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2 Department fiir Physik und Astronomie, Universitdt Basel, Basel, Switzerland

b Division of Theoretical Physics, University of Ioannina, Greece

Abstract

The recent developments on neutrino-nucleus interactions at low and intermediate
energies are reviewed and discussed in conjunction with the recent data of atmo-
spheric, solar, and accelerator neutrino experiments. The theoretical nuclear physics
approaches used to interpret and predict phenomena for which neutrinos play a
crucial role are also investigated. We emphasize on the implications of neutrino re-
actions and properties into the astrophysical phenomena and atmospheric neutrino
problems.

1 Introduction

Neutrinos play a fundamental réle in a plethora of phenomena related to nu-
clear physics, particle physics, astrophysics and cosmology [1-5]. The main
goal of experimental [6-11] and theoretical [12-16] investigations in phenom-
ena involving neutrinos is to discover the yet-unknown properties of these
very light and weakly interacting particles and shed light on the relevant open
problems to which neutrinos are absolutely crucial. Some of the most signif-
icant such phenomena are those involving neutrino-nucleus interactions like
the following.

(i) Neutrino—nucleus reactions using well-defined terrestrial sources of low-
and intermediate-energy neutrinos. In these accelerator-based experiments the
neutrino—nucleus scattering plays an important réle [17-21], e.g. to detect and
distinguish neutrinos of different flavor and to study their interaction with
matter.

(ii) Terrestrial experiments to detect astrophysical neutrinos, i.e. solar, super-
nova, atmospheric, etc., neutrinos [22-28], which are highly valuable sources
of astrophysical information.
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(iii) Neutrino-induced nucleosynthesis which underlines the neutrino—nucleus
interaction within astrophysical scenarios (core-collapse supernovae) and con-
stitutes a good example of interplay of neutrino properties and interactions.

(iv) The investigation of neutrino scattering off nuclei [18] is an ideal tool to
examine the basic structure of the weak interactions, since specific transitions
between discrete nuclear states with well-defined quantum numbers (spin, par-
ity and isospin) allows us to study the structure of the weak hadronic currents.
In such transitions the nucleus acts as a microscopic ’spin-isospin’ filter re-
ducing the rather complex spin-isospin structure of weak hadronic currents to
a single accurately measurable component.

(v) Neutrino-nucleus reactions are also of great importance to obtain defi-
nite information on phenomena like neutrino oscillations and the Mikheyef-
Smirnof-Wolfenstein (MSW) effect [28]. In this case the flavor of a neutrino
can be identified by the various types of processes. In the Sudbury neutrino
observatory (SNO), for example, charged-current (CC) and neutral-current
(NC) reactions of neutrinos with deuterons are separately registered with a
low detection threshold, thus providing useful information on the neutrino flux
for individual flavors and neutrino oscillations as well.

The rich variety of neutrino—nucleus reactions and the great number of promis-
ing nuclear targets for the various neutrino experiments combined with the
wide range of neutrino energy E, necessitated the use of several theoretical
nuclear physics approaches. The choice of a specific nuclear method to be em-
ployed is dictated among others by the number of available channels in the
specific reaction type. Exclusive processes need the use of state-by-state calcu-
lations [18]. For inclusive processes accurate effective methods like Fermi gas
models [28], closure approximation [13], etc., can also be used because they are
more convenient. Semi-inclusive processes, occurring mainly in radiochemical
experiments [29,30], need special treatment and various methods have been
employed such as continuum RPA [18], local density approximation (LDA)
[16], etc. The characteristic ingredients of the nuclear methods, used to obtain
reliable estimates of neutrino—nucleus transition matrix elements, are based
on a given neutrino-nucleus effective interaction Hamiltonian (see Sect. 2).
Among the confidence tests for the employed method, the (p, n)-reaction data
constitute important calibrators of the Gamow-Teller-type matrix elements.

In the present work we focus on phenomena mainly related to the standard
neutrino-nucleus interaction processes. We only briefly refer to the most im-
portant non-standard problems for which the knowledge of neutrino properties
is essential. Such a notable example is flavor violation in neutrino-oscillation
data [31], of which the current evidence arises from the atmospheric-neutrino
anomaly, the solar-neutrino problem and the LSND experimental data [32]
although not yet verified by other experiments, KARMEN data, etc.
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We firstly review the theory of neutrino—nucleus reactions (Sect. 2). We then

present the latest experimental results on exclusive, inclusive and semi-inclusive
processes and compare them with reliable theoretical predictions (Sect. 3). The

implications of neutrino—nucleus interactions on astrophysical and atmospheric-
neutrino problems are discussed with a special emphasis (Sect. 4). Finally, we

summarize the main conclusions and discuss the perspectives on the open

neutrino problems (Sect. 5).

2 The Theory of Neutrino—Nucleus Interactions

2.1. The Effective Weak Interaction Hamiltonian ..

The neutrino—nucleus processes can be classified into four categories: the two
types of charged-current (CC) reactions of neutrinos and antineutrinos and
the two types of neutral-current (NC) ones.

In the charged-current reactions a neutrino (antineutrino) of flavor I (I =
e, 4, 7) transforms one neutron (proton) of a nucleus to a proton (neutron),
and the corresponding charged (anti)lepton is emitted. These two types of
reactions, which are represented by

U+ zAN — z1AN .+,

(1)

v+ zAN — znAN_+17,

are also called (anti)neutrino capture, in analogy to the reverse processes of
electron, muon or tau capture. They are mediated by exchange of heavy W*
bosons. A Feynman diagram of lowest order for neutrino capture is shown in
Fig. 1.

Fig. 1. Feynman-diagram of lowest order for the CC neutrino reactions:
v+ zAN — z Ay + 17
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In neutral-current reactions (neutrino scattering) the (anti)neutrinos interact
via exchange of neutral Z° bosons with the nucleus, and therefore the charges
of projectile and target are both conserved as

U+ Ay — zAN+ 7,

(2)

v+ zAN -—-)2A*N+I/I.

Here we prefer to use v (7) to denote (anti)neutrinos of any given flavor. The
relevant Feynman diagram of lowest order for neutrino scattering is shown in
Fig. 2.

Fig. 2. Feynman-diagram of lowest order for the NC neutrino processes:
I/+zAN—)2AR;+V’

The standard-model effective Hamiltonian governing the semileptonic weak
interactions of nuclei with neutrinos in (1) and (2) (at low energies compared
to the electroweak scale) can effectively be written in current—current form as

Gr /- (0
e =% (7P 4500 4 hoc) (3)
where jﬁc) and J*® denote the leptonic and hadronic currents, respectively,
and ¢ = —,+,0 indicates the charge-changing character. According to V-A

theory and flavor universality of the weak interaction the leptonic currents are
given by

@)=Y T@)n - 1)Ty(z), l=e p 7

V@)=Y T@nl-%)T,), l=epn 7 (4)

l

where ¥;, ¥,, are the lepton spinors ( jf\+) results from Hermitian conjugation

of j{7).
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More expenditure is required to write down the expressions for the hadronic
currents, because nucleons are extended objects. The general ansatz for the
hadronic currents is dictated by Lorentz covariance and gives [24,25]

T =Ty (g7 (q2)7A+2Mgz (@)orwg” + g¥ (@
+ g (P)vs + = ; M 92(6%)orng" s + 95 (@) anvs| e ¥N ()

where the weak form factors ay, gz (¢ = 1,2, 3) are complex scalar functions of
the momentum transfer g2. The g} are fixed by the conserved vector-current
theory (CVC) stating that the isovector part of the electromagnetic current
and the charge raising and lowering parts of the vector current of the weak
interaction form an isospin triplet of conserved currents. For the axial form
factors g, charge symmetry properties and T-invariance of the hadronic cur-
rent require that gsi(¢g?) = 0. Furthermore, the g'(¢?)grys term only gives
contributions proportional to the mass of the outgoing lepton, and can there-
fore be neglected in the extreme relativistic limit. Thus one arrives at the
expressions

FP_Fn
S = w{[—l 5 1]%

i [FP—Fn
M [2_21] ong” + GA'YA'YS} AR (6)
IO =Py {F1Z’YA+FZ 2'\]'\//? +GA7A75} YN, (7)

(J ﬁ') is the Hermitian conjugate of J §+)). Here FY,, FT', denote the charge and
electromagnetic form factors of proton and neutron, respectively. The weak
form factors entering the neutral hadronic currents are given by (7 = +1 for
protons and 7o = —1 for neutrons)

1 FP — Fn FP Fn
FIZ,Z =i (5 — sin® Gw) [1’2—22} o — sin’® Oy [——'——1’2—; 1’2] ) (8)

In the case of neutral-current neutrino scattering, experiments suggest that
[33,34], in addition to the valence quarks in the nucleon, the strange quark
sea (pairs of s§ quarks) also contributes to nucleonic properties like, e.g.,
the proton-spin (EMC effect). For an extensive discussion on this topic see
[35,36]. If present, this s3 sea in the nucleon could also affect the neutral-
current neutrino scattering on nuclei, because the Z° bosons mediating these
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processes can couple to all quarks inside the protons and neutrons of the
nucleus as is illustrated in the diagram of Fig. 3.

To describe quantitatively the connection between the s3 sea in the nucleon
and neutral-current neutrino scattering we construct the neutral weak form
factors of proton and neutron from the underlying quark currents. This leads
[37] to the form factors

FP _Fn
F1Z,2 = (% — sin® GW) [——1’2 5 1’2] To

FPy+ F} 1
— sin® Oy [-———1’2 3 1’2] - §Fﬂ2 ; (10)
1 3 1 ]
GA=—§GAT0+-2-GA, (11)

instead of those given in (8) and (9). We see that the additional terms FY,
and G¥ arising from the s3 sea are purely isoscalar and, therefore, they do
not contribute to charged-current reactions like v, capture or 8 decay. These
strangeness form factors are, in general, not well known, but F}, corresponding
to the charge form factor, has to vanish at zero-momentum transfer Fj(g*> =
0) = 0, because the nucleon is globally strangeless. In the scattering reactions
considered in this work only low-momentum transfers are involved and F} can
be neglected.

2.2 The formalism for Neutrino-Nucleus cross section calculations

Due to the smallness of the Fermi coupling constant, neutrino scattering cross
sections (as well as § decay and lepton-capture rates) can accurately be cal-
culated within the first-order Born approximation. As the initial and final
nuclear states have well-defined spins and parities, a multipole analysis of the
weak hadronic current at nuclear level can be performed. This has been at

Fig. 3. Leptonic interactions with the proton assuming presence of the strange
quark-sea
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first carried out [25] in close analogy to electron scattering off nuclei within a
general analysis of charge-changing semi-leptonic weak interactions in nuclei.

The neutrino-nucleus scattering differential cross section is then written as

Aoy _ G _lksles
11— 12
dQ[dw] 7w (2Ji+ 1)F (Z,¢7) (Z Mo + Z 1) s (12)

where w = €; — €5 is the excitation energy of the nucleus, and ¢;, €y, 1_9} denote
the energy of the incoming neutrino and energy and momentum of the outgoing
lepton, respectively. The square brackets on the left-hand side indicate that
the cross section is a double differential, df2dw, i.e. with respect to energy and
scattering direction which, strictly speaking, refers rather to excitations lying
at the continuum.

The summations in (12) contain the contributions of the charge- (M), longitudinal-
(L) and transverse-operators (72, 7*) steaming from the multipole expan-
sion of the weak hadronic current [25]. These contributions are written as

5[

+ (1 + acos ® — 2bsin? @) |<Jf “EJ(‘Z)

"7(J:L=(

+[§(1+acosqs)+c] IRee( AYEAVZHE EANNGE)
n; =(1—acos @ + bsin® @)
<[ 1T @] ) + || T @] 2]
:F[(Ei-;—e")(l—acos@—c]
x 2Ree(J; [\T7(@)| 5 )% [ T @) ) (149

where ® denotes the scattering angle of the outgoing lepton and a, b and ¢
are given by

.
q g€

where m; is the mass of the outgoing lepton. The magnitude of the (three-)
momentum transfer g is given by
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1
g
g=q| = |w® + 2€:65 (1 — acos @) — (mfcz) ]2 ' (16)

Notice that the interference term between vector and axial vector current in
the lower line of (14) has a negative (positive) sign for (anti)neutrino scattering
due to their different helicities.

The Fermi function F(Z,¢y) takes into account the Coulomb-final-state in-
teraction between nucleus and final lepton (in the case of charged-current
reactions only). In other methods like the LDA (see Sect. 3) the final-state
interaction effect is considered by modifying the lepton propagator so as to
include the lepton self energy (Coulomb potential) which adds to the kinetic
energy in the propagator.

2.8 Neutrino Fluz-Averaged Cross Section
in Various Reaction Processes

In order to compare the theoretical results with the experimental data, the
differential cross section of (12) is at first integrated over the scattering angle

o 4w [210_
(e o)) = | gy (@ el a0, an)

and then folded with the normalized energy distribution n;(e;) of the incoming
neutrinos as

%5(@]) = wf %ﬁ(ei, [w]) ni(e;) de; . (18)

In the case when the neutrino-induced excitation of a specific final state f is
measured in an experiment, i.e. for exclusive neutrino—nucleus processes, the
relevant cross section @, is given by (18).

If the final nuclear state cannot be determined, i.e. for inclusive neutrino—
nucleus reactions, one must integrate (18) over the possible final states to
obtain the total inclusive cross section as

7 dz

d_w(w) dw . (19)

Otot =
0

Of special importance in the investigation of neutrino—nucleus processes are
the semi-inclusive (anti)neutrino—nucleus cross sections which include the part
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of the total cross section leading to the particle-bound excited states of the
final nucleus; the flux-averaged semi-inclusive cross section is obtained as in
(19). In Sect. 3, the comparison between the theoretical and experimental
results (for the total, radiochemical experiments and exclusive cross sections)
is done in the above spirit.

2.4 Nuclear Calculations for the Neutrino-Nucleus Cross Sections

The first calculations to describe neutrino-induced excitations were done by
Uberall and Kelly [22,23] for the giant-dipole resonance in '2C within the
Goldhaber—Teller model and the shell model [22,23]. At that time physicists
contemplated the construction of high-intensity accelerators or ‘pion factories’,
which via pion decays would also provide fluxes of electron and muon neutri-
nos. The motivation to investigate cross sections and angular distributions for
neutrino scattering was to get new insights into questions of weak interac-
tions, like proving the possible identity of muon and electron neutrinos [22]
and, furthermore, to check the energy spectrum of the produced neutrinos by
measuring the rate of theoretically known cross sections [23].

Later on Donnelly and Walecka performed fundamental and comprehensive
theoretical studies of semileptonic weak interactions in nuclei [24,25]. Within
the shell model they calculated cross sections for neutrino scattering on *2C [26]
and 80 [27,26], compared electron-scattering and neutrino-scattering pro-
cesses [27] and used neutrino excitations of nuclear levels to test the structure
of the weak neutral currents [27]. These works were motivated by the expec-
tation that these reactions would be studied experimentally at LAMPF.

Within the last decades many nuclear methods have been developed and used
for neutrino—nucleus reaction calculations. Donnelly, Kubodera and others
[24,27,28] developed an elementary-particle model applied to describe neu-
trino scattering on '2C and '3C [38]. The great number of nuclear methods
used up to the present for neutrino—nucleus interaction studies are classified
as follows.

(i) Term-by-term sum [12]. These methods need the explicit construction of
the final states in the context of a nuclear model, e.g. shell model, RPA etc.
They are reliably applicable for low neutrino energies and for light or medium-
heavy nuclei when the transitions to definite nuclear states (ground state or
some low-lying excitations) could be dominant.

(ii) Closure approzimation [13]. With this category of methods one avoids
the tedious construction of the excited nuclear states if a suitable mean ex-
citation energy E could be chosen. The results of this method depend on
the assumed value of E and are more reliable for neutrino energies 50 MeV
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< E, < 100 MeV.

(iii) Fermi gas models [14]. The Fermi gas models, the non-relativistic one and
the relativistic one, need an average binding energy which defines the effective
energy transfer to the nuclear target. The results are very sensitive to the
average binding energy used (in particular at low neutrino energies) and more
reliable estimates for neutrino cross sections can be obtained for E, > 50 MeV
where the details of the specific nuclear states can be ignored.

In the present work the latest experimental data on neutrino-nucleus reactions
are mainly compared with the theoretical predictions of two nuclear methods,
the continuum RPA (CRPA) and the local density approximation which uses
a relativistic Lindhard function (LDA). Both these methods give very reliable
results especially for the important processes of semi-inclusive and inclusive
neutrino-nucleus cross sections. In order to briefly outline the basic features
and ingredients of these methods, we devote for each of them an individual
subsection.

Continuum Random Phase Approzimation

For the description of neutrino scattering off nuclei the continuum RPA ap-
proach was employed as a mean-field model [17,18], in order to compute ma-
trix elements of J*(® when sandwiched between nuclear states. In this model
the interaction between the constituents of the nucleus is described by com-
bining the usual RPA treatment with a correct description of the particle
states in the continuum, i.e. the excited many-body states are coherent su-
perpositions of one-particle-one-hole (1p-1h) excitations obeying the proper
Coulomb boundary conditions for scattering states. The continuum RPA pro-
vides a good description of the nuclear ground state while the excited states
are generic continuum states possessing a 1p—1h structure. Final-state interac-
tions are accounted for by a realistic (finite-range) residual interaction derived
from the Bonn meson exchange potential [19,20].

The continuum random phase approximation (CRPA) model is reliable to
calculate mainly total cross sections for inclusive and semi-inclusive processes
of semileptonic weak interactions in nuclei. The motivation for this choice is
explained by means of Fig. 4 where a schematic plot of a cross section for
neutrino scattering on nuclei is shown. We assume that the incoming neutrino
has a medium energy of E, ~ 50 MeV and plot the cross section as a function
of the excitation energy w in an isoscalar target nucleus (7; = 0). As neutrinos
dominantly induce isovector transitions (AT = 1), it is found that the lowest-
lying states that get remarkable strength are (if present at all) a few discrete
states with isospin 77 = 1. Next, above the particle emission threshold (ws),
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small isovector resonances show up and collect some strength. However, the
dominant contributions to the total cross section come from the broad states
in the giant-dipole resonance (GDR) region, which are known to have the
structure of collective one-particle—one-hole (1p—1h) excitations. Lastly, very
energetic neutrinos may scatter quasi-elastically (QE) and knock out (single)
nucleons from the nucleus. These final nuclear states dominantly excited in
neutrino scattering are nicely described by the continuum RPA model.

T T T T T T T

do/dw
\
\

/ QE
_ J\J , _
Gdbr v -

L 1 L 1 1 1

th
excitation energy w [MeV]

Fig. 4. Schematic plot of a typical cross section for medium energy neutrino scat-
tering on an isoscalar nucleus

The basic properties of this approach can be summarized as follows: (i) the
nuclear ground state is well described, (ii) the excited states are generic con-
tinuum states of 1p~1h structure, (iii) final state interactions are accounted
for with a realistic (finite-range) residual interaction [19,20], (iv) this model
has been shown [18,39] to yield a good description of the giant (dipole and
spin-dipole) resonances in light nuclei, e.g. in 2C and 0, (v) especially the
charge-exchange reactions of the knocked-out nucleon of the type X (v,v'z)Y
and X (v,1"z)Y are included in the model.

To show how the method works we choose as an example the case of neutrino-
induced knock out reactions of the type X (v,v'z)Y and X(v;,{"z)Y. In the
general case, for the neutrino-induced knock out of a particle we need to apply
a special treatment to calculate cross sections. A reasonable assumption is to
assume that the process takes place in two steps. For example, in the neutral-
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current scattering

z-1 XN +P
V+ZXN—+V'+ZXR;=>ZXFV—) zXN1+ 1

z-2Xn-2 + a.

In the first step the cross section for neutrino excitation is determined within
an effective model calculation and in the second step a state-by-state calcula-
tion is more realistic.

In the context of the continuum RPA model the cross section for the first step
of the process is calculated by integrating over all the neutrino excitations.
In the second step one calculates for each final state with well-defined energy,
angular momentum and parity the individual branching ratios into the var-
ious decay channels (proton, neutron, a or -y emission) using the statistical
model. The code appropriate for this aim, known as SMOKER [40], considers
as possible final states in the residual nucleus the experimentally known lev-
els supplemented at higher energies by an appropriate level-density formula
[40]. This model has been successfully applied to many astrophysical problems
and it empirically found good agreement between p/n branching ratios calcu-
lated with SMOKER and within continuum RPA for several neutral-current
reactions on light nuclei [41].

The Local-Density Approzimation
with o Relativistic Lindhard Function

In this method [15], the differential neutrino-nucleus cross section is expressed
as a function of the local Fermi momentum pr(r) (local-density approxima-
tion). In this way both bound as well as excited states (including also the
continuum) of the proton and neutron can be taken into account by using the
particle-hole excitations involved in a relativistic Lindhard function [15]. In
addition, the important effects of Coulomb distortion and renormalization of
the operators involved in the elementary neutrino—nucleon process inside the
nucleus can be also considered [46,47]. This method was recently improved [16]
so that it can give the cross sections for particle-bound nuclear states with
which the flux-averaged cross section for radiochemical experiments (semi-
inclusive processes) can be calculated.

By assuming a local-density approximation the total neutrino-nucleus reaction
cross section o for the effective Hamiltonian (3) is written as [15]
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2Ge0s?, ¥, " L ] 1 2
= ———————c = T
o - _o/r dr [p, dp,/ld(cosé?) EES > | T
p;'l'lln —

x ImU(E, — E;— Q+ Q' — Vo(r), @) O(E + Ve(r) — my) (20)

where 3" | T' |? stands for the sum and average over final and initial spins
of the leptons and nucleons of the T-matrix squared (see appendix of [15]).
The function ©(z) is the theta function, V¢ is the Coulomb energy of the
lepton and Q is the Q-value of the reaction. The function ImU(g°, §) represents
the imaginary part of the modified Lindhard function [48]. The minimum,
pM® = 0, and maximum, pf*** = [(E**)?2 — m?]'/2, lepton momentum are
determined by the kinematics, i.e.

EM™=E,-V(r)-Q. (21)
The quantity @’ in (20) is the difference of the proton and neutron local Fermi
energies

Q' = Ep — Ene - 22)
The magnitudes of the momenta pr, and pr, are given in terms of the neu-

tron and proton nuclear densities, via a local-density approximation and ¢? is
written as

q2 = qa - ‘jz - (El - Eu)2 - (ﬁl - ﬁu)z 3 (23)

where 7; denotes the three-momentum of the particles involved in the process.

The ordinary Lindhard function [47] takes into account the p,n excitations
and it is given by

P +e(P)—e(@+q) +ie
n(@)[1 — n(@ - )]
e TE] (24)

U(qo@:Q/ (221;3{ n(p)[L - n(F+q)]

where n(7) is the occupation number of the Fermi sea and (7)) the nucleon
kinetic energy. When studying the neutrino cross sections at low energies the
use of the modified Lindhard function U(q°, ¢) [16] becomes necessary because
the ordinary one has a pathological behavior at ¢° = 0 and § — 0.

The difference between a Fermi sea and the finite nucleus is that the denom-
inator of (24) vanishes when ¢° = 0 and ¢ — 0, which leads to an expression
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of the type 0/0 with a finite limit, while in finite nuclei it is zero because the
numerator of (24) vanishes when ¢ — 0. This is because in nuclear matter
one has a continuum of states while in finite nuclei there is a minimum energy
needed to excite the first excited state. This energy gap (A), which in the
case of nuclear systems varies from ~ 6 MeV, for light nuclei, to =~ 1 MeV,
for heavy nuclei, is what makes the denominator of the response function dif-
ferent from zero for finite nuclei. In the present LDA calculations the value
A = 3.0 MeV was used throughout the periodic table.

In general, the LDA method is more reliable for semi-inclusive and total cross
section calculations for which it gives very accurate results [15,16].

3 The Latest Experimental Data and its Comparison
with Theoretical Predictions

8.1 Accelerator Neutrino Sources

The electron neutrino beams used in experiments (e.g. at LAMPF, KARMEN
etc.) are produced from the decay of muons resulting from the decay of slow
pions and therefore they have relatively low energies. While the two-body pion
decay at rest

= ut+uy,, (25)

produces mono-energetic muon neutrinos with an energy €,, = 29.8 MeV, the
subsequent u* decay

pt o et +7,+ v, (26)

yields equal fluxes of electron neutrinos and muon antineutrinos. The corre-
sponding spectra from this purely leptonic decay are shown in Fig. 5. They
have the characteristic Michel shape [49] with a maximum energy of 52.8 MeV.

At LAMPF (now referred to as the Los Alamos neutron science center, LAN-
SCE) a few percent of the produced 7+ and 7~ decay in flight and give rise
to the v, and 7, spectrum shown in the lower part of Fig. 5 with neutrino
energies up to 300 MeV [50]. Therefore, using these energetic neutrino beams,
the LSND Collaboration could also measure the 2C(v,, ™)X cross section
which has a threshold of 123 MeV.
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Neutrino spectra from n*—decay at rest
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Fig. 5. The ‘KARMEN’ and ‘LSND’ neutrino spectra

3.2 Neutrino-Induced Reactions Measured at Accelerators

Recently measurements of cross sections (with an error <20%) for neutrino-
nucleus scattering at accelerators have became feasible. First an experimen-
tal group (E225) at LAMPF [51] determined both the inclusive 2C(v,,e™)X
cross section and the exclusive contribution to the 2N ground state. The
KARMEN Collaboration [7] measured these neutrino-capture processes, too,
and for the first time observed a neutral-current excitation of a nucleus, the
2C(v,/)12C*(1%,1;15.11 MeV) reaction. At the beginning of the 1990s the
liquid scintillator neutrino detector (LSND) at LAMPF [52] was put into oper-
ation and began (within a medium-energy physics program) to study neutrino-
induced reactions on 2C.
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The main physics aim of the KARMEN and LSND experiments was to search
for the appearance of neutrino oscillations in the v, — v, and 7, — 7,
channels. However, the extraction of the neutrino-nucleus interaction cross
sections is of substantial importance for the following reasons:

e These measurements provide valuable information about the response of the
detector.

e Nuclear reactions serve as detectors for neutrino oscillations
(e.g., 2C(ve, €7)2Ny;.) and the corresponding cross sections are needed to
extract the oscillation parameters from the data.

e They serve for testing the nuclear-structure models.

e The agreement between the calculated and experimental results for the cross
section of the channel 2C(v,2')2C* (1%,1;15.11 MeV) cross section con-
firmed the structure of the weak neutral current as given within the standard
model [8].

e The measured ratio of the neutral to charged-current-induced cross sections
on '2C corresponded to the value expected from theory [10,11], which im-
plied a new test of the v, 7, universality [9].

e An analysis of the electron spectrum from the 2C(v,,e™)'?N;, reaction
has put stringent upper limits on non-standard contributions to the weak
charged current [10,11].

Below we compare the recent exclusive and inclusive experimental data with
the theoretical predictions of the methods CRPA and LDA.

Ezclusive Cross Sections

In Table 1 we quote the results for the exclusive cross sections measured on
2C in the following two cases:

(i) the charged-current electron neutrino, *C(v,, e~)*2Ng . and the muon neu-
trino, *C(v,, u~)?Ng ., scattering which lead to the ground state of the N
nucleus (2N ).

(ii) the neutral-current neutrino scattering C(v, ')*2C*(15.11) leading to the
excited state E; = 15.11 MeV of the C nucleus [*2C*(15.11)].

In both cases the agreement of the results obtained with the improved CRPA
calculation (for two types of residual interactions denoted as oj3’ and of§y)
is very good. We also compare the CRPA results with the previous RPA cal-
culation (ofg, ofl}) obtained without partial occupation of the p;/, subshell.
As can be seen our agreement with the data is much better, which supports
the argument that the subshell p,/, appears to be partially occupied, although

12C is considered as a double closed (sub)shell nucleus.
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Table 1

The exclusive cross sections for charged- and neutral-current neutrino scattering
(in units of 107%2 cm?). The results of our improved RPA calculation for both of
the applied residual interactions (ogg’, of};) are compared to the data and the
previous RPA calculation (o8, ofi4) without partial p; /2 subshell occupation.

Process Data Ref. offf oY o offh

2C(ve,e7)12Ngs.  105+1.0+1.0 [51]
89+06+075 (7] 89 89 93 93
9.1+£04+09 [32)

L T T L 66+10+10 [32] 68 73 63 63

12C(v,»)12C*(15.11) 10.4+1.0£0.9 [8] "10.5 10.5 10.5 10.6
2C(yy,v,)12C*(15.11) 32£05+04 [53] 28 27 28 28

Inclusive and Semi-inclusive Cross Sections

The inclusive and semi-inclusive cross section data measured by using a 2C
target in the accelerator experiments are listed in Table 2. In the case of semi-
inclusive processes the charged-current reaction data for both the electron neu-
trino, 2C(v,, €7)!2N* and the muon neutrino, 2C(v,,, u~)!2N, leading to 2N*
are quoted. We also show the inclusive results of the reaction 2C(u~,v,)'?B*,
i.e. the processes which lead to the excited channels of the B nucleus (}2B*).

From the comparison with the theoretical results we see that the improved
continuum RPA calculations, (w/o)"", are in good agreement with the data.
We also compare the improved CRPA results with the previous, (w/c)°9, con-
tinuum RPA calculation without partial p,/, subshell occupation. The latter
comparison also suggests the interesting result for the nuclear structure of '2C,
that the subshell p,/; is partially occupied.

The results of the flux-averaged cross section @ obtained with the LDA method
are shown in Table 3. In this table we quote in addition the results obtained
for the radiochemical cross sections. They have been obtained by setting the
integrand of (20) to zero, i.e. by putting E, — E, > Q + EY .. + Vi, where
EY s Tepresents the smallest of the values E%, ., E% . for proton or neutron

emission. In this way, the contribution of the excited states above the threshold
N

energies for proton or neutron emission E . is excluded.

We can compare the results of the LDA with those of the recent radiochemical
experiment at LAMPF [30] for *’I. The values quoted in [30] give a cross
section of @ = (6.2 £+ 2.5) x 107%cm?. The LDA gives the value 7 = 4.2 x
10%° cm? for this cross section. It is also interesting to compare these results

79



with two other recent theoretical results. On the one hand, in [43] the values
7 =6.4x10"%cm? and & = 3.0 x 107%° cm? are quoted using two different
approaches, which both rely on the closure approximation. We should recall,
however, that these are total cross sections and not radiochemical. They should
be compared to the result @ = 7.3 x 10~*° cm? of the LDA.

On the other hand, in [57] the radiochemical cross section is evaluated by
summing over the discrete excited states of 2’Xe and a cross section of 7 =

2.1 x 10~%%¢m? is obtained, if g4 = —1.0 is used, or & = 3.1 x 10~*cm?, if
ga = —1.26 is used. We mention that the LDA method provides an automatic
Table 2

The inclusive muon capture rate w for 2C (in units of 10® s~!) and the cross
section o for the 2C(ve,e”) 2N* reaction (in units of 10742 cm?) and the total
(inclusive + exclusive) cross section for the 2C(v, »~)'2N reaction (in 1074 cm?).
The results of our improved continuum RPA calculation ((w/c)"") are compared
to the data and the previous ((w/c)°4) continuum RPA calculation without partial
P1/2 subshell occupation.

Process Data Ref. (w/o)By (w/o)i$Y (w/o)% (w/o)Ps

20(u,v,)12B* 328408  [54] 32.7 7 SRl T3 MRt T T

12C(v,,e”)12N* 5.1£0.6+05 [55] 5.4 5.6 6.3 5.9
57+0.6+06 [56]

12C(y,, u™)2N 12440318 [56] 17.8 175 193 203

Table 3
Flux-averaged cross section & for v, obtained by folding the cross section o in
a Michel neutrino-energy distribution (see text). Groq contains the contribution of
particle bound states only and @, contains the contribution of all accessible particle
states of the final nucleus

Reaction Oitot Orad KARMEN Exp. LAMPF Exp.

$2C(ve,e™)?N 014 - 0.15+0.03 [53] 0.14 £ 0.03 [29]

oid # § Oy U T 1.8 14

AT (ve,e™)4K 1.9 1.3

Ga (ve,e”)'Ge 4.0 2.7

81Br (ve,e”)81Kr 4.5 3.2

BMo (ve,e”)%®Tc 53 2.7

1510 (ve,e7)1%8n 7.2 4.7

1271 (y,,e")1%"Xe 7.3 4.3 6.2 2.5 [30]
205T] (v,,e”)25Pb 140 6.3
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renormalization of g4 by means of the ph and Ah RPA excitation which leads
to quenched values of g4. Hence, the results of [57] are about a factor of two
smaller than those given by the LDA.

In the experiment at Los Alamos with muon neutrinos [30], they obtain the
cross section & = [11.3 £ 0.7 (stat.) + 1.8 (syst.)] x 107%° cm? averaged over
the v, flux in the range of 123.7 < E, < 280 MeV for the 2C (v, u7)X
reaction. Averaging over the same distribution the LDA method gives 7 =
19 x 10~*°cm?. The theoretical calculation of the CRPA [42] provides the
value @ = 20 x 10~%° cm?. It is interesting that the results of the LDA and the
continuum RPA agree very well in the point where this discrepancy exists.

3.8 Terrestrial Detection of Solar Neutrinos

The basic neutrino—-nucleus reactions, which are important in solar-neutrino
(antineutrino) detection experiments are shown in Table 1 of [16]. The main
characteristics of these detectors [3-5] can be summarized as follows. The
majority of the nuclides 37Cl, *Ga, 8'Br, Mo, ?"I and 2Tl is appropriate
for experiments of radiochemical type, while “°Ar and '°In can be employed
in direct-counting experiments. The 37Cl detector experiment, operating for
a long time at Homestake [1,5], is sensitive only to neutrino energies above
E.pres = 0.814 MeV. The two "'Ga solar-neutrino detectors, at Gran Sasso and
Baksan [4], have a threshold of only 0.233 MeV and are used for measuring
the flux of p p neutrinos.  Br, proposed as a solar-neutrino detector [5], has
a threshold energy Eipres = 0.471 MeV. 27 can be used as a promising solar-
neutrino candidate to cover the region between 'Ga and the water detector
Cerenkov chamber. Measurements of *I can be used to calibrate the cross
sections of the 8B and "Be neutrinos, since ?7I is sensitive to both of them.
At present an experiment with '2’I is under way at LAMPF [29,30].

The detectors 2°°T1 and %Mo could be used in geochemical experiments. %Mo
has already been tested at LAMPF, since the Mo detector could be used for
measuring the flux of ®B neutrinos averaged over the last several million years.
The threshold for the neutrino reaction ¥Mo(ve, €™)%®Tc is Eipres = 1.68 MeV
but, because the ground state and the first excited state of ®*Tc are forbidden,
effectively Eipres > 1.74 MeV. The use of 20°T1 as a solar-neutrino detector
would have the smallest threshold energy, Eines = 0.062, which reflects its
sensitivity to p p neutrinos. The proposal for a geochemical experiment on
205T1 [3] suggests measuring the concentration of the 2°Pb isotope produced
by solar neutrinos in natural ores.

From the promising direct-counting detectors, the liquid “°Ar detector at Gran
Sasso (ICARUS experiment) is optimized to observe solar neutrinos and it has
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a threshold energy Einres = 5.885 MeV. The *5In isotope has been proposed
[2] as a liquid scintillator solar-neutrino detector, because it has a very low
threshold Eyes = 0.119 MeV. The produced *3Sn is in the second excited
((7/2)7) state.

By using the LDA method discussed before, we calculated total cross sections
for the above nuclei for inclusive and semi-inclusive (anti)neutrino-nucleus
processes. The results for the total cross sections as a function of the neutrino
energy (in the region 50 < E, < 500 MeV) are shown in Fig. 6.
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Fig. 6. Total cross sections of neutrino-nucleus induced reactions for certain promis-
ing neutrino detection nuclear targets. The curves plotted refer to the reactions:
(A,Z)(ve,e™)(A,Z + 1) (solid line), (A, Z)(vu,u~)(A,Z + 1) (long-dashed line),
(A,Z)(Ve,eT)(A, Z — 1) (short-dashed line) and (A, Z)(Ty,p*)(A,Z — 1) (dotted
line)

As can be seen, the common characteristics of the total cross sections is that
they rise appreciably at low energies but the growth becomes moderate at
higher energies. In the same nucleus there are differences between the neutrino
and antineutrino reactions but for each target the electron neutrino cross sec-
tions in the region 300 < E,, < 500 MeV are about equal to the corresponding
muon neutrino cross sections, and the electron antineutrino cross sections are
about equal to those of the muon antineutrino.

By using the results of Fig. 5 and the folding method described in Sect. 2.3
we obtained the flux-averaged cross sections shown in Table 3 (see Sect. 3.2
for the discussion).
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3.4 Strange-Quark contributions to Neutral-Current Neutrino scattering

As has been discussed in Sect. 2.1, neutral-current neutrino-scattering pro-
cesses could be affected by a possible sea of s quarks in the nucleon. Since
the magnitude of the strangeness content of the nucleon is unknown, recently
it was proposed to extract the strangeness form factors of (10) from a measure-
ment of neutrino-scattering cross sections [21]. A quantity especially sensitive
to the strange axial form factor G% is given by the ratio R, of proton-to-
neutron neutrino-induced quasi-elastic yield on !2C. This can be illustrated
by a simple rule of thumb for R, by neglecting final-state interactions and
assuming that the axial-vector current gives the dominant contribution to the
cross section; the ratio of the proton-to-neutron neutrino-induced yield is given
by (for N = Z nuclei, and the axial form factor set to G = 1.25)

! P \2 _1m3 | 1052
Ry .= 0VP) _ (G _ (3G +3GY) ~1_15‘2G;+.... 27)

Crm) (G (G HIGY

This approximately linear dependence of R, on the strange-quark axial form
factor G¥ is confirmed within a more sophisticated continuum RPA calculation
and has been proposed as a sensitive way to measure G5 at LAMPF [21]. In
Fig. 7 we show the results of this calculation obtained with the 7, (upper
part) and v, (lower part) fluxes available at LAMPF.

4 TImplications to Astrophysical and Atmospheric Neutrinos
4.1 Supernova-Neutrino Studies with Water Cerenkov Detectors

The studies of the decay channels of 60 levels which are excited by inelastic
neutral-current scattering of supernova neutrinos, v, (z = p,7), have been
proved to be of significant importance. Based on neutrino scattering off 10,
the identification of supernova v, and v, neutrinos in water Cerenkov detectors
could be achieved. This is mainly based on two facts: (i) The new super-
Kamiokande (SK) detector has a lower threshold of Ey, = 5 MeV [58]. (ii)
The daughter nuclei !N and 50, that are left over after neutrino-induced
knockout of a nucleon on '°0, both have first excited states with energies
larger than 5 MeV (E* = 5.27 MeV in ®N and E* = 5.18 MeV in 0 [59]).

The detection scheme is shown in Fig. 8 where high energetic v, and v, neutri-

nos from a supernova predominantly excite 1~ and 2~ states in the giant-dipole
resonance region in !%Q. As these resonances lie above the particle thresholds,
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Fig. 7. Ratio of integrated proton-to-neutron yield for quasi-elastic antineutrino-
(upper part) and neutrino-induced (lower part) reactions on !2C as a function of
—G%(0) for different values of Gj,(0) within the theoretically estimated regime
[44,35]. The symbols indicate the predictions of a SU(3) Skyrme model of the nu-
cleon with vector mesons [45]. Their location on the horizontal axis reflects the
associated prediction for G%(0)

they dominantly decay via emission of a proton or neutron, etc.

The calculations with CRPA have shown that the 1~ and 2~ giant resonances
dominantly excited by ¥O(v,, ) reactions mainly decay by proton and neu-
tron emission and a significant fraction of these decays, ~24% for N and
~6% for °0, do not end in the ground state of the daughter nucleus, but go
to excited states, which decay by photon emission.
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Fig. 8. Schematic illustration of the detection scheme for supernova v,- and
v,-neutrinos in water Cerenkov detectors

One can also show that in the energy window E = 5 — 10 MeV this yield of
photons from (v, 'p7y) and (v, v'n-y) reactions on *®0 is noticeably larger than
the positron or electron background expected from other neutrino reactions
in water. Therefore it constitutes a unique signal for supernova v, and v,
neutrinos in water Cerenkov detectors.

4.2 Astrophysical Neutrino-Nucleus Interactions

Neutrino-induced reactions on nuclei play an important réle in at least two
acts of a Type II supernova spectacle. First, by scattering on the (heavy)
elements in the overlying shells of the pre-supernova star, neutrinos may cause
a substantial transmutation of nuclei. The main idea is that target nuclei like
He, *C, 180 etc., which form major stellar burning shells through which the
neutrino burst will pass, can be excited to particle-unbound states. Then, the
excited levels will dominantly decay via emission of a proton, neutron or alpha
particle (see reaction (2.4)), thus contributing to nucleosynthesis.

To estimate the effects of these processes on the natural abundances of the
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elements, theoretical predictions for inelastic neutral-current neutrino scatter-
ing reactions like reaction (2.4) and for inelastic charged-current scattering
reactions (or neutrino capture) represented by the scheme

A Ve, € ) A .

es -
zZ N( Z+1434N-1 . (28)
Z< 1N(l’ e € )Z—141N+1

are needed. The released p, n and « particles during these processes will further
react with nuclei.

Since some of the very rare isotopes are neighbors of abundant a-shell nuclei,
they could, despite the fact that neutrino-induced cross sections are so tiny, be
produced in a significant amount by these processes, which have been called
‘v nucleosynthesis’ [60]. In a first investigation Woosley et al. [60] found that
the nuclei "Li, !B, 1°F, !%La and '®Ta almost entirely owe their abundance
in nature to v nucleosynthesis.

The conception is that, as the nuclei on the r-process path are weakly bound
and their neutron-emission thresholds are low, their cross sections for neutrino-
induced knockout of a neutron will be relatively high, and the scattering of
one neutrino can lead to the emission of several neutrons. Hence theoretical
predictions for the nuclear processes

zAN(W, V' j-n)zXn-j , (29)

and

2AN(Ve,€” j - n)z1YN-1-j (30)

for j =1,2,3,... are required.

4.3 Atmospheric-Neutrino Processes

It is well known that the Earth is immersed in a flux of high-energy cosmic
rays consisting mostly of protons and a particles. The upper atmosphere acts
as a beam dump where these particles slow down and quickly lose their energy
by creating mainly pions (and a few kaons) via the decays

7= > pt + vy (Ty) (31)
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pE et + v, (Te) + Uy + (W) (32)

As we have discussed in the Introduction, the neutrino-nucleus reactions
are very useful for the detection of atmospheric neutrinos and the study of
atmospheric-neutrino processes. In atmospheric-neutrino experiments the nu-
clear structure effects are very helpful to improve the present detector sim-
ulations and choose the most appropriate target. Today there exist exten-
sive measurements of atmospheric neutrinos. One of the recent open prob-
lems connected to atmospheric neutrinos is the so-called ‘atmospheric-neutrino
anomaly’ described as follows.

From the decays (31) and (32) one expects the neutrino flavor ratio

:vu-l-uu
Ve + U

to be about equal to 2. However, experimental measurements done up to now
found that this ratio is instead equal to 1. These results have been verified from
the charged-current neutrino-nucleus reactions of the type (v,, 1) and (v, ¢€)
in the IMB, Kamiokande and super-Kamiokande laboratories. The above dis-
crepancy could mean that either there is a depletion of muon-type neutrinos
or an enhancement of electron-type neutrinos.

In the theoretical calculations done up to now, although individual », and
v, neutrino fluxes differ, their ratio seems to be largely model-independent,
which means that the theoretical results are in clear contradiction with the
data.

Up to the present there have been developed many theoretical explanations
for this anomaly. One of them (see [31]) assumes the existence of a neutrino
oscillation of the muon neutrinos to some other neutrino species. As a result
of this oscillation the v, flux appears to be reduced. Some other authors claim
that this discrepancy can be ascribed to the uncertainties inherently connected
to the nuclear physics and the detector used for the measured flux ratio. One
of the major difficulties in such experiments is the experimental separation
of the electron-type and muon-type events. In the water detectors (super-
Kamiokande etc.), for example, the incoming neutrino generates an outgoing
lepton via charged-current weak interaction with an 6O nucleus. The produced
lepton is detected through its Cerenkov radiation. Electrons are distinguished
from the muons by the characteristics of their tracks (the track of the e~ is
showering whereas the track of the 4~ is non-showering).

According to the recent super-Kamiokande atmospheric-neutrino data, the
dependence of the ratio L/E, (where L is the traveling distance of a neutrino
in vacuum and E, the neutrino energy) for v, neutrinos can be well interpreted
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by v, oscillation into v,. A crucial point one should mention is the fact that
the atmospheric-neutrino anomaly suggests that the neutrino mixing angles
could be large. Hence the interpretation one can give is intimately connected
to the assumed mixing angle between v, and other neutrino flavors. These
days, in addition to the above analysis, several other interpretations have
been proposed like neutrino decay (for an extensive discussion see [31]).

5 Conclusions and Outlook

In this review we have examined the important réle which is played by neu-
trinos in nuclear physics, astrophysics, high-energy physics, etc. Neutrino—-
nucleus reaction calculations provide theoretical studies for a number of ex-
periments in standard ‘v’ physics, in which nuclei serve as laboratories. In
that case calculated results are needed for comparison with the cross sections
directly measured and for predictions in order to correct for neutrino-induced
background reactions. In the present work we have focused on two accurate
nuclear methods used for the investigation of the neutrino—nucleus interac-
tions: the continuum RPA that allows a straightforward evaluation in any
nucleus and the local density approximation using a modified Lindhard func-
tion which makes an integration over the continuum of the excited states of
a local Fermi sea. The (continuum) RPA model has the advantage that it
is applicable to a wide range of weak and electromagnetic processes in nuclei
(electron scattering, 8 decay, neutrino-scattering reactions induced by charged
and neutral currents etc.). As nuclei are generally very complicated objects,
nuclear models can easily fail and therefore should be tested thoroughly.

From the comparison of the theoretical results of the methods CRPA and LDA
with the existing data on inclusive ?C(v,,e™)X, exclusive ?C(v,,e”)... and
radiochemical (semi-inclusive) 2"I(1,,e~)X cross sections, measured mainly
at LAMPF and KARMEN, we concluded that the agreement is good. How-
ever, there is still a discrepancy on the cross section data of the reaction
2C(v,, p~)X which needs to be clarified both theoretically and experimen-
tally. The confidence of the above methods enabled us to make predictions for
astrophysical applications.

On the one hand, since the phenomenologically successful standard model
is considered as a low-energy approximation, most of the physicists think
that there is new physics beyond the standard model. Many experiments are
performed these days which involve neutrinos to check which of the suggested
extensions of the standard model is the correct theory.

Finally, the neutrino has been shown to be a very fine probe of the nucleus
and the nucleons within it, and we also hope that in this respect neutrinos
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at the European spallation source NESS [61] will open a new era of neutrino
physics.
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