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Background: Theoretical estimates of the cross sections for the neutrino-nucleus scattering off relevant nuclei
for supernova neutrinos are essential for many applications in neutrino physics and astrophysics. The double-
B-decaying nucleus '**Xe nucleus is used by the EXO Collaboration in the search for neutrinoless double-3
decay. A ton-scale experiment based on '3°Xe could also be used for studies of supernova neutrinos and/or solar
neutrinos.

Purpose: The purpose of the present work is, thus, to perform a study of the charged-current and neutral-current
nuclear responses to supernova neutrinos for '3Xe.

Method: The cross sections are computed by using the well-established framework for studies of semileptonic
processes in nuclei introduced by O’Connell, Donnelly, and Walecka [Phys. Rev. C 6, 719 (1972)]. The nuclear
wave functions of the initial and the final nuclear states for the neutral-current neutrino-nucleus scattering in
136Xe are computed by using the quasiparticle random-phase approximation (QRPA). Similarly, the pnQRPA
is adopted to construct the initial and final nuclear states which are relevant for the charged-current reactions.
The nuclear responses to supernova neutrinos are subsequently computed by folding the cross sections with
appropriate energy spectra for the incoming neutrinos.

Results: We present results for the cross sections of the charged-current and neutral-current neutrino and
antineutrino scatterings off '3°Xe. Nuclear responses to supernova neutrinos are also given. For the considered
scenario for the neutrino mixing we have found that neutrino interactions with matter and so-called collective
neutrino oscillations enhance significantly the neutrino and antineutrino flux-averaged cross sections.
Conclusions: We have found that for the charged-current and neutral-current neutrino scatterings off **Xe
transitions mediated by the 1% multipole are the most important ones. However, for the charged-current
antineutrino channel 0" and 17 transitions are largely suppressed due to the large neutron excess. Transitions to
17 and 2~ final nuclear states are thus relatively more important for the charged-current antineutrino scattering.

DOI: 10.1103/PhysRevC.91.014307

I. INTRODUCTION

Supernova neutrinos constitute very valuable probes of
physics beyond the standard model [1,2] and the currently
unknown supernova mechanisms [3]. One of the currently
unanswered questions in neutrino physics is whether the neu-
trino mass hierarchy is normal or inverted. The signal produced
in a large-scale detector by a future nearby supernova could
probably be used to disentangle this important question [4,5].
Furthermore, recent simulations [6] show that supernova
neutrinos could undergo so-called collective neutrino-neutrino
oscillations.

From the astrophysical side, nuclear weak interactions
play prominent roles during almost all stages of a supernova
explosion [7]. Supernovae also constitute one of the proposed
sites of the r-process. Neutrino-nucleus reactions would in
that case play a paramount role for the nucleosynthesis of the
heavy elements [8].

Neutrinos from astrophysical sources (e.g., supernovae or
the sun) can be studied by using earth-bound detectors. Exam-
ples of existing and planned detectors are the Helium and Lead
Observatory (HALO) [9], the Majorana/Mo Observatory Of
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Neutrinos (MOON) [10], and the Hyper-Kamiokande (Hyper-
K) [11]. Theoretical estimates of neutrino-nucleus cross sec-
tions are very important for the interpretation of the results of
such measurements. Nuclear responses to supernova neutrinos
also constitute important inputs in supernova simulations.

The studies of the neutrinoless double-8 (OvB8) decay of
a suitable set of even-even nuclei constitute a realistic way
to determine the absolute mass spectrum of neutrinos [12].
Furthermore, an observation of the OvBf decay would also
confirm that the neutrino is a Majorana particle. One currently
running experiment with such aims is the EXO (Enriched
Xenon Observatory [13]), which is using 136Xe. A ton-scale
double-B-decay experiment based on !'3*Xe such as the
proposed nEXO [14] could also be used for studies of neutrinos
from astrophysicsal sources such as supernovae or the sun.

In this paper we therefore perform a study of the cross
sections for the charged-current (CC) and neutral-current
(NC) neutrino-nucleus scatterings off '**Xe for energies of
the incoming neutrino which are relevant for supernova
neutrinos. The nuclear responses to supernova neutrinos are
also estimated by folding the cross sections with appropriate
energy spectra of the incoming neutrinos.

The computations which are pursued in this paper are
based on the Donnelly-Walecka formalism [15]. In previous
works we have used the aforementioned theory to study the

©2015 American Physical Society
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charged-current and neutral-current neutrino cross sections for
the even-even [16,17] and the odd-mass Mo isotopes [18] and
116Cd [19]. In the present work we adopt the quasiparticle
random-phase approximation (QRPA; see, e.g., Ref. [20]) to
construct the final and initial states for the NC reactions and
the pnQRPA for the CC reactions in '**Xe.

For medium-heavy and heavy even-even nuclei, the cross
sections for the charged-current neutrino-nucleus scattering
are dominated by transitions to 11 final states in the corre-
sponding odd-odd nucleus (i.e., '3*Cs in the present work).
One problem in the pnQRPA calculations of 171 states in
odd-odd nuclei is the unsettled value of the g,, parameter
which determines the strength of the particle-particle part
of the proton-neutron interaction. This issue, which also is
very important for calculations of nuclear matrix elements
related to OvBB decay, has been discussed in great detail in
Ref. [21]. Therefore, in the present work the dependence of
the computed neutrino-nucleus cross sections on the particle-
particle strength is also studied.

This paper is organized as follows. In Sec. I we summarize
the QRPA and the pnQRPA. The formalism for the calculation
of neutrino-nucleus cross sections is also briefly discussed.
Then, in Sec. III we discuss our results. Finally, in Sec. V we
draw our conclusions.

II. THEORY
A. QRPA and pnQRPA

In this work the required wave functions of the nuclear
states in '%°Xe are constructed by using the QRPA. Similarly,
the pnQRPA is adopted to compute the nuclear states in the
B-decay partners '3Cs and 361, Therefore, in this section the
formalisms of these models are briefly summarized. A more
detailed treatment can be found in, e.g., Ref. [20].

In the present calculations the quasiparticles are treated in
the BCS theory. The starting point is then the variatonal ansatz
for the BCS ground state

IBCS) = [ [(ta — vaclél)ICORE), 1)

a>0

where |CORE) represents the core. In Eq. (1) the index a
holds the single-particle quantum numbers n,,l,, and j,. The
index « includes in addition the magnetic quantum number
mgy, 1.e., o = (a,my). Here cl denotes the particle creation
operator and ¢, is the corresponding time-reversed particle
annihilation operator, which is defined as &, = (—1)%«™c_,,
with —a = (a, —my).
The quasiparticles are subsequently defined via the
Bogoliubov-Valatin transformation as
al = uacl + V,Cq, Qg = UyCy — vacT 2)

).

In the QRPA the states are formed by coupling two-
quasiparticle operators to good angular momentum J, and
parity m,. An excitation w = (J,,7,,k,) of the even-even
nucleus under consideration is thus obtained by using the
creation operator

0l =Y o (X lalal 1 m, + Yo ldudalsm,). 3

a<a’
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where 0,, = +/1 + 84, and the sum is over all proton-proton
and neutron-neutron configurations such that none of them are
counted twice. Here the quantum number k,, enumerates states
having the same angular momentum and parity.

Similarly, in the pnQRPA the creation operator has the form

0l = (xulalallsm, + Yolapdnlsm,). ()
pn

In both the QRPA and the pnQRPA the required amplitudes
X“ and Y can be solved from the matrix equation

A B X“ X?
G 2065 () o

where E,, denotes the energy of the excitation w. Here A is the
(pn)QTDA matrix and the matrix B contains the ground-state
correlations.

B. Neutrino-nucleus scattering

In this work we are interested in the following charged-
current processes

v+ (A,2) — (A, Z+ 1) +1", (6)
b+ (AZ) — (A, Z -1 +1T, )

and the neutral-current proccesses

v +(A,Z) — (A, 2)" + v, ®)
b+ (AZ) — (A Z) + 7, C))

where [ = e, i, 7. In the charged-current reactions (6) and (7)
the final nuclear state is either the ground state or an excited
state in the corresponding odd-odd nucleus. But, in the
incoherent reactions (8) and (9), the final nuclear state is an
excited state in 3Xe.

In the present work the four-momentum transfer for the
(anti)neutrino is defined as

g =k — ke = pe — Py, (10)

where k, (k) denotes the four-momentum of the incoming
(outgoing) lepton, and p, and p;. are the four-momenta of the
initial and final nuclei. We follow here the same conventions
as in Ref. [22]. The four-momentum of the incoming lepton
is thus defined as k, = (Ek, — K) and the four-momentum of
the outgoing lepton as k,, = (Ex, — K'). The four-momenta p,
and p,. of the initial and final nuclei are defined similarly.

We assume that the final and initial nuclear states have well-
defined angular momenta and parities. The double-differential
cross section for the neutrino-nucleus scattering from an initial
nuclear state (i) (with angular momentum J;) to a final nuclear
state (f) (with angular momentum J) can then be expressed
in the form [16]

(dzai_)f) o GZF(:th,Ek/)|k/|Ekf
v/

dSQ2dEexc n(2Ji + 1)

X (ZU({L-I-ZGTJ), (11)
J

J>1
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where the Coulomb-longitudinal and transverse components are defined as

ol = (1 +acosO)|(J s IMUDIIDI* + (1 +acosd — 2bsin® ) (1L, )

EEXC *
+ 7(1 +acosf + )2Re[(J7 | L (@I ¢ My (I1T)] 12)

and

of = (1 —acosd +bsin® O)[|(J; | 7@ | 1)* + | (7| T @) | 1) ]

X 2Re[ (/7 [ 7@ 1) (4 | T @) [ 47].

Here the excitation energy Ee of the final nuclear state
is defined with respect to the ground state of the initial
nuclear state and thus E. . = Ey — Ep. For the neutral-current
neutrino-nucleus scatterings the effective weak coupling
constant is G = Gg where Gp denotes the Fermi coupling
constant. However, for the charged-current processes a slightly
modified value of G = cos 6cGr is used where 6¢c represents
the Cabibbo angle. In Egs. (12) and (13) we have also used the

abbreviations
a=+/T—(m/Ex), (14)
2EvEw
p= LA (15)
q
and
m;
c= , (16)
qEvw

where m; represents the rest mass of the outgoing lepton and
the magnitude of the three-momentum transfer is given by

q=lql = \/aZEﬁ, + Ef —2aEgEgcost,  (17)

where 6 denotes the angle between the incoming and outgoing
leptons. Furthermore, in Eq. (13) the — (+) sign is used for
neutrinos (antineutrinos).

In the calculations of charged-current (anti) neutrino
scattering off nuclei it is important to properly take into
account the Coulomb distortion of the wave function of the
outgoing lepton. Thisisin Eq. (11) associated with the function
F(£Z;,Ey). This effect has to be treated differently in the
regions of small and large values of the so-called effective
momentum of the outgoing lepton. This effective momentum

is defined as
kett = vV ngf - mlza (18)

where the effective energy of the outgoing lepton is given by
Eet = Ex — Vc(0). (19)

In Eq. (19) Vc(0) represents the value at the origin of
the Coulomb potential produced by the final nucleus. For
small values of ke, ie., kegR << 1, we use in Eq. (11)
a Fermi function. In the region of large values of the
effective momentum we adopt the so-called modified ef-
fective momentum approximation which was introduced in
Ref. [23]. Consequently, we put F(£Z;,Ey) =1 and the
absolute value of the three-momentum and the energy of the

Ex + Ex
u(l —acosf —c)

13)

(

outgoing lepton are replaced by their effective values given
by Egs. (18) and (19), respectively. For more details we refer
to Ref. [16]. Furthermore, for the neutral-current reactions (8)
and (9) the outgoing lepton has no charge and thus the value
F(£Z;,Ey) = 1is used.

The nuclear-structure dependence of the cross sections is
contained in the nuclear matrix elements of the operators
M (), L5(q),T;"*(q), and ’Tfl(q). The definitions of these
operators are given in Ref. [24]. The aforementioned operators
depend on the nucleon form factors F’,(Q?) (vector), F4(Q?)
(axial-vector), and F?(Q?) (pseudo-scalar), which depend
on the four-momentum transfer Q% = —g,¢*. In the present
calculations we adopt the expressions for the neutral-current
and charged-current form factors, which are discussed in
Refs. [22] and [16] respectively. Hence, the axial-vector form
factor FA(Q?) is of the dipole-form with the static value
FA(0) = —1.0.

III. RESULTS
A. Nuclear structure

In the present computations we adopted a large valence
space consisting of the complete 3fiw,4hw, and Shw main
harmonic oscillator shells plus the Oij3/, and 0ij;/, orbitals
for both protons and neutrons. The single-particle energies
were first generated by using a Coulomb-corrected Woods-
Saxon potential with the parametrization of Ref. [25]. In the
calculations the Bonn one-boson exchange potential [26] was
used as the two-body interaction. BCS calculations were then
performed for protons and neutrons separately. For protons the
monopole matrix elements were scaled by a common factor
gp' such that the empirical pairing gap computed from the
three-point formulas (see, e.g., Ref. [20]) was reproduced.
This procedure cannot be used on the neutron side since '3°Xe
is neutron magic. In the present calculations we have therefore
used the unscaled value gh™ = 1.0 for the neutrons. This
means that the particle-hole case is recovered, i.e., u, =0
(ugy = 1) and v, = 1 (v, = 0) for the neutron orbitals below
(above) the Fermi surface N = 82. In the computations the
single-particle energies for the orbitals close to the respective
Fermi surfaces were slightly adjusted in order to improve
the agreement with the experimental data. These adjusted
single-particle energies are compared with the Woods-Saxon
energies in Table L.

In the QRPA calculations of the states in *°Xe the two-
body matrix elements for the particle-particle and particle-hole

014307-3
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TABLE 1. Woods-Saxon energies and adjusted single-particle
energies for neutrons (v) and protons (i), respectively.

PHYSICAL REVIEW C 91, 014307 (2015)

TABLE III. Adopted values of the pnQRPA parameters g, and
gpn in the 11 channel. For more information we refer to the text.

Orbital Ews E.q Parameter set gpp(11) gpm(1h)
v0g72 —10.92 -9.97 I 1.00 1.20
vlds), —10.89 —10.10 I 0.60 1.18
U1d3/2 —8.84 —8.84

U2$1/2 —-9.06 —-9.13

Oh —7.98 -9.37 . .

‘;Oh;li : 203 240 experimental energy. No reasonable value of the particle-hole
U1f5//2 _0.84 234 strength could be found for which the measured energy
V2p3 214 —3.04 of E =13.38 MeV [27] is reproduced. This problem is
v2p;/2 _1.26 2,65 explained by the fact that the present calculations are lacking
70g7/2 _742 —8.42 self-consistency because of the use of a Woods-Saxon mean

channels were scaled by the constants gy, and gpn, respectively.
This was done for each multipole J™ separately in such a
way that the low-lying experimental energy spectrum of '3°Xe
was reproduced as well as possible. The QRPA method leads
to a spurious OT state which can be removed by setting its
energy to zero by adjusting the particle-hole strength of the 0
channel and simultaneously fixing g, such that the energies
of the low-lying one-phonon states are roughly reproduced.
Furthermore, the lowest 17 state is spurious because of center-
of-mass motion. In the present computations the particle-hole
strength of the 1~ channel has thus been adjusted in such a
way that the energy of the lowest 1~ solution is brought to zero
and subsequently the state is removed from the calculations.
The adjusted values of the QRPA parameters are displayed in
Table II. For the other multipoles the unscaled values g, = 1.0
and gy, = 1.0 have been used.

Similarly, pnQRPA calculations were performed for the
states in the odd-mass nuclei '*Cs and !*°I. But in this case
only the particle-particle and particle-hole strengths of the 17
channel were adjusted. The parameter g, was then adjusted
in order to reproduce the energy of the giant Gamow-Teller
resonance, i.e., E &~ 15.0 MeV [27]. As was discussed in Sec. I
the value of the particle-particle strength is more difficult to
determine. In Ref. [21,28] an average value of g,, = 0.63 was
determined and used based on 2v half-lives and comparative
half-lives of single-8 decays. Therefore in this work we have
performed pnQRPA calculations for two sets of pnQRPA
parameters: A set (called I) in which the unscaled value
gpp = 1.00 was used and a second one (II) in which g, = 0.60
was used. In both of the calculations the value of gy, was fixed
according to the procedure described above. The two sets of
pnQRPA parameters are presented in Table III.

Unfortunately, the pnQRPA computed energy of the
isoscalar analog state is much too small compared to the

TABLE II. Adopted values of the QRPA parameters g, and gpn
for the different multipoles J”.

JT ot 1~ 2+t 3 4+t 6t

8pp 0.89 1.00 1.00 1.00 1.00 1.00
&ph 0.10 0.52 0.62 0.66 0.70 0.90

field. In self-consistent Skyrme calculations, such as the ones
which were performed in Ref. [29] for !'°Cd, the energy of
the isobaric analog state is correctly reproduced. Therefore,
in the present computations the energy of the corresponding
pnQRPA state has been set to the experimental value by hand.

IV. NEUTRINO CROSS SECTIONS

In the next step of our work we computed the cross sections
for the charged-current and neutral-current (anti)neutrino
scatterings off '3®Xe. The double-differential cross section for
each final nuclear state f, scattering angle 6, and energy of the
incoming neutrino Ex was then computed by using Eq. (11).
The total cross section o (E) as a function of the neutrino
energy Ex was subsequently calculated by integrating over the
scattering angle 8 and summing up the contributions coming
from each final nuclear state. For more details, see Ref. [17].

The computed cross sections for the neutral-current re-
actions (8) and (9) are displayed in Table IV. Similarly,
we show in Table V the results for the charged-current
neutrino and antineutrino scatterings. In Table V o/(c!)
and o!!/(ol") are the cross sections for the (anti)neutrino
scatterings corresponding to the pnQRPA calculations I and
II of Table III. It is seen in the aforementioned tables that, as
expected, the cross sections for both the neutral-current and

TABLE IV. Computed cross sections for the neutral-current
neutrino and antineutrino scatterings off **Xe in units of 10~*? cm?
as functions of the energy of the incoming neutrino (antineutrino).

Eu Uv(Ev) U,-)(EU)
5.0 1.32 (=5) 1.29 (=5)
10.0 4.60 (—1) 4.46 (—1)
15.0 6.32 (0) 6.02 (0)
20.0 2.01(1) 1.87 (1)
25.0 4.47 (1) 4.04 (1)
30.0 8.39 (1) 7.32(1)
40.0 2.20(2) 1.78 (2)
50.0 4.44 (2) 3372
60.0 7.56 (2) 542 (2
70.0 1.14 (3) 7.82(2)
80.0 1.59 (3) 1.05(3
90.0 2.08 (3) 1.32(3)
100.0 2.60 (3) 1.59 (3)
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TABLE V. Computed cross sections for the charged-current
neutrino and antineutrino scattterings off '**Xe in units of 10~*° cm?
as functions of the energy of the incoming neutrino (antineutrino). In
the table are shown results for the two sets of pnQRPA parameters
given in Table III.

E, ol (E)) ol (E,) ol(E)  oll(E)
5.0 370 (=2) 2,62 (=2)

10.0 320(=1)  241(=5)  279(=1)  2.41(=5)
15.0 1.30 (0) 5.98 (—4) 1.20 (0) 722 (—4)
20.0 4.38 (0) 422(=3)  4.27(0) 4.66 (—3)
25.0 9.82 (0) 1.53(=2)  9.74(0) 1.61 (=2)
30.0 1.69 (1) 3.89 (=2) 1.68 (1) 4.00 (=2)
40.0 3.38 (1) 146 (=1)  3.38(1) 1.48 (—1)
50.0 5.55 (1) 378(=1)  5.55(1) 3.81(—1)
60.0 7.98 (1) 8.62(—1)  7.98(1) 8.66 (—1)
70.0 1.05 (2) 1.74 (0) 1.05 (2) 1.75 (0)
80.0 1.31(2) 3.08 (0) 1.312) 3.09 (0)
90.0 1.58 (2) 4.72 (0) 1.58 (2) 4.73 (0)
100.0 1.84 (2) 6.52 (0) 1.84 (2) 6.53 (0)

charged-current processes increase strongly with increasing
neutrino energy. From Table V we can conclude that for the
charged-current reactions the cross sections for neutrinos are
much larger than the ones for antineutrinos. Furthermore,
the results in Table V for the two pnQRPA calculations of
Table III (I and IT) show that the value of the particle-particle
strength (gpp) is rather important for low-energy neutrinos
(i.e., for energies Ex < 10 MeV). However, for energies of
the incoming neutrino (or antineutrino) which are larger than
10 MeV the cross sections are not very sensitive to the adopted
value of gpp.

One important quantity from the experimental point of view
is the flux-averaged cross section, (o), which is computed
by folding the cross section o(Ex) with an appropriate
energy spectrum for the incoming neutrinos. The energies
of supernova neutrinos can rather well be described by a
two-parameter Fermi-Dirac distribution

1 (Ex/T,)?
Fy(o,)T, 1 + efu/To—a

nep(Ex) = , (20)

where T, is the effective neutrino temperature and «,, repre-
sents the so-called pinching parameter. A similar distribution
is valid for antineutrinos by replacing v by v. Here the constant
F>(a)) is chosen such that the total flux is normalized to unity.
In the present calculations we have adopted the neutrino
parameters which are given in Table VI. In the table the
neutrino temperature 7, has been computed for each value
of «, and average neutrino energy (Ex) by using the relation

o F3(a,)
(Ex)/T, = @)’ 2D
with
F . / xkdx 2
k(a,) = Treo= (22)

PHYSICAL REVIEW C 91, 014307 (2015)

TABLE VI. Adopted values of the parameters «, and ( Ex) for the
different neutrino flavors. The corresponding neutrino temperatures
computed from Eq. (21) are also shown. Here x = i, 7 is a common
label for the nonelectron flavors.

Flavor o, (Ex) T,

Ve 3.0 11.5 2.88
De 3.0 13.6 341
Vg 0.0 16.3 5.17
D 0.0 16.3 5.17

In Table VII we display our QRPA calculated averaged
cross sections for the neutral-current neutrino and antineutrino
scatterings off '3®Xe. It is clearly seen from Table VII and
Table VI that the average cross sections increase significantly
with increasing average neutrino energy (Ey). This is in
agreement with results which have been found for other nuclear
systems; see, e.g., Refs. [17,19].

Due to the large © and t rest masses only electron
neutrinos (or antineutrinos) can be detected by using the
charged-current reactions (6) and (7). However, the energy
spectra for the incoming neutrinos can be modified signif-
icantly by neutrino-flavor transformations. The description
of neutrino-flavor conversions under supernova conditions
constitutes a nontrivial problem and involve neutrino-matter
interactions, collective neutrino oscillations, and shock-wave
effects. Furthermore, many of the details concerning neutrino
mixing in supernovae are not yet fully understood. For more
details on neutrino-flavor transformations in supernovae, we
refer to Refs. [30,31].

For simplicity we limit ourselves in the present work
to a specific case where the collective neutrino oscillations
are not suppressed by the neutrino-matter interactions, i.e.,
the matter density is not too large in the collective regime.
Furthermore, we assume that the matter is dense enough so
that the Mikheev-Smirnov-Wolfenstein (MSW) resonances
occur at large distances. Under these assumptions the col-
lective oscillations and the neutrino-matter interactions can
be treated independently. We also presume that the MSW
H resonance is fully adiabatic, i.e., Py = 0. Consequently,
we neglect possible effects coming from turbulence and/or
shock-wave propagations which could make the H-resonance
nonadiabatic.

Muon and 7 neutrinos are believed to experience similar
interactions in the supernova environment and are almost
maximally mixed in vacuum. Therefore, it is adequate to only
consider two-neutrino mixing of the form v, < v, where v,
denotes a linear combination of v, and v,. The energy spectra
for electron neutrinos and electron antineutrinos after flavor

TABLE VII. Averaged cross sections for the neutral-current

neutrino and antineutrino scatterings off '3¢Xe in units of 107> cm?.

Ve DA Vg Dy

5.31 9.30 26.5 22.6

014307-5
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TABLE VIIIL. Averaged cross sections for the charged-current neutrino and antineutrino scatterings off **Xe in units of 1074 cm? computed
for the two sets of pnQRPA parameters shown in Table III. In the table results are given for the nonoscillating case and for neutrinos which
undergo neutrino-flavor transformations in the normal (NH) and inverted (IH) mass hierarchies, respectively.

ve v v D, 7y Dey
pnQRPA I 1.21 4.87 4.86 3.24 x 1073 1.40 x 1072 6.57 x 1073
pnQRPA 1II 1.16 4.82 4.80 3.41 x 1073 1.43 x 1072 6.80 x 1073

conversions are then given by
Fy(Ex) = p(EQF) (Ex) + [1 — p(EQIF,) (Ex)
= p(E)F)) (Ex) + [1 — p(EQIF) (Ex), (23)

and
Fr(Ex) = p(EQFy (Ex) + [1 — pEQIF; (Ex)
= p(EFy (Ex) + [1 — p(EOIF) (Ex), (24)

where F (Ey)[F_ (Ex)] and FY)(EW)[Fy (Ey)] are the initial
energy distributions of electron neutrinos (nonelectron neu-
trinos) and electron antineutrinos (nonelectron antineutrinos),
respectively. Equations (23) and (24) are valid for general
energy profiles of supernova neutrinos. However, in the present
work we adopt distributions of the form (20). Guided by
Refs. [32,33] we use for the survival probability p(Ex) [p(Ex)]
of electron neutrinos (electron antineutrinos) in the case of
normal mass hierarchy the prescriptions

p(Ex) =0, (25)
and
B cosfp; Ex < E;,
P(Ex) = {O; E. > E.. (26)

with the split energy E; = 18.0 MeV. Furthermore, we adopt
in the case of the inverted mass hierarchy the survival
probabilities

(Eo) sin6y,; Ex < E,, 27
PR = o; Ex > E,,
and
P(Ex) = cos” 0z, (28)

where the split energy for neutrinos is £, = 7 MeV.

However, it should be noticed that the collective effects on
the survival probabilities are rather sensitive to the adopted
supernova model; see, e.g., Ref. [34]. The prescriptions for p
and p which are given by Eqs. (25)—(28) correspond thus only
to one possible scenario.

In Table VIII we display our computed flux-averaged cross
sections for the charged-current neutrino and antineutrino
scatterings off '3Xe. In the table v, (.) denotes nonoscillating
electron neutrinos (electron antineutrinos). Furthermore, we
denote by v () and vi' (B1)) the electron neutrinos
(electron antineutrinos) which have undergone flavor trans-
formations for the normal and inverted mass hierarchy cases,
respectively. It is seen in the table that the dependence of
the average cross sections on the particle-particle strength is

rather weak. The results which correspond to the two different
values of gpp, i.e., gpp = 1.0 and gpp, = 0.6, differ by at most
5%. For the adopted prescriptions for p and p the cross
sections for both the neutrino and antineutrino scatterings
are enhanced significantly by neutrino-flavor transformations.
Furthermore, our computed flux-averaged cross sections for
the neutrino scattering are almost independent of the mass
hierarchy. However, for the antineutrinos the results for the
normal and inverted mass hierarchies differ significantly from
each other. As mentioned above we consider here only a
specific scenario for the neutrino-flavor transformations. The
results in Table VIII should thus only be taken as an example
of how the averaged cross sections could be changed by
neutrino conversions which may occur under certain supernova
conditions.

We have also studied the contributions coming from the
leading multipole channels of Eq. (11) to the averaged cross
sections for the CC and NC (anti)neutrino scatterings off '3*Xe.
Our computed results for the CC neutrino and antineutrino
reactions are shown in Figs. 1 and 2, respectively. Similarly,
the results for the NC electron-neutrino scattering are shown
in Fig. 3. In the aforementioned figures we also display for
each multipole the contributions coming from the vector and
axial-vector pieces of the nuclear current. Furthermore, the
interference contributions which are coming from the mixing
between the axial-vector and vector parts are indicated. It is
seen in Fig. 1 that as expected the cross section for the CC
neutrino scattering is dominated by Gamow-Teller-like transi-
tions to 17 final states in the odd-odd nucleus **Cs. Fermi-like
(0™) and spin-dipole-like (27) transitions contribute also
significantly. For the antineutrino reaction (7) the contributions

10.0 [~ B total 7
9.0 i /1 vector —
8.0 - EE axial-vector| _]
& - B interference|
g o 7
©
:r 6.0 - ]
S 50 ) ) ]
= + 136 —\136 E
= ol Xe(ve,e7)Cs ]
T30 N ]
20 7
1.0 ]
i [ 1 N L ]
0~ ot 1~ o270 2F 37 3t 4 4F

JT

FIG. 1. (Color online) Contributions from the dominant multi-
pole channels to the averaged cross section for the CC neutrino
scattering off '**Xe.
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2.0 F =
- N total
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— I interference
5101 136 1367 |
5} _
B Xe(T, e™) 11
. L ]
=
©
< 00 |

FIG. 2. (Color online) Same as Fig. 1 but for the CC antineutrino
scattering.

coming from the 0% and 17 multipoles are largely suppressed
because of the large neutron excess. Consequently, the 1~
and 2~ transitions are relatively more important for the CC
antineutrino scattering; see Fig. 2. Moreover, we can conclude
that the NC neutrino scattering off '3Xe is dominated by
1" transitions. However, transitions mediated by the 1~ and
2~ multipoles are also important. The aforementioned results
are in agreement with the ones which have been found for
other nuclei; see, e.g., Ref. [17,35]. For the NC antineutrino
reaction (9) the interference term has a different sign compared
to the neutrino reaction (8); see Eq. (13). However, the axial-
vector and vector contributions are the same as for the neutrino
scattering. As is seen in Table VI the nonelectron neutrinos
have larger average energies than the electron neutrinos, but
the relative contributions coming from the different multipoles
are almost the same and the results in Fig. 3 are thus only scaled
by a common factor in the case of nonelectron neutrinos.

To understand better how the various nuclear final states
contribute to the averaged cross sections we have in addition
computed the cumulative sums of the averaged cross sections.
These sums are defined by

n

() = D (o), (29)

k=1

4.0 - N total
1 vector
[ axial-vector|
I interference | —|

3.0

LD CALD G

(o) [107*2cm?]

1.0~ 7

ok ]

0~ ot 1~ 1t 27 2t 3” 3t 4T 4t
T

FIG. 3. (Color online) Same as Fig. 1 but for the NC neutrino
scattering off '**Xe.

PHYSICAL REVIEW C 91, 014307 (2015)

”g 12k

) + pnQRPA 1

L + pnQRPA II

=

o 09K

2 F

b3

g L ]
2 0.6 i
]

g L ]
2

=

=

=

g

=

&)

T N T N T N T N T N T
00 20 40 60 80 100 120 140 16.0 18.0 20.0
Eoxe [MeV]

FIG. 4. (Color online) Cumultative sums of the averaged cross
section for the charged-current electron-neutrino scattering (6) off
136Xe. Results are shown for the two different pnQRPA calculations
which are discussed in the text.

where (o), denotes the contribution to the averaged cross
section coming from the transition to the final state k.

In Fig. 4 are shown the cumulative sums for the CC electron-
neutrino scattering off '3®Xe. In the figure the results for the
two pnQRPA calculations (pnQRPA T and pnQRPA II) are
compared with each other. It is seen that a large contribution is
arising from a state at about E,. = 8 MeV. This contribution is
coming from the low-lying satellite of the giant Gamow-Teller
resonance. The centroid of the giant Gamow-Teller resonance
which is found at 15 MeV contributes also significantly. It is
seen in the figure that the largest relative discrepancies between
the two pnQRPA calculations are found for the low-lying
states, i.€., Eexc < 5.0 MeV. However, the value of g, also
affects the contribution to the cross section coming from the
strong state at about E.. ~ 8 MeV. Similarly, we display
the results for the charged-current electron-antineutrino and
the neutral-current electron-neutrino scatterings in Figs. 5
and 6 respectively. We can conclude from Fig. 5 that the
antineutrino reaction (7) is dominated by transitions to final
states with excitation energies E.. < 10 MeV. Furthermore,
the neutral-current neutrino-nucleus scattering is dominated
by a transition of the form 05 — 1}, where the state

&
=} J"’_l_/_—
& 03 pnQRPA _,r’“rlf,_i
‘g | pnQRPA II ’: |
=}
g
£ o02f i
?
2 i |
o
5
o
2 01p a
£
8
£ | |
g
5

O~O { T { T { T { T { T { T { T { T { T

0.0 20 40 60 80 100 120 140 160 180 20.0

Bexe [MeV]

FIG. 5. (Color online) Same as Fig. 4 but for the antineutrino
reaction (7).
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FIG. 6. (Color online) Same as Fig. 4 but for the neutral-current
neutrino-nucleus scattering off '3*Xe.

1}, is the giant M1 resonance with an excitation energy of
Eexc &~ 8.3 MeV.

Itis presumed in the present work that the supernova energy
is equally partitioned between the neutrino flavors. The number
of CC neutrino scattering events in a detector per kilo-ton
(kton) of target mass can then be expressed in the form [19]

nt
47 R?
+[1 — p(Ex)IN,, F:)X(Ek)]U(Ek)dEka (30)

NSE(R) = / [P(EWN,, F(Ex)

where nt represents the number of nuclei per kton and R is
the distance from the supernova. In Eq. (30) the numbers of
electron neutrinos and nonelectron neutrinos are given by

EtOl
Ny, = m (31
and
N, = Do (32)
O6(E,,)

where E is the total energy which is emitted as neutrinos.
The generalization of Eq. (30) to the case of antineutrinos is
straightforward.
Correspondingly, the number of NC events can be written
as
nr
47 R?

In Fig. 7 are shown the expected number of CC and
NC neutrino-nucleus scattering events as functions of the
distance R to the supernova. The corresponding results for
the antineutrino scattering are displayed in Fig. 8. In the
present calculations a total energy of E = 3.0 x 10°® ergs
has been adopted. In the aforementioned figures we show
for the CC scattering the results for nonoscillating neutrinos
(antineutrinos) and for (anti)neutrinos which have undergone
flavor conversions for the normal and inverted mass hierarchy
cases. We can conclude from Fig. 7 that for a typical galactic
supernova (i.e., R & 10 kPc) several hundreds of CC events are
expected for a detector consisting of 1 kton of '**Xe. For the
antineutrino scattering most of the events are neutral-current

NJC(R) = (Ny (0)y, + 2N, (0)y,). (33)
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FIG. 7. (Color online) The number of expected CC and NC
neutrino scattering events per kiloton of *Xe as functions of the
distance from the supernova.

ones because of the large suppression of the CC antineutrino
cross sections.

From Figs. 7 and 8 it can be concluded that the events in a
detector based on '3®Xe will be mainly caused by CC neutrino-
nucleus scatterings. Furthermore, for the adopted prescription
for the neutrino mixing, one has that p(Ex) = O in the case
of normal mass hierarchy. The expression for the yield (i.e.,
number of events per kiloton) is then simply

nr n1(Eio/6) (o)

NER) = TN (o) = e
) = Vo, = T G
102 = CC: Ve =

é« ******* CC: 1/(’:(“%
***** CC: pHt

-— 101 E 3
I F 3
g YN ]
g b WV 4
g 10°F E
107 E
1072 5

C | | | | | ]

10 20 30 40 50
R [kPc]

(=2}
o

FIG. 8. (Color online) The number of expected CC and NC
antineutrino scattering events per kiloton of **Xe as functions of
the distance from the supernova.
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TABLE IX. Averaged cross sections in units of 1074 ¢cm? and
the number of events produced in an earth-bound detector per kton
of 13%Xe for (Ex) = 15.0, 16.3, 20.0 MeV and « = 0.0, 2.0.

(Ex),a) (o) NE©
(15.0,0.0) 3.78 291
(15.0,2.0) 3.31 255
(16.3,0.0) 4.87 345
(16.3,2.0) 4.28 303
(20.0,0.0) 8.56 495
(20.0,2.0) 7.86 454

The above expression is also valid in the case of the inverted
mass hierarchy to a good approximation because the cross
section o (Ey) is rather small for Ex < E; = 7.0 MeV. The
neutrino spectra of the nonelectron neutrinos are, however,
rather uncertain. Depending on the chosen supernova model
the average energy can vary between 15 and 20 MeV; see, e.g.,
Ref. [36]. For this reason we have also studied the sensitivity
of the charged-current neutrino responses and the expected
number of events in an earth-bound detector (34) on the
average neutrino energy ( Ex) and the parameter «,,. In Table IX
the results for (Ex) = 15.0, 16.3, 20.0 MeV anda = 0.0, 2.0
are compared with each other. In the table the results for the
number of events are given for a supernova at the distance
R = 10 kPc with the total energy Ei,; = 3.0 x 107 ergs. It is
seen in Table IX that the computed numbers of events vary
by a factor of almost two, depending on the adopted values of
(Ex) and «,. The results in the table are exact for the chosen
prediction for p(E) in the case of normal mass hierarchy.
For the inverted mass hierarchy the results are modified by
about 1%.

V. CONCLUSIONS

In this work we have performed a study of the charged-
current and neutral-current (anti)neutrino-nucleus scatterings
off 13°Xe. The cross sections have been computed for energies
of the incoming lepton, which are relevant for supernova
neutrinos. The neutrino-nucleus responses have also been
computed by folding the cross sections with appropriate energy
spectra for supernova neutrinos. In the present work the nuclear
wave functions for the states in '3®Xe have been constructed
by using the QRPA. Similarly, the pnQRPA has been used to
compute the states in the S-decay partners '*Cs and 1.

We have also in this paper studied the impact of neutrino-
flavor transformations on the computed flux-averaged cross

PHYSICAL REVIEW C 91, 014307 (2015)

sections by adopting a specific choice of the final energy
spectra of the supernova (anti)neutrinos. We have for this
particular case found that the charged-current neutrino and
antineutrino flux-averaged cross sections are significantly
modified by neutrino-flavor transformations. According to our
calculations the charged-current neutrino cross sections are
almost independent of the mass hierarchy. Because of the
relatively simple treatment of the neutrino-flavor conversions,
our results should only be considered as rough estimates of how
the nuclear responses could be modified by collective neutrino
oscillations and neutrino-matter interactions occurring under
certain supernova conditions. Computations of more accurate
estimates of the neutrino signal produced in an earth-bound
detector by supernova neutrinos requires the use of more
sophisticated treatments of neutrino mixing, which is beyond
the scope of the present work.

As expected, we have found in this work that most of the
events in an earth-bound detector will be caused by charged-
current neutrino scatterings. Contrary to this, the antineutrinos
will mostly cause neutral-current reactions because of the large
suppression of the charged-current antineutrino channel.

The results which have been computed in this paper
show that for the charged-current and neutral-current neutrino
scatterings the most crucial transitions are the ones which
are mediated by the 17 multipole. However, for the charged-
current antineutrino channel the 171 transitions are largely
suppressed. Therefore, spin-dipole-like transitions mediated
by the 1~ and 2~ multipoles are the most important ones.
These results are similar to the ones which have been obtained
for other nuclear systems.

Furthermore, we have found in the present work that the
computed averaged cross sections for the charged-current
neutrino and antineutrino scatterings off '3®Xe are not very
sensitive to the adopted value of the particle-particle strength
(gpp) in the 1" channel. This means that at least for **Xe
the possible uncertainty of the value of that parameter does
not have a crucial effect on the predictions of the nuclear
responses to supernova neutrinos.
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