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The present work constitutes a detailed study of neutral-current (NC) supernova-neutrino scattering off the
stable even-even lead isotopes 2*+26-2%8Ph_This is a continuation of our previous work [Almosly ez al., Phys. Rev.
C. 94, 044614 (2016)] where we investigated charged-current processes on the same nuclei. As in the previous
work, we have adopted the quasiparticle random-phase approximation (QRPA) as the theory framework and
use three different Skyrme interactions to build the involved nuclear wave functions. We test the Skyrme forces
by computing the location of the lowest-order isovector spin-multipole giant resonances and comparing with
earlier calculations. We have computed the NC cross sections for (anti)neutrino energies up to 100 MeV and
estimated the nuclear responses to supernova (anti)neutrinos by folding the obtained cross sections by suitably
parametrized Fermi-Dirac distributions of energies of the incoming (anti)neutrinos. We compare our results
with results of earlier studies in the case of °Pb, which is the only lead isotope where earlier calculations are

available.
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I. INTRODUCTION

Neutrino-nucleus interactions are crucial in exploring the
structure of the weak hadronic current and the unknown
neutrino properties. Neutrino reactions with nuclei contribute
to the studies of the underlying structure of nuclear weak pro-
cesses [1]. The cross sections of the neutral-current neutrino-
nucleus scattering can, in combination with charged-current
reactions, be useful to detect and distinguish between neu-
trinos of different flavors. Furthermore, the cross sections of
the charged-current reactions can be used, e.g., in the studies
of neutrinoless double-8 decay. This process can be used to
determine the absolute mass of the neutrino and possibly the
phases in the mixing matrix. In addition, observation of this
process would imply that neutrinos are Majorana particles
[2-5].

Knowledge of neutrino-nucleus scattering is also essential
for many applications in astrophysics, in particular in the
investigation of supernova mechanisms [6]. Nuclear responses
to supernova neutrinos constitute important inputs in super-
nova simulations [7]. Moreover, the cross sections for the scat-
tering off of certain nuclei, at energies relevant for supernova
neutrinos, are of interest for nuclear astrophysics in tracing
the various processes that lead to stellar nucleosynthesis [7].
Due to various experimental difficulties, only theoretical esti-
mation of cross sections for different target nuclei is available
in order to provide the needed input in the aforementioned and
other applications of astrophysics as well as neutrino physics.

In addition to supernova discoveries, neutrino-nucleus in-
teractions are important for dark-matter detection experi-
ments. As the sensitivity of future dark-matter detectors in-
creases, in particular the experiments based on xenon isotopes,
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the solar, atmospheric, and supernova neutrinos can turn into
an unwanted background, the so-called neutrino floor [8].
Thus, it will be important to quantify the cross sections of such
neutrinos. Therefore neutrino-nucleus calculations for targets
of future interest are relevant to neutrino-floor studies (see, for
example, [9]).

Theoretical estimates of neutrino-nucleus cross sections
can be an important key to interpreting the neutrino sig-
nals measured by Earth-bound detectors. Neutrinos interact
weakly with matter and can be detected by using neutral-
current and charged-current neutrino-nucleus reactions on
massive targets. Several neutrino-detector facilities are being
established and planned around the world for the detection of
the core-collapse-supernova-associated neutrinos [10]. Cur-
rent and future detectors involve a variety of target materials
such as carbon, oxygen, argon, and lead nuclei. The lead
nuclei, the target nuclei in the present work, are in use at
the Helium and Lead Observatory (HALO) experiment [11]
running at SNOLAB, the Sudbury Neutrino Observatory in
Canada. The HALO experiment is aimed to detect electron
neutrinos and antineutrinos through the charged-current re-
actions and all neutrino flavors through the neutral-current
reactions.

The purpose of this work is to extend our previous work
[12] on charged-current supernova-neutrino scattering off the
stable even-even lead isotopes to study the neutral-current
reactions. To our knowledge, this is the first study of neutral-
current reaction on the 2°+2%Pb isotopes. In the present
work the required wave functions for the ground state and
all possible final states are constructed in the context of
the quasiparticle random-phase approximation (QRPA). The
two-body interaction is taken to be of the Skyrme type
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where the Skyrme SkM*, SkX, and SLy4 parametrizations
are investigated. These interactions are used to construct the
nuclear quasiparticle mean field and the QRPA excitations in
a consistent way. The formalism employed for the scattering
calculations is based on the Donnelly-Walecka method for the
treatment of semileptonic processes in nuclei [13]. Estimates
of the response of lead nuclei to supernova neutrinos are
computed by folding the obtained total cross sections with
two-parameter Fermi-Dirac distributions.

The present article is organized as follows: First, in Sec. II,
the theoretical framework is briefly outlined. The nuclear-
structure ingredients are introduced first and then the basic
formalism of the neutral-current neutrino-nucleus scattering
is briefly summarized. Then, in Sec. III, the obtained results
are presented and discussed. Finally, in Sec. IV conclusions of
the gained results are drawn.

II. THEORY

A. Nuclear-structure formalism

The ground states of the considered nuclei are obtained
through the Hartree-Fock-Bogoliubov (HFB) approach where
the nuclear effective interaction is approximated with density-
dependent Skyrme interactions. In this way the expression for
energy takes the form of a density functional [14].

The parameters of the nuclear density functionals are typi-
cally fitted to describe a collection of experimental data such
as binding energies and radii. Three such parametrizations
are investigated. The SkX parametrization has been tuned
with special focus on describing nuclear energy spectra [15].
The SkM#* parametrization is tuned to describe collective
excitations and deformation properties [16,17], and the SLy4
interaction has been constructed with specific attention to
neutron-rich nuclei [18].

The nucleon pairing is modeled by a Gaussian-type pairing
interaction in a separable form [19], with different strengths
for each of the considered Skyrme functionals [20]. The
nuclear excitations are calculated using the quasiparticle
random-phase approximation employing the same functional
as for the ground states [20]. For the spherical nuclei con-
sidered here, the excitations can be sorted into groups with
specific angular momentum J and parity 7 so that the QRPA
can be separately solved for each multipolarity J”. For each
J* combination the excitations are extracted by fully diago-
nalizing the QRPA matrix, keeping all states up to a maximum
main oscillator shell Ny,x = 15 in the spherical oscillator
basis. The HFB and QRPA equations are solved using an
updated version [20] of the code HOSPHE [21].

B. Cross-section formalism

This section summarizes briefly the formalism for the
neutral-current (NC) supernova neutrino-nucleus scattering. A
detailed treatment can be found in [22].

The neutral-current reaction proceeds via the exchange of a
neutral Z° boson. The transferred four-momentum fulfills the
condition Q> = —q.q" < M% where M is the mass of the Z°
boson.

The corresponding matrix element of the effective Hamil-
tonian in this case is written in the form

(f|Hegt|i) = %/d3rlueiq‘r<f|.7“(r)li), ey

where J"(r) denotes the hadron current and /,, is the lepton
matrix element: [, = €97 (f ], (r)]i).

The double-differential cross section for the (anti)neutrino
scattering from the initial state |J;) to a finial state |J;) is
given by
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where k' and Ej are the three-momentum and the energy of
the outgoing (anti)neutrino. The Coulomb-longitudinal com-
ponent o; and the transverse component o are defined as
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Here the minus sign refers to neutrino and the plus sign to
antineutrino scattering, 6 is the lepton scattering angle, Ex
is the energy of the incoming (anti)neutrino, and ¢ is the
magnitude of the three-momentum transfer

g =14l = v(Ex — Ex)? + 2EE (1 —cosB).  (5)

The multipole operators 77y = My, Lyu, TSy and T3
are defined in [23]. These multipole operators contain the
nucleon form factors FIYZ(QZ) (vector), F A(Qz) (axial-vector),
and FP(Q?) (pseudoscalar), which, in turn, depend on the
four-momentum transfer. These form factors take into account
the finite-size effects of the nucleons. The adopted form
factors are presented in [22]. The axial form factors depend
on the axial-vector coupling strength ga. We adopt the dipole
form of this strength [22] for finite momentum transfer g > 0
and adopt the (moderately) quenched value g4 (0) = 1.0 at the
zero momentum transfer. We use the same quenched value
for all multipole states J" in the calculations since there
is evidence that quenching at ¢ = 0 occurs also for higher
multipoles [5,24,25].
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III. RESULTS

We perform in this work a detailed study of the NC nuclear
responses to supernova neutrinos and antineutrinos for the sta-
ble even-even lead isotopes 2%4206:208ph_We follow the logic
of our previous study of the charged-current (anti)neutrino
scattering off the same lead isotopes [12].

We adopted QRPA for the nuclear-structure framework.
For the two-body interaction we have selected three recently
developed Skyrme forces, namely, SkM*, SkX, and SLy4
[26]. The code HOSPHE [21] was used to calculate the HFB
ground state and the QRPA excitations. We adopted from
[20] the two values for the parameters G, (neutrons) and
G, (protons) of the separable Gaussian pairing. The pairing
strengths in [20] are related to the isovector strength G; only.
As our QRPA calculations depend on both the isoscalar and
isovector pairing strengths Gy and G, we adopted here the
prescription Gy = G, used in our earlier works [12,27]. In
other words, we perform two QRPA calculations: in the first
one we choose for the pairing strengths Gy = G; = G, and in
the second model we choose Gy = G| = G, (see Table II of
Ref. [20] for the numerical values of the pairing strengths).

A. M1 and isovector spin-multipole excitations in 2**Pb

First we examine the strength distributions of the magnetic
dipole M1 operator in 2®Pb in Fig. 1, where the strength
is given in units of the nuclear magneton squared. The cor-
responding giant resonance is important for the NC scatter-
ing. The available experimental data on the M1 strength are
summarized in Ref. [28]. According to data the experimental
strength concentrates mostly within the range 7.3-7.5 MeV
which can be considered to constitute the M1 giant resonance.
In the calculations the M1 strength is carried by one state,
located at 7 MeV, in the case of the SkX interaction. The
strength is split into two states at about 7.3 and 9.8 MeV
for the SKM* interaction and at 7.6 and 9.7 MeV for the
SLy4 interaction, and most of the strength concentrates in the
higher-energy state. It can be concluded that the computed
strength with the SkX force is at a slightly lower energy than
the experimental one but qualitatively the experimental giant
resonance is reproduced by the calculation. For the SkM*
and SLy4 interactions the strength is concentrated at a higher
energy than in the experiment by about 2 MeV. A similar
pattern repeats itself for 2*Pb and 2°°Pb: the relative strengths
of the split peaks are the same as in the case of **®Pb, the
position of the main peak shifting some 0.1 MeV higher with
every two units less of mass number. For the SkM* and SLy4
interactions the lower peak corresponds to the leading QRPA
configuration proton-0/;1 /2-proton-Ohg,, and the higher peak
to the leading configuration neutron-0i;3>-neutron-0i;1,. For
the SkX interaction these two configurations have roughly
equal amplitudes in the one main M1 peak. The same repeats
for all three lead isotopes. These findings are in line with the
results of [29] for 2°8Pb using the SkM* interaction.

The excitation energies for the isovector spin-dipole (L =
1 and J =07, 17,27) and for the isovector spin-quadrupole
(L=2andJ = 1%, 2%, 3") giant resonances can be accessed
in our calculations at the limit of zero momentum transfer,
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FIG. 1. Distribution of the M1 strength (in units of M;zv) in 2%8Pb
for the Skyrme interactions (a) SkX, (b) SkM*, and (c) SLy4.

i.e. at ¢ =0. The computed excitation energies of these
resonances are shown in Table I. These excitation energies
are similar in our two QRPA descriptions, where either the
pairing strength G, or G, has been used, and thus only one
set of values is given in the table. The average excitation
energies for the isovector spin-dipole and spin-quadrupole
strengths can be compared with those calculated in Ref. [30]
using a continuum HF-RPA framework and the Skyrme SIII

TABLE I. Average energies for the transitions to J” states with
L = 1, 2 for 2%Pb. The energies are in MeV.

L J SkM* SkX SLy4 Ref. [30]

1 0~ 19.7 16.6 20.0 20.3
1~ 16.4 14.1 17.0 16.9
2- 13.1 11.7 13.6 143

2 1+ 26.8 23.9 26.6 27.9
2+ 22.1 20.0 22.7 23.9
3+ 17.0 16.0 18.2 19.3
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TABLE II. Total cross sections for the neutral-current neutrino scatterings in units of 10~*>cm?. The exponents are given in parentheses.
The values on the left correspond to the computation with pairing strength G, and on the right with G,,. The total cross sections for 2®Pb are
practically independent of the value of the pairing strength so that only one value is given.

204Pb 206Pb
Ex (MeV) SkM* SkX SLy4 SkM* SkX SLy4
5.0 (3.75,7.01) (=2) (2.25,3.48) (=2) (3.14,5.27) (=2) (3.81,7.22) (=2) (2.39,3.73) (=2) (3.35,6.25) (—2)
10.0 (6.76,9.01) (—1) (1.67,1.79) (0) (6.16,7.60) (—1) (5.43,7.27) (=1) (1.77,1.87) (0) (5.62,7.2) (—1)
15.0 (6.65,7.30) (0) (1.16,1.20) (1) (6.57,7.00) (0) (6.45,6.92) (0) (1.22,1.25) (1) (6.64,7.05) (0)
20.0 (2.23,2.34) (1) (3.18,3.25) (1) (2.12,2.21) (1) (2.20,2.28) (1) (3.33,3.38) (1) (2.16,2.24) (1)
25.0 (4.98,5.18) (1) (6.65,6.77) (1) (4.68,4.83) (1) (4.98,5.11) (1) (6.93,7.02) (1) (4.77,4.89) (1)
30.0 (9.42,9.71) (1) (1.22,1.24) (2) (8.80,9.01) (1) (9.45,9.64) (1) (1.27,1.28) (2) (8.94,9.11)(1)
40.0 (2.55,2.60) (2) (3.22,3.26) (2) (2.38,2.42) (2) (2.57,2.60) (2) (3.32,3.35) (2) (2.40,2.43) (2)
50.0 (5.48,5.55) (2) (6.87,6.93) (2) (5.12,5.19) (2) (5.51,5.55) (2) (7.04,7.08) (2) (5.14,5.17) (2)
60.0 (1.01,1.02) (3) (1.26,1.27) (3) (9.38,9.50) (2) (1.01,1.02) (3) (1.29,1.29) (3) (9.39,9.44) (2)
70.0 (1.64,1.66) (3) (2.06,2.07) (3) (1.53,1.56) (3) (1.65,1.66) (3) (2.10,2.11) (3) (1.53,1.54) (3)
80.0 (2.46,2.47) (3) (3.09,3.10) (3) (2.28,2.30) (3) (2.47,2.48) (3) (3.14,3.15) (3) (2.28,2.29) (3)
90.0 (3.47,3.54) 3) (4.31,4.33) (3) (3.16,3.18) (3) (3.44,3.45) (3) (4.38,4.39) (3) (3.17,3.18) (3)
95.0 (3.95,3.97) (3) (4.98,5.00) (3) (3.64,3.67) (3) (3.97,3.98) (3) (5.06,5.07) (3) (3.65,3.66) (3)

208Pb

E.(MeV) SkM* SkX SLy4
5.0 8.21 (-9) 4.16 (-5) 7.35(-9)
10.0 2.22 (—1) 1.74 (0) 3.11 (=1)
15.0 5.81 (0) 1.24 (1) 6.22 (0)
20.0 2.10 (1) 3.39 (1) 2.11 (1)
25.0 4.87 (1) 7.10 (1) 4.74 (1)
30.0 9.37 (1) 130 (2) 8.94 (1)
40.0 2.57(2) 3.40 (2) 2.41(2)
50.0 5.52(2) 7.20 (2) 5.15(2)
60.0 1.01 (3) 1.31 (3) 941 (2)
70.0 1.66 (3) 2.14 (3) 1.53 (3)
80.0 2.48 (3) 3.193) 229 (3)
90.0 3.45(3) 4.45(3) 3.18 (3)
95.0 3.99 (3) 5.14 (3) 3.66 (3)

interaction. Also these results are shown in Table I for easy
comparison. A fair agreement can be seen in general. The
SLy4 interaction shows the best agreement with [30]. The
average excitation energies for the SkX force are shifted
downward as compared to the computed energies of the other
interactions. This qualitative pattern resembles the one dis-
cussed above for the M1 excitations: also there the SkX force
predicted a lower energy of the M1 giant resonance than the
other two Skyrme interactions. Since in the M1 case the SkX
results agreed with the experimental data it could be that also
for the spin-multipole resonances its prediction is the most
reliable one. It is plausible that the good performance of the
SkX interaction can be derived from the fact that is has been
optimized to describe well the excitation energies in nuclei.

B. Total cross sections

The total cross sections were obtained by computing first
the double-differential cross section of Eq. (2) and then by nu-

merical integration over the scattering angle and subsequently
summing over the discrete final states. Tables II and III
provide the obtained results for neutrino scattering and an-
tineutrino scattering, respectively. The chosen value of the
pairing strength has a small effect on the total cross sections
for the scattering off 242°Pb whereas both adopted pairing
strengths give practically the same results for the scattering
off 2%8pb,

Our total cross sections for neutrino scattering off 2°Pb
are also presented in Fig. 2 and compared with the results of
Refs. [31] and [32]. As can be seen from the figure, the SkX
interaction gives larger cross sections compared to SkKM* and
SLy4. This can be explained by the low energy of the M1 reso-
nance in the SkX calculation as compared to the other studied
interactions (see Fig. 1). The cross sections of Ref. [31] are
smaller than ours computed with the SkX interaction and a bit
larger than those calculated by using the SkKM* interaction.
The cross sections predicted in Ref. [32] are close to our
predicted cross sections with the SkX interaction. It is worth
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TABLE III. Same as Table II, but for antineutrino scattering.

204Pb 206Pb
Ex MeV) SkM* SkX SLy4 SkM* SkX SLy4
5.0 (3.68,6.90) (—2) (2.22,3.42) (-2) (3.08,5.16) (—2) (3.74,7.08) (—2) (2.34,3.66) (—2) (3.29,6.12) (—2)
10.0 (6.46,8.61) (—1) (1.60,1.71) (0) (5.89,7.26) (—1) (5.17,6.93) (—1) (1.70,1.80) (0) (5.36,6.87) (—1)
15.0 (6.24,6.85) (0) (1.09,1.12) (1) (6.16,6.56) (0) (6.05,6.49) (0) (1.14,1.17) (1) (6.22,6.61) (0)
20.0 (2.04,2.15) (1) (2.91,2.98) (1) (1.95,2.03) (1) (2.02,2.10) (1) (3.05,3.10) (1) (1.98,2.05) (1)
25.0 (4.45,4.63) (1) (5.93,6.04) (1) (4.19,4.32) (1) (4.44,4.56) (1) (6.17,6.26) (1) (4.26,4.37) (1)
30.0 (8.17,8.42) (1) (1.05,1.07) (2) (7.63,7.83) (1) (8.18,8.34) (1) (1.09,1.10) (2) (7.74,7.89) (1)
40.0 (2.09,2.13) (2) (2.61,2.64) (2) (1.95,1.99) (2) (2.09,2.12) (2) (2.69,2.71) (2) (1.96,1.98) (2)
50.0 (4.26,4.32) (2) (5.28,5.32) (2) (3.99,4.06) (2) (4.26,4.29) (2) (5.39,5.42) (2) (3.98,4.02) (2)
60.0 (7.48,7.56) (2) (9.22,9.28) (2) (7.03,7.13) (2) (7.48,7.52) (2) (9.39,9.42) (2) (6.99,7.03) (2)
70.0 (1.18,1.19) (3) (1.45,1.45) (3) (1.11,1.12) (3) (1.18,1.18) (3) (1.47,1.47) (3) (1.10,1.11) (3)
80.0 (1.69,1.70) (3) (2.08,2.09) (3) (1.59,1.61) (3) (1.69,1.70) (3) (2.11,2.11) (3) (1.58,1.59) (3)

208Pb

E (MeV) SkM* SkX SLy4
5.0 9.92 (—9) 3.72 (=5) 8.13 (—9)
10.0 2.09 (-1) 1.67 (0) 2.96 (—1)
15.0 5.46 (0) 1.16 (1) 5.83 (0)
20.0 1.93 (1) 3.11(1) 1.94 (1)
25.0 4.35(1) 6.32 (1) 4.22 (1)
30.0 8.09 (1) 1.12 (2) 7.72 (1)
40.0 2.08 (2) 2.75 (2) 1.96 (2)
50.0 4.25(2) 549 (2) 3.97(2)
60.0 747 (2) 9.54 (2) 6.97 (2)
70.0 1.18 (3) 1.49 (3) 1.10 (3)
80.0 1.70 (3) 2.14 (3) 1.58 (3)

mentioning that in Ref. [31] the RPA framework is adopted
for the nuclear structure calculations and the single-particle
energies are obtained from a Woods-Saxson potential. As
a two-body interaction the zero-range Landau-Migdal force
was used. The results of Ref. [32] are based on the RPA
framework in the basis of Hartree-Fock states and using the
SHI Skyrme interaction. Our calculations, in turn, are based

500

L - Kolbe 2001

= 400 -o- Engel 2003 A
g | = SKM* |
i 300 - -+ SkX 7
3 -2 SLy4
> L |
LS, 200
s}

100 - ]

10 20 30 40 50 60 70 80 90
Ei(MeV)

FIG. 2. Total cross sections as functions of the energy of the
incoming neutrino for 2%Pb. Kolbe 2001 refers to [31] and Engel
2003 refers to [32].

on the QRPA with self-consistent mean field and two-body
interactions stemming from more recent Skyrme forces.

The total cross sections for neutrino scattering off 2°*Pb
are also presented in Ref. [33] for two values of neutrino
energy. The predicted cross section in Ref. [33] for neutrino
energy 15 MeV is 0.199 x 107 ¢m? which is larger than
our predicted interval produced by our adopted Skyrme

10° F - - =
E +
100 v
& E ---1
= E 3 1+

o -2 [ 4
g 10 ? E -
2 0ty 1%
: 1=
T 1075 1773
108§/ 4 [----4f

= - total
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FIG. 3. Contributions from different multipole channels to the
total cross section as functions of the energy of the incoming neutrino
for the scattering off 2% Pb using the SkX interaction.
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FIG. 4. Contributions of the various multipole channels to the cross sections of the neutrino scattering off 2®Pb for the neutrino energies
(a) 15.0 and (b) 95.0 MeV. The interaction SkX has been used in the computations.

forces (0.058-0.12) x 107* c¢m? and it is also larger than
the cross section 0.0798 x 10~*° cm? in Ref. [31] and
0.08 x 1074 cm? in Ref. [32]. For neutrino energy 95 MeV
the cross section 38.74 x 10~*° cm? of [33] falls inside our
computed interval (36.66-51.40) x 107*° cm? and is smaller
than 41.3 x 107 ¢cm? of Ref. [31] and 47.39 x 10~%% cm? of
Ref. [32]. The nuclear structure of 2%Pb in Ref. [33] has been
dealt with by a diagonalization of the §-force interaction in the
space of particle-hole excitations based on a single-particle
basis containing 22 neutron and 29 proton harmonic-oscillator
states.

More detailed information on the scattering cross sections
can be obtained by studying the contributions from the differ-
ent multipole channels. Therefore, we show in Fig. 3 the cross
sections corresponding to the leading multipoles as functions
of the energy of the impinging neutrino. The results displayed
in the figure stem from calculations with the SkX interaction.
Similar patterns can be observed for the other studied inter-
actions. The figure shows that the largest contribution comes
from the 11 multipole for neutrino energies E; < 40 MeV.
For energies 40 < E; < 70 MeV the 1~ transitions become
important. Then comes the 2% and 3~ dominance for higher
neutrino energies. In Fig. 4 we illustrate the main multipole
contributions for neutrino energies 15 and 95 MeV. The con-
tributions to each multipole from axial-vector, vector, and in-
terference components are shown also in the figure. As can be
seen in the figure, the 1 multipole with axial-vector character
is the most significant for the neutrino energy 15 MeV while
for the neutrino energy 95 MeV there are several contributing
multipole channels. These results can be compared with those
available in Ref. [33]. The 17 transitions in Ref. [33] have
the most significant contribution at low neutrino energies

which agrees with our results. In the high-energy region the
excitations by the 17 multipole are still the most prominent
ones in Ref. [33] whereas in our multipole decomposition
higher multipoles begin to play a dominant role. This increase
in the importance of the higher multipoles is consistent with
the results obtained for the neutrino scattering off the Mo
isotopes in Ref. [34].

C. Averaged cross sections

The averaged cross sections are obtained by folding the
computed cross sections with an appropriate neutrino spec-
trum. The energy spectra of supernova neutrinos in this work
are described by a two-parameter Fermi-Dirac distribution.
The averaged cross sections then take the form

(o) = 1 f E?o(E,)dE,
' BT | T+ expEy/T, —ay)’

where the parameters 7, and «, represent the effective neu-
trino temperature and the pinching parameter, respectively.
The constant F>(«,) normalizes the total neutrino flux to
unity. The adopted values of the neutrino parameters for this
work are displayed in Table IV. Our computed averaged cross
sections are tabulated in Tables V and VI.

As expected, the averaged cross section increases with
increasing neutrino temperature and decreasing pinching pa-
rameter. The SkX force gives the largest cross sections and the
SLy4 force gives the smallest ones. This feature is in line with
the earlier observations that 17 states are strongly populated
by the neutrino scattering at low energies (see Fig. 4) and
the M1 resonance (see Fig. 1) is responsible for the major
contribution. Since SkX predicts the lowest energy of the

(6)

TABLE IV. Parameters « and 7', and the average neutrino energies for two different supernova scenarios adopted from Ref. [35]. x denotes

the nonelectron flavors, i.e., x = u, 7.

(av,, Ty, (Ev,)) (5, Ty, (Ep,)) (v, Ty (Evy)) (asy» T, (Eyy))
@ (3.0,2.88, 11.5) (3.0, 3.41, 13.6) (3.0, 4.08, 16.3) (3.0, 4.08,16.3)
dn (0.0, 3.65, 11.5) (0.0, 4.32, 13.6) (0.0,5.17,16.3) (0.0,5.17,16.3)
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TABLE V. Averaged cross sections for the neutral-current (anti)neutrino scattering in units of 10™* c¢m?. The values on the left (right)
correspond to computations with pairing strength G, (G,). Both pairing strengths give similar results for the scattering off 2%Pb. The results
here are for the neutrino-parameter set (I). The full ranges of cross sections are produced by the consideration of the ranges of cross sections

quoted in the other columns of this table.

204Pb 206Pb
Flavor SkM* SkX SLy4 SkM* SkX SLy4
Ve 5.86,6.30 8.99,9.23 5.62,5.91 5.75,6.07 9.40,9.60 5.68,5.96
D, 10.2,10.8 14.7,15.1 9.70,10.1 10.1,10.5 15.4,15.6 9.80,10.2
Vy 22.523.5 30.8,31.4 21.2,21.9 22.4,23.1 32.1,32.5 21.5,22.1
Dy 19.7,20.6 27.0,27.5 18.6,19.2 19.6,20.2 28.1,28.5 18.8,19.4
208pp Full range
Flavor SkM* SkX SLy4 204pp 206pp 208pp
Ve 5.35 9.55 542 5.62-9.23 5.68-9.60 5.35-9.55
U, 9.60 15.7 9.55 9.70-15.1 9.80-15.6 9.55-15.7
Vx 21.8 32.8 212 21.2-31.4 21.5-32.5 21.2-32.8
Dy 19.0 28.6 18.5 18.6-27.5 18.8-28.5 18.5-28.6

M1 giant resonance, in accordance with the data, the total
cross sections become the largest for the SkX interaction and
thus also the averaged one. Furthermore, we give in Tables V
and VI, in the “Full range” columns, ranges for cross sections
from the smallest to the largest cross section predicted by the
considered Skyrme interactions and pairing strengths. The full
ranges show that the cross sections are practically independent
of the Pb isotope for all neutrino flavors. Similar behavior is
also observed for the charged-current reactions on Pb isotopes
in [12].

In Fig. 5 we compare the calculated averaged cross sections
with the results available in Ref. [31]. Our results have been
obtained by using the quenching (1/1.267)%. As seen from the
figure, the averaged cross sections of Ref. [31] are between
those of the SkX and SkKM* interactions.

We visualize the contributions of various multipole chan-
nels to the averaged cross sections in the case of electron-
neutrino scattering off 2°Pb in Fig. 6. We display the results
obtained by using the SkX interaction, but the results for the

other two interactions are similar. The averaged cross section
is dominated by the 1T multipole channel with axial-vector
nature. The same is true for the antineutrino reactions.

In Fig. 7 we show for the electron-neutrino scattering
off 2%8Pb the most prominent final states their multipolarity,
excitation energies, and normalized differential cross sections
to these states. The differential cross sections in the figure
have been normalized by dividing the averaged differential
cross sections by the total averaged cross section, i.e., all
contributions of the excited states add up to 1. It can be seen
in Fig. 7(a) that the transition to the 1;” state at about 7 MeV
dominates for the SkX interaction. The same is true for the
other two nuclei. In the case of the SLy4 interaction [Fig. 7(c)]
the transitions to the 17, state at 9.7-9.9 MeV and to the 1
state at 7.5—7.6 MeV dominate for all nuclei. For the SkM* in-
teraction the most prominent final states are 17, at 10 MeV and
13 at 7.3 MeV in the 2°*2%Pb nuclei and 1}, at 9.8 MeV and
15 at 7.2 MeV in the nucleus *Pb [see Fig. 7(b)]. It should
be noted that these most prominent transitions correspond to

TABLE VI. Same as Table V, but for the neutrino-parameter set (II).

204Pb 206Pb
Flavor SkM* SkX SLy4 SkM* SkX SLy4
Ve 8.43,8.92 12.1,12.4 8.00,8.34 8.34,8.69 12.6,12.8 8.11,8.41
D, 13.8,14.5 19.1,19.4 13.1,13.5 13.7,14.2 19.8,20.1 13.2,13.6
vy 30.5,31.5 40.6,41.2 28.6,29.4 30.5,31.2 42.1,42.6 29.0,29.6
Dy 25.9,26.8 34.5,35.0 24.4,25.1 25.8,26.4 35.7,36.1 24.6,25.2
208pp Full range
Flavor SkM* SkX SLy4 204pp 206pp 208pp
Ve 7.95 12.8 7.87 8.00-12.4 8.11-12.8 7.87-12.8
D 133 20.2 12.9 13.1-19.4 13.2-20.1 12.9-20.2
Vx 29.9 43.0 28.7 28.6-41.2 29.0-42.6 28.7-43.0
Dy 253 36.5 24.3 24.4-35.0 24.6-36.1 24.3-36.5
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50
= Kolbe 2001
3751 = SkME 1
-+ SkX
- SLy4

FIG. 5. Comparison between our averaged cross sections and
those of Kolbe 2001 [31] for the neutrino scattering off 2**Pb. Our
results are obtained by using the quenching factor (1/1.267)?. The
horizontal axis displays the (T, o) values used by [31].

the transitions to the M1 giant resonance as clearly seen in
Fig. 1. One can see that even the splitting of the the resonance
is reproduced and the leading single-particle transitions are
those quoted in connection with Fig. 1.

IV. CONCLUSIONS

This paper reports on the computed cross sections for the
neutral-current neutrino and antineutrino scattering off the

9.0~ B otal 7
8.0 [ vector —
7.0 L M I axial-vector| _|
— T [ interference| -
g 6.0 ]
o [ ]
¥ s0F -
L L ]
=40+ ZUSPb(Ue, Vé)?OSPb* -
< L ]
~ 3.0 r SkX 7
20 -
1.0 -
0 [ 1S T

o~ ot 17 1t 2 n 2t 37 3T 47 4*

FIG. 6. Contributions of the different multipole channels to the
averaged cross section of the electron-neutrino scattering off 2°8Pb.
The neutrino-parameter set (I) is used.

stable even lead isotopes. To our knowledge this is the first
time that the NC scattering off the 2°*2%°Pb lead isotopes
is discussed, in addition to the treatment of the scattering
off 2%Pb. Our main focus is on (anti)neutrino scattering
in the range of supernova-neutrino energies. The responses
of the considered lead nuclei to supernova (anti)neutrinos
are calculated by folding the cross sections with realistic
energy profiles for the incoming (anti)neutrinos. The quasi-
particle random-phase approximation (QRPA) is employed to

150 150
¢ i (a) ] ¢ i (b) ]
= =
= 1.20 i 208Ph(y,, 1/ )208Pb* | E 1.20 i 208Pb(ve, v.)?8Pb*
8 - SkX 1 g - SkM* 1
5 0.90 1+ . g 0.90 —
3 L 9 i 3 L i
3 i 1 S i 1+ 1
= 060 % = 060 1 -
S i 1 S i 1
T 0301 4 T 0301 15 =
§ i 1 § i ‘ 1
000 T - T T 000 . T T
0.0 10.0 20.0 0.0 10.0 20.0
Eexe [MeV] Eexe [MeV]
150
% i (c) ]
P
E 1.20 r QOSPb(Ve, VE/I)ZOSPb* ]
Z - SLy4 .
g 0.90F %
o L i
~
S - 4
= 060 1+ -
o) r n 10 4
S i 1 1
E 030 %
= i 1
“0.00 : L x
0.0 10.0 20.0
FEexe [MeV]

FIG. 7. Averaged differential cross sections for the electron-neutrino scattering off 2%Pb as functions of the excitation energy in the final
nuclei. The result in (a) is obtained by using the SkX interaction, in (b) by using the SKM* interaction, and in (c) by using the SLy4 interaction.
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construct the required nuclear wave functions of the scattering
initial and final states. The two-body nucleon-nucleon forces
used in this study are the Skyrme SkM*, SkX, and SLy4
interactions and they are applied both to form the quasiparticle
mean field and the QRPA spectra, thus leading to a self-
consistent evaluation of the nuclear excitations.

The strength distribution of the M1 transitions in 2%Pb is
computed. The agreement with measurements is best for the
SkX interaction, implying more reliable cross-section results
for this interaction than for the other considered Skyrme
interactions. This conclusion is based on the observations
that for the neutral-current reactions the transitions mediated
by the 17 multipole are the most important for the typical

energies of supernova neutrinos and that the cross section is
dominated by transitions to the M1 resonance state.

The total and averaged computed cross sections for 2°Pb
were compared with the results available in the literature.
These are based on several different nuclear-structure ap-
proaches. In general, a good agreement was found.
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