̄μ; ντ; ν̄τg
contribute roughly four times more to the total neutrino

FIG. 3. Posterior probability distribution functions of the supernova neutrino parameters obtained when combining DSNB
observations in DUNE and Hyper-Kamiokande with paleo detector observations of the galactic supernova neutrino flux, assuming
C238 ¼ 10−11. As in Fig. 2, the left, central and right columns refer to νe ν̄e and νx, respectively, whereas from top to bottom the rows of
panels refer to the case of no oscillations, normal ordering and inverted ordering, respectively. The addition of the flavor-blind
measurement in paleo detector allows sensitivity to all flavors under all oscillation scenarios considered here.
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flux than νe or ν̄e, see Eq. (2), the signal in paleo detectors
alone is dominated by νx. Nonetheless, in combination with
information from the DSNB measurements in Hyper-
Kamiokande and DUNE, paleo detectors also improved
the measurements of the νe and ν̄e parameters. For the no-
oscillation case, where all the information on the νx
parameters stems from paleo detectors, we find that the
values Etot

νx ¼ 0 and hEνxi ¼ 0 are disfavored at more than
99.7% confidence level. For both normal and inverted
ordering, shown in the middle and bottom rows of Fig. 3,
respectively, the bounds on νx parameters are slightly
improved with respect to the no oscillation case. Recall
that although oscillations do not affect the neutral current
coherent scattering signal in paleo detectors, oscillations do
lead to signals from the νx component in either Hyper-
Kamiokande or DUNE, depending on the mass ordering
under consideration. The best precision on the νx param-
eters is reached for inverted ordering, since in this case, νx

can be observed in Hyper-Kamiokande, which has a larger
statistics compared to DUNE.
In Fig. 4 we show the projected constraints on the

supernova neutrino parameters for the three different
assumptions of the flavor oscillations considered above
but for a more optimistic 238U concentration of C238 ¼
10−12 g=g in the paleo detectors rather than the C238 ¼
10−11 g=g assumed in Fig. 3. Comparing these figures we
can see that using paleo detectors with uranium concen-
tration of C238 ¼ 10−12 g=g would allow us to constrain
hEνxi and Etot

νx with (relative) precision ≲10% rather than
the few tens of percent precision we project for
C238 ¼ 10−11 g=g. This improvement is due to the reduc-
tion of the dominant background in paleo detectors, the
(elastic) scattering of neutrons originating from the 238U
decay chain.
If we modify the assumption of a 10% prior on both the

galactic supernova rate and the normalization of the DSNB,

FIG. 4. Same as Fig. 3, except that we assume C238 ¼ 10−12. Left, central and right columns refer to νe ν̄e and νx, respectively, whereas
from top to bottom the rows refer to the case of no oscillations, normal ordering and inverted ordering, respectively.
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our results are significantly affected (not shown). In
particular, when increasing the width of these priors to
20%, the 99.7% confidence level region extends toward
hEνxi ¼ 0 and large values of Eνx

tot. This happens because
widening this prior loosens the link between the DSNB
measurements in Hyper-Kamiokande and DUNE with the
paleo-detector measurement of neutrinos from galactic
core-collapse events, making it possible for the contribution
of νx to be compensated by νe and ν̄e. On the other hand,
increasing the uncertainty on the normalization of back-
grounds for DSNB experiments does not appreciably affect
the final constraints on hEνxi and Etot

νx .
The sensitivity shown so far can be strongly affected

when considering uncertainties in the shape of signal and
background spectra in paleo detectors beyond simple
normalization factors. To take these into account we follow
Ref. [27] and we substitute the first term in Eq. (12) with

logðLÞ ⊃ −
1

2

XNpaleo
bins

i¼1

ðNth
i − Ndata

i Þ2
Ndata

i þ ðΔshapeNdata
i Þ2 : ð13Þ

This is a conservative choice, because the term
ðΔshapeNdata

i Þ2 represents uncertainties uncorrelated among
bins, which cannot be further constrained in the fit. These
can be considered as a combination of uncertainties of each
component of the track length distribution, for which our
partial ignorance on the corresponding shape cannot be
parametrized with an analytical formula. The results of the
analysis, taking Δshape ¼ 0.1, is shown in Fig. 5. Note that
the choice of Δshape ¼ 0.1 here is not based on any specific
systematic consideration, but is where we start to see a
significant deterioration in the ability to constrain super-
nova neutrino parameters. The results are strongly depen-
dent on the oscillation scenario under consideration.

FIG. 5. Same as Fig. 4 but with uncorrelated shape uncertainties as parametrized in Eq. (13), with Δshape ¼ 0.1. Left, central and right
columns refer to νe ν̄e and νx, respectively, whereas from top to bottom the rows refer to the case of no oscillations, normal ordering and
inverted ordering, respectively.
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Without oscillations, all the information on νx comes from
paleo detectors, which cannot measure the corresponding
flux with a precision better than the uncertainties set by the
term ðΔshapeNdata

i Þ2. With normal ordering and inverted
ordering we have an increasingly precise external input
from DUNE and HyperK, respectively. In particular, for
inverted ordering we almost recover the nominal allowed
regions reported in Fig. 4.
The precision with which the supernova neutrino param-

eters can be inferred can also be reduced if the track length
resolution in paleo detectors is worse than what we
assumed above. With a doubled and quadrupled width
of the resolution (not shown) the precision degrades mostly
in the case of no oscillation and normal ordering, while it
stays nearly unchanged in inverted ordering. The reason for
this oscillation dependence is analogous to what happens in
the case of shape uncertainties.
A final remark is in order. Recently, the possibility of

measuring the DSNB in conventional dark matter detec-
tors and extracting the νx parameters has been carefully
studied in Ref. [24]. Analogously to the signal in paleo
detectors, in conventional dark matter detectors the super-
nova neutrino signal is dominated by background, but
the signal-to-noise ratio is smaller for two reasons:
Conventional dark matter detectors have much smaller
exposures than paleo detectors (e.g., the DARWIN
proposal has an envisaged exposure on the order of
ε ∼ 100 t yr [23]). Second, conventional dark matter detec-
tors would be sensitive to DSNB neutrinos, while paleo
detectors could measure the (time-averaged) signal from
galactic supernova neutrinos; the time-averaged galactic
supernova flux is roughly two orders of magnitude larger
than the DNSB flux. This difference in the signal-to-noise
ratio is the reason why in Ref. [24], only prospective upper
limits on νx parameters are provided, whereas in our work,
we show goodness-of–fit regions. Nevertheless, the two
approaches to measure the νx component are complemen-
tary. Paleo detectors allow only to probe galactic super-
novae, whereas dark matter detectors can measure the
DSNB, which includes extragalactic supernova neutrinos.
Furthermore, neutrinos propagating over cosmological
distances, like those of the DSNB, allow studying differ-
ent fundamental physics (see, for example, Refs. [86,87]).

V. CONCLUSIONS

Supernova neutrinos carry invaluable information about
the astrophysical processes occurring deep inside a stellar
core collapse. The few tens of events observed from
SN1987a have already demonstrated the potential of
detecting a supernova neutrino burst, despite the small
statistics collected. Next generation experiments, such as
Hyper-Kamiokande, DUNE and JUNO, would detect
Oð105Þν̄e, Oð103Þνe and Oð102Þνx events, respectively,

from a galactic supernova, thus covering all neutrino
flavors with differing precision. However, only a few
supernovae are expected to occur per century in our galaxy
on average, and the only remedy is patience. A possible
way around this problem is probing the DSNB, i.e., the
integrated flux of neutrinos produced by all the supernova
explosions occurring throughout the Universe. Another
benefit of the DSNB is that it allows one to be sensitive to
the entire population of supernovae and not only to a
specific progenitor, which might have peculiar character-
istics. Hyper-Kamiokande, DUNE and JUNO have the
capability to detect the DSNB, but with much smaller
statistics compared to a single galactic supernova and with
a significant background to deal with. For ν̄e events in
Hyper-Kamiokande, such background can be mitigated by
adding gadolinium in the water Cherenkov detector,
which can provide a 90% efficiency in tagging inverse
beta decay events induced by neutrinos. For νx, the
detection prospects are less promising, even considering
dark matter detectors where the background is intrinsically
lower. For instance, the expected number of DSNB events
in XENONnT is Oð10−3Þ per year [24], whereas the
background is expected to add up to a few events per year
[88]. In this case only upper limits can be set on the
parameters describing the νx flux, i.e., the average energy
and total energy, hEνxi and Etot

νx [24].
In this work we have shown that one could measure the

νx parameters using paleo detectors. Differently from
conventional detectors which measure neutrino events
in real time, paleo detectors integrate events over time-
scales as large as a billion years. Thus, paleo detectors
could measure the integrated neutrino flux from core-
collapse supernovae in our Galaxy via the nuclear recoils
induced by (flavor-blind) CEνNS reactions of neutrinos
with the atomic nuclei in paleo detectors. Leveraging the
gigayear exposure times, with only 100 g of a epsomite
paleo detector, we expect about 3 × 103 νx events and a
background of 2 × 105 events, assuming a uranium-238
concentration of C238 ¼ 10−11 g=g. Although the signal-
to-background ratio is similar to what is expected for
DSNB events in dark matter detectors, the statistics is
orders of magnitude higher, leading to a much better
signal-to-noise ratio—the ratio between signal events and
the square root of background is 6.6σ. Combining such a
measurement of the galactic supernova neutrino flux with
measurements of the DSNB via charged current inter-
actions in Hyper-Kamiokande and DUNE would allow to
provide closed contours of the 68% and 99.7% confidence
level regions for the parameters controlling the supernova
neutrino spectra of all flavors, νe, ν̄e, and νx. With a more
optimistic assumption on the concentration of uranium,
C238 ¼ 10−12 g=g, we project that the parameters hEνxi
and Etot

νx could be measured with a precision of ≲10% on
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each parameters. However, the precision on some of these
supernova neutrino parameters can be lost for uncertain-
ties on the DSNB and galactic supnernova rate larger than
the 10% assumed here. Current uncertainties on the
cosmic star formation rate at low redshifts are already
at the level of ∼20% [21,42,43], and while reaching ∼10%
uncertainties is ambitious, upcoming surveys with, for
example, the James Webb Space Telescope or the Vera C.
Rubin Observatory are expected to lead to considerable
improvements in our knowledge of the cosmic and
local star formation rate in the near future. We emphasize
that the use of paleo detectors is complementary to the
one of dark matter detectors, since they are sensitive
to a different population of supernova progenitors and
potentially to different effects of physics beyond the
Standard Model.
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