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Calculations of (anti)neutrino-nucleus scattering cross sections are vital since experimental results for these
cross sections for terrestrial-based (anti)neutrino sources in the low-to-intermediate energy ranges are exceed-
ingly rare. A recent measurement of the scattering of stopped-pion neutrinos off '>’T by the COHERENT
Collaboration yielded a cross section that was only 41% of the expected theoretical prediction. Inspired by
this, we have computed the cross sections for (anti)neutrino scatterings off '*’ and '*Cs by considering
also the effect of the quenching of the weak axial coupling ga on the results. Two quenching schemes, a
conservative and a radical estimate, were considered. The cross sections as functions of the neutrino energy are
presented along with folded cross sections for stopped-pion and supernova (anti)neutrino spectra. The nuclear
model used was the microscopic quasiparticle-phonon model based on large single-particle model spaces and
realistic G-matrix-based effective two-body interactions. The obtained inclusive cross sections for stopped-pion
neutrino scattering off '>’T are in good agreement with the experimental results. The results indicate that
discrepancy between the experimental and theoretical results could be at least partly explained by the quenching

of ga.

DOLI: 10.1103/PhysRevC.109.035802

I. INTRODUCTION

The field of neutrino-nucleus interactions has generated
a substantial amount of interest in recent decades. Large
national and multinational experimental collaborations such
as Super-Kamiokande [1], Sudbury Neutrino Observatory
(SNO) [2], Ice Cube [3], and the COHERENT experiment
[4] have yielded a number of highly notable results includ-
ing experimental evidence for neutrino oscillations [5,6] and
detection of the coherent elastic neutrino-nucleus scatter-
ing (CEvNS) process [7]. In addition to the many currently
running neutrino experiments, a number of large-scale next
generation detectors such as the Jiangmen Underground
Neutrino Observatory (JUNO) [8], the European Spallation
Source neutrino Super Beam (ESSvSB) [9], and the Acceler-
ator Neutrino Neutron Interaction Experiment (ANNIE) [10]
are under construction or at planning stage. As a result, in-
terest in the field is expected to only increase in the near
future.

Despite a growing number of neutrino experiments,
there currently exists experimental results of terrestrial-based
neutrino scattering for only seven nuclear targets in the low-
intermediate energy range [11-13]. A recent measurement of
the charged-current stopped-pion electron neutrino scattering
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cross section off 271 by the COHERENT Collaboration [14]
is therefore of particular interest. The experimental result
for the cross section of the inclusive reaction was found to
be only about 41% of an expected theoretical estimate ob-
tained by using the Model of Argon Reaction Low Energy
Yields (MARLEY), a Monte Carlo event generator for neutrino-
nucleus interactions [15]. There is no immediately obvious
likely cause for this apparent disagreement that would explain
it completely. One factor that could explain the discrepancy is
the effective (quenched) value used for the weak axial-vector
coupling ga. In this paper we explore this possibility in detail.

The use of iodine in neutrino and dark matter detectors
has been and remains common in the past and present exper-
iments. It is typically utilized in the form of thallium-doped
cesium-iodide crystals CsI [T1], as in the KIMS experiment
[16], sodium-doped cesium-iodide crystals CsI[Na], as in
the COHERENT experiment [7], or thallium-doped sodium-
iodide, as in DM-Ice [17], PICO-LON [18], and ANAIS [19].
As cesium is often present in the detectors with iodine, it
is natural to consider both '?’T and '*3Cs and their neutrino
scattering properties instead of just one of them. The two nu-
clei have similar mass numbers and nuclear shell model shell
occupations, so it is reasonable to utilize the same nuclear
model and valence space for modeling both of them.

The primary goal of this paper is to compute accurate
and realistic charged-current (anti)neutrino scattering cross
sections off /T and '**Cs and compare the them to the
recent experimental results. Special care is taken regarding
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the choice of the effective value of ga (or ga .sr) used in the
calculations. In particular, we obtain separate values of g cf
for the two nuclear targets based on a systematic analysis of
allowed B-decay half-lives of nuclei in a wide range of mass
numbers as a conservative estimate for the quenching. We also
consider a more radical approach to quenching based on rough
estimates of ga ¢fr values obtained from forbidden decays. The
nuclear model we use in modeling the initial and final state nu-
clear wave functions is the microscopic quasiparticle-phonon
model (MQPM).

Several prior theoretical studies into the charged-current
neutrino scattering cross section off '271 exist, with varying re-
sults [20-26]. Much of this research is quite old (at least 15 to
over 30 years) and was thus conducted with, by modern stan-
dards, relatively limited available computational power. '’
and 133Cs are also open-shell nuclei with large numbers of va-
lence nucleons so shell-model calculations were prohibitively
expensive for obtaining spectra of states up to the energies
required for a realistic description of intermediate-energy
(anti)neutrino (such as supernova or stopped-pion) scattering.
Older scattering cross section calculations thus either had to
rely on somewhat drastic simplifying approximations to the
nuclear models used [21,22], or utilized methods that avoided
the construction of explicit final states altogether, such as the
closure approximation [27,28] and Fermi gas models [29,30].
It is also worth noting that recent research for low-energy
neutrino-nucleus charged-current scattering off '?’T in the
form of solar neutrino scattering exists [31-33].

The chosen value of ga . also varies in the previous re-
search. The effective value of the weak axial-vector coupling
inside nuclear matter has been long known to differ from
the corresponding free value in the case of nuclear 8 decay
[34,35]. As accurate (anti)neutrino-nucleus scattering cross-
section measurements are considerably more difficult than
measurements of the half-lives of typical 8 decays, studies
into the quenching of g4 in B decays provides a valuable way
of estimating the quenching in (anti)neutrino-nucleus scatter-
ing and other weak nuclear processes. New systematic studies
into the quenching of ga in various § and BB decays have
been conducted during the last decade [36]. The findings in
the mentioned studies can be applied to (anti)neutrino-nucleus
scattering calculations in an attempt to choose the value of
gA.ff more accurately in order to obtain more accurate results
for the cross sections, which is precisely the goal of this
paper.

This paper is organized as follows: In Sec. II we briefly re-
view the theory of semileptonic nuclear processes with special
emphasis on the emergence and role of the weak axial-vector
coupling ga and the procedure by which its effective values
used in the scattering calculations were obtained. We also
discuss the nuclear many-body framework used in the con-
struction of the nuclear states, presenting also the obtained
theoretical spectra for the nuclei of interest. In Sec. III we
present the results for the scattering cross sections as func-
tions of the energy of the incoming (anti)neutrino, along
with the folded cross sections for stopped-pion and supernova
(anti)neutrinos. The results of the two different quenching
schemes are also compared to the experimental results for
the scattering off '?I. Finally, in Sec. IV we discuss the

FIG. 1. Feynman diagram illustrating the reaction where an in-
coming (anti)neutrino (V)v scatters off an atomic nucleus N(A, Z)
via the exchange of a charged W¥ boson, producing the final state
lepton [T and the daughter nucleus N(A, Z £ 1)*, which may be in
an excited state. The four-momenta of the lepton and nucleus prior to
the scattering are denoted by k, and K|, and after the scattering by
k, and K/, respectively. The transferred 4-momentum is denoted by

"

=k, —k, =K, — K.

"

conclusions that can be drawn from the obtained results them-
selves and their comparisons to corresponding experimental
results.

II. THEORETICAL FORMALISM

A. Neutrino-nucleus scattering

A charged-current neutrino-nucleus scattering reaction can
be expressed as

VU+NAZ) — IF+NAZED*, (1)

where (V) v denotes an initial state (anti)neutrino, (I7) [~
a final state (anti)lepton, and N(A, Z) and N(A,Z £ 1)* the
initial and final state nuclei. This process proceeds via an
exchange of the charged vector boson W, and is illustrated in
Fig 1. In addition to the possibility of the reaction of leaving
the final state nucleus in an excited state [denoted by * in
Eq. (1) and suppressed hereafter, unless stated otherwise], the
final state nuclear species is also different from that of the
initial state nucleus, and as a result these reactions can have
a threshold energy. The relevant reactions considered in this
paper are, with the threshold energies (in keV) in parentheses,
the following [37]:

v+ 1 — e +'Xe (662 +6),
7,4+ — e+ 'Te (1725+5),

v+ B0 — e +Ba (51742),

T4+ B0 — et +1BXe (1449£3), ()

where the initial nuclei are in their ground states. These reac-
tions are also illustrated in Fig. 2. The scatterings of u and ©
neutrinos have threshold energies of 2106 and 21777 MeV
(the masses of the u and 7 leptons [38]), far beyond the
relevant energy ranges of typical astrophysical neutrinos (<
18 MeV for solar neutrinos and < 80 MeV for supernova
neutrinos [39]), and we will thus not consider these reactions
here.

To compute the scattering cross sections we have utilized
the Donnelly-Walecka formalism [40,41] for semileptonic nu-
clear processes. The scattering process of Fig. 1 can be treated
as a more simple pointlike current-current interaction between
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FIG. 2. The energies and spin-parities of the grounds states of the nuclei involved in the scattering reactions considered in this paper. The
energies are normalized to the energy of the ground states of the initial nuclei.

the lepton (j*) and hadron (J*) currents with an effective
Hamiltonian

= / &% j5F 0T (%), 3)

eff 5

when the transferred four-momentum g, =k, — k, = K, —
Kl; is small compared to the W-boson mass, i.e., —g,q" =

Q% <« M. Here G = Gy cos O, where Gp = 1.1664 x 107>
GeV is the Fermi constant and 6 the Cabibbo angle. We write
the matrix element of the effective Hamiltonian as

(FIH i) = % f d*x e P ) (f| T i), 4)
|

where [P (x) = €9 (f| jP(x) |i) is the lepton matrix ele-
ment. The double-differential (anti)neutrino cross section off
a nucleus with initial and final states |J;,¢) with energies E;; ¢
can then be shown to be given by [42]

d*oiy _ G*F(£Zs, E)|K'|Ey
dQdEec ),y 7QE+1)

N DD i N )

J>0 J>1

where the Coulomb-longitudinal (CL) and transverse (T) con-
tributions are

odp =1+ acos )| IMyQIIDI* + (1 +acosd — 2bsin? 0)|(J¢]|1L;(g)] )]

+ 2 ECXC
q

and

(I +acos® + )Re[(J7 || Ly (I IMy(@I1)] (6)

ot = (1 —acos @ + 2bsin” O)[ || T @)1 + [T (@)1

Ey + Ey

F ZT(I —acos§ — ORe[ I T (DI T (@IV)] @)

respectively. In the above equations, Eex. = Ex» — Ex = Ey —
Ey denotes the nuclear excitation energy,

q==Iql=:VﬂﬂE§-+£f-—2E¢Epacose (8)
the magnitude of the three-momentum transfer, and

2 2 2
m; _a EEy _om
— = and ¢ = —,

qEy

€))

where my; is the rest mass of the final state lepton /.

The Coulomb interaction of the final-state lepton and
daughter nucleus which distorts the wave function of the
lepton is taken into account in the form of the function
F(£Z;, Ey) in Eq. (5). Here, Z; is the proton number of

(

the daughter nucleus. For neutral current reactions we simply
have F = 1, as the final state lepton is uncharged, but for
charged-current reactions its form is more complicated. When
the effective momentum k. and energy E.g of the final state
lepton are defined as

keff = Eesz — m,2 and Eeff = Ekf - Vc(O), (10)
where Vc(r) is the Coulomb potential due to the daughter
nucleus at point r, we can treat the effect of the distortion
differently for small and large values of k.. When kR < 1,
we use a Fermi function for the function F, and for the other
values of k.¢r we employ the modified effective momentum ap-
proximation (MEMA) [43], where we set F' = 1 and replace
k = |K'| and Ey with ke and E.g respectively.
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B. The nuclear current and the quenching of g

It is relevant for this paper to discuss the structure of
the spherical tensor operators My (q), Lm(q), 7}3‘14(61), and
T (q) appearing in Eqs. (6) and (7) in a little more detail.
The operators are defined according to [41]

Mou(g) = / X Mo (g, 0T (x),
Lov(g) = é / X V[Mu(q. )] - T2 (x),

1
T = f EX[V x MY (g.0)] - T x),
and
Tint(q) = / d*xMY (g, x) - TF(x), (11)

where J®# = (JF), —F®) and

Miv(g, X) = My (q, 1,0, 9) = ju(gr)Yy (6, ¢)

and MY} (q,x) =M% (q.r.0,¢) = jL(gr)Y}; (0, ),
(12)

with j; being the spherical Bessel function of order L and
())%I)YAQ the (vector-)spherical harmonic function. The nu-
clear current operator contains both vector and axial-vector
parts JE# = JFH — JF and as a result so do the
spherical tensor operators above. They can therefore be sep-
arated into vector and axial-vector parts [e.g., My (gq) =
MJVM (g — M }*M (¢)] and we can consider their matrix elements
separately.

The first and second quantized vector/axial-vector nuclear
current operators are written in terms of the free particle
(box-normalized plane wave) states |po), (X|p, o) = ¢p o (X)
of momentum p and spin o as [41,44]

N
z

TG ) =D It ® (x — x) (13)
i=1
and
JoR" 0 =Y a0 R b o)yl cpe  (14)
p.o’.p,o

respectively, with

00 R 0.0, = [ dyel,, WIRT)
x 8D (X — Yo, (¥),  (15)

where J\(,ﬂ:’i‘(l) is the current due to the ith (a single) nu-

cleon and cgpa and cp,, are the creation and annihilation
n

protons
neutrons +
eral forms of the matrix elements (p’, o’|J\(,/2"‘ |p, o) that
satisfy Lorentz covariance, parity conservation, time-reversal

invariance, and isospin invariance can be written by using

operators of the plane wave states for . The most gen-

the Dirac equation at the origin as (assuming no second-class
currents) [45]

1
10,0 WO P, o)y = Zi (', o)

i
x [FFC(qZ)y“ - %cmc(qz)ﬁw%}ug(l), o) (16)

and
’ AR (EIN _ 1— ’ l CC/ 2 nw
(P o'y (0) [P, o) = Vug(p,a NESS(@)ysy

+ EC (D ysq" | (p, o), (17)

where V is the quantization volume of the plane waves, my
the nucleon mass, and [ (p, 0)] ur (p, o) the [adjoint] Dirac
spinor of a P! _The form factors F°¢, F°¢, F{C, and FF©
are used to take into account the finite size of the nucleons.
The right-hand sides of the above equations can then be ex-
panded in powers of my " up to second order and compared
to the matrix element of the second-quantized operator of
Eq. (14) at the origin to obtain the form of the operators J\(,ﬂ,t/i:’l‘.
Then an expression for the cross section in terms of the form
factors can eventually be obtained [41].

For the purposes of the present paper, the axial-vector form

factor F"¢(g*) can be modeled using the dipole form

FEC(0)

2\
(1+3%)
where M, = 1.014 GeV and FIC(0) = gy is the weak axial-
vector coupling constant. The bare value of g4 is predicted by
the partially conserved axial-vector current (PCAC) hypothe-
sis [46], and can be measured from some weak process, such
as the decay of a free neutron into a proton. The currently
accepted value of this is go = —1.27641(45 ) (33 )sys [47].
However, the effective value of g in nuclear medium typ-
ically needs to be quenched with respect to the bare value
in order to obtain acceptable agreement with experimental
results [34,35,48,49]. This is mainly due to the limitations in
the single-nucleon valence and many-nucleon configuration
spaces, and the neglect of three-nucleon forces in numerical
calculations. Further quenching arises from nuclear-medium
effects, such as the meson-exchange many-body currents that
are not included in the one-nucleon impulse approximation,
and non-nucleonic degrees of freedom (e.g., A baryons) that
are usually neglected [36].

In the (anti)neutrino-nucleus scattering calculations, typi-
cally an unquenched or moderately quenched, ga (st = —1.0,
value has been used [39]. In the context of these scatter-
ings, little has been done in exploring systematically the
degree of quenching of the axial coupling. Contrary to this,
for some other neutrino-related processes, like beta decays
and double beta decays, a lot of systematic investigations
have been performed in order to pin down the degree of
ga quenching in these processes [36,39,50,51]. One of these
systematic studies is conducted in the nuclear mass region
A = 100-136 [52], relevant for the present work in terms of
the nuclear mass range and the assumed nuclear many-body

FSqh = (18)
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frameworks, namely the quasiparticle random-phase approx-
imation (QRPA) and proton-neutron QRPA (pnQRPA). The
analyses of Ref. [52], performed for Gamow-Teller beta and
two-neutrino double beta decays, revealed an average piece-
wise linear dependence of ga g on the mass number, ga off =
(A — 86)/60, within the mass range A = 122-136. This linear
fit would suggest values ga or &~ —0.683 for 2T and g ofr &
—0.783 for '3Cs. Also some IBM-2 (microscopic interacting
boson model) and ISM (interacting shell model) based studies
in this region implied similarly quenched g . values [36].

Here one has to note that the momentum transfers in the
neutrino-nucleus scattering, discussed in the present work, are
much larger than in the Gamow-Teller type of beta and two-
neutrino double beta decays mentioned above. This means
that in addition to the allowed Gamow-Teller type of contri-
butions, corresponding to the s partial wave of the involved
leptons, a non-negligible contribution arises from the so-
called forbidden transitions corresponding to higher partial
waves of the involved leptons. At zero momentum transfer
these forbidden transitions can be studied using forbidden
beta decays. These studies [53,54] suggest that ga . would
be even more radically quenched for the forbidden decays
than for the allowed ones. The study of first-forbidden unique
beta decays in the mass range A = 72136, performed in [53],
suggests a value gfg‘gff = 0.57, when the pnQRPA-computed
beta-decay rates are compared with the measured ones. Even
stronger quenchings are suggested for the higher-forbidden
beta decays in [54]; see the discussion in [36].

Based on the above discussion, we can build a (conserva-
tive) quenching model for g4 such that for both the allowed
Gamow-Teller and the forbidden transitions we use the results
of the linear fit. We can test this quenching model against
experimental data for the scattering of the stopped-pion neu-
trinos off '?7], as discussed in Sec. III B.

C. Nuclear structure

The initial- and final-state nuclear wave functions used in
our calculations were modeled by using the same formal-
ism as in our previous work concerning the neutral-current
(anti)neutrino-nucleus scattering off '2’T and '*3Cs, namely
the MQPM [55,56]. For a brief recap, the MQPM is a
quasiparticle based nuclear model which is built upon the
quasiparticle random-phase approximation (QRPA), which
in turn is based on the BCS model of the atomic nucleus.
The BCS-quasiparticle creation and annihilation operators a;,
and d, [using the standard Baranger notation o = (a, my) =
(Mg, la, ja, my) for the quantum numbers] are obtained from
particle-hole creation and annihilation operators ¢, and &, by
the Bogolyubov-Valatin transform,

a; = UgCq + Volq, Oq = UgCq — v(lc(;p (19)

where u, and v, are the occupation and vacancy amplitudes
respectively.

After solving the BCS occupation amplitudes, the quasi-
particle operators can be coupled together to form the QRPA

phonon operators [49]

Q}w’ﬂqum =0 = Z [X6ATUM) - Y5AUM)],  (20)
a<b
where
+ vV 1 + 3ub(_1)1 +
AL, (UM) = Tire, [alab]JMs
Ap(IM) = (=1 ™A, (J — M). 21

The quantum numbers (J,, 7., k,) of a phonon denote its
angular momentum, parity, and enumeration number respec-
tively. The phonon operators can then, in turn, be used to
construct the MQPM excitation creation operators

ITUM) =Y Clal,, + Y Dl laiOl . (22)

The amplitudes X® and Y® can be solved from the QRPA

equations
A B X\ E X
_B* _A* Ya) — Lo Yw 3

after which the amplitudes C' and D’ can be solved from the
MQPM equations

( 2)6)=26 ¥)6)

The details of solving these equations along with the nature of
the submatrices A, B, A, A’, B, and N are discussed in [49].

The nuclear models discussed thus far were applied in the
same manner as in our previous paper, and the details of this
procedure are discussed there. We will give a brief recap of
this here. In the BCS-calculations for the even-even reference
nuclei, the lowest theoretical quasiparticle energies were fitted
to the experimental proton and neutron pairing gaps defined
by the equations

(23)

(24)

A(A,Z)=2(=D"[S,(A+1,Z+ 1) — 25,(A, Z)

+8,(A—1,Z —1)] (25)
and
AVA,Z) =1(—=DNSWA + 1,2Z) — 25.(A, Z)
+S.(A—1,2)], (26)

given in terms of the experimental proton and neutron
separation energies S, and S,. The single-particle energies
used in the calculations were obtained from the Coulomb
corrected Woods-Saxon potential using the Bohr-Mottelson
parametrization [57] with adjustments to the energies of the
states near the Fermi surface. These adjustments were made
to improve agreement with the theoretical and experimental
spectra, and they are listed in Table I. The QRPA calculations
for the even-even reference nuclei were performed by fitting
the energies of the lowest theoretical states of natural parity
up to and including 67 to their experimental counterparts, by
scaling the two-body matrix elements of said multipolarities
in the matrices A and B with the phenomenological particle-
particle and particle-hole strength parameters g, and g,
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TABLE 1. Adjustments to the energies of the single-particle
Woods-Saxon orbitals (in MeV) for all MQPM reference nuclei.

Orbital 10Te $Xe P2Xe **Ba
lds) » - - - +0.03
0g7/2.% —0.15 —0.20 —-0.35 -0.70
0h11/2,% —0.60 —0.30 —0.60 —-0.50
251/2,7‘[ — — — —
1d3/2,n - — — —
1ds2,, - - - _
0g7/2.0 +1.00 +2.00 - -
251720 +0.90 +0.60 +0.30 +1.00
1ds,, +0.60 —0.30 +0.50 +0.14
Ohy1/2,0 —1.00 —1.13 —1.00 —1.00

[58,59]. The results of the QRPA calculations were then used
to perform the MQPM calculations for the odd-A nuclei of
interest. The resulting theoretical spectra along with the cor-
responding experimental spectra for the neutron-odd nuclei
are illustrated in Figs. 3 [60] and 4 [61]. The corresponding
graphs for the proton-odd nuclei and the QPRA results for the
even-even reference nuclei are found in our previous paper
[62]. The same values as in the QRPA calculations for the
parameters g, and g, were also used in the MQPM calcula-
tions, and all fitting to experimental data was done at the BCS
and QRPA level of calculations.

It should be noted that the nuclear-structure calculations
for the nuclei considered in our previous work, namely '*’]
and '**Cs and their corresponding even-even reference nuclei
126 128Xe 132Xe and 3*Ba, were identical to the calcula-
tions needed for this paper, and the previously obtained results
were naturally used for them. The charged-current scattering
final state nuclei '*’Xe, '*’Te, 133Ba, and '**Xe can be mod-
eled using the same even-even reference nuclei as the initial
nuclei [e.g., the QRPA results for '**Ba can be used to model
133Cs (**Ba) by performing a proton(neutron)-odd MQPM
calculation]. This was in fact already taken into account in our
previous work by adjusting the neutron single-particle ener-
gies near the Fermi surface to improve the agreement between
the theoretical and experimental spectra of the neutron-odd

127Xe 127Te
2.5
2.0
=
S 15
=
>
o0
Z 1.0
=
53]
0.5
('1 2- ) 0.341
11/27 0.088
1/21 3 —Jr 0. [M
——— 0.000
0.0
EXP

FIG. 3. Experimental and MQPM-computed energy spectra of
177Xe and 'Y'Te from the reference nuclei '®Xe and '*Te,
respectively.

1335, 133x,
2.5 =
2.0 = B
g ) = =
© = -
=
=] — _
Z = =
& = IRt -
= 372 05 15 = 10.929
z = 0791 i/z+ 091l
5 = [ 0.676 T ’* 087
" 407
o (t:(‘fi ;/2+ T 0,680
1 j 0.578 5/2+ 0.608
0.5 * 4,1”3(2) 5/2+ 0.530
5/2 0.291 - + .
R 929 1/2 0.26 1/2% 1 0.263
11/2- 0.141 / 11/2° 0.223  11/2° 0.233
372+ — 00 3/2+ 0.012 )
0.0 172+ L_J 0.000 12t L loo00 3/2Y 0000 3/2* 0.000
TH EXP TH EXP

FIG. 4. Experimental and MQPM-computed energy spectra of
3Ba and **Xe from the reference nuclei '**Ba and '*?Xe,
respectively.

charged-current scattering final nuclei, despite the fact that
the neutron-odd nuclei were not considered in the mentioned
work. The reason for this was to make the neutral-current and
charged-current scattering results as comparable to each other
as possible by using the same even-even reference nuclei in
both calculations.

II1. RESULTS

A. Scattering cross sections

The results for the total neutrino scattering cross sections as
functions of the energy of the incoming neutrino for the reac-
tions of Eq. (2) are presented in Table II. Here we have used
the conservative estimate for the quenching of g, namely
quenching the axial coupling in the same way for the allowed
and forbidden transitions. We also give the decomposition
of the total cross sections to the vector, axial-vector, and
interference parts. The cross sections were obtained by first
computing the double-differential cross section of Eq. (5),
numerically integrating over the scattering angle and sum-
ming over the contributions from individual final states. These
cross sections are also illustrated in Fig. 5. It can be clearly
seen that the neutrino scattering cross sections are noticeably
larger than the corresponding cross sections for antineutrino
scattering for both nuclei. This result was expected based on
the differences in the threshold energies between the different
reactions, as discussed at the start of the previous section.
This difference in cross sections is more pronounced at lower
incoming (anti)neutrino energies and diminishes steadily as
the energy of the lepton increases, as the differences between
threshold energies are independent of the projectile energy.
The differences between the two nuclei for the same types
of reactions are relatively small. For neutrino scattering, the
cross sections are slightly higher for the v, + *Cs — e~ +
133Ba reaction compared to the v, + 1’1 — ¢~ + 1?"Xe re-
action, but for the lowest of incoming neutrino energies where
the differences in contributions from individual final nuclear
states between the two odd-A nuclei can be significant. The
cause of this is mainly due to the higher ga . parameter
value used for the former. Similar behavior is also observed
for the antineutrino scattering, although in this case the cross
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FIG. 5. Total cross section as function of the incoming (anti)neutrino energy for all the scattering reactions of interest.

section of the U, + 'Y’ — e™ + '?'Te reaction remains
larger than that of the U, + **Cs — e + '3Xe reaction
until relatively high (Z 70 MeV) antineutrino energies.

B. Flux-averaged stopped-pion neutrino cross sections

We also report results for (anti)neutrino-flux-averaged
cross sections involving two neutrino sources: Accelera-
tor based stopped-pion decay and astrophysical supernova
(anti)neutrinos. Stopped-pion neutrinos are produced in the
decay chain of 7 in the reactions

+

7t — put4v, and put — e +v.+v,. (27)

The first reactions is a two-body decay and the produced v,
are thus monochromatic in energy as a result. We used the
value E,, =29.8 MeV in our calculations. The spectra of
the electron neutrinos and muon antineutrinos produced in the
second reaction are continuous, and for the former we utilized
the commonly used model

E2

— - 2Ev )
mi (mll 5)

p(Ey,) =96 (28)
where m,, is the muon mass and E,, € [0, m,,/2].

The flux-averaged cross sections (o) were computed by
folding the energy dependent cross sections with the above
(anti)neutrino energy distributions, i.e.,

[e.¢]

(o) = fo dE,o (E,)p(E,). (29)
The results are presented in Table III. Of particular interest is
the cross section for stopped-pion electron neutrino scattering
off 271, as this cross section was recently experimentally mea-
sured by the COHERENT Collaboration. Their reported cross
sections were (9.2ij:§) x 10740 cm? for the inclusive reaction
Ve + 71 — e~ + 77Xe* and (5.2%37) x 10740 cm? for the
exclusive reaction v, + %I — e~ + '?’Xe*(bound states)
[14]. Our corresponding result for the inclusive reaction was
computed to be 10.6 x 1074 cm?, which was obtained by
using our quenching model. This in good agreement with the
reported experimental result. An earlier theoretical study [25]
utilizing the local density approximation, taking into account

Pauli blocking, Fermi motion effects and renormalization of
weak transition strengths in the nuclear medium, found a
result of 12.53 x 10~%° cm? for the inclusive cross section,

TABLE III. Total folded neutrino (v) and antineutrino (¥) scat-
tering cross sections, computed using our quenching model for ga et
(see Sec. IIB), for both nuclei of interest. Also included are the
individual contributions to the total folded cross sections, namely the
CL and T contributions of Egs. (6) and (7), along with the vector (V),
axial-vector (A), and interference (I) contributions. Here it should be
noted that one can obtain the total folded scattering cross sections for
any value of g5 by multiplying the axial contributions by the ratio
§4/8% e and the interference contributions by the ratio ga/ga et
The results are for supernova neutrino spectra with the choices @ = 0
and o = 3 for the degeneracy parameter, and stopped-pion () elec-
tron neutrino spectrum. The format in which the data is presented is

the same as in Table II and the units are 10~* cm?.

Initial nucleus

127I 133C§

Final nucleus Final nucleus

Xe)  TTe@)  FBa)  Xe@)
CLoo 6.894(2) 4569(00)  6.917(2) 3.515(0)
CLos 6.232(2) 3.193(0)  6.201(2) 2.354(0)
CL, 4.225(3) - 4.360(3) -
Toco 9.037(2) 1.018(1) 1.157(3) 7.901(0)
Toes 8.054(2) 7.996(0) 1.042(3) 5.755(0)
T, 6.360(3) - 7.569(3) -
Voo 6.509(2) 4.70900)  6.329(2) 3.737(0)
Voos 5.818(2) 3.157(0)  5.576(2) 2.433(0)
V, 4.305(3) - 4.332(3) -
Avo 8.030(2) 1.300(1) 1.051(3) 1.034(1)
Aus 7.360(2) 9.782(0)  9.722(2) 7.228(0)
A, 4.681(3) - 5.846(3) -
Lo 1.391(2) —2.960(0) 1.650(2) —2.657(0)
Lo_s 1.108(2) —1.749(0) 1.324(2) —1.553(0)
I, 1.601(3) - 1.751(3) -
Tot.e—o 1.593(3) 1.475(1) 1.849(3) 1.142(1)
Tot.es 1.429(3) 1.119(1) 1.662(3) 8.108(0)
Tot., 1.059(4) - 1.193(4) -
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FIG. 6. Contributions of different multipoles to the total folded stopped-pion neutrino cross section for scattering off '>’[ (left) and '**Cs
(right). The parts with different tensorial character (vector, axial-vector, interference) for each individual multipole contribution are also
visualized. Higher multipoles not present in the graphs have vanishingly small contributions.

which is also in relatively good agreement with both our result
and experiment.

To obtain an accurate theoretical result for the cross sec-
tion of the exclusive channel would require calculation of
the neutron emission probabilities of different final nuclear
states of '>”Xe that are above the neutron separation energy of
7.246 MeV, which is outside the scope of this work. We can,
however, compute a lower bound for the exclusive channel by
summing up the contribution from all the final states below
the neutron emission threshold. The lower bound obtained in
this manner was 6.1 x 107#° cm?, which is compatible with
the experimental result. Regarding this, it should be noted that
the uncertainties in the experimental exclusive result are rather
large, and thus no definite conclusions can be drawn from
this comparison. Nevertheless, an earlier result of [2.84 +
0.91(stat) & 0.25(syst)] x 1074 cm? for the exclusive cross
section obtained at the Los Alamos Meson Physics Facility
(LAMPF) exists [26], which is in agreement with the most
recent COHERENT result (due to large uncertainties in the
latter), and in disagreement with our theoretical estimate for
the lower bound.

The contributions from different multipoles to the total
folded cross section of stopped-pion electron neutrinos off
1271, along with the scattering off '3*Cs are presented in Fig. 6.
In the figure it can clearly be seen that the allowed 0 and
1" multipoles are the most prominent, while the forbidden
transitions still contribute significantly. All the axial-vector
contributions together are responsible for ~44% of the total
folded cross section for the scattering off 2’1, and a total of
~58% of the axial-vector contributions are from the allowed
1™ multipole. At this moment no data are available for the
scattering cross section off '*3Cs meaning that the results ob-
tained for this nucleus currently serve as predictions for future
experiments. The differences between the multipole profiles
between the two nuclei are also minute aside from the absolute
values of the contributions, which are larger for 133Cs as were
the total folded cross sections. The relative proportions of the

contributions (e.g., allowed to forbidden) can be seen to be
highly similar on the other hand.

Thus far in our calculations we have used the (conserva-
tive) quenching model of ga . = —0.683 for all multipole
transitions in '2’T. A more “radical” quenching scheme would
be to adopt the value gf/;’flgff = 0.57 for all forbidden tran-
sitions, as suggested by the study [53]. Some 42% of the
axial contribution in Fig. 6 comes from the forbidden tran-
sitions. Applying the quenching gf/‘\’fgff = 0.57 on this part
of the axial contribution would bring our conservative esti-
mates for the stopped-pion inclusive cross sections, 10.6 x
10740 ¢m? for T and 11.9 x 10740 ¢m? for '33Cs, to values
9.9 x 107*° cm? for ¥’ and 10.6 x 1074 cm? for '3*Cs.
Hence, the additional quenching coming from the forbidden
transitions does not affect much the final values of cross
sections. Anyway, nothing definitive can be stated about the
superiority of either quenching scheme since in the case of
1271 both are in agreement with the experimental result owing
to its large error bars.

In addition to the multipole profiles, other data of in-
terest include the contributions to the total folded cross
sections from individual final nuclear states. These are pre-
sented for the conservative quenching estimate in Fig. 7. For
charged-current scattering most of the contributions for both
nuclei come from a high number of individual states spread
over a relatively wide range in energy. It is worth mentioning
that, in comparison, we found in our previous paper in the con-
text of supernova neutrino scattering that the neutral-current
contributions came from a relatively small number of highly
contributing states, located particularly in the ~8—10 MeV
range, corresponding likely to spin-flip M1 giant resonances
[62].

Another difference compared to the earlier neutral-current
results is that while they and the new charged-current results
do share the feature that the most highly contributing states
are composed of mainly states that can be reached from the
ground state of the mother nucleus via an allowed transition,
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this observation is even more pronounced in the charged-
current results. For the neutral-current scattering there were
some prominently contributing states that are reached via a
forbidden transition, whereas in the contribution spectra for
the charged-current results these type of states are fewer and
their contributions smaller. To give an idea of this difference,
the neutral-current electron scattering off 12’1 using the ref-
erence nucleus '*°Te had several of these type of states that
had contributions in the ~1% range, compared to the charged-
current scattering off '>’T for which the highest contributing
state reached via a forbidden transition had a contribution of
only 0.5%. As for the differences in the results between the
two nuclei for the charged-current results, the different con-
tribution spectra do share the general features of one another
to a high degree, as was the case in our previous paper for the
neutral-current scattering, as well.

C. Supernova-(anti)neutrino cross sections

The model we use for supernova (anti)neutrinos is based
on a modified thermal Fermi-Dirac distribution [63,64]

1 E?
T3F(a) /T~ 41’

p(E,) = (30)

where T is the effective (anti)neutrino temperature inside the
supernova and F,(«) the Fermi-Dirac integral

Fn(Ol) = /dxl—{—xm'

n

€19}

The degeneracy parameter « is introduced in order to bet-
ter account for the damping of the high-energy tail of the
spectrum. There is no consensus on what the exact value
of the o parameter should be, and we have consequently
computed the flux-averaged supernova (anti)neutrino scatter-
ing cross sections using two commonly used values for it,
namely o = 0.0 and o = 3.0. These are the same values that
were used in our previous work on neutral-current supernova
(anti)neutrino scattering. The neutrino spectrum can be alter-
native parametrized in terms of the average neutrino energy
(E,), which is related to T and « by

_ B(a)

F(a)
In this paper we have adopted the same commonly used values
(in MeV) of (E,,) = 11.5, (Ey,) = 13.6, and (E, jv,) = 16.3,
where we denote the combinations of both the u and t flavors
by x.

(Ev) (32)
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The folded supernova (anti)neutrino scattering cross sec-
tions are presented in the same table as the previously
discussed stopped-pion results, namely Table III. Most of
the conclusions that can be drawn from them either follow
directly from the unfolded results of Table II or from the
same arguments as in the case of stopped-pion scattering;
the neutrino scattering cross sections are larger than the cor-
responding antineutrino cross sections due to the threshold
energies and the results for '33Cs are larger than those of >
mainly because of the higher value of g ¢ used in the compu-
tations for the latter. Another immediate observation that can
be made is that a higher value for the degeneracy parameter
corresponds to a lower effective neutrino temperature, and the
results for o« = 3 are thus expectedly smaller than for ¢ = 0.
Some of the multipole profiles and final-state contributions of
charged-current supernova-neutrino scattering are illustrated
in Figs. 8 and 9.

The main differences between the supernova-neutrino re-
sults and the corresponding stopped-pion results is that in the
former the incoming lepton energy is notably smaller than
in the latter. As a result, the supernova-neutrino scattering
is even more dominated by allowed transition multipoles, as
can be clearly seen in Fig. 8. The highly contributing final
states in Fig. 9 are thus to an even greater degree composed of
states that can be reached from the ground state of the mother
nucleus through allowed transitions. In particular, the single
most highly contributing state for the v, 4+ '?’1(5/2%) —
et + 127Te reaction is the 3/2% ground state of the daughter
nucleus, representing well over 10% of all the contributions to
the reaction cross section. This reaction is the only one of the
reactions listed in Eq. (2) to have an allowed ground-state-to-
ground-state transition, which mostly explains the dispropor-
tionate contribution of this transition and why a similar effect
is not observed in the contributions to other reactions.

IV. CONCLUSIONS

In this paper we have reviewed the theory of semileptonic
nuclear processes. We have briefly discussed the theoretical
formalism of the quasiparticle-based nuclear models QRPA
and MQPM, and applied the latter of these to construct wave

functions of the initial and final nuclear states for the charged-
current (anti)neutrino scattering reactions off 1277 and 133Cs.
We have computed the scattering cross sections as functions
of energy, and the total folded cross sections of stopped-pion
and supernova neutrinos.

For both initial nuclei the neutrino scattering cross sec-
tions as functions of the energy of the incoming neutrino
were found to be a few orders of magnitude larger than the
corresponding antineutrino cross sections. This could be ex-
plained by the higher threshold energies of the latter reactions.
Differences in the scattering results between the two nuclear
targets were small, mostly arising from the different effective
ga values used for them. Folded cross sections were also com-
puted for stopped-pion and supernova-(anti)neutrino spectra.
The results for the former, in the case of '?’1, are in good
agreement with the recent measurement of the COHERENT
Collaboration.

The question of to what degree the quenching of ga can
explain the apparent discrepancy between the recent experi-
mental result and the MARLEY estimate is more complicated
and at this point inconclusive. While the computed inclusive
cross section is in good agreement with experiment, the case
of the exclusive cross section is more complicated and further
research into this would be needed to arrive at a definite
answer. Furthermore, it should be noted that an upper bound
for ga efr extracted from the experiment was also reported in
the same paper. This was obtained by comparing the upper
lo uncertainty experimental result to the MARLEY estimate
with the lower lo uncertainty for the input data [14]. As
MARLEY does not currently incorporate forbidden transitions
and employs the allowed approximation [15], experimentally
measured Gamow-Teller strengths of >’Xe were used as in-
puts [65]. These are also the source of the uncertainty in the
MARLEY estimate. The resulting upper bound for ga ¢, which
wasl§A,eff < 0.97 [14], does not contradict our choice of ga efr
for 1?77.
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