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Abstract. We present an overview of neutrino-nucleus scattering \&tdoergies with cross sections obtained within a
continuum random phase approximation (CRPA) formalism. M¢ilight potential applications of beta-beam neutrino
experiments for neutrino astrophysics. Our calculatiorscampared with MiniBooNe data at intermediate energies.
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INTRODUCTION

Most current experimental efforts focus on neutrinos witkrgies of a few hundreds of MeVs up to energies in the
GeV range. Still, neutrinos are produced in a variety of ime@na and at various sites in the universe and hence
come in different flavours and with a broad range of energiéh, a lot of neutrinos having energies below 100 MeV.
Learning from these neutrino involves the need to deteanhthretheir interactions with matter. Neutrino-electron
scattering cross sections are theoretically well-knowhiave the disadvantage that the cross sections are velly sma
Scattering off nuclei results in larger cross sections. Aak incoming neutrino energies, the interaction process i
however very sensitive to details in nuclear structure arttie influence of correlations between the nucleons.

MODELING NEUTRINO-NUCLEUSINTERACTIONSAT LOW ENERGIES

The study of the atomic nucleus faces particular problerasetally, the atomic nucleus is a mesoscopic system, on the
one hand containing too many particles to allow few-bodhtégues to be effective and on the other hand containing
too few nucleons to enable a statistical approach of thelgnokn the tens-of-MeV energy range important for e.qg.
supernova neutrinos, cross sections are very sensitiveclear structure effects.

The main methods to study neutrino scattering off nucleiugtesnova-neutrino energies are the Shell Model
(SM) and the Random Phase Approximation (RPA). In the foritiner description of the nucleus is based on a full
diagonalization of a effective interaction in a limited nebdpace. In recent years, the shell model has been used
successfully to study various weak interactions of intet@siuclear astrophysics [1]. The main disadvantage of the
shell model approach is the dimension of the matrices todgaoialized, rapidly growing with increasing model sizes.

Confronted with this drawback, a number of approximaticas been designed, focusing on various aspects of the
problem. Next to the Hartree-Fock approximation, consideonly single-patrticle properties of the problem, more
elaborate techniques as e.g. the RPA were developed. Gpttraean-field descriptions where a nucleon experiences
the presence of the others only through the mean-field getkly their mutual interactions, the random phase
approximation allows correlations to be present even irgtibend state of the nuclear system and additionally allows
the particles to interact by means of the residual two-badge. The random phase approximation then describes a
nuclear state as the coherent superposition of partideedumtributions out of a correlated ground state :
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The summation inde& stands for all quantum numbers defining a reaction chanraghbiguously :

C:{nh7|h7jh;nhvgh;lpvjpampaTZ}v (2)

where the indicep andh indicate whether the considered quantum numbers relaketpdrticle or the hole state,
denotes the binding-energy of the hole state grkfines the isospin character of the particle-hole pairtdndard
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RPA calculations this leads to a discrete spectrum, witlersdwariations in the approach [2, 3, 4] in use. In this
contribution, the cross section results are illustratédgia Continuum Random Phase Approximation (CRPA), based
on a Green’s function approach [5, 6, 7]. The unperturbecewanctions are generated using either a Woods-Saxon
potential or a HF-calculation using a Skyrme force. Theetatpproach makes self-consistent HF-RPA calculations
possible.

The differential cross-section for scattering of an incogmeutrino with energy; of a nucleus is given by
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Where////] and% are the Coulomb and longitudinal multipole operatc;%?,mag andj}" the transverse multipole
operators# is the scattering angle of the lepton. For each multipolesiteonJ™ only one part -vector or axial vector-

of an operator is contributing. From the expression (3)dtésr that J=0 transitions are suppressed due to the lack of a
transverse contribution in these channels. Still, neagrare able to excite Ostates in nuclei, while electrons cannot.
The second and third part of the expression show that théméeigerence between the Coulomb and the longitudinal
(CL) terms and between both transverse contributions, tlibetween transverse and CL terms. The only difference
between neutrino and antineutrino cross-sections is igpesite sign of the transverse interference part. From the
angular dependence of the kinematic factors, it is clear fitrabackward6 = T scattering only transverse terms
contribute, while for§ = 0 CL-contributions dominate.

CROSSSECTION RESULTS

Neutrino scattering potentially constitutes a rich soun€énformation on nuclear structure and weak interaction
characteristics. But notwithstanding the experimenfar&s, the extraction of information out of scattering réaes is
very difficult, due to the very small interaction cross-gats$. The importance of neutrinos in a variety of astroptslsi
situations therefore represents an important additioloéiation for the study of neutrino-nucleus scatteringtieams.

In this section, the main characteristics of neutrino-auslscattering at supernova-neutrino energies are destuss
using the example of neutral-current scattering of 50 MeMtrigos off160.

The right panel of figure 1 shows the differential crossisector this reaction as a function of the excitation
energyw of the nucleus, and its most important multipole contribngi. The differential neutrino scattering cross-
sections are of the order of 1t cn? per MeV. The figure clearly illustrates that at energies Wwed® MeV, the
cross-section spectrum is sharply peaked. These peaksatexito excitations with a strong single-particle chemac
The resonances are however very narrow and therefore ddosotkaall transition strength. At excitation energies
between 20 and 25 MeV, the broad resonance structure ofahédjpole resonance shows up. For excitation energies
above approximately 30 MeV the cross-section decreasesstlonrely quadratically as a function of the excitation
energy of the nuclear system. This agrees with the energgndigmce of equation (3) which shows the cross-section to
be proportional to the square of the outgoing lepton enﬁggyv (£¢)2. This effect furthermore results in the smooth
and soft broadening of the resonances for higher valuesdtiergy of the lepton projectile.

In the calculation, multipoles up to J=4 were taken into actoContributions of higher-order multipole excitations
were found to be very small at the considered energies. Thetr&nsitions are suppressed by almost 5 orders
of magnitude and as a consequence have negligible influam¢keototal cross-section. The smooth behavior of
these contributions furthermore assures that the shapeeafesonance structure in the excitation spectrum is not
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FIGURE 1. Left: Cross-section for the neutral current react®+ vsgmey — %0 + v/ (full line) and its dominant multipole
contributions.J™ = 1~ (dashed line)J™ = 17 (dashed-dotted) and™ = 2~ (dotted line). The total cross-section includes
multipoles up to J=4. Right : Comparison between the vedastied) and the axial vector (dotted line) contributiom#reaction
160(v,v')160*. In both figures, the single-particle wave-functions anergies were obtained with a Hartree-Fock calculation, as
residual interaction the SKE2 parameterization was used.
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FIGURE 2. Cross-section for neutral current neutrino (full line) amdineutrino (dashed) scattering reactions off oxygen 16.

affected by the higher-order multipole transitions. Thé& é&xcitations are prominent, with a clear dominance of the
J=1" electric dipole transition in the giant resonance regio@xtNo higher-order multipole transitions J=3 and J=4,
also J=0 excitations are suppressed. This is due to theHatbhly Coulomb and longitudinal terms contribute to
these channels. But still, some clear fesonances show up in the differential cross-sectionsehergl, negative
parity transitions are clearly dominating the positiveifyacontributions. For higher excitation energies, thatigk
importance of higher-order multipoles increases. Thetriginel of the figure shows that the axial contribution is
clearly dominant.

Figure 2 compares neutrino- and antineutrino-inducedsceextions. Whereas differences are small at these
energies, neutrino cross sections are larger. This difteravill grow at higher energies with the increasing impocta
of the transverse magnetic contribution.

LOW-ENERGY BETA-BEAM NEUTRINOS

Beta beams, which are neutrino beams produced by the betg deguclei that have been accelerated to high gamma
factor, were originally proposed for high energy applioat [8], such as the measurement of the third neutrino mixing
angle 013 [8]. Refs. [9, 10] suggested that a beta beam run at lower gafactor, would be useful for neutrino
measurements at lower energies.

We suggested [11, 12] exploiting the flexibility these bleéam facilities offer, combined with the fact that beta-
beam neutrino energies overlap with supernova-neutrieogées, to construct 'synthetic’ spectra that approximate
an incoming supernova-neutrino energy-distribution [1Bing these constructed spectra we are able to reproduce
total and differential folded supernova-neutrino crossti®ns very accurately. We construct linear combinatins
beta-beam energy-distributions

N
Ny (&) = Z‘ai Ny (&), (6)
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FIGURE 3. Comparison between differential cross sections for neatraent scattering ot®0, folded with a power-law
supernova-neutrino spectrum (full line) and syntheticcgewith 3 (dashed line) and 5 components (dotted line) fifergnt
energy distributions {¢)=14, a=3 (a),(€)=22,a=3 (b), (¢)=18,a=2 (c), and(e)=18, a=4 (d).

where all distributions involved were normalizedto 1 :
/deinNy(si) =1, 7

and

/danw(a) —1 vi. ®)

The constructed spectrum that represents the best fit tauffersova-spectrum is then obtained by minimizing the
expression

[ s mwy(e) (e ©)

where the similarities between beta-beam and supernovdmeaepectra assure that a good fit is easily obtained. In
this way, the values for the expansion paramegeemnd the boost factong that yield a spectrum that is as close as
possible to the original power-law distribution are detigrd. Count rate considerations favor higher gammas, for
exampley-values between 5 and 15.

Of course the spectrum as such is not an important observabée information brought along by supernova
neutrinos is encoded in the response of the detector to toenimg neutrino flux. This quantity is determined by the
folded differential cross section : the folded cross sec#ie a function of the excitation energy of the target in@disat
what the neutrino signal in the detector will look like. In.fgy we show the differential cross section for neutral-eotr
neutrino scattering off ak?O target for different energy distributions. The agreenimtiveen cross sections folded
with the power-law supernova-neutrino spectrum and thokkefl with the synthetic spectrum is remarkably good.
The procedure is able to reproduce total strength, and thiéiggoand width of the resonances very accurately. This
result suggests that beta-beam neutrino-scattering mezasuts can be a very effective way of predicting supernova-
neutrino responses without need to go through to the intdiatestep of a cross section calculation with the related
uncertainties. In principal, the formalism can be appl@dry target material. Its efficiency however depends on the
accuracy of the fitting procedure in the relevant energyeang
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FIGURE 4. Comparison between our CRPA calculations and MiniBooNa.dHte cross section is shown as a function of the
lepton scattering angle and the muon energy. In the catmnal all multipoles up to J=12 were included.

COMPARISON WITH EXPERIMENTAL DATA AT HIGHER ENERGIES

At higher incoming energies, our results can be comparell thi¢ MiniBooNe data [14]. Figure shows double
differential cross sections for charged current neutrgaitering off a2C target nucleus, folded with the MiniBooNe
spectrum. The overall behavior of the cross section is vepltaduced. The figure compares Hartree-Fock and CRPA
results, clearly indicating that the inclusion of long-garcorrelations is mandatory for a good description of tha.da
Further work in this direction is in progress [15].
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