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We present an update of our previous study [1] on how ν oscillations aﬀect the signal from a supernova core
collapse observed in the LVD detector at LNGS. In this paper we use a recent, more precise determination of the
cross section [2] to calculate the expected number of inverse beta decay events; we introduce in the simulation also
the ν-Fe interactions; we include the Earth matter eﬀects; and ﬁnally we study also the inverted mass hierarchy
case.

1. SUPERNOVA NEUTRINO SIGNAL
At the end of its burning phase, a massive star
(M ≥ 8M ) explodes into a supernova (SN),
originating a neutron star which cools, emitting
about 99 % of the liberated gravitational binding
energy in neutrinos. The time-integrated spectra
can be well approximated by the pinched Fermi–
Dirac distribution, with an eﬀective degeneracy
parameter η, which is assumed, for simplicity, to
be null. Although the hierarchy Eνe  < Eν̄e  <
Eνx  remains valid (here νx refers to both νµ and
ντ ), recent studies, with an improved treatment
of ν transport, microphysics, the inclusion of the
nucleon bremsstrahlung, and the energy transfer
by recoils, ﬁnd somewhat smaller diﬀerences between the ν̄e and νx spectra [3].
In the following, we assume a future galactic
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SN explosion at a typical distance of D = 10 kpc,
with a binding energy of Eb = 3 · 1053 erg and
a total energy of Eνtot
= Eν̄tot
= Eνtot
. We also
e
e
x
assume that the ﬂuxes of νµ , ντ , ν̄µ , and ν̄τ are
identical; we ﬁx Tνx /Tν̄e = 1.5, Tνe /Tν̄e = 0.8 and
Tν̄e = 5 MeV [5].
2. LVD DETECTOR AND NEUTRINO
REACTIONS
The Large Volume Detector (LVD) in the INFN
Gran Sasso National Laboratory, Italy, consists of
an array of 840 liquid scintillator (LS) counters,
1.5 m3 each. These are interleaved by streamer
tubes, and arranged in a modular geometry; a
detailed description is in [4]. The active scintillator mass is M = 1000 t. There are two subsets of counters: the external ones (43%), oper-
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Figure 1. Cross sections of the main neutrino
interactions in LVD.

Figure 2. Eﬀect of neutrino oscillations in the
signal detected in LVD.

ated at energy threshold Eh  7 MeV; and inner
ones (57%), better shielded from rock radioactivity and operated at Eh  4 MeV.
In the following, we will focus on ν reactions
with free protons and iron nuclei: (1) ν̄e p, e+ n,
observed through a prompt signal from e+ above
threshold Eh (detectable energy Ed  Eν̄e − 1.8
MeV +2me c2 ), followed by the signal from the
np, dγ capture (Eγ = 2.2 MeV), above El and
with a mean delay ∆t  180 µs. The cross section
for this reaction has been recently recalculated
[2] with a better treatment of the 10 − 100 MeV
region, i.e. the SN neutrino energy. The cross
section behaviour with energy is shown in ﬁgure 1.
The eﬃciency for the prompt signal is ν̄e p,e+ n =
95%. The total number of free protons in the LS
is 9.34 · 1031.
The LVD detector presents an iron support
structure made basically by two components: the
tank (mean thickness: 0.4 cm) which contains
the LS and the portatank (mean thickness: 1.5
cm) which hosts a cluster of 8 tanks. Indeed,
the higher energy part of the ν ﬂux could be
detected also with the ν(ν̄)Fe interaction, which
results in an electron (positron) that could exit
iron and release energy in the LS. The considered reactions are: (2) νe 56 Fe,56 Co e− , the bind-

ing energy diﬀerence between the ground levels is
EbCo −EbFe = 4.566 MeV; moreover the ﬁrst Co allowed state is at 3.589 MeV. Indeed, in this work,
we considered Ee− = Eνe −8.15 MeV. A full simulation of the LVD support structure and LS geometry has been developed in order to get the eﬃciency for an electron, generated randomly in the
iron structure, to reach the LS with energy higher
than Eh . It is greater than 20% for Eν > 30 MeV
and grows up to 70% for Eν > 100 MeV . On
average, the electron energy detectable in LS is
Ed  0.45 × Eν . The total number of iron nuclei
is 7.63 · 1030.
(3) ν̄e 56 Fe,56 Mn e+ , the energy threshold is very
similar to reaction (2) and the same considerations could be done. The cross section for reactions (2),(3) are taken respectively from [5,6] and
plotted in ﬁgure 1.
3. NEUTRINO OSCILLATION AND
MSW EFFECT IN THE SN AND IN
THE EARTH
In the study of SN neutrinos, νµ and ντ
are indistinguishable because of the corresponding charged lepton production threshold; consequently, the relevant parameters are just
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2
2
(∆m2sol , Ue2
) and (∆m2atm , Ue3
). We will adopt
the following numerical values: ∆m2sol = 7 ·
2
10−5 eV2 , ∆m2atm = 2.5 · 10−3eV 2 , Ue2
= 0.33; the
2
2
selected solar parameters (∆msol , Ue2
) describe
the LMA-I solution, as it results from a global
analysis including solar, CHOOZ and KamLAND
ν data [7]. For a normal mass hierarchy (NH)
scheme, ν (not ν̄) cross two resonance layers:
one at higher density (H), which corresponds to
2
∆m2atm , Ue3
, and the other at lower density (L),
2
corresponding to ∆m2sol , Ue2
. For inverted mass
hierarchy (IH), transitions at the higher density
layer occur in the ν̄ sector.
Given the energy range of SN ν (up to ∼
100 MeV) and considering a star density proﬁle ρ ∝ 1/r 3 , the adiabaticity condition is always satisﬁed at the L resonance for any LMA
solution, while at the H resonance, this depends
2
2
on the value of Ue3
. When Ue3
≥ 5 · 10−4 ,
the conversion is completely adiabatic, meaning
that the ﬂip probability between two adjacent
mass eigenstates is null (Ph = 0). In the adiabatic case and NH, the ν̄e produced in the SN
core arrive at Earth as ν1 , and they have a high
2
(Ue1
 cos2 θ12  0.7) probability to be detected
as ν̄e . On the other hand, the original ν̄x arrive at Earth as ν2 and ν3 and are detected as ν̄e
2
with probability Ue2
 sin2 θ12 . Given the higher
energy spectrum of ν̄x this conﬁguration results
in a larger number of interactions, with respect
to the no-oscillation case, due to the increasing
cross sections with energy. In the adiabatic-IH
case the detected ν̄e completely come from the
original ν̄x ﬂux in the star, and the number of
interaction is still greater, as shown in ﬁgure 2.
The oscillations scheme can be summarized as:
2
2
2
Fe = Ph Ue2
Fe0 +(1−Ph Ue2
)Fx0 and Fē = Ue1
Fē0 +
2
0
2
0
2
Ue2 Fx̄ for normal hierarchy; Fe = Ue2 Fe + Ue1
Fx0
2
0
2
0
and Fē = Ph Ue1 Fē + (1 − Ph Ue1 )Fx̄ for inverted
0
hierarchy, where Fany
are the original neutrino
ﬂuxes in the star and Fany are the observed ν
ﬂuxes. One can notice that, in the antineutrino
channel, the non adiabatic (Ph = 1), IH case, is
equivalent to the NH case (which does not depend
on adiabaticity). In ﬁgure 3 is shown the contribution of (νe + ν̄e ) Fe interactions in the total
number of events. For the chosen SN and oscillation parameters, they are about 18% of the signal.
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Figure 3. Impact of iron interactions in the global
neutrino signal in LVD.
If we consider the eﬀect of Earth in the neutrino
path to the detector, we must replace, in the de2
tected ﬂux estimation, Uei
with Pei (i = 1, 2),
the probability for the mass eigenstate νi to be
detected as νe after path in the Earth [8], which
depends on the solar oscillation parameters and
on the travelled density proﬁle through the Earth.
Earth matter eﬀect are more relevant in the ν
than in the ν̄ channel, so the eﬀect in reaction
(1) is quite weak (it also depends on the rather
high ∆m2sol ), but it could be detected if compared
with a high statistic sample (i.e. SK) or if a larger
number of events is available, i.e. a closer SN.
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