
CALCULATING NEUTRINO-NUCLEUS INTERACTIONS

D.J. DEAN

Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

E-mail: deandj@ornl.gov

I briey review the role of weak interactions on nuclei. I then review the status of

calculations necessary to provide high-quality results for a description of relevant

experimental data that may come from the proposed ORLaND facility.

1 Introduction

A variety of experiments may be performed using the neutrinos originating
from the decay at rest pions that will be produced at the Oak Ridge Spal-
lation Neutron Source. For example, one fundamentally important quantity
is the strangeness content of the nucleon which could be measured provided
that a useful experiment could be identi�ed.1 Neutrino interactions with the
deuteron (e.g. �e + d! �e + n+ p) are very important reactions used by the
Sudbury Neutino Observatory (SNO) to study the solar neutrino ux. This
reaction has recently been extensively studied in e�ective �eld theory,2 and
was shown to depend on one coeÆcient in the next-to-leading order expan-
sion. SNO is unable to accurately measure this cross section, and a calibration
experiment would be extremely valuable.

Weak interactions on nuclei occur naturally during the various phases of
supernova evolution. During the �nal stages of the stellar evolution of a ten to
twenty solar mass star, an iron core develops as the nuclear fuel is exhausted.
Outward pressure from liberated electrons keeps this core from collapsing until
it reaches the Chandrasekhar mass. At this point, electrons are captured by
nuclei through the Gamow-Teller resonance, thus depleting the lepton number
within the core region. The interaction e�+A(N;Z)! A�(N +1; Z�1)+�e
becomes a source of electron neutrinos within the supernovae.

As the collapse proceeds, a bounce develops when the central density
in the neutron rich core exceeds nuclear matter density; however, numerical
studies indicate that the energy obtained from this nuclear bounce is not e-
nough to overcome the gravitational attraction of the matter. Neutrinos again
play an important role as they may deposit their energy to the matter in the
stalling shock front, imparting suÆcient energy to overcome gravitation. Once
a supernovae explodes, neutrinos again become important in r-process nucle-
osynthesis, particularly of heavy elements through a mechanism of neutrino
spallation.
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2 Neutrino-nucleus interaction

The formalism necessary to calculate total and di�erential neutrino cross sec-
tions on nuclei has been known for many years.3 The charged-current cross
section at a given incident neutrino energy E� is

�CC(E�) =
G

2�

Z +1

�1

d cos �Æ(Ei �Ef +E� �El)plEl jM j2 ; (1)

where Ei and Ef are initial and �nal energies of the nuclear states involved,
El and pl are the energy and momentum of the emitted lepton, p� is the
neutrino momentum, and cos � = pl�p�

jpljjp� j
. The reduced matrix elements of the

transition matrix element M , which connects states i and f

Jf ; Tf ; T zf jj 


J;T jj Ji; Ti; T zi
�
=

X
jajb

�
JfTfTzf jj

h
ayja � ajb

iJ;T
jj JiTiTzi

�
hjata jj 


JT (q) jj jbtbi (2)

where Ji;f , Ti;f , and Tzi;f are the initial and �nal spin, isospin, and isospin
projection of the initial and �nal nuclei, and j� and t� are single-particle spin
and isospin labels of the individual nucleons in the nucleus. We represent the
expansion of the weak interaction in terms of multipoles 
JT of a given spin
and isospin (JT ) multipolarity. We note that 
 carries a momentum transfer
dependence q. The one-body matrix elements hf jj 
JT jj ii were tabulated,4

and are readily calculable. The more diÆcult computation involves the one-
body density matrix elements which are calculated between the �nal and
initial nuclear many-body states.

3 Methods of solution to the nuclear many-body problem

Various approaches to solutions of the nuclear many-body problem exist. For
light nuclei (A � 8) Greens Function Monte Carlo methods have been em-
ployed to solve for ground-state properties using realistic two- and three-
nucleon interactions.5;6 These methods are, however, limited to light systems
and have not been developed for calculating scattering cross sections (although
their antecedent Variational Monte Carlo methods have been used to study
proton-nucleus reactions.7)

The shell model provides a tractable solution to the nuclear many-body
problem in a truncated model space. Thus one divides the complete Hilbert
space into an active and inactive space. The active space is usually referred
to as the valence space. One natural form of truncation is to work in a major
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oscillator shell. For example, if we choose 40Ca as a core of inactive nucleons,
we can work in the region of 21 � N;Z � 39. Thus, by solving the result-
ing eigenvalue problem for a given nucleus, we obtain detailed information
concerning its spectroscopy and one-body density matrix.

One must necessarily use many-body perturbation theory to project the
realistic nucleon-nucleon interaction into the model space.8 This approach,
while theoretically correct, encounters problems for nuclei towards the mid-
shell for a variety of reasons. Perhaps the least well investigated at the moment
involves inclusion of a realistic three-nucleon interaction into the many-body
perturbation theory. GFMC results seem to indicate that one cannot prop-
erly describe the mass dependence of nuclei as a function of nucleon number
without the three-body interactions, and thus it is not surprising that the re-
sultant shell-model interaction derived from many-body perturbation theory
still requires some modi�cations by slightly tuning to experimental data. In
light nuclear systems such as 12C, it is possible to obtain directly from ex-
perimental data enough information to �t nuclear matrix elements.9 This is
also possible in the sd-shell (nuclei from 16O to 40Ca).10 Over the years, good
e�ective interactions have also been developed for the fp-shell (iron group
nuclei).11

Even in cases where reasonable e�ective interactions are available, one
always faces the explosion in the dimension of the many-body basis in which
one must diagonalize the e�ective Hamiltonian. Increasing computer power
allows one to incrementally solve for larger problems by diagonalization. Al-
ternate methods of solution based on quantum Monte Carlo techniques have
been developed and used in regions where standard diagonalization could not
at the time be successfully applied.12 Another complication comes when one
extends calculations beyond one major oscillator shell. In such cases, contam-
ination from spurious center-of-mass e�ects must be corrected. Furthermore,
overlapping methods to account for the giant-resonance regions are probably
necessary.

Thus, calculations of the neutrino-nucleus cross sections within a shell
model approach will always have a systematic uncertainty arising from a)
the e�ective interaction used; b) the size of the active model space; and c)
center-of-mass contaminations.

RPA-based approaches13 typically begin with Skyrme Hartree-Fock gener-
ated basis states, thus determining the mean-�eld and single-particle occupied
levels of the nucleus. The unoccupied levels are obtained by diagonalizing the
Hartree-Fock mean �eld using a harmonic oscillator basis. Thus, the contin-
uum part of the single-particle spectrum is discretized, and discrete particle-
hole con�gurations coupled to the appropriate spin and parity are used as a
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basis in order to cast the RPA equations into a matrix form. Hartree-Fock is
sometimes augmented by BCS pairing correlations. In this case, uncertainties
arise from the e�ective interactions used and the allowed correlations available
for the ground state. The lack of correlations beyond RPA typically causes
an increased total cross section and a narrower distribution of strength within
the various interaction channels.

Recent applications of continuum RPA and the shell model to 12C scat-
tering give 13:4� 14:5� 10�40 cm2 (shell model15) and (18� 20)� 10�40 cm2

(CRPA14) for the total cross sections. The experimental value is 12:3 �
10�40 cm2.16 At present theoretical calculations have an associated 25-35%
systematic uncertainty.

4 A guide from electron capture

Based on the above assessment, one could argue that we should simply avoid
complicated calcuations with which to calibrate and interpret experimental
data. This conclusion would be mistaken, as can be shown from investiga-
tions of the Gamow-Teller transitions in nuclei. A number of studies have
shown that inclusion of the full space is necessary if one wishes to describe
the Gamow-Teller strength distributions. Such 0�h! calculations have been
carried out in the p-, sd-, fp-, and gds-shells. For example, total Gamow-
Teller strengths are well reproduced for a variety of fp-shell nuclei using a
modi�ed version of the Kuo-Brown interaction for this region.17 The strength
distributions for several nuclei are shown in Fig. 1. These calculations were
carried out using shell-model Monte Carlo techniques.12 We renormalize the
total strength by 1=1:262, which is a standard factor for spin operators in 0�h!
model spaces. These shell-model results should be compared with the more
naive non-interacting shell-model results of Fuller, Fowler, and Newmann.18

The total strengths of FFN are usually a factor of 2-10 larger than the full
calculation. FFN places that strength into one transition peak (solid verti-
cle line in Fig. 1). Clearly, the strength is fragmented across many states,
and the centroid is usually displaced from the FFN value. These results may
have serious consequences for the evolution of the collapse phase of type II
supernovae.19;20 The inverse reaction, neutrino scattering or capture by iron,
should also be studied both experimentally and theoretically.

5 Conclusions

Several important reactions that have a signi�cant scienti�c impact may be
studied at the proposed ORLaND facility. Each reaction requires suÆcient
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