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Supernova-(anti-)neutrino–nucleus scattering is discussed with reference to neu-
tral-current (NC) and charged-current (CC) processes in heavy stable nuclei. The
Donnelly-Walecka method with the associated multipole expansion of the nucleonic
current has been adopted as the basic framework in deriving the neutrino-nucleus scat-
tering cross sections. The needed nuclear wave functions are computed by using the
quasiparticle random-phase approximation (QRPA) for the even-even target nuclei in
the NC processes and the proton-neutron QRPA (pnQRPA) has been used to com-
pute the CC processes for the mentioned nuclei. The wave functions of the stable
odd-mass target nuclei have been obtained by the use of the QRPA-based microscopic
quasiparticle-phonon model (MQPM), applied to both NC and CC processes. The ob-
tained cross sections are folded by the energy distributions of the various (anti-)neutrino
flavors in order to access detection rates in Earth-based neutrino telescopes. The stable
molybdenum (Mo) nuclei serve as examples of application of the formalism, with a
subsequent analysis of the results.
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1. INTRODUCTION

It is well known that supernova neutrinos are very valuable probes of the physics
beyond the Standard Model [1, 2] and of the presently poorly known supernova
mechanisms [3]. After verification of the non-zero neutrino-mass differences by the
neutrino-oscillation experiments the interest in the absolute neutrino mass and the re-
lated mass hierarchy has grown substantially. However, the oscillation experiments
themselves are not in a position to shed light on the hierarchy problem. Instead,
the neutrinoless double beta decays [4–6] can access the absolute mass and hierar-
chy of neutrinos through the use of the associated nuclear matrix elements [7, 8].
Additionally, the signal produced in a large-scale terrestrial neutrino telescope by a
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2 Nuclear structure and neutrino-nucleus reactions at supernova energies 837

future nearby supernova could probably be used to disentangle this important ques-
tion [9, 10].

From the astrophysical side, nuclear weak interactions play a prominent role
during almost all stages of a supernova explosion [11]. Supernovae constitute also
one of the proposed sites of the r-process. Neutrino-nucleus reactions would in that
case play a leading role for the nucleosynthesis of heavy elements [12].

Neutrinos from astrophysical sources (e.g. supernovae or the stars) can be
studied by using tonne-scale Earth-bound neutrino telescopes. Examples of exist-
ing/planned neutrino detectors are the HALO [13] (lead isotopes), the MOON [14]
(molybdenum isotopes), the LAGUNA [15] and possibly the nEXO (136Xe) [16].
Theoretical estimates of neutrino-nucleus cross sections are of paramount impor-
tance for the interpretation of the results of such measurements. Nuclear responses
to supernova neutrinos constitute also important inputs in supernova simulations.

In this paper we perform a study of the cross sections for the charged-current
(CC) and neutral-current (NC) neutrino-nucleus scatterings of the molybdenum iso-
topes at neutrino energies which are relevant for supernova explosions. Measurable
observables are produced by folding the cross sections with realistic energy profiles
of the incoming neutrinos.

2. NEUTRAL-CURRENT AND CHARGED-CURRENT SCATTERING

In this work we are interested in the following CC processes

νl+ (A,Z)−→ (A,Z+ 1) + l−, (1)

ν̄l+ (A,Z)−→ (A,Z−1) + l+, (2)
and the NC processes

νl+ (A,Z)−→ (A,Z)∗+νl, (3)

ν̄l+ (A,Z)−→ (A,Z)∗+ ν̄l, (4)
where l = e,µ,τ . In the CC reactions (1) and (2) the final nuclear state is either the
ground state or an excited state in the nucleus adjacent to the target nucleus. In the
incoherent NC reactions (3) and (4) the final nuclear state is an excited state in the
target nucleus.

The results that we show here are based on the so-called Donnelly-Walecka
formalism [17]. We assume that the involved final and initial nuclear states have
well-defined angular momenta and parities and we start from a low-energy effective
Hamiltonian with lepton-current–nuclear-current coupling. The nuclear current is
then expanded in multipoles leading to nuclear matrix elements containing the nu-
clear many-body wave functions [18, 19]. Both the lepton and the nuclear current
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838 E. Ydrefors, W. Almosly, J. Suhonen 3

contain a vector part and an axial-vector part (involving the Pauli spin operator).
In addition, the nuclear current contains additional (momentum dependent) vector
type and axial-vector type contributions. All these contributions are multiplied by
momentum-dependent vector and axial-vector coupling constants [18]. Finally, one
can cast the double-differential cross section for the neutrino-nucleus scattering from
an initial nuclear state (i) (with angular momentum Ji) to a final nuclear state (f)
(with angular momentum Jf ) in the form

(
d2σi−→f
dΩdEexc

)
ν/ν̄

=
G2|k′|Ek′

π(2Ji+ 1)

(∑
J

σJCL +
∑
J>1

σJT

)
, (5)

where k (k′) is associated to the three-momentum of the incoming (outgoing) lepton
and the Coulomb-longitudinal (σJCL) and transverse (σJT) components are defined in
[19]. Here the excitation energy Eexc of the final nuclear state is defined with respect
to the ground state of the initial nuclear state. For the NC neutrino-nucleus scatter-
ings the effective weak coupling constant is G = GF, where GF denotes the Fermi
coupling constant. For the CC processes one has to use G = cosθCGF, where θC

represents the Cabibbo angle. Additionally, for the CC scattering the expression (5)
has to be corrected for the Coulomb distortion of the wave function of the outgoing
lepton. We use the methods introduced in [20].

One important quantity from the experimental point of view is the flux-averaged
cross section, 〈σ〉, which is computed by folding the cross section σ(Eν) with an ap-
propriate profile Fν(Eν) for the energy Eν of the incoming neutrinos. The energies
of supernova neutrinos can rather well be described by a two-parameter Fermi-Dirac
distribution

〈σν〉=

∫
dEνE2

νFν(Eν)σ(Eν) =
1

T 3
νF2(αν)

∫
dEνE2

νσ(Eν)

1 + exp(Eν/Tν−αν)
, (6)

where Tν is the effective neutrino temperature and αν represents the so-called pinch-
ing parameter. A similar distribution is valid for anti-neutrinos by replacing ν by ν̄.
Here the constant F2(αν) is chosen such that the total flux is normalized to unity.

In Table 1 are given typical values of the Tν and αν parameters that can be
derived from various supernova models (see [21]). The neutrino emission from a
supernova core can be regarded as slightly modified black-body radiation. The tem-
perature of the emitted neutrinos depends on their instance of decoupling from the
hot star matter. The heavy flavors, νµ,ντ , and their antiparticles, decouple first at
a high temperature as shown in Table 1. The electron neutrinos are the coolest and
decouple the last due to their several interactions with the background matter.
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4 Nuclear structure and neutrino-nucleus reactions at supernova energies 839

Table 1

Typical flavor Fermi-Dirac parameters [21].

Flavor νe ν̄e νµ,ντ ν̄µ, ν̄τ

T (MeV) 2−4 4−5 6−8 6−8
αν 0−3 0−3 0−3 0−3

2.1. NUCLEAR MODELS

Here we give a brief review of the nuclear many-body frameworks that are
used in the present computations. Both the NC and CC cross-section calculations
are always based on a so-called reference nucleus which is an even-even nucleus
adjacent to the nuclei involved in the scattering process. For the even-even target
nuclei the reference nucleus is the target itself. The excited states in the reference
nucleus, used in the NC-scattering calculations, are obtained by using the quasi-
particle random-phase approximation (QRPA). For the CC processes one needs the
states in the adjacent isobars of the reference and they are thus created by the use
of the proton-neutron variant of the QRPA (pnQRPA). These models are treated in
detail in [22]. In the case of odd-mass nuclei the wave functions for both the NC
and CC processes are calculated by the application of the microscopic quasiparticle-
phonon model (MQPM). The MQPM is based on coupling BCS quasiparticles [22]
with QRPA phonons of the reference nucleus to produce three-quasiparticle states
that mix with one-quasiparticle states through a microscopic residual Hamiltonian.
The resulting eigenvalue problem, based on an over-complete non-orthogonal set of
basis functions, is solved by the diagonalization of the overlap matrix of the three-
quasiparticle states and by a subsequent transformation to the usual hermitian eigen-
value problem (see [23] for details).

In our previous works we have used the Donnelly-Walecka scattering theory
and the above-mentioned nuclear many-body frameworks to study the CC and NC
neutrino cross sections for the even-even [19, 24] and the odd-mass Mo isotopes [25]
by using the Bonn-A G-matrix two-body interactions. In [26] the same interaction
was used to study the NC and CC reactions on 116Cd. This target nucleus was also
used in [27] to test 10 different Skyrme forces for their CC scattering properties and
for their ability to reproduce the relevant spin-isospin features measured in charge-
exchange reactions.

3. RESULTS FOR THE STABLE MOLYBDENUM ISOTOPES

The results given in this section for the NC and CC scattering of (anti-)neutrinos
off the stable molybdenum isotopes (92,94,95,96,97,98,100Mo) are obtained by using the
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Fig. 1 – Schematic presentation of the charged-current and neutral-current neutrino and anti-neutrino
scatterings off 100Mo.

scattering and nuclear-structure formalism presented in the previous sections. Fig. 1
gives a schematic summary of the situation with the NC and CC scatterings using
100Mo as a representative nuclear target. The NC processes lead to excited states of
100Mo and the CC neutrino (anti-neutrino) scatterings lead to states in 100Tc (100Nb).

3.1. NEUTRAL-CURRENT SCATTERINGS

As can be seen in Fig. 1 the NC scatterings (by all the neutrino and anti-neutrino
flavors) lead most strongly to the giant spin-flip resonance mediated by the Pauli spin
operator. In principle the energy of this resonance could be used to calibrate the
QRPA calculations, but unfortunately very little is known experimentally about the
location of this resonance.

Fig. 2 presents the results of a large-basis MQPM calculation for the differen-
tial NC scattering cross section of an electron neutrino off the nucleus 95Mo. The
differential cross section is displayed as a function of the excitation energy in 95Mo.
The cross section is normalized by the total cross section such that the sum of the
peak heights is unity. As can be seen, the spin excitations at around 6 MeV dominate
the cross section through the transitions 5/2+ → 3/2+,5/2+,7/2+ from the 5/2+

ground state of 95Mo. Similar dominance of the spin-flip transitions around 6− 10
MeV of excitation is characteristic of the even-even target nuclei as well.

In Fig. 3 the calculated flux-averaged NC electron-neutrino cross sections are
displayed for the stable Mo nuclei. There is no drastic dependence on the mass
number although a decreasing trend of the cross sections is detectable for the heavy
molybdenums. The two odd-mass isotopes stand out with their larger cross sections
compared to the ones of even-even isotopes.
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Fig. 3 – Variation of the calculated NC electron-neutrino cross section with mass number for the Mo
isotopes.

Finally, in Table 2 we list the computed flux-averaged (anti-)neutrino cross
sections for the different neutrino flavors. The mass dependence of the cross sections
is qualitatively the same for all flavors. The cross sections for the heavy flavors are
larger than for the electron flavor since the kinetic energy (temperature) of the heavy
flavors is larger due to their early decoupling from the supernova environment.
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Table 2

Flux-averaged incoherent cross sections for the stable molybdenum isotopes in units of 10−42 cm2

flavor 〈σ〉92 〈σ〉94 〈σ〉95 〈σ〉96 〈σ〉97 〈σ〉98 〈σ〉100

νe 11.6 11.8 15.9 12.1 16.4 9.94 8.59
ν̄e 17.3 17.6 23.0 17.9 23.7 15.1 13.1

νµ,ντ 25.5 25.3 31.5 25.6 32.3 22.1 19.9
ν̄µ, ν̄τ 22.7 22.7 28.6 23.0 29.4 20.0 17.7

3.2. CHARGED-CURRENT SCATTERINGS

The charged-current processes are schematically displayed in Fig. 1 for the
representative case of scattering off 100Mo. Due to the large muon and tau rest
masses only electron neutrinos (or anti-neutrinos) can be detected in neutrino tele-
scopes by using the charged-current reactions (1) and (2). The neutrino reactions lead
mostly to the isobaric analogue state (IAS) by a Fermi transition and various 1+ states
through Gamow-Teller transitions. In the latter case the most notable contributions
come usually from a few low-lying states and the Gamow-Teller giant resonance and
its low-energy satellites (see e.g. [27]). The anti-neutrino scattering can lead to a
more diverse set of competing multipole states in the final nucleus, like to multipoles
1−,1+,2−.

As mentioned before, only electron (anti-)neutrinos can be detected in the CC
scatterings and thus flavor conversion effects in the dense supernova matter begin
to play a role. Due to these matter oscillations the initial profile (6) for electron
(anti-)neutrinos is modified by the flavor conversions of the heavy flavors, denoted
below by νx (ν̄x). The energy profile for electron (anti-)neutrinos which reach an
Earth-bound detector is then given by

F osc
νe

(Eν) = pFνe(Eν) + (1−p)Fνx(Eν);

F osc
ν̄e

(Eν) = p̄Fν̄e(Eν) + (1− p̄)Fν̄x(Eν),
(7)

where F osc denotes the energy profile after the matter oscillations in the explod-
ing star and F are the non-interacting profiles for the electron (anti-)neutrinos and
non-electron (anti-)neutrinos, defined in (6). The involved survival probabilities for
electron (anti-)neutrinos are given by [28]

p=

{
sin2 θ13 Normal hierarchy
sin2 θ12 Inverted hierarchy

p̄=

{
cos2 θ12 Normal hierarchy
sin2 θ13 Inverted hierarchy

(8)

when no collective neutrino oscillations are included for simplicity. It should be
noted that the profiles after the matter oscillations depend on the assumed neutrino
mass hierarchy, as shown explicitly in (8).
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scattering off 100Mo. Displayed is the number of electrons (positrons) per MeV and kilo-tonne of
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Fig. 4 presents the results of pnQRPA calculated electron and positron spectra
for 100Mo. It is immediately clear that the oscillations increase the number of emitted
electron (anti-)neutrinos and thus the number of detected electron (anti-)neutrinos
increases in neutrino telescopes. This leads to an increase in the number of emitted
electrons (positrons) after the (anti-)neutrino-nucleus interactions in the telescope.
Furthermore, for the νe induced reactions the difference in the two hierarchies is
difficult to observe whereas for the ν̄e induced reactions the difference could probably
be detected.
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Fig. 5 – Variation of the CC neutrino (left panel) and anti-neutrino (right panel) cross sections with
mass number for the Mo isotopes.

Fig. 5 displays the flux-averaged CC scattering cross sections for scatterings
off the Mo isotopes separately for the electron neutrinos and anti-neutrinos. There
is a clear and opposite trend in the cross sections as functions of the mass number:
the neutrino cross sections increase and anti-neutrino cross sections decrease with
increasing mass number. The reason for this is displayed in Fig. 6. There are two
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844 E. Ydrefors, W. Almosly, J. Suhonen 9

effects conspiring to the same direction: (a) the energy-threshold effect and (b) the
Pauli-blocking effect. With increasing mass number the energy threshold increases
for anti-neutrino scattering and decreases for neutrino scattering leading to a relative
increase (decrease) in the neutrino (anti-neutrino) cross sections with increasing mass
number. The Pauli blocking shows in the Ikeda 3(N−Z) sum rule for Gamow-Teller
transitions: the larger the mass number, the larger the sum rule and the (p,n) type of
Gamow-Teller transition strength (to the right in Fig. 6) that practically exhausts the
sum rule. The reverse happens to the (n,p) type of Gamow-Teller transition strength
(to the left in Fig. 6).
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Fig. 6 – Threshold energies and Pauli blocking in the Mo chain of isotopes.

4. CONCLUSIONS

In this work we have performed a study of the charged-current and neutral
current (anti-)neutrino-nucleus scatterings off the stable molybdenum isotopes. The
cross sections have been computed for supernova-neutrino energies, below 100 MeV.
The neutrino-nucleus responses in Earth-bound neutrino telescopes have been com-
puted by folding the cross sections with realistic energy profiles for supernova neu-
trinos. The nuclear wave functions have been constructed by using the QRPA (NC
processes in even-even isotopes) and the pnQRPA (CC processes in even-even iso-
topes). NC and CC processes in odd-mass isotopes were computed by the use of the
QRPA-based MQPM model.
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10 Nuclear structure and neutrino-nucleus reactions at supernova energies 845

We have found that the CC neutrino and anti-neutrino cross sections are notably
modified by the neutrino oscillations in the dense supernova matter. For the super-
nova scenarios which have been adopted in the present work the CC neutrino cross
sections are almost independent of the mass hierarchy. However, the anti-neutrino
cross sections differ significantly for the cases of normal/inverted mass hierarchy. In
an Earth-bound neutrino telescope most of the events will be caused by CC neutrino
scatterings via Gamow-Teller transitions. Contrary to this, the anti-neutrinos will
mostly cause NC reactions because of the large suppression of the CC anti-neutrino
Gamow-Teller channel by the Pauli blocking.
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