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Identifying Neutrinos and Antineutrinos in Neutral-Current Scattering Reactions
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We study neutrino-induced nucleon knockout from nuclei. Expressions for the induced polarization
are derived within the framework of the independent-nucleon model and the nonrelativistic plane-wave
approximation. Large dissimilarities in the nucleon polarization asymmetries are observed between
neutrino- and antineutrino-induced processes. These asymmetries represent a potential way to distin-
guish between neutrinos and antineutrinos in neutral-current neutrino scattering on nuclei. We discuss
astrophysical applications of these polarization asymmetries. Our findings are illustrated for neutrino
scattering on 16O and 208Pb.
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FIG. 1. A neutrino with momentum p is scattered from a
nucleus over an angle � thereby obtaining a final momentum p0.
The momentum transfer is q� � p� � p0

�. The outgoing nu-
cleon has momentum k, in a direction �k relative to the
momentum transfer. In the following, �N denotes the angle
between the incoming lepton and the outgoing nucleon.
In charged-current (CC) neutrino-scattering processes
the determination of the nature of the incoming lepton is
straightforward. Conservation of lepton number implies
that neutrinos generate an electron, muon or tau lepton,
while inelastic scattering of an antineutrino produces the
corresponding antilepton. In either case, the charge of the
outgoing lepton unambiguously reveals the nature of the
incident particle. In neutral-current (NC) weak processes
however, the outgoing lepton is a neutrino, and the dif-
ference does not manifest itself in this clear way.

Nonetheless, in a number of situations it can be very
interesting to differentiate between neutrinos and anti-
neutrinos. Speculations about CP-violation in neutrino
oscillations involve interest in discriminating between
neutrinos and antineutrinos to find out whether they are
indeed behaving in a different way [1,2]. However, CC
reactions are not always accessible as neutrino-detection
mechanism. This is the case for �� and �� neutrinos over
a rather wide energy range.

The difference between neutrinos and antineutrinos is
of peculiar interest in supernova-neutrino physics. Most
of the energy released in a type II supernova explosion is
radiated away by neutrinos of all kinds. The dynamics of
the supernova process is very sensitive to neutrino inter-
actions. The fact that a neutron star is forming in the
center of a core-collapse supernova favors neutrino over
antineutrino reactions. The neutrinos are escaping from
close to the center of the star, carrying away information
about the processes driving the explosion and the forma-
tion of a neutron star [3,4]. As neutron matter is more
opaque to neutrinos than to antineutrinos, they escape
from different sites, with different energies.

Thus far, theoretical simulations have proven unable to
generate a successful explosion, a problem possibly due to
missing aspects in weak interaction physics [3]. An ex-
perimental study could shed light on this topical issue in
stellar evolution. Confronting models with the observa-
tion of a supernova-neutrino-flux would provide a strin-
gent test for supernova models [5,6]. Neutrino-nucleus
scattering is considered as a promising technique [7,8] to
0031-9007=04=93(8)=082501(4)$22.50 
detect supernova neutrinos. These reactions allow to de-
tect any kind of neutrino, and the nucleon emission
thresholds in nuclei are situated in an energy range well
suited to extract information about the energy distribution
of neutrinos. Studies of the folded cross sections show
that a neutrino-nucleus based detector would be most
sensitive to neutrinos with energies around 40 MeV [9].
At typical supernova energies, �� and �� neutrinos do not
participate in CC reactions, so NC scattering constitutes
an essential part of this study. As a galactic supernova
explosion is an extremely rare occurrence [6], it is crucial
to gather as much information as possible in the event.
Obtaining information about the time and energy distri-
bution of the arriving neutrinos, and about their luminos-
ities contributes to this objective. Distinguishing between
neutrinos and antineutrinos can provide additional
information.

In recent years, a large number of theoretical studies on
neutrino scattering from hadronic matter were carried
out including Fermi gas, random phase approximation,
and shell model calculations [9–22]. Thereby, little or no
attention has been paid to the polarization degrees-of-
freedom for the ejected nucleons. In this Letter, we
demonstrate that in neutrino-nucleus processes the
2004 The American Physical Society 082501-1
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helicity-related differences between neutrinos and anti-
neutrinos induce strong asymmetries in the polarization
of the ejected nucleons. Hereafter, an exploratory inves-
tigation of ejectile polarization in neutrino-induced nu-
cleon knockout is conducted. Our derivations are done
within the framework of the nonrelativistic nuclear shell
model, with a Woods-Saxon description for the bound
nucleon states. Expressions for the A(�, �0 N) and A(�, �0

N) cross sections are derived adopting a plane-wave
description for the ejectiles. Results of numerical calcu-
lations for NC �-induced nucleon knockout from 16O and
208Pb are presented for incoming neutrino energies from
10 MeV up to 500 MeV.

Figure 1 displays the kinematic variables for the reac-
tions we are considering. As in NC neutrino-scattering
the outgoing lepton is not detected, the momentum ex-
change remains unknown and the missing momentum
cannot be reconstructed. Therefore, the direction of the
outgoing nucleon �N is defined relative to the direction of
the incoming neutrino and any ejectile’s polarization
study is bound to focus on the longitudinal spin compo-
082501-2
nents slN of the nucleon, i.e., the spin component along the
direction of its momentum. The differential cross section
can be written as

d3
d
NdEN

� �2��4ENk
X

f;i
jhfj bHW jiij2; (1)

where bHW represents the weak interaction Hamiltonian
and the expression is averaged over all possible initial
states, and summed over all available final states. The
transition matrix element factorizes in a lepton and a
hadron current, resulting in a lepton part that can be
cast in the form
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with sqN the ejectile’s spin component in the direction
of momentum transfer. The sign difference in the last
terms of Eqs. (2) and (3) arises from the spin projec-
tion operators for neutrinos and antineutrinos, the plus
sign corresponding to �, the minus sign to � induced
reactions. After summing over the spins of the outgoing
nucleon, Eq. (3) reduces to an expression containing
the well-known vector and axialvector Coulomb, longi-
tudinal, and transverse electric and magnetic cross sec-
tion contributions. When the cross section is not averaged
over the outgoing nucleon polarizations, various interfer-
ence terms survive. The dominating parity violating axial
contributions in neutrino scattering make the transverse-
transverse interference terms prominent [23].

The differences between neutrino- and antineutrino-
induced ejectile polarizations can now be inferred from a
number of observations. First, the cross sections get their
largest contribution from the transverse response [15].
Hence, the way the differences between neutrinos and
antineutrinos affect the spin of the outgoing nucleon
stems mainly from the spin properties of the transverse
part of ~h. The transverse response is dominated by the
terms h
h

	 and h�h�	 of Eq. (3). The term h
h


	

provides the prevailing contribution to the cross section
for interactions with an ejectile spin aligned with the
momentum transfer, and the term h�h�

	 is prominent
for outgoing nucleons with their spin antiparallel to the
momentum transfer [23]. Second, the transverse domi-
nance induces a preference for backward scattering of the
neutrinos [19,20]. Therefore, in the majority of scattering
reactions the momentum exchange ~q between neutrino
and nucleon, and the momentum of the incoming neu-
trino are aligned. This results in an outspoken preference
for forward (�N � 0) emission of the nucleon. Hence, the
direction of the outgoing nucleon tends to be aligned with
the momentum exchange and the h
h


	 and h�h�	 con-
tributions directly affect the longitudinal components slN
of the ejectile’s spin. The transverse contribution is domi-
nated by
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with the symmetric and antisymmetric kinematic factors
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Eq. (4) establishes the differences between � and � cross
sections : the transverse term consists of a part that is the
same for neutrinos and antineutrinos and an antisymmet-
ric contribution, with opposite signs for the lefthanded
neutrinos and righthanded antineutrinos. After a reorder-
ing of these contributions another aspect of the helicity-
related differences between neutrinos and antineutrinos
shows up in Eq. (5). From the expressions (6a) and (6b), it
emerges that the kinematic factors S and A are of the same
order. As a consequence, for neutrinos the factor S� A of
the ’spin-up’’ contributions in Eq. (4) becomes very small,
resulting in a suppression of slN �" nucleon knockout,
while the h�h�

	 contribution is enhanced by the con-
structive effect of the factor S
 A. The � dependence of
Eqs. (6a),(6b) shows that this effect is largest for back-
ward lepton scattering, thus acting coherently with the
aforementioned preferential scattering direction and en-
forcing the polarization effect. For antineutrinos the
asymmetry is completely reversed.

Both aspects are illustrated in Fig. 2. The transverse
interference terms are generally negative, resulting in �
cross sections being larger than their � counterparts. The
� cross section is dominated by slN �# nucleons, the �
cross section is characterized by a prominence of slN �"
nucleons. The increasing tendency for forward nucleon
knockout with rising incoming neutrino energy causes
the different energy dependence of the cross sections in
Fig. 2. With increasing incoming neutrino energies, the
forward contribution becomes larger, sqN and slN tend to be
aligned, and the longitudinal spin behavior of the reaction
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FIG. 2. Longitudinal spin-up and spin-down proton knockout
cross sections for NC neutrino- and antineutrino-scattering on
208Pb, as a function of the incoming lepton energy.
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becomes even more closely related to this predicted by
Eq. (5), while the other polarizations are suppressed.
Hence slN �# neutrino and slN �" antineutrino cross sec-
tions gain in importance.

Figure 3 investigates the longitudinal polarization
asymmetry for neutrinos and antineutrinos

Al �
�slN �"� � �slN �#�

�slN �"� 
 �slN �#�
; (7)

over a large energy range. The polarization differences
between neutrinos and antineutrinos result in Al’s which
are very large and of opposite sign. The asymmetries Al
approach their maximum value with growing neutrino
energies. The effect is most pronounced when the major
fraction of the energy exchange is transferred to the out-
going nucleon.

The noted dissimilarity in Al becomes even more ob-
vious when examining the cross section as a function of
the outgoing nucleon’s scattering direction. Figure 4
shows very large asymmetries between neutrinos and
antineutrinos in the spins of the outgoing nucleon for
�N � 0. The observation of a forward nucleon with spin
antiparallel to its momentum, makes it roughly a factor
15 more probable that a neutrino induced the reaction.
This effect remains large over an angular range of ap-
proximately 60�. For larger scattering angles, the effect of
the additional SU(2) rotation needed to align the spin of
the outgoing nucleon with its momentum becomes im-
portant. For the suppressed backward scattering, the 180�

SU(2) rotation completely reverses the asymmetry effect.
Our calculations predict the asymmetry in the angular
cross section to be very large at incoming neutrino en-
ergies as low as 25 MeV. The size of the observed asym-
metries, the obvious opposite behavior of � and � induced
processes, and the prominence of forward scattering is
such that correlations and final-state interactions cannot
be expected to distort the whole picture. Drawing on
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on a 16O target.
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FIG. 4. Comparison between slN �" and slN �# nucleon knockout for neutrino and antineutrino-scattering off 16O as a function of
the scattering direction of the outgoing nucleon �N . The left panel presents results for incoming lepton energy "i � 50 MeV; the
right panel corresponds to "i � 100 MeV.
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conclusions obtained in electron scattering from nuclei,
the impact of secondary effects like final-state interac-
tions always tend to cancel when addressing ratios like
the quantity Al [24].

From an experimental point of view, our suggestions
benefit from the fact that the crucial information is
revealed by the asymmetry’s sign, and there is no need
to measure absolute cross sections. The asymmetries
are large, particularly for forward nucleon knockout
where most strength resides. Moreover, incoming and
outgoing neutrino beams are fully polarized by the
weak interaction.

In summary, we derived neutral-current neutrino- and
antineutrino-scattering cross sections, investigating the
induced polarization of the outgoing nucleon. We observe
large asymmetries, with an opposite sign for neutrino-
and antineutrino-induced processes. Neutrinos preferen-
tially eject nucleons with their spins antiparallel to their
momentum, the opposite behavior is noted for anti-
neutrinos. The effect is most pronounced considering
the angular cross sections. We propose the polarization
of the ejected nucleons as an efficient way to discriminate
between neutrinos and antineutrinos in neutral-current
neutrino-scattering off nuclei.
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