
P
o
S
(
N
u
f
a
c
t
0
8
)
0
3
9

Prospect of measuring the neutrino mass hierarchy
at θ13 → 0 via a supernova neutrino signal

Alessandro Mirizzi∗ †

Max-Planck-Institut für Physik (Werner-Heisenberg-Institut),
Föhringer Ring 6, 80805 München, Germany
E-mail: amirizzi@mppmu.mpg.de

Collective neutrino flavor transformations deep inside a supernova are sensitive to the neutrino
mass hierarchy even at extremely small values of θ13. Exploiting this effect, we show that compar-
ison of the antineutrino signals from a galactic supernova in two megaton class water-Cherenkov
detectors, one of which is shadowed by the Earth, will enable us to distinguish between the hier-
archies if sin2

θ13 . 10−5, where long baseline neutrino experiments would be ineffectual.

10th International Workshop on Neutrino Factories, Super beams and Beta beams
June 30 - July 5 2008
Valencia, Spain

∗Speaker.
†A.M. thanks the organizers of NuFact 2008 for kind hospitality. The work of A.M. is supported by INFN.

c© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

mailto:amirizzi@mppmu.mpg.de


P
o
S
(
N
u
f
a
c
t
0
8
)
0
3
9

Supernova neutrinos and mass hierarchy Alessandro Mirizzi

1. Introduction

It has been recently discovered that the paradigm of neutrino flavor transformation in su-
pernovae (SNe), based on only the MSW effect with the ordinary matter, was incomplete. New
surprising and unexpected effects have been found to be important in the region close to the neu-
trinosphere, where the neutrino density is so high that effects of neutrino-neutrino interactions
dominate the flavor evolution. These effects have been characterized in an increasingly realistic
way in a long series of papers (see, e.g. [1] and references therein). Neutrino-neutrino refrac-
tive index thus effectively provide a large potential due to the neutrinos themselves, that cause
large-scale transitions between the flavors. The transitions occur collectively, i.e. in a coherent
fashion over the entire energy range of neutrinos and antineutrinos, as a result collective pair con-
versions νeν̄e ↔ νyν̄y (where νy is a proper combination of νµ and ντ ) take place within the first
O(100) km even for extremely small values of θ13. Assuming a typical hierarchy of number fluxes
Nνe > Nν̄e > Nνy = Nν̄y , one obtains that for normal hierarchy (NH) the spectra remain unaffected
by collective oscillations. Instead, for inverted hierarchy (IH) the end of collective oscillations is
marked by a complete exchange of the e and y flavor spectra for ν̄ , while for ν the swap occurs only
above a characteristic energy fixed by lepton number conservation, giving rise to a spectral split in
the ν energy distributions. As a consequence, neutrino fluxes which are further processed by MSW
matter effects are significantly different for the two hierarchies.

Although the study of collective SN neutrino oscillations is still in an exploratory phase, it
seems important to start analyzing the possibility to detect some signatures produced by these
collective effects in supernovae. Here we propose to exploit Earth matter effects on SN neutrino
oscillations as a probe of collective effects and of mass hierarchy. The plan of this work is as
follows. In Section 2 we discuss the effects of flavor conversions on the supernova neutrino burst,
taking into account collective oscillations and MSW conversions in the supernova envelope, as well
as further oscillation effects associated to Earth matter crossing of SN neutrinos. We focus on su-
pernova ν̄e, observable in future water-Cherenkov detectors through the inverse beta decay process
ν̄e + p→ e+ + n. In Section 3 we propose a strategy to identify the Earth matter effects by com-
paring the antineutrino signals from a galactic supernova in two megaton class water-Cherenkov
detectors, one of which is shadowed by the Earth. We show that this technique will enable us to
distinguish between the hierarchies if sin2

θ13 . 10−5, where long baseline neutrino experiments
would be ineffectual. Finally, in Section 4 we conclude. This paper is based on [2], to which we
address the interested reader for further details.

2. Collective oscillations, MSW flavor conversions and Earth matter effects

The primary SN neutrino fluxes (at the neutrinosphere) are processed by collective effects
and MSW conversions before they get emitted from the SN. Near the neutrinosphere, due to the
large neutrino density, the neutrino-neutrino interaction energy is very large. This ensures that the
neutrinos exhibit synchronized oscillations, i.e. neutrinos of all energies oscillate coherently with
the average frequency. These oscillations do not give rise to any effective flavor conversion since
the effective mixing angle is highly supressed due to the large MSW potential. As the neutrinos
stream outward, the neutrino density becomes smaller, and bipolar oscillations begin to take place.
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In the case of inverted hierarchy (IH), these oscillations have a large amplitude even for a very
small mixing angle. These oscillations, in the presence of a slowly decreasing background neutrino
density, leads to a complete swapping of the ν̄e and ν̄x spectra for inverted hierarchy. The νe

and νx spectra cannot swap completely, because of lepton number conservation, and the swap
occurs only above a certain energy Ec, giving rise to a spectral split. Eventually, beyond a few
hundred kilometers, the neutrino-neutrino interaction energy becomes negligible, and collective
effects cease to be important (see [3] for detailed numerical simulations).

We work in the modified flavor basis (νe,νx,νy) = R†
23(θ23)(νe,νµ ,ντ), where R23 is the ro-

tation matrix. Here we concentrate on the ν̄e spectra. In inverted hierarchy, MSW matter effects
in SN envelope are characterized in terms of the level-crossing probability PH [4] of antineutrinos,
which is in general a function of the neutrino energy and θ13. In the following, we consider two
extreme limits, PH ' 0 when sin2

θ13 & 10−3 (“large”), and PH ' 1 when sin2
θ13 . 10−5 (“small”).

While propagating through the Earth, the ν̄e and ν̄x spectra partially mix. The neutrino fluxes Fν at
the Earth surface for normal hierarchy, as well as for inverted hierarchy with large θ13, are given in
terms of the the primary fluxes F0

ν by

Fē = cos2
θ12F0

ē + sin2
θ12F0

x̄ ,

Fx̄ = sin2
θ12F0

ē + cos2
θ12F0

x̄ . (2.1)

For inverted hierarchy with small θ13, we have

Fē = cos2
θ12F0

ȳ + sin2
θ12F0

x̄ ≈ F0
x̄ ,

Fx̄ = sin2
θ12F0

ȳ + cos2
θ12F0

x̄ ≈ F0
x̄ . (2.2)

Earth effect can be taken into account by just mapping cos2 θ12 → P(ν̄1 → ν̄e) and sin2
θ12 →

1−P(ν̄1 → ν̄e), where P(ν̄1 → ν̄e) is the probability that a state entering the Earth as mass eigen-
state ν̄1 is detected as ν̄e at the detector [4].

From Eqs. (2.1) and (2.2), one expects to observe Earth matter effect in normal hierarchy
independently of θ13, while in inverted hierarchy it is expected only at large θ13. For small θ13 and
inverted hierarchy, the ν̄e spectrum arriving at the Earth is identical to the ν̄x spectrum arriving at
the Earth, so any oscillation effect among them is unobservable. This implies that if next generation
neutrino experiments bound θ13 to be small, from the (non)observation of Earth matter effect we
could identify the neutrino mass hierarchy.

3. Observing Earth matter effects

A strategy to observe Earth matter signatures in neutrino oscillations is to compare the signal
at two detectors. The difference between the ν̄e flux FD

ē at a shadowed detector and the ν̄e flux Fē

at a detector that is not shadowed by the Earth can be written as

∆F = FD
ē −Fē = freg(F0

ē −F0
x̄ ) , (3.1)

for normal hierarchy as well as for inverted hierarchy with large θ13. Here freg = P(ν̄1 → ν̄e)−
cos2 θ12 is the Earth regeneration factor. In inverted hierarchy for small θ13, we get ∆F = 0. If the
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Figure 1: Plot of the ratio R defined in Eq. (3.3), as a function of the observable positron energy for normal
hierarchy (left panel) and inverted hierarchy (right panel), with sin2

θ13 < 10−5. For sin2
θ13 > 10−3, the

ratio R will be identical to the left panel for either hierarchy.

ν̄ trajectories cross only the Earth mantle, characterized by an approximately constant density, freg

is simply given by

freg =−sin2θ̃12 sin(2θ̃12−2θ12)sin2
(

∆m̃2
�L

4E

)
, (3.2)

where θ̃12 is the effective value of the antineutrino mixing angle θ12 in matter, ∆m̃2
� is the solar

mass squared difference in matter, and L is the path length in Earth. In Earth matter, we have
sin2θ̃12 > 0 and sin(2θ̃12−2θ12) < 0, which tells us that freg ≥ 0.

To illustrate the above, we consider a galactic supernova explosion at a distance of 10 kpc, with
typical neutrino luminosities and average energies (see [2] for details). We analyze the detection of
the above signal using two large water Cherenkov detectors A and B of fiducial mass 0.4 megaton
each, as proposed for upcoming experiments. We compare the number of events in detector A,
where neutrinos arrive after traversing L = 8000 km in Earth mantle with an approximately constant
density ρ = 4.5 g/cm3, with another detector B for which the supernova is not shadowed by the
Earth (L = 0).

We define
R≡ (NA−NB)/NB (3.3)

as the difference between the number of ν̄e events at the shadowed detector and the unshadowed
detector, normalized to the number of events at the unshadowed detector. In Figure 1, we plot the
ratio R as a function of the measured positron energy Epos for ν̄e in normal hierarchy (left panel)
and inverted hierarchy (right panel) for sin2

θ13 < 10−5. The error bars show the statistical error
in R. In the other extreme case of sin2

θ13 > 10−3, both the normal and inverted hierarchy would
correspond to the left panel.

Let us consider the scenario where θ13 is known to be small. From the figure, in normal
hierarchy the ratio R is positive for Epos . 25 MeV and negative at higher energy. The low energy
spectrum is dominated by statistical error, but for Epos & 30 MeV the depletion of the signal with
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respect to the unshadowed detector is clearly visible, with |R|& 5%. On the other hand, in inverted
hierarchy we find R = 0. The difference in the predictions of two hierarchies is significant and
should be observable.

We emphasize that our method is based on a model independent signature which does not
rely on fitting or extracting any parameters. Therefore, one can make the following statements: (i)
Observation of Earth matter effects cannot be explained in inverted hierarchy (ii) Nonobservation
of Earth matter effects cannot be explained in normal hierarchy (unless the primary fluxes are
almost identical). Our proposed method is thus quite robust, and would be able to identify the mass
hierarchy.

4. Conclusions

The determination of the leptonic mixing angle θ13 and the neutrino mass hierarchy represent
two of the next frontiers of neutrino physics. We have proposed a new possibility for identifying
the neutrino mass hierarchy that works for extremely small values of θ13, far beyond the sensitivity
of current and future terrestrial neutrino experiments. The sensitivity of supernova neutrino oscil-
lations to the mass hierarchy, for incredibly small values of θ13, is a consequence of the collective
neutrino oscillations that take place near the supernova core. These effects interchange the initial
ν̄e and ν̄y spectra in the inverted hierarchy, which are then further processed by MSW effects in
the SN envelope. This spectral swap can be revealed by comparing the event rate at a shadowed
detector with that at an unshadowed detector. If neutrino oscillation experiments fail to determine
the mass hierarchy, then this proposed method could represent the last hope to resolve this issue,
provided that large water Cherenkov detectors are available at the time of the next galactic SN
explosion. Moreover, if a large Liquid Argon detector will be built, Earth matter signatures on the
SN νe spectrum could also be detected [5]. This perspective should be considered when choosing
optimal detector locations for upcoming large neutrino detectors [6].
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