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Differential, total, and cumulative cross section calculations for neutral current neutrino scattering on '2%130Te

isotopes are performed in the context of the quasiparticle random phase approximation by utilizing realistic two-
nucleon forces. These isotopes are the main contents of detectors of ongoing experiments with multiple neutrino
physics goals (COBRA and CUORE at Gran Sasso), including potential low-energy astrophysical neutrino
(solar, supernova, geoneutrinos) detection. The incoming neutrino energy range adopted in our calculations (¢, <
100 MeV) covers the low-energy S-beam neutrinos and the pion-muon stopped neutrino beams existing or planned
to be conducted at future neutron spallation sources. The aim of these facilities is to measure neutrino-nucleus
cross sections at low and intermediate neutrino energies with the hope of shedding light on open problems in
neutrino-induced reactions on nuclei and neutrino astrophysics. Such probes motivate theoretical studies on weak

responses of various nuclear systems; thus the evaluated cross sections may be useful in this direction.
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I. INTRODUCTION

In the past few decades, the search for semileptonic weak
processes involving lepton-nucleus interactions (neutrino-
induced reactions on nuclei, f-decay modes, nuclear muon
capture, etc.) [1,2] has deepened our understanding of the
fundamental electroweak interactions [3—-5] and enriched our
knowledge of nuclear structure [6—8] and nuclear astrophysics
[9,10]. Such precious information inspired significant probes
within and beyond the standard electroweak theory [4,5] and
offered valuable interpretations to experiments searching for
neutrino detection and neutrino intrinsic properties (neutrino
masses, neutrino oscillations, etc.) [11-14]. Using nuclei as
microlaboratories in reactor, accelerator, and underground
neutrino production or detection experiments, neutrinos have
been extensively investigated as key elementary particles in
nuclear weak responses and in new astroparticle physics
[4,5,9,10].

Furthermore, terrestrial neutrino telescopes have provided
crucial information about the weak processes taking place in
the interior of distant stars [15,16], as neutrinos are extremely
sensitive signals for studying stellar evolution and astronuclear
processes [9,10]. Thus, measurements of solar neutrinos
(KAMLAND, Borexino, SNO experiments) have been used to
test the standard solar model (for a recent review of this topic
see, e.g., [13] and references therein), while in the near future
probes with multiple neutrino physics goals (including low-
energy astrophysical neutrinos and double-S-decay searches
like the SNO+, MOON, and other experiments) [4,17-20] will
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be able to study low-energy solar neutrinos and geoneutrinos
as well as conduct supernova searches. On the other hand,
stellar evolution models developed recently to describe the
explosion mechanism of type II supernovae have provided
us with important information regarding the role of neutrinos
in the evolution of massive stars, explosive nucleosynthesis,
etc. [9,10,15,16]. However, uncertainties on astrophysical
interactions of neutrinos and supernova physics opened many
questions that are still unanswered, mostly due to our limited
understanding and lack of measurements of neutrino-nucleus
reaction cross sections [4,15,18,19]. In neutral current (NC)
neutrino-nucleus interactions, which we address here, for
example, there are little data for nuclear transitions induced
by these neutrino processes [3,9,21].

Nowadays, there are two new possibilities of measuring
neutrino-nucleus cross sections. The first is to use boosted
B-decay radioactive nuclei as sources to produce neutrino
beams of low and intermediate energies (8-beam neutrinos)
[22-24]. The neutrino beam of such a facility is intense,
collimated, and pure, appropriate for searching neutrino-
nucleus interactions, and useful for the interpretation of
low-energy neutrino signals [24,25]. For example, the analysis
of supernova neutrino energy spectra, whenever observed,
could be realized through proper measurements on low-energy
B-beam spectra originating from boosted radioactive ions
like °He, '®Ne, and others [23-25]. The second possibility
of measuring neutrino-nucleus cross sections is at stopped
pion-muon neutrino facilities, existing (BooNe experiment,
etc.) [26] or expected to be built near spallation neutron sources
(ORLaND experiment, European Spallation Source) [27-29]
(see also Ref. [15]). There, the neutrino beams may be intense
neutrino pulses of energy spectra that could be unique for
terrestrial studies of distant supernova reactions and also
suitable for investigation of other neutrino-mediated processes,
like solar reactions, etc. [14,15].
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Hence, the physics research that could be undertaken with
the aforementioned neutrino-beam facilities is associated with
the open questions in low- and intermediate-energy neutrinos
in nuclear physics, particle physics, and astrophysics [14,23].
This research motivates a theoretical study of the advantages
that carry various prominent nuclear regimes related to their
use in neutrino experiments and to probe the structure of
nucleons and nuclei [3,6]. It is worth mentioning that neutrinos
excite nuclear modes (not accessible to electromagnetic
probes) that allow us to study the characteristics of the
nuclear dynamics and the nuclear weak responses that include
polar-vector and axial-vector interactions [2,4,25].

From a nuclear theory point of view, the neutrino-nucleus
cross section calculations at neutrino energies €, < 100 MeV
(for neutral- and charged-current reactions) are, in addition,
necessary in order to simulate the nuclear response to the
energy spectra of various neutrino sources of promising
detectors [4,18,20]. Such cross section calculations are useful
in studies of solar, supernova neutrinos, and geoneutrinos, for
exclusive, semi-inclusive (radiochemical), as well as inclusive
processes [6,25] that provide us with significant information
regarding the range of efficiency of several isotopes in low-
energy neutrino searches [11-13].

Recently, as promising neutrino detectors based on
neutrino-nucleus interactions have been considered, some ma-
terials used in double-8-decay searches like the molybdenum
of the MOON experiment [4,19], the semiconductor detectors
CdTe and CdZnTe of the COBRA experiment [17,18], etc.
Also, the TeO, of the CUORE double-g-decay experiment
is potentially a hybrid neutrino physics probe [20]. In the
latter materials, the Te isotopes represent a large portion
and an investigation of their potential use in low-energy
neutrino detection (or neutrino cross section measurements)
has not yet been addressed. It is the purpose of the present
work to study the response of '?%130Te isotopes (which
have big abundances on the natural Te) to the low-energy
neutrino spectra through detailed state-by-state cross section
calculations of their neutral current reactions with neutrinos
and antineutrinos.

The methods of state-by-state calculations need the explicit
construction of all accessible final nuclear states in the context
of a nuclear model, and they are reliably applicable to low
and intermediate neutrino energies when the transitions to
some definite nuclear states (ground state or some low-lying
excitations) may dominate the cross section [3,6,30,31]. Such
microscopic theoretical approaches used so far are mainly the
shell model and the various versions of the random phase
approximation (RPA) [3,30]. Recently [8], an advantageous
numerical approach based on analytic evaluations of the
reduced matrix elements of all basic tensor operators (pro-
duced by applying the Donnelly-Walecka projection method
on the hadronic current density matrix elements) relevant to
neutrino-nucleus processes [1,32-35] has been combined with
a version of the quasiparticle RPA (QRPA) for state-by-state
nuclear structure calculations. This method has been applied
to neutral current neutrino-nucleus inelastic scattering [8,36],
and it is adopted for the purposes of our present work.

We carry out extensive differential, total, and cumula-
tive cross section calculations of (anti)neutrino scattering
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on 2:130Te jsotopes by employing the many-body nuclear

wave functions produced within the pp — nn quasiparticle
random phase approximation (QRPA) that utilizes realistic
two-nucleon forces [8,31,36]. Our attention is focused on
inelastic scattering (the elastic channel is rather simple to
calculate [11,12]) assuming that these nuclei, after their
interaction with neutrinos, go to good quantum states of
energies (E), angular momenta (J), parities (), and other
quantum numbers, so as the Donnelly-Walecka projection is
applicable.

The rest of the article is organized as follows. At first
(Sec. IT), the main characteristics of the neutrino-nucleus inter-
action Hamiltonian are briefly summarized and a description
of the cross section formalism based on the Donnelly-Walecka
method and the numerical approach constructed in Ref. [8] is
presented. Then (Sec. III), the main features of the QRPA
are briefly outlined and the nuclear structure of the '?8130Te
isotopes is determined by adjusting appropriately the QRPA
model parameters. The presented results of our cross section
calculations for neutral-current neutrino and antineutrino scat-
tering off the!?%139Te isotopes are comprehensively discussed
in Sec. IV. Finally (Sec. V), the main conclusions extracted
from the present work are summarized.

II. BRIEF DESCRIPTION OF THE FORMALISM

In a terrestrial nuclear neutrino detector, but also in the
stellar interior, the low-energy neutrinos (¢, < 100 MeV) may
interact with nuclei via neutral-current reactions described by

ve(P) + (A, Z) = ve(B) + (A, 2)", (D

where x = e, u, v. While v, 9, v;, D, could not participate
in charged-current reactions (they do not have sufficient
energies to produce the heavy leptons u* and t¥), the v,
and v, neutrinos may also interact through charged-current
reactions as

V(D) + (A, Z) = e (eT) + (A, Z £ 1)*. 2)

This is why from a collapsing star v, §,,, v, and ¥, neutrinos
are emitted with higher average energies than those of v, and
Ve [9,10]. On the other hand, due to the fact that v, interact
with the neutron-rich matter of the stellar environment more
than ¥,, they have lower average energy compared to that of
the v,.

Neutrino interactions in nuclei, according to the standard
model, are mediated by boson exchange (Z for the neutral- and
W+ for the charged-current reactions) between the neutrino
(Iepton sector, relevant to fundamental properties of neutrinos
and weak interactions) and the nucleon (baryon sector which
is relevant to the nuclear weak responses we are interested
in, in the present work). In the incoming neutrino energy
range considered in the present paper, the weak interaction
neutrino-nucleus Hamiltonian H; is written in the usual
effective current-current form as [1,2]

N G
H = ——

V2

(G =1.1664 x 107> GeV~? is the weak coupling constant),

where j}fpl and J* denote the leptonic and hadronic currents,

dxji 0" (%) 3)
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respectively. According to V-A theory, the leptonic current
takes the form

ju = ‘pw(x)yu(l - Vs)l/fw(x),

where v, are the (anti)neutrino spinors.

From a nuclear physics point of view, the hadronic current
of Eq. (3) is of primary interest. Focusing on neutral current
processes, the structure of both polar-vector and axial-vector
components (neglecting the pseudoscalar contributions) is
expressed by

io5,q"
2M

jAZWN{FFVA‘i‘FzZ +Ffms}w. “)
The superscript Z denotes Z-exchange processes, ¥y represent
the nucleon (proton or neutron) spinors with mass M, and y;,
ys, 0y, are the known Dirac matrices.

In Eq. (4), FiZ , i =1,2 represent the weak nucleon
form factors given in terms of the well-known charge and
electromagnetic form factors for proton (Ff ,) and neutron
(F 1",2) by the expression (CVC theory) [2]

Z(p,n) 1 . B . ,
FOP" = (5 — sin0y ) F{'y' o — sin’Oy 'y’ 5)

(6w is the Weinberg angle, sin?@y = 0.2325). In addition, F f
stands for the neutral current axial-vector form factor,

FL = \Ea(g)m. ©

dZO',*_>f
dQdw

The §-function on the right-hand side of this equation denotes
the energy conservation, so as

w=Ef—E =¢ —¢y,

where w is the excitation energy of the nucleus, E; and E
represent the energy of the initial (ground) and final states
of the studied nucleus, respectively (we neglect the nuclear
recoil in the present calculations). In Eq. (8), the (—) sign
corresponds to scattering of neutrinos and the (+) to scattering
of antineutrinos.

The term Cy (C4) in Eq. (8) is a summation over the
contributions coming from the polar-vector (axial-vector)
multipole operators as [1,32-34]

o0
-~ W ~,
Cviy = D I, I1MP(g) + ;L?(q)nJinZ
J=0

o) 2
q 0
s (__u " tan2§> (AT @110 1P

FUIATS @) 1] - )

The definitions of the eight multipole operators M
fjel(S), and Yfljnagﬁ)

76 7O
J LJ ’

, where the superscript 5 refers to the axial-

(¢a 97 , Si)lv/ﬂ = S(Ef - Ei —
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where 9 = +1 (—1) for protons (neutrons). For F, A(qﬁ) we
employ the dipole ansatz (see, e.g., Refs. [37,38]) and use as
static value g4 = —1.258 (in the present work, the quenching
effect is not taken into consideration for the axial-vector
coupling constant g4). g* denotes the four-momentum transfer
to the nucleus, g"* = (qo, q), for which, in our convention, we
write qﬁ =qtq, = qg - q>.

In the considered processes, low-energy neutrinos (or
antineutrinos) with initial four-momentum k; = (¢&;, k;) are
inelastically scattered from Te isotopes. For the even-even
128,130 isotopes, the initial nuclear state (i) = |Jl.”" M;)) is
the ground state, |J;") = |Og+s). After the reaction, the nucleus
is left in an excited state |f) = |J}Tfo) (M; and M, are
the magnetic quantum numbers). Then, the double-differential
cross section of the reactions (1) is written as [1,2]

dzo‘,'*) _ A i
S| =eot 30 @u+ DT A) P,

v/o sp.8i, My, M;

(7

where ey (ky) represent the energy (momentum) of the
outgoing lepton (for massless neutrinos [k | = & ). We define
the four-momentum g* as g" = (k; — kz)*.

After applying, as in the Donnelly-Walecka method
[1,32,33], a multipole analysis on the weak hadronic current,
the double-differential cross section of Eq. (7) reads

2G?¢7 cos*(0/2)

YT [Cy +C4s FCyal. (¥

vector components of the hadronic current, are given in the
Appendix [1,32,33].

The interference term Cy 4 in Eq. (8) contains the product
of transverse polar-vector and transverse axial-vector matrix
elements as

9 2 9 1/2
Cya = 2tan — (——'; + tan? —)
q

2 2
< Y Re( AT @IINIANT @I ). (10)
J=1

Obviously, for normal parity transitions, Cy 4 contains contri-
butions of ?Jel and TJmagS operators while for abnormal parity
ones it contains matrix elements of 7, and T¢%.

The reduced one-body matrix elements of the eight multi-
pole operators entering Egs. (9) and (10) are evaluated through
the use of the analytic formulas derived in Ref. [8] (see the
Appendix).

The magnitude of the three-momentum transfer g = |q|
and the square of the four-momentum transfer qi entering
Egs. (4)—(10) are written in terms of the kinematical parameters
(laboratory scattering angle 6 and lepton energies & and
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£f =& — w) as

q = |q| = [0 + 4e:(e; — o) sin?(0/2)]', (an
4, = quq" = —4ei(g; — w)sin*(0/2).

In the rest of this paper, for the sake of convenience, we use
the symbol ¢, instead of ¢; for the incoming neutrino energy.

III. THE MAIN FEATURES OF THE QRPA METHOD

The second basic ingredient in our present study is the
construction of the initial and final nuclear states, |J;) = |J")
and |Jy) = |J}”), entering the cross sections of Eqs. (8)—
(10). We deduce them within the quasiparticle random phase
approximation, the main features of which are briefly outlined
below [31,39-42].

The nuclear ground state (|J;)) of each isotope is well
described and rather readily constructed by solving the BCS
equations using as single-particle energies those extracted
from the effective field of a Coulomb-corrected Woods-Saxon
potential plus the pairing interaction part of a one-meson
exchange Bonn-C two-body potential. It has been shown that
this potential, in medium heavy and heavy nuclei, yields a
good description of the giant dipole and spin-dipole resonances
that are expected to dominate the low-energy neutrino-nucleus
scattering cross sections [21].

The excited states derived by our method are generic states
of 1p — 1h structure. For neutral current neutrino-nucleus
reactions, the appropriate version of the QRPA is the pp — nn
type in which the required two quasifermion operators Af, A,
are defined as [31,39,40]

ALkl IM) = (1 + 8u) "2 [al,al, 12, (12)
Akl, IM) = (=1)" ™A _(kl, ] — M), (13)

where

lalal sy = > Gyl I M)aly, aly,, . (14)

mp,mj

a' and a are the quasiparticle creation and destruction
operators, respectively. The operators Af, A obey the boson
commutation relations in a correlated RPA ground state [43].
In the pp — nn QRPA, the phonon operator Q'J",JM in the
angular momentum coupled representation is written as

01 =Y [ XKL, D)ALKL, TM)+Y (KL, )AL (KL, T M)]

k=l
T

15)

(the indices k, [ run over all single-particle levels of the chosen
model space and 7 is an isospin index for proton or neutron).
Thus, in the QRPA the mth excited state of the multipolarity
J7, which is denoted as |J} M), is derived by acting with the
phonon operator of Eq. (15) on the QRPA vacuum |())QRPA
as [31,40]

|JrM) = 0’11/ 10)orea- (16)

The excitation spectrum of the studied nucleus is calculated
by solving the eigenvalue problem (the pp —nn QRPA
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equations), described by

A B xm w [ X"
(4 5) () ()

where Q. is the excitation energy of the state |J). The
QRPA vectors X and Y, i.e., the forward- and backward-going
amplitudes, respectively, are calculated separately for each
multipole set of states of the nucleus in question.

The QRPA matrices A and B are derived by the RPA
ground-state matrix elements of the double commutator of
the nuclear Hamiltonian A with the operators of Eqs. (12) and
(13) [31,41-43]. The operator H, in addition to the kinetic
energy and the effective field (a Woods-Saxon potential),
contains the residual interaction (Bonn-C one-boson exchange
potential) parametrized as we discuss below.

In the present study we assume that the QRPA excitations
|J7), having good angular momentum, parity, and energy, are
induced in the nuclear target (detector) through its interaction
with the incoming (anti)neutrino.

A. Determination of the QRPA parameters

As itis well known, the bare nucleon-nucleon residual inter-
action of the Bonn-C potential used in structure calculations
referred to an isotope (A, Z) is initially constructed for all
nuclear systems of mass number A (in our case the output
of the extracted matrix elements is stored in two submatrices
corresponding to the values of the two-nucleon isospin, 7 = 0
and T = 1), after choosing an active model space (we employ
the same model space for proton and neutron configurations).
The above matrix elements are subsequently adjusted to the
specific isotope, (A, Z), through the use of four important
parameters that renormalize the bare residual interaction, as
follows [39-41].

At the BCS level, the pairing part of the bare residual
interaction is multiplied by a factor gpy;r for protons and pair
for neutrons, and the magnitudes of these factors are separately
adjusted, such as the empirical pairing gaps for protons and
neutrons are correctly reproduced. The required empirical
energy gaps are obtained through the separation energies
S, and S, using appropriate semiempirical formulas [43].
At this stage, the probabilities for the single-particle levels
being occupied or unoccupied are also determined through
the well-known V) and U () amplitudes, respectively. This
is a standard procedure and it is well known that within the
BCS method the strength of the pairing interaction depends
weakly on the size of the single-particle basis (when the basis
is changed, the interaction is slightly modified as well) [41].

After settling the values of the pairing parameters, two other
parameters are left to fix the scale of the particle-hole channel,
&ph» and the particle-particle channel, g, of the bare residual
interaction. In our method, this is done separately for each
multipolarity J* [31,39], in such a way that the low-lying
QRPA excitations fit the experimental spectrum of the isotope
in question (see concrete examples below).

B. The structure of the '?%13'Te isotopes

In this paper we perform explicit state-by-state calculations
for the cross sections of (anti)neutrino scattering off the 128
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TABLE I. Parameters determining the pairing interaction for protons, g2

PHYSICAL REVIEW C 83, 054612 (2011)

and neutrons g

pair 1y reproduce rather well the corresponding

pair?

(for each isotope) empirical energy gaps A°™ listed also in this table (the values of the harmonic oscillator size parameter b used for '2%:13Te

p.n
isotopes are also shown).

Nucleus b (fm) 8l 80 S, S, AS® Al AP A
128Te 2252 1.088 0.875 8.775 9.574 1.093 1.103 1.294 1.293
130Te 2257 1.067 0.832 1.772 1.282 1.017 0.997 1.206 1.207

and '3°Te isotopes described by the reactions

128130y, /128130 (18)
and

128130 o (7 37128130 (19)

Within the context of the pp — nn type QRPA, the excited
states of '28Te* and '*“Te* isotopes, assuming spherically
symmetric nuclei, are determined by adopting as active valence
space for protons and neutrons the fifteen single-particle levels:
1p—0f —2s—1d —0g —2p — 1 f — Oh, where for each
shell both the £ + 1/2 and ¢ — 1/2 subshells are included.

The ground states |J7) = |0T) of the '?®13%Te isotopes are
adjusted (by solving iteratively the BCS equations) with the
values of the pairing-strength parameters listed in Table I.
These parameters reproduce well the corresponding energy
gaps, A}, for protons and neutrons, respectively, as it is shown
in this table.

Next, the low-energy excitations of the '»%Te* and '3°Te*
nuclei are fixed with the aid of the other two renormalization
parameters (different for each multipolarity): gpn for the
particle-hole and gp, for the particle-particle channel of
the residual interaction. More specifically, the particle-hole
interaction block is renormalized by the strength parameter
gph» Which is adjusted by requiring the energy of the first
excited state of each multipolarity to be correctly reproduced
(this is almost independent of the size of the single-particle
basis) [41].

The spectrum is, in general, not sensitive to the last
parameter gp,, which tunes the second excited state of each
multipolarity J”. The obtained values for the parameters gpp
and gpp, in the case of '*Te, with the exceptions of the 0T
multipolarity (for which gy = 0.37 and g, = 0.46) and the
1™ multipolarity (for which gy, = 0.53 and gy, = 1.00), lie in
the range 0.75 < gpn < 1.15 and 0.90 < g, < 1.20. For the
values of the parameters gy, and g, in the case of the 130Te
isotope, it holds about the same situation.

IV. RESULTS AND DISCUSSION
A. Original results for d?¢ /df0d®

In the first step of the calculational procedure, we ob-
tained original results for the double-differential cross section
d’0/dQdw of Eq. (8) in both nuclear isotopes, 25130 Te. From
the variation of d%c /d0dw(0, w, &, = const) as a function of
the excitation energy w of the studied nucleus and the scattering
angle 0 of the outgoing lepton (for a fixed incoming neutrino
energy ¢, = const), we found that its angular variation is rather

smooth while there are some pronounced peaks, mainly related
to the dependence on w. In addition, the cross sections are
clearly backward peaked (0 =~ ), a result that comes from the
contribution of the transverse terms of Eq. (9).

Three-dimensional plots (surfaces) obtained from the re-
sults of our method for dza/dew(Q,w,sv = const) are
similar to those of Ref. [44]. For comparison the reader is
referred to Ref. [45,46], where the leading contribution of the
J™ = 2% multipolarity (in the case of the *Zn isotope) is
illustrated.

B. The dependence of do/dw on the excitation energy o

In the second step of our calculations, we exam-
ine the behavior of the single-differential cross section
do/dw(w, &,) for various leading sets of multipole states (up to
J™ = 6%) in the incoming neutrino energy range 0 < &, <
100 MeV.

The results of such original state-by-state QRPA calcula-
tions for the most important multipolarities, which are the low
spin-J ones, for the positive parity transitions (0F, 17, 2%)
are illustrated in Fig. 1 (upper panel), and for the negative
parity transitions (17,27, 37) in Fig. 1 (lower panel). In this
figure the cross sections refer to a typical rather high incoming
neutrino energy, &, = 60 MeV, but such plots could be also
made for other values of ¢, (see below).

As it is generally expected for inelastic scattering of low-
energy neutrinos and antineutrinos from medium and heavy
nuclei, the leading multipoles, which yield the most important
cross sections, are the J* =17 and J* = 1~ multipoles.
The maximum peak appears in the case of the 1" multipole,
in which the axial-vector pieces L? and T?ls (they are of
order unity) dominate over the vector piece T|"® (this is
of order g/M) [2]. Since g is rather small in the case of
low-energy neutrino scattering studied here, the axial-vector
matrix elements dominate over the vector ones (even by an
order of magnitude or more).

Our code initially gives original results for do/dw(w, ¢))
separately for each multipolarity (in ascending order with
respect to the QRPA excitation energy of each multipolar-
ity). The obtained cross sections refer to all multipolarities
up to J* < 8+ and incoming neutrino energies 0 < g, <
100 MeV with an energy step Ag, =1 MeV. In order to
study the dependence of do/dw on the excitation energy
w throughout the entire QRPA spectrum of the isotope in
question, a rearrangement of all excitations @ (974 states
with J7* < 8%) in ascending order, with the corresponding
cross sections do/dw, is required. This was performed by
using a special code (SORTMATR, appropriate for matrices).
The variation of do/dw(w, ¢, = const) in the case of the
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FIG. 1. (Color online) Differential cross section do/dw as a
function of the excitation energy w of the nucleus '*Te for the 0%,
1+, 2% (upper panel) and 17, 27, 3~ (lower panel) multipole states.

reaction '2Te(v, v')!?8Te* is demonstrated in Fig. 2 and that
in the case of 1**Te(v, 1")!3Te* in Fig. 3. For both reactions,
the do /dw(w, €, = const) presents some characteristic clearly
pronounced peaks at various excitation energies o (depending
on ¢, and specifically for transitions J” = 17, 1~ but also for
JT =0%,2%.

We have chosen to show the dependence of do/dw(w, €, =
const) for two values of incoming neutrino energy at &, =
15 MeV and ¢, = 20 MeV, i.e., a bit higher than the mean
energies of supernova electron neutrinos, v,, and electron
antineutrinos, V,, respectively [10]. We mention that in recent
supernova neutrino simulations the mean energies (e, ) =
11 — 12 MeYV, for v,, and (e5,) = 16 — 18 MeV, for Ve, have
been chosen [4,10].

From this study we see that for ¢,= 15 MeV, in the
reaction ' Te(v, 1')!?Te* the maximum peak corresponds to
aJ”™ = 17 transition (at w = 7.867 MeV) that is expected even
in the long-wavelength limit [2]. The other peaks correspond
to a 0" state with energy w = 2.684 MeV, to a 1~ state
with energy w = 9.182 MeV, and to the first 27 state, ZT
(and the first excitation above the ground state) with energy
o = 0.741 MeV. For incoming neutrino energy &, = 20 MeV,
the situation is clearly different only in the region 12 < ¢, <
18 MeV.

From the corresponding investigation of do/dw(w) in the
reaction '*0Te(v, v)!3Te*, incoming neutrino energy &, =
15 MeV, we observed that the highest peaks correspond to
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FIG. 2. (Color online) Differential cross section do/dw(w) as
a function of the excitation energy  for the nucleus *%Te. The
incoming neutrino energy was &, = 15 MeV (upper panel) and ¢, =
20 MeV (lower panel).

two adjacent 1" transitions with energies w = 7.572 MeV and
w = 7.621 MeV. The other principal peaks correspond to a
07 state with energy w = 2.431 MeV and to a 1~ state with
energy w = 9.719 MeV. The dominance of the rest peaks is
not very different than that of the isotope '?®Te (see Fig. 3).

The important implication of such a study fordo /dw(w, ¢,)
is that the dominance of the peaks changes rather significantly
with the incoming neutrino energy ¢, especially for higher
energies, &, = 40 — 60 MeV. In more detail, for the reaction
128Te(v, V)18 Te*, &, = 50 MeV, the maximum peak occurs
for the J* = 1T transition at w = 7.867 MeV, but the next
peak corresponds to a 2" state with energy @ = 12.399 MeV.

Regarding comparison with other methods, the most pro-
nounced peaks in our calculations appear for J* = 11, 1~
at the region w =~ 8 — 10 MeV of the excitation spectrum.
In continuum RPA (CRPA) calculations [44,47-50], even
though in many of them transitions (from the ground state)
to bound nucleon states are not included, it is interesting
that the principal peaks found to lie in the energy region
w~9—11 MeV (see, e.g., for 2%Pb in Ref. [44,47]), i.e.,
in close agreement with our calculations.

Furthermore, the illustrated axial-vector dominance at
rather low-energy excitations (w &~ 10 MeV) is expected (for
heavy nuclei) due to the fact that the neutral current inelastic
neutrino scattering is dominantly isovector in nature. This
implies dominant excitations of isovector spin-flip transitions
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FIG. 3. (Color online) Same as in Fig. 2 but now for the '**Te
isotope.

of low-J multipolarities (isoscalar spin-flip excitations in
inelastic neutrino scattering are of a few percent of the
isovector ones) obtained in Figs. 1, 2, and 3 [21].

We note that due to their individual characteristics, the
J™ = 0% and J™ = 1~ excitations in the present calculations
have been handled in a special way; we devote the subsections
below to this description.

1. The J = 0 multipole contributions

As can be seen from Eq. (9), in the case of |J™) = |0T)
channel, only Coulomb and longitudinal terms of the polar
vector current contribute and, in general, such transitions are
expected to be suppressed (sometimes even by about an order
of magnitude or more) [2]. However, for incoming neutrino
energies ¢, < 20 MeV, in the case of Figs. 2 and 3, some 0"
transitions are well pronounced and this can be explained as
follows.

For the 07 transitions, the polar vector current operator is

MJ(gx) = jo(@x)Y] = jo(gx)/~/4r (20)

of which the matrix elements (as an energy-dependent op-
erator) between the ground state, |eg,) = |Of’), and any final
|JT) = |0}) state, are nonzero, i.e.,

(I7|MJ(gx)legs) = (01 Mg (g%)|0]) # 0. (21)

In order to estimate the magnitude of these matrix elements,
we discuss the special case of the long-wavelength limit, where
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the operator M) reduces to

MQ(gx) — (1/v/4m)[1 — (q/Q*(Qx)/6+---1.  (22)

Q, as usual, is chosen to be a value of momentum transfer to
the nucleus such that Q ~ R~!, where R denotes the nuclear
radius. Then, for elastic scattering, for which |0}) = |OT) in
Eq. (21), the contribution comes from the operator

MJ(gx) — (1/+/4r) (elastic), (23)

which gives rise to the ground state to ground state (GS — GS)
transitions (coherent channel). This multipole only enters in
elastic scattering and it cannot, of course, produce inelastic
transitions. Previous QRPA calculations have verified that the
elastic channel is the dominant one for incoming neutrino
energies (depending on the nuclear system) smaller than ¢, ~
50 — 70 MeV [36].

For inelastic scattering, where the leading term in the
low-g expansion vanishes (since |0}) and |OT) for m # 1 are
orthogonal), the main contribution comes from the second term
in Eq. (22), i.e.,

M(gx) — (q/Q)’[(1/vVAm)(Qx)*/6] (inelastic).  (24)

Hence, in this case, the low-g behavior of the inelas-
tic Coulomb monopole is the same as for the Coulomb
quadrapole, since both matrix elements are proportional to
(g/0Q)?[2,21]. As can be seen from Figs. 1 and 2, the 0" and 2+
transitions have comparable contributions, but previous CRPA
calculations have found, in general, a rather strong suppression
of the 0% excitations [47,50].

In the case when J™ = 0~ (only inelastic transitions occur),
again only Coulomb and longitudinal terms contribute, but
now of the axial-vector operators [see Eq. (9)]. For such
transitions, the contributions come from the operators 260
and 98 which are the only two multipole operators allowed
(see the Appendix). However, these operators are not the
dominant ones [2], and this is why the 0~ transitions are not
included in the principal low-J contributions of Fig. 1. Such
results, obtained with our QRPA method, have been published
elsewhere [46,51].

2. The J = 1~ multipole contributions

Special attention has been paid to the detailed study of
the pronounced 1~ multipole contribution because, according
to previous QRPA calculations of transition rates in semi-
leptonic processes [52—54], they contain spurious admixtures
originating from the center of mass motion. In more detail,
the contaminations of the 1~ multipolarity are due to the use
of non-self-consistent single-particle energies, which destroys
the translational invariance of the nuclear Hamiltonian and
inserts spurious excitations into the spectrum, as well as a
truncated model space in the QRPA. For these reasons, the
spurious center-of-mass state is not completely separated from
the real nuclear excitations [52].

As it was found [52], the spurious admixtures inserted in
the 1~ RPA excitation modes affect mostly the lowest-lying 1,
state, a result that we adopt in the present work. In Ref. [52] an
approximate method of removing the spurious 1~ components
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FIG. 4. (Color online) Individual contributions of polar-vector
Z—Z|V and axial-vector %| 4 to the single-differential cross section
49 | o of the 1~ multipolarity (in the '**Te isotope) for incoming
neutrino energy &, = 50 MeV (the differential cross sections are in
units x 1072 ¢cm? MeV~!).

was constructed based on the evaluation of the purely spurious
state |.S) and attached to the pp — nn QRPA calculations.

In the present paper, in order to obtain realistic cross
sections for the pronounced contribution of the 1~ channel,
we worked out as in Ref. [52] and constructed the properly
normalized purely spurious state |S) obtained from the
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center-of-mass operator R. We considered the first state of
the 1~ multipolarity, 17, as fully spurious, and we treated the
other states as the physical ones. In this way, we estimated
a spuriousness of about 22.5% of the total strength of the
1~ multipolarity.

In Fig. 4 we plot the results obtained this way for the cross
section do/dw(w) of the 1~ multipolarity in '?Te (incoming
neutrino energy &, = 50 MeV). These results have been
obtained by performing additional calculations for do/dw in
the case of the reaction (18) and using a different (larger)
model space. In Fig. 4 we demonstrate separately the partial
polar-vector and axial-vector contributions. As can be seen, the
highest peaks of do/dw(w) occur around w >~ 9 — 11 MeV.

After removing the spurious 1~ contaminations, the in-

dividual axial-vector contributions j—g| 4 are larger than the

polar-vector Z—Z) |y ones by a factor of about 5. Hence, the total

differential cross section, 42|, of the 1~ multipolarity ('*Te
isotope for £, = 50 MeV) is about equal to the axial vector
part. We mention that the difference between Z—thm and the
sum of axial vector Z_Z,|A and vector Z_Z)W terms in Fig. 4 is
due to the interference term Z—Z) |v 4, which is not shown in this
figure (see discussion below). Concerning the corresponding
hadronic current operators giving the results of Fig. 4 (middle
and lower panels), we conclude that the normal parity axial
vector component T;"*** dominates over the polar-vector ones
My, Ly, and T

C. Antineutrino cross sections do/dw(w, &, = const)

In Table II, we compare the cross sections do/dw of each of
the leading (low-J) multipolarities 0~, 0%, 1=, 1+,27, 2%, 37,
and 37, in the neutrino reactions '*139Te(v, 1/)128:130Te* and
in the antineutrino reactions '2%130Te(V, 1")128-139Te* (typical
incoming neutrino energy ¢, = 60 MeV). The conclusion that
comes out of the results of this table is that for normal parity
transitions (0™, 17, 2%, 37), the cross sections of neutrinos are
greater than those of antineutrino ones, while for abnormal
parity transitions (0=, 1%, 27, 3%), the cross sections of
antineutrinos exceed those of neutrinos.

As a further investigation we examine the variation of the
difference

do

do

do

T dw

_ %

o (25)

VA

v

TABLE II. Comparison between the total contributions to do/dw|, and do/dw|; of each of the multipolarities 0=, 0%, 17, 1+,27, 2%, 37,
and 3%, for the reactions 28 130Te(v, 1')!1?8:130Te* and 2% 130Te(¥, 1')123130Te* (¢, = 60 MeV).

do/dw(x107) cm? MeV~! of Multipolarity

v/ 0~ 0+ - 1+ 2- 2+ 3- 3+
v 12.72 26.53 157.47 32.69 14.81 143.01 87.24 3.34

128T€
v 12.72 26.53 146.32 38.04 19.37 138.35 84.76 4.36
v 8.48 35.84 210.71 31.85 14.37 142.28 90.26 3.35

130Te
v 8.48 35.84 191.94 37.13 18.19 138.10 87.83 4.38
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Te(v, v')Te* and do /dwly of the reaction Te(V, V') Te* for 128Te (upper
panel) and '*°Te (lower panel). These results refer to the dominant
multipole states 2.

vs the excitation energy w, which is twice the interference term
of polar-vector and axial-vector contributions [see Eq. (10)].
In Fig. 5, we compare the do/dw(w) of neutrino reactions,
Eq. (18), with that of the antineutrino ones, Eq. (19) (the
incoming neutrino energy is &, = 60 MeV), by plotting the
difference defined in Eq. (25) in the case of the 2" transitions
(upper panel for '?8Te and lower panel for 1*°Te). The global
view favors the neutrino cross sections, which are larger
throughout the nuclear spectrum except for some individual
(exclusive) transitions for which the antineutrino cross section
is bigger. We note that we have paid special attention on the
2F multipolarity because most of the low-lying excitations of
both 128:130T¢ isotopes are 27 states [46,55].

D. Total cross sections

In the final step of our calculations we study total cross
sections for the reactions Eqgs. (18) and (19). In Fig. 6,
we plot the total cross section oy, (in logarithmic and
linear scale) of the reactions '>%Te(v, v')!?8Te* (upper panel)
and '39Te(v, v)!3Te* (lower panel) as a function of the
incoming neutrino energy ¢,,. For each reaction, the individual
polar-vector, oy, and axial-vector, o4, parts as well as the
interference term oy 4 are also illustrated. The latter individual
cross sections have been obtained from the corresponding
double-differential ones, Cy, C4, and Cy 4 of Egs. (9) and (10),
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FIG. 6. (Color online) Total cross sections oy, for the reaction
128Te(v, v")!8Te* (upper panel) and for '**Te(v, v)'3Te* (lower
panel). The individual contributions of the polar vector oy, the axial
vector o4, and the interference term oy, (see the text) are also
illustrated.

respectively, by integrating over angles and summing over
partial cross section throughout the excitation spectrum of
the isotope in question. All calculations of the type o (¢,) for
0 < &, < 100 MeV have been performed with a step Ag, =
1 MeV.

By comparing similar graphs in the upper and lower panels,
we see that there are qualitative and quantitative similarities
of the cross sections for 'Te and '*°Te in all plots of
Fig. 6, except for a slight quantitative difference between the
curves of the interference term oy 4. We note that the latter
curves are slightly negative in the energy region 25 < ¢, <
55 MeV for both isotopes (log scale). For neutrino energies
&, <5 — 8 MeV, the polar-vector contribution oy dominates,
while for large energies the axial-vector cross section o4 is
approximately equal to the total cross section oy [2,8].

As we have discussed in Sec. IV B, the polar-vector
contribution is, in general, suppressed for large energies by
more than one order of magnitude, which shows that the axial
vector current is clearly more sensitive to the weak neutrino
probes. As can be seen from Eqgs. (4) and (6), the axial vector
hadronic current is completely isovector, which means that
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the isovector excitations dominate over the isoscalar ones.
Furthermore, the isoscalar excitations are even suppressed due
to the presence of the sin® @y in the form factors of Eq. (5),
from where it becomes obvious that the isoscalar polar-vector
form factors are considerably smaller than the isovector ones.
In the proton-neutron representation we work here, this implies
that the contribution of neutrons is significantly larger than that
of the protons in all plots of Fig. 6 [56].

By summing the cross sections of Fig. 6 according to
Eq. (8), we obtain the cross sections for antineutrino reactions,
Eq. (19), for each isotope. By comparing them with o |'* of the
neutrino reactions (in the energy region of our calculations),
we obtain the relation o |[¥' >~ 0.97 — 0.980 |'*", which means
that the neutrino and antineutrino cross sections are slightly
different.

1. Cumulative cross sections

In Fig. 7 we illustrate the total cumulative cross section
oam(w) as a function of the excitation energy w for both
isotopes '?8Te and '*°Te. This physical quantity shows how
the total cross section is added up as soon as the transition
channels to higher excitation energies w become open. We have
chosen two (constant) values of the incoming neutrino energy,
g, = 30 MeV and ¢, = 50 MeV, in order to demonstrate the
accumulation of oy (w, €, = const) withincreasing w. As can
be seen from this figure, for both energies ¢, the cross sections
in the two isotopes are comparable. However, the o¢ym(w) of
128Te isotope, for w < 15 MeV, is a bit larger than that of '*°Te,
but for w >~ 15 MeV the opposite occurs due to the fact that the
dominant transitions of *8Te lie at lower energies compared to
those of 13°Te (roughly speaking, the spectrum of 1**Te appears
slightly displaced toward higher energies compared to that of
128Te isotope). The most abrupt increase (in both isotopes) is
observed at w = 15 MeV (the giant resonance region), and this
is more clear in the case of ¢, = 50 MeV.

In general, for both isotopes, the cumulative cross section
Oaum(w) for e, = 50 MeV is shifted by a factor of about 7
toward higher values compared to that for ¢, = 30 MeV.
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FIG. 7. (Color online) Cumulative cross sections o.yn,(w) for
128Te and '3°Te for incoming neutrino energies &, = 30, 50 MeV.
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E. Comparison with other methods

Regarding comparison of our method with other methods,
to our knowledge there are no similar results to compare
with our state-by-state (including transitions to bound states)
cross section calculations on the '2%13%Te isotopes. The
reliability of our method, however, comes out of the following
comparisons: (i) for neutral current reactions, we compared
point-by-point our QRPA results for the total cross section, oy,
of the reaction °Fe(v, v/)’°Fe* [36] with those of Ref. [48],
which have been obtained by using the CRPA method, and
(ii) for charged-current reactions (not addressed in the present
work), we compared our QRPA cross sections for the re-
actions *°Fe(v, e~)*°Co* and *°Ar(v, ¢~ )*K* with those of
Ref. [37,48,49]. In both cases the agreement is very good
[36,57]. Even though the majority of available CRPA calcu-
lations do not include transitions to bound states, however,
for heavy nuclear systems the most pronounced peaks of the
original differential cross sections of the type do/dw(w, €, =
const) appear for low-spin transitions (from the ground state)
in the energy region around w =9 — 11 MeV [44]. These
results are in good agreement with our present calculations
(see Figs. 1-3).

We mention that results of state-by-state cross section
calculations with our pp — nn QRPA method, for the neutral
current reactions *Mo(v, v')*®Mo* and “°Ar(v, v')*°Ar*, have
been published elsewhere [8,36]. The %Mo isotope constitutes
one of the main materials of the detector of the MOON
experiment at Japan [4,19].

Before closing, it is worth noting that the sensitivity of
our results to modification of other parameters, like the axial
vector coupling constant g4, which describes the quenching
effect [30], has not been tested in this work. We mention
that in other electroweak processes (for which the matrix
elements are not very sensitive to the nuclear structure)
studied with the QRPA method, sometimes a rather strong
quenching effect has been estimated. In Ref. [42], for example,
by fitting simultaneously the QRPA particle-particle strength
parameter, gpp, and the axial vector coupling constant, g4,
to three decay data (electron capture, single-8 decay, and
two-neutrino double-8 decay) for the 128 isotope, the value
g4 ~ 0.4 came out (see Ref. [42] and references therein). A
comprehensive discussion of the quenching effect in studies
of neutrino reactions with microscopic theories is done by
Volpe et al. [30].

F. Connection with relevant experiments

As mentioned in the Introduction, the main
goal of our present work was to study the
neutrino ~ 128130Te(p, v)128.130Te*  and  antineutrino

128,130e(v, 77)128:130Te* reactions by carrying out extensive
state-by-state calculations (with QRPA) and provide original
results for various cross sections as the double-differential
dza/dea)(Q, w, &), the single-differential do/dw(w, ¢,),
the total oy (e,), and the cumulative ocym(w, £, = const).
Behind the followed calculational procedure is hidden
the assumption that the incoming neutrinos constitute a
monoenergetic (monochromatic) beam of energy ¢,,.
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The real neutrino sources, however, the astrophysical (solar,
supernova, geoneutrinos) and the laboratory (8-beam, pion-
muon stopped neutrino-beams, etc.), with few exceptions
such as the v, neutrino beam emerging from the 7+ decay
at rest (g, =29.8 MeV), the "Be solar neutrinos (g, =
0.862 MeV, according to the first direct sub-MeV solar
neutrino rate measurement at Borexino [58]), etc., produce
neutrinos that present a spectral distribution, characteristic of
the source itself, and defined by

dN,(g,)
e = n(ey) . (26)
&y

N, denotes the number of neutrinos of the beam. Thus, for
example, the v, neutrinos originating from pion-muon decay-
at-rest have energy spectra approximately described by the
well-known Michel distribution, while the supernova neutrinos
are commonly interpreted by using for their energy spectra a
two-parameter Fermi-Dirac or power law distributions [10].
The reader is referred, for the spectran,,, N,s and 5, and other
experimental parameters of ongoing or past operating pion-
muon stopped neutrino sources (MiniBooNE and BooNE,
LAMPF, KARMEN, etc.), to the recent review of Ref. [26]
and for the expected spectra at ORLaND experiment to
Refs. [27,28,59].

For a connection of the present theoretical results with the
neutrino experiments and the neutrino sources discussed in the
Introduction, we have to carry out the folding (convolution)
of the calculated cross sections with the distribution 7(e,)
of the neutrino source of interest and estimate the response
of 128:130Te isotopes to the corresponding spectrum. For the
differential do /dw(w, €,) and total oy(e,) cross sections,
these responses (signals to the detector) are evaluated by

do *® do
% sign w) = ‘/C; %(w7 e n(ede,, (27)
Usign(gv) = owi(ev)n(ey). (28)

In addition, by using oy(€,), the flux averaged cross section
(o10t) may readily be obtained [3,6].

In Ref. [45], using the results of oyy(e,) shown in the
inset of Fig. 6 (bottom) for the reaction '3Te(v, v')!30Te*,
we estimated the supernova neutrino signal oyigy(&,,) on 130T
by employing two-parameter Fermi-Dirac and power-law
distributions (with various values of their parameters) as
original supernova neutrino energy spectra (see Fig. 3 of
Ref. [60]). We have also determined synthetic spectra nyy(€y),
defined as linear combinations of §-beam neutrino spectra with
nine different Lorentz boosting factors y, by the expression

9
Mon(en) = Y oo (e,)11y,(80) (29)

j=1

and adjusting the parameters «; by fitting them to various
original supernova neutrino spectra.

We close this discussion with a concrete example of using
our theoretical cross sections o (g,) for ?%130Te isotopes in
estimating neutrino fluxes, ®,, or scattering event rates, Neyent,
for the CUORE and COBRA detectors. Assuming that N, is
the total number of nuclei (atoms) of '28Te plus 130Te in the
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detector, we have

dN,
dt

The CUORE detector is expected to have 988 crystal bolome-
ters of TeO, or a total mass of '»®Te and '*Te isotopes
about mt. = 392 kg, which translates to about Ny = Nusp, +
Niope = 1.85 x 10%” atoms (nuclei). For neutrinos of energy
g, =50 MeV, as can be inferred from Fig. 7, the neutral-
current scattering cross section (approximately equal for both
Te isotopes) is oy (s, = 50 MeV) = 3.62 x 10~38c¢m?. For

a typical detection rate of Neyene = 1 event hr~!, the resulting
from Eq. (30) neutrino flux would have to be

@, (e, =50 MeV) ~ 4.1 x 10°cm™2s7!. (31)

= Nevent = N1 D, (6))0101(E0) - (30)

Similarly, for ¢, = 30 MeV from Fig. 7 we have ol (e, =

30 MeV) = 0.65 x 1073% cm? and the corresponding neutrino
flux is

®,(e, =30MeV) ~ 2.3 x 107 cm™2s™". (32)

These results are encouraging for the ongoing rare event Te
detectors, CUORE and COBRA, to be used in the future
as astrophysical neutrino detectors in addition to their main
goal of neutrinoless double-S-decay search. We should stress,
however, that even though the above neutrino fluxes are of
the same order with those expected at the Spallation Neutron
Source at ORLaND, Oak Ridge [27,28,59], in choosing a
neutrino cross section measurement target other experimental
criteria usually lead to more popular choices (Xe, Cs, etc.).

A comprehensive discussion of the connection of the
present study to the experiments mentioned in the Introduction
through extensive convoluted cross sections calculations will
be published elsewhere [61].

V. SUMMARY AND CONCLUSIONS

In view of the ongoing and expected operation of new
facilities for low-energy neutrino—nucleus cross section mea-
surements and the current activities of the extremely sen-
sitive probes that potentially may be used for low-energy
neutrino detection (MOON, COBRA, CUORE, and other
experiments), reliable predictions of neutrino-scattering cross
sections for various isotopes are of particular significance. In
the present work, we used a microscopic approach, namely
the pp —nn quasiparticle RPA, to evaluate cross sections
for the neutral current reactions '28:130Te(v, v/)!128:130Te* and
128,130 (v, 17)128:139Te*, The Te isotopes are main contents of
the material of the COBRA and CUORE detectors with mul-
tiple neutrino physics goals (neutrinoless double-8 decay and
low-energy astrophysical neutrino searches). We employed the
advantageous numerical method of Ref. [8] for the matrix
elements of the relevant tensor multipole operators of these
neutrino-nucleus processes (we do not reduce the spherical
Bessel functions, coming from the Donnelly-Walecka projec-
tion functions, as is usually done, e.g., in the approximation
known as long-wavelength limit).

Even though charged-current cross sections are, in general,
substantially larger than the cross sections for neutral-current
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scattering evaluated here, the latter may provide important
information that is attributed to the following reasons. In
the energy range of our calculations (0 < ¢, < 100 MeV),
neutrinos are not able to produce massive (i or t) leptons,
which means that in a low-energy neutrino detector the
number of neutrinos that will participate in charged-current
scattering is limited. Moreover, charged-current antineutrino
scattering is suppressed for medium heavy and heavy nuclei
(as is the case of !2%130Te isotopes), due to Pauli blocking
effects. Thus, only electron-neutrino charged-current reactions
are important for such detectors, while all neutrino and
antineutrino flavors take part in neutral-current scattering on,
e.g., '2130Te detectors studied here, specifically heavy flavor
neutrinos can be detected too.

In the present work, starting from double-differential
cross sections d’0/dQdw, calculated (state-by-state) with the
QRPA, integrated do/dw(w), total oy, and cumulative ocymy
ones are subsequently obtained. These cross sections may
be folded with the neutrino energy distributions of specific
neutrino sources to which the nuclear response is of current
interest. The present results show that '2%:130Te present rich
responses in the excitation energy range w < 20 MeV (includ-
ing transitions to bound states), relevant for solar neutrinos
and geoneutrinos but also for the low- and intermediate-
energy supernova neutrinos. These inelastic neutrino-nucleus
cross sections are suitable for use in astrophysical neutrino
(including supernova neutrinos) simulations utilized in order
to interpret neutrino oscillations, neutrino properties, and
supernova explosion mechanisms.
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APPENDIX

In our notation, the operators M, L, T , and 7, 7mee

clude polar-vector (J;) and axial-vector (J ) Weak interaction
pieces [1,2]. The expressions of these eight operators (that
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include the weak nucleon form factors) are written as

MS(gr) = FiMj,(gr), (A1)
Liu(gr) = L RS gr), (A2)
¢, (gr) = %[Fl ! (gr)+= <F1+2MF2>EM<qr>}

(A3)

. Aymag _ q J 1 1J

iThe(gr) = M[FLAM(CIF)—E(FrFZMFZ)E M(qr)},
(Ad)

iM3,(qr) = %[FAQ (qr)+= (FA+qup>E”M<qr>
(AS)
—iL3 ), (qr) = [FA —~ mF”} ="y (g, (A6)

—iT$5(gr) = FA'3,(qr), (A7)
T (gr) = FaZi(qv). (A8)

The pseudoscalar form factor Fp is usually neglected (see
Sec. II). The multipole operators of Egs. (A1)—(A3) and (AS8)
are of normal parity, 7 = (—)’, while the others have abnormal
parity, m = (=)’ *1.

The seven new operators, MS, AY A"}, Q1 =
¥, and "7, which appear on the right-hand side of
Egs. (A1)—(A8) (due to CVC theory), are linearly indepen-
dent. Their reduced matrix elements, which are of the form
(Jh ||TiJ || j2) where TiJ represent any of these basic tensor mul-
tipole operators, have been written in closed compact formulas
[8] as

Nmax

-y ,3/22

where the geometrical coefficients P,f are rational numbers or
square roots of rational numbers throughout the model space
(proton neutron configurations) and may be calculated once at
the beginning of our calculations.

In the latter summation the upper index Ny, represents the
maximum harmonic oscillator quanta included in the model
space chosen,

GUlT 11 j2) = (A9)

Nmax = (Nl +N2 _,8)/2’

where N, = 2n; + ¢ and j, = (n;, £5)j, and B is related to
the rank of the above operators (see Ref. [8]).
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