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Time of flight delay in the supernova neutrino signal offers a unique tool to set model-independent
constraints on the absolute neutrino mass. The presence of a sharp time structure during a first emission
phase, the so-called neutronization burst in the electron neutrino flavor time distribution, makes this
channel a very powerful one. Large liquid argon underground detectors will provide precision
measurements of the time dependence of the electron neutrino fluxes. We derive here a new ν mass
sensitivity attainable at the future DUNE far detector from a future supernova collapse in our galactic
neighborhood, finding a sub-eV reach under favorable scenarios. These values are competitive with those
expected for laboratory direct neutrino mass searches.
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Introduction.—Neutrinos of astrophysical and cosmologi-
cal origin have been crucial for unraveling neutrino masses
and properties. Solar neutrinos provided the first evidence for
neutrino oscillations, and hence massive neutrinos. We know
that at least twomassive neutrinos should exist, as required by
the two distinct squared mass differences measured, the
atmospheric jΔm2

31j ≈ 2.51 × 10−3 and the solar Δm2
21 ≈

7.42 × 10−5 eV2 splittings [1–4]. However, neutrino oscil-
lation experiments are not sensitive to the absolute neutrino
mass scale. On the other hand, cosmological observations
provide themost constraining recent upper bound on the total
neutrino mass via relic neutrinos,

P
mν < 0.09 eV at

95% confidence level (C.L.) [5], where the sum runs over
the distinct neutrino mass states. However, this limit is model
dependent, see, for example, [6–27].
The detection of supernova (SN) neutrinos can also

provide constraints on the neutrino mass, by exploiting the
time of flight delay [28] experienced by a neutrino of mass
mν and energy Eν:

Δt ¼ D
2c

�
mν

Eν

�
2

; ð1Þ

where D is the distance travelled by the neutrino. This
method probes the same neutrino mass constrained via
laboratory-based kinematic measurements of beta-decay
electrons [29,30]. Using neutrinos from SN1987A [31–
35], a 95% C.L. current upper limit ofmν < 5.8 eV [36] has

been derived (see also [37]). Prospects for future SN
explosions may reach the sub-eV level [36,38–42].
Nevertheless, these forecasted estimates rely on the detection
of inverse β decay events in water Cherenkov or liquid
scintillator detectors, mostly sensitive to ν̄e events. An
appealing and alternative possibility is the detection of νe
exploiting the liquid argon technology at the DUNE far
detector [43,44]. The large number of detected neutrinos and
the very distinctive feature of the neutronization burst will
ensure a unique sensitivity to the neutrino mass signature via
time delays.
Supernova electron neutrino events.—Core-collapse

supernovae emit 99% of their energy (≃1053 ergs) in the
form of neutrinos and antineutrinos of all flavors with mean
energies of Oð10 MeVÞ. The explosion mechanism of a
core-collapse SN can be divided into three phases: the
neutronization burst, the accretion phase, and the cooling
phase. The first phase, which lasts for 25 milliseconds
approximately, is due to a fast neutronization of the stellar
nucleus via electron capture by free protons, causing an
emission of electron neutrinos (e− þ p → νe þ n). The flux
of νe stays trapped behind the shock wave until it reaches
sufficiently low densities for neutrinos to be suddenly
released. Unlike subsequent phases, the neutronization burst
phase has little dependence on the progenitor star properties.
In numerical simulations, there is a second accretion phase
of ∼0.5 s in which the shock wave leads to a hot accretion
mantle around the high density core of the neutron star.
High luminosity νe and ν̄e fluxes are radiated via the
processes e− þ p → νe þ n and eþ þ n → ν̄e þ p due to
the large number of nucleons and the presence of a
quasithermal eþe− plasma. Finally, in the cooling phase,
a hot neutron star is formed. This phase is characterized by
the emission of fluxes of neutrinos and antineutrinos of all
species within tens or hundreds of seconds.
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For numerical purposes, we shall make use of the
following quasithermal parametrization, representing well-
detailed numerical simulations [45–48]:

Φ0
νβðt; EÞ ¼

LνβðtÞ
4πD2

φνβðt; EÞ
hEνβðtÞi

; ð2Þ

and describing the differential flux for each neutrino flavor
νβ at a time t after the SN core bounce, located at a distance
D. In Eq. (2), LνβðtÞ is the νβ luminosity, hEνβðtÞi the mean
neutrino energy, and φνβðt; EÞ is the neutrino energy
distribution, defined as

φνβðt;EÞ¼ ξβðtÞ
�

E
hEνβðtÞi

�
αβðtÞ

exp

�
−½αβðtÞþ1�E

hEνβðtÞi
�
; ð3Þ

where αβðtÞ is a pinching parameter and ξβðtÞ is a unit-area
normalization factor.
The input for luminosity, mean energy, and pinch-

ing parameter values have been obtained from the
SNOwGLoBES software [49]. SNOwGLoBES includes
fluxes from the Garching core-collapse modeling group
[50], providing simulation results for a progenitor star of
8.8 M⊙ [46].
Neutrinos experience flavor conversion inside the SN as

a consequence of their coherent interactions with electrons,
protons and neutrons in the medium, being subject to the
Mikheyev-Smirnov-Wolfenstein (MSW) resonances asso-
ciated with the solar and atmospheric neutrino sectors [51].
After the resonance regions, the neutrino mass eigenstates
travel incoherently on their way to the Earth, where they are
detected as flavor eigenstates. The neutrino fluxes at the
Earth (Φνe and Φνμ ¼ Φντ ¼ Φνx) can be written as

Φνe ¼ pΦ0
νe þ ð1 − pÞΦ0

νx ; ð4Þ

Φνμ þΦντ ≡ 2Φνx ¼ð1 − pÞΦ0
νe þ ð1þ pÞΦ0

νx ; ð5Þ

where Φ0 refers to the neutrino flux in the SN interior, and
the νe survival probability p is given by p ¼ jUe3j2 ¼
sin2θ13 (p ≃ jUe2j2 ≃ sin2θ12) for NO (IO), due to adiabatic
transitions in the H (L) resonance, which refer to flavor
conversions associated with the atmospheric Δm2

31 (solar
Δm2

21) mass splitting, see e.g., [51]. Here we are neglecting
possible nonadiabaticity effects occurring when the reso-
nances occur near the shock wave [52–59], and the
presence of turbulence in the matter density [60–67].
The presence of nonlinear collective effects [48,68–71]
is suppressed by the large flavor asymmetries of the
neutronization burst [48].
Earth matter regeneration effects might also affect the

neutrino propagation when the SN is shadowed by the
Earth. The distance traveled by neutrinos through the Earth
depends on a zenith angle θ, analogous to the one usually
defined for atmospheric neutrino studies. This convention
assumes cos θ ¼ −1 for neutrinos that cross a distance

equal to the Earth’s diameter, and cos θ ≥ 0 for neutrinos
that are unshadowed by the Earth. We have implemented
such effects using the approach proposed in [72] and we
verified that they marginally affect the sensitivity to the
neutrino mass (see also Table I).
The neutrino interaction rate per unit time and energy in

the DUNE far detector is defined as

Rðt; EÞ ¼ NtargetσνeCCðEÞϵðEÞΦνeðt; EÞ; ð6Þ
where t is the neutrino emission time, E is the neutrino
energy, Ntarget ¼ 6.03 × 1032 is the number of argon nuclei
for a 40 kton fiducial mass of liquid argon, σνeCCðEÞ is the
νe cross section, ϵðEÞ is the DUNE reconstruction effi-
ciency and Φνeðt; EÞ is the electron neutrino flux reaching
the detector per unit time and energy. The total number
of expected events is given by R≡ R

Rðt; EÞdtdE, where
t ∈ ½0; 9� sec.
As far as cross sections are concerned, liquid argon

detectors are mainly sensitive to electron neutrinos via their
charged-current interactions with 40Ar nuclei, νe þ 40Ar →
e− þ 40K�, through the observation of the final state
electron plus the deexcitation products (gamma rays,
ejected nucleons) from 40K�. We use the MARLEY [73]
charged-current νe cross section on 40Ar, implemented in
SNOwGLoBES [49] (see also [75] for a detailed review).
Concerning event reconstruction, we assume the efficiency
curve as a function of neutrino energy given in [43], for the
most conservative case quoted there of 5 MeVas deposited
energy threshold.
Figure 1 shows the number of νe events as a function of

emission time at the DUNE far detector from a SN
explosion at 10 kpc from Earth, for negligible time delays

FIG. 1. Number of νe events as a function of time, obtained by
an energy integration of Eq. (6). The number of events per time
bin is shown for equal bin widths in logarithmic space, for more
clarity. A SN distance of 10 kpc is assumed. Several histograms
are shown: neglecting oscillations, and including oscillations for
the NO and IO cases. For IO, we show the variation of the Earth
matter effects with zenith angle θ.
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due to nonzero neutrino masses. Assuming no oscillations,
the plot illustrates a clear neutronization burst peak at early
times. We also account for oscillations in NO and IO cases,
the latter for several possible SN locations with respect to
the Earth. The neutronization burst is almost entirely
(partially) suppressed for NO (IO).
For a SN located at D ¼ 10 kpc from the Earth and

without Earth matter effects, R is found to be 860, 1372,
and 1228 for the no oscillations, NO and IO cases,
respectively, among which 201, 54, and 95 come from
the first 50 ms. In other words, the largest total event rate is
obtained for the largest swap of electron with muon or tau
neutrinos in the SN interior, i.e., the smallest value of p in
Eq. (4), corresponding to the NO case. This can be
understood from the larger average neutrino energy at
production of muon or tau neutrinos compared to electron
neutrinos, resulting in a higher (on average) neutrino cross
section and reconstruction efficiency.
Finally, as shown in Fig. 1, Earth matter effects are

expected to have a mild effect on the event rate in all cases.
The νe flux is left unchanged for NO, while for IO the
total number of events becomes R ¼ 1214 and 1200 for
cos θ ¼ −0.5 and −1, respectively.
Neutrino mass sensitivity.—In order to compute the

DUNE sensitivity to the neutrino mass, we adopt an
unbinned maximum likelihood method similar to the one
in [36]. However, here we do not include any background
or uncertainties on the neutrino production, propagation,
and interaction. We justify these assumptions in the
Supplemental Material [76].
We start by generating many DUNE toy experiment

datasets (a few hundred, typically) for each neutrino
oscillation and SN distance scenario, and assuming mass-
less neutrinos. For each dataset, the time and energy
information of theR generated events are sampled following
the parametrization of Eq. (6), and events are sorted in time-
ascending order. Furthermore, we assume a 10% fractional
energy resolution in our Oð10 MeVÞ energy range of
interest, see [43], and smear the neutrino energy of each
generated event accordingly. On the other hand, we assume
perfect time resolution for our studies. The latter is a good
approximation if scintillation light is detected for most SN
neutrino interactions, and correctly associated with charge
readout information from the TPC. In this case, a time
resolution better than 1 μs is expected [43], yielding a
completely negligible time smearing effect. While detailed
studies are still missing, the high light yields expected in
the DUNE far detector [79] imply that this is a realistic
assumption.
Once events are generated for each DUNE dataset, we

proceed with our minimization procedure. The two free
parameters constrained in our fit are an offset time toff
between the moment when the earliest SN burst neutrino
reaches the Earth and the detection of the first event i ¼ 1,
and the neutrino mass mν. The fitted emission times ti;fit

for each event i depend on these two fit parameters as
follows:

ti;fit ¼ δti − ΔtiðmνÞ þ toff ; ð7Þ
where δti is the time at which the neutrino interaction i is
measured in DUNE (with the convention that δt1 ≡ 0 for
the first detected event), ΔtiðmνÞ is the delay induced by
the nonzero neutrino mass [see Eq. (1)], and toff is the
offset time.
By neglecting all the constant (irrelevant) factors, our

likelihood L function [80] reads as

Lðmν; toffÞ ¼
YR
i¼1

Z
Rðti; EiÞGiðEÞdE; ð8Þ

whereGi is a Gaussian distribution with mean Ei and sigma
0.1Ei, accounting for energy resolution. The estimation
of the mν fit parameter is done by marginalizing over
the nuisance parameter toff. For each fixed mν value, we
minimize the following χ2 function:

χ2ðmνÞ ¼ −2 log½Lðmν; toff;bestÞ�; ð9Þ
where Lðmν; toff;bestÞ indicates the maximum likelihood at
this particular mν value.
The final step in our analysis is the combination of all

datasets for the same neutrino oscillation and SN distance
scenario, to evaluate the impact of statistical fluctuations.
For each mν value, we compute the mean and standard
deviation of all toy dataset χ2 values. In order to estimate
the allowed range in mν, the Δχ2 difference between all
mean χ2 values and the global mean χ2 minimum is
computed. The mean 95% C.L. sensitivity to mν is then
defined as the largest mν value satisfying Δχ2 < 3.84. The
�1σ uncertainty on the 95% C.L. mν sensitivity can be
computed similarly, including into the Δχ2 evaluation also

FIG. 2. Δχ2ðmνÞ profiles as a function of neutrino mass mν, for
DUNE generated samples assuming massless neutrinos and a SN
distance of 10 kpc. The mean sensitivities and their �1σ
uncertainties are shown with solid lines and filled bands,
respectively. The horizontal dotted line depicts the 95% C.L.
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the contribution from the standard deviation of all toy
dataset χ2 values.
Our statistical procedure, and its results for a SN distance

of D ¼ 10 kpc, can be seen in Fig. 2. The Δχ2 profiles as a
function of neutrino mass are shown for no oscillations, and
oscillations in SN environment assuming either NO or IO.
Earth matter effects have been neglected in all cases. After
including Earth matter effects as previously described, only
the IO expectation is affected. Table I reports our results on
the mean and standard deviation of themν sensitivity values
for different cos θ values, that is, for different angular
locations of the SN with respect to the Earth.
As can be seen from Fig. 2 and Table I, 95% C.L.

sensitivities in the 0.5–2.0 eV range are expected. The best
results are expected for the no oscillations and IO scenarios,
where the reach is below 1 eV. Despite the largest overall
event statistics, R ¼ 1372, the NO reach is the worst among
the three cases, of order 2.0 eV. This result clearly indicates
the importance of the shape information, in particular of the
sharp neutronization burst time structure visible in Fig. 1
only for the no oscillations and IO cases. Table I also shows
that oscillations in the Earth’s interior barely affect the
neutrino mass sensitivity.
Figure 3 shows how the 95% C.L. sensitivity on the

neutrino mass varies with the SN distanceD. Both the mean
and standard deviation of the expected sensitivity values are
shown. In all scenarios, the sensitivities to mν worsen by
about a factor of 2 as the SN distance increases from 5 to
25 kpc. As is well known, as the distance D increases, the
reduced event rate (R ∝ 1=D2) tends to be compensated by
the increased time delays for a given mν [ΔtiðmνÞ ∝ D].
Our analysis shows that this compensation is only partial,
and better sensitivities are obtained for nearby SNe.
A remark is in order. The sensitivity to mν presented so

far refers to a low mass progenitor of 8.8 M⊙. A more
massive progenitor usually produces a higher number of
events during the accretion and cooling phase [81], whereas
no significant change is expected in the neutronization
burst, which is a nearly progenitor independent feature [82].
Therefore, with larger masses, the results reported in Table I
for inverted ordering and no oscillations do not change,

whereas they can be significantly improved in normal
ordering, since in this case the sensitivity depends on the
statistics collected in the entire ∼10 sec of the emission.
Conclusions.—The capability to detect the electron

neutrino flux component from a core-collapse SN in our
galactic neighborhood makes large liquid argon detectors
powerful observatories to obtain constraints on the absolute
value of neutrino mass via time of flight measurements.
Exploiting the signal coming from charged-current inter-
actions of νe with argon nuclei, a 0.9 eV sensitivity on the
absolute value of neutrino mass has been obtained in DUNE
for IO of neutrino masses, a SN distance of 10 kpc and at
95% C.L. The sensitivity is expected to be significantly
worse in NO scenario, 2.0 eV for the same SN distance and
confidence level. The sensitivity difference between the two
orderings demonstrates the benefit of detecting the νe
neutronization burst, whose sharp time structure would
be almost entirely suppressed in NO while it should be
clearly observable in DUNE if the mass ordering is IO.
Earth matter induced oscillations, mildly affecting only the
IO, and dependence on the SN distance from Earth, have
both been studied. The DUNE sensitivity reach appears to
be competitive with both laboratory-based direct neutrino
mass experiments (such as KATRIN) and next-generation
SN observatories primarily sensitive to the ν̄e flux compo-
nent (such as Hyper-Kamiokande and JUNO).
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FIG. 3. Dependence of the 95% C.L. neutrino mass sensitivity
with the distance D from Earth at which the SN explodes. The
mean and standard deviation of the expected sensitivity values are
shown with solid lines and filled bands, respectively.

TABLE I. Mean and standard deviation of the 95% C.L.
sensitivity on neutrino mass from a sample of DUNE SN datasets
at D ¼ 10 kpc, for different neutrino oscillation scenarios. For
the IO case, we give sensitivities for different zenith angles θ.

Neutrino mass ordering cos θ mν (eV)

No oscillations 0 0.51þ0.20
−0.20

Normal ordering 0 2.01þ0.69
−0.55

0 0.91þ0.31
−0.33

−0.5 0.88þ0.29
−0.33

Inverted ordering −1 0.87þ0.32
−0.28
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