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Abstract: In our recent publications, we presented neutral-current v—nucleus cross-sections for the
coherent and incoherent channels for some stable Mo isotopes, assuming a Mo detector medium,
within the context of the deformed shell model. In these predictions, however, we have not included
the contributions in the cross-sections stemming from the stable *4°Mo isotopes (abundance of **Mo
9.12% and of Mo 16.50%). The purpose of the present work is to perform detailed calculations of
v-249%Mo scattering cross-sections, for a given energy E, of the incoming neutrino, for coherent and
incoherent processes. In many situations, the E, values range from 15 to 30 MeV, and in the present
work, we used E, = 15MeV. Mo as a detector material has been employed by the MOON neutrino and
double-beta decay experiments and also from the NEMO neutrinoless double-beta decay experiment.
For our cross-section calculations, we utilize the Donnelly-Walecka multipole decomposition method
in which the v—nucleus cross-sections are given as a function of the excitation energy of the target
nucleus. Because only the coherent cross-section is measured by current experiments, it is worth
estimating what portion of the total cross-section represents the measured coherent rate. This requires
the knowledge of the incoherent cross-section, which is also calculated in the present work.

Keywords: electroweak neutral-current processes; neutrino—nucleus scattering cross-sections; deformed

shell model; Donnelly-Walecka decomposition method; coherent neutrino-nucleus scattering; CEvNS

experiments; incoherent neutrino-nucleus scattering; state-by-state calculations; 94,96,98, 100\ [

1. Introduction

As is well known, the neutral-current neutrino—nucleus scattering cross-sections are
about two to four orders of magnitude larger than that of the charged-current neutrino-
nucleus process [1-5]. However, due to the different signal to the detector in these two pro-
cesses, the neutral-current neutrino—nucleus scattering has been measured only recently,
about half a century after its first prediction by Freedman [1], with the COHERENT exper-
iment at the SNS neutron spallation source in Oak Ridge, USA [6-8]. It should be noted
that in the case of the neutral-current neutrino—nucleus scattering, the coherent elastic
v-nucleus scattering (CEVNS) process is possible in which the signal to the detector is the
recoil energy released on the nuclear target.

This implies that the observation of CEVNS is possible by employing, instead of multi-
ton neutrino detectors, much smaller neutrino detection devices with the total detector
mass of the kg scale. Thus, the weak neutral current process is difficult to detect due to
the very low momentum transfer of the scattering process, which leads to recoil energies
of the order of only a few keV. This was the main reason why this process has been only
recently been observed [6,7]. Afterwards, this research topic started growing up from
experimental perspectives [9-17] as well as from a theoretical and phenomenological
viewpoint; see [5,18-25] and references therein.
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Nowadays, new experiments have been designed, like the NUCLEUS experiment at
TU Munich, Germany, aiming at the first measurement of CEvNS in a nuclear reactor using
reactor neutrinos (there, the neutrino fluxes have high intensity) at the, relatively, very low
energy range (up to 10 MeV) of the nuclear power plant in Chooz, France. The NUCLEUS
experiment is going to utilize dedicated cryogenic detectors with nuclear recoil energy
thresholds estimated to be around 20 eV. This is the lowest used in the topic of CEvNS.
At present, the NUCLEUS setup is in the stage of building (in the shallow underground
laboratory at TUM) and commissioning, and it is expected that the experiment will be
moved to France next year. The scientific potential with several technological details of this
experiment can be found, e.g., in [15,26].

On the other hand, the Conus experiment, at the Brokdorf Nuclear Power Plant,
near Hamburg, Germany, studies CEvNS in four spectrometers of about 1 kg germanium
each by utilizing low ionization energy thresholds of E;.. = 210 eV. The detectors were
operated inside an optimized shield (the reactor antineutrino flux reaches a value of up to
®d =23 x 1013 /cm? s). In the final phase of data collection at this site, the constraints on
the neutrino interaction rate were improved by an order of magnitude as compared to the
previous Conus analysis [11,27].

The main aim of our present work is to compute reliable predictions for both coherent
and incoherent neutrino-nucleus scattering cross-sections starting from the differential
cross-section formalism and employing the Donnelly-Walecka multipole decomposition
method. This method provides neutrino—nucleus scattering cross-sections as a function of
the excitation energy of the target nucleus (or equivalently as a function of the outgoing
neutrino energy). For the realistic estimation of the relevant nuclear matrix elements, we
utilize the deformed shell model (DSM) [28], which has up to now been employed for
similar reliable predictions in several electroweak nuclear processes; see [18,19,28] and
references therein. We mention that besides DSM, many other nuclear models are employed
for neutrino-nucleus scattering cross-sections calculations. These include Fermi gas mod-
els [3], Continuum random phase approximation (CRPA) [20], quasiparticle random phase
approximation (QRPA) [21,23], microscopic quasiparticle-phonon model (MQPM) [22],
shell model [24] and Nilsson model [25]. In particular, for Mo isotopes, results from QRPA
are available in the literature [21,23], and they are compared with the present DSM results
in Section 5.

It is worth noting that up to now, a Mo detector has not been employed in CEvNS
experiments. However, due to its promising experimental criteria, this detector medium has
been proposed for appreciably sensitive experiments as neutrino masses, double-beta-decay
and dark matter in the MOON experiment [29,30] as well as in the NEMO neutrinoless
double-beta decay experiments [31].

The detector material employed in neutrino experiments is not enriched, which means
that in the proposed Mo detector, all stable Mo isotopes are present. On the other hand,
the CEvNS cross-sections are strongly dependent on the neutron number of the detector
nucleus. This means that reliable predictions for the Mo CEVNS detector must take into
account all stable Mo isotopes. In our recent work [19], we have not included neutral-
current v-nucleus cross-sections for *?*Mo isotopes. The purpose of our present paper
is to perform detailed deformed shell model cross-sections calculations on v-*#**Mo co-
herent and incoherent scattering. These cross-sections depend on the given energy E,
of the incoming neutrino. In many neutrino sources (solar neutrinos, pion-decay at rest
neutrinos, low-energy supernova neutrinos, etc.) the neutrino—energy range reaches up to
E, =15-30 MeV [7,32-34]. In this work, we consider a typical incoming neutrino energy
E, = 15 MeV.

The material in the rest of the paper is organized as follows. In Section 2, a brief
description of the related coherent and incoherent cross-section calculation formalism is
presented. Then, (in Section 3), the main features of the deformed shell model are shortly
described. In Section 4, we present the low-lying collective bands in Mo isotopes
created within the assumptions of the deformed shell model. These bands are used in the
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state-by-state calculations of the differential cross-sections, which have been performed in
our present work. Subsequently, (in Section 5), we discuss rather extensively the obtained
results for the *#%°Mo isotopes that are contents of a non-enriched Mo detector material
which may be employed in CEvNS experiments. We remind that such a detector has
been employed previously for appreciably sensitive (neutrino, double-beta decay and dark
matter) experiments. Finally (in Section 6), we summarize the extracted conclusions and
mention future extensions of this work.

2. Brief Description of the Related Formalism

The formulation, adopted in this paper, that provides the neutral current v—nucleus
scattering differential cross-sections was given earlier by Donnelly et al.; see [35,36] and
also by Tsakstara and Kosmas [4,37]. For completeness, a few important steps are described
below. In the low energy region, the weak interaction neutrino-nucleus Hamiltonian F,, in
the effective current-current form is

Fw = — f’f4mum%> 1)

Here, ﬁ,eﬁt and J* denote the leptonic and hadronic currents, respectively, and G is the
Fermi weak coupling constant. Now, applying a multipole analysis as described in detail
in [4,35-37], a double differential cross-section for scattering from the initial state (normally
this is the ground state) | i) =| J7'M;) to the final state (ground state or an excited state)

| ) =| ]?Mf> is given by

2G€} cos®(0/2)

d? i—
i f(CPIG/W/ei) = 0(Ef — E; —W)W[CerCA FCval - ()

dQdw

The J-function above ensures energy conservation, and thus, the excitation energy w of the
nucleus is
(U:Ef*EZ‘ZGi*E’f, (3)

where E; and Ey are the energies of the initial and final states of the nucleus involved
and €; and €y are the energies of the incoming and outgoing neutrino. In Equation (2),
the (—) sign corresponds to the scattering of the neutrinos and the (+) corresponds to the
scattering of the antineutrinos.

The Cy and C4 terms in Equation (2) include a summation over the contributions com-
ing from the polar-vector and axial-vector multipole operators, respectively, and they are

Ly(a) 11 7i) P

[1e

| {Ur 1l My(a) +

Wi
— q
] Ooo gl b fmag 2 ~el 2 @
+E<Q%Hm2[HMH}WHMH+WWHﬁm|mﬂ-
gﬁwumwwjﬁwumﬁ
7> 0 - ®)
+Z<Hm2[uw|g%HLW+HUH%Umﬂ.
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The Cyy term in Equation (2) is the interference term, and it involves the product of
transverse polar-vector and transverse axial-vector matrix elements as

ar 0 1/2
M 2
Cya = 2tan2<—q2+tan 2)

(6)

<Y Re{J¢ 1 " () 1o Ug 1177 () 11 T
J=1

For normal parity transitions, 7‘31 = TEZ and ﬂm”g = T;MgS, while for abnormal parity ones,
T = Tfl5 and Tmug ]mg The def1n1t1ons of the eight multipole operators M, L;, ] ,

T]mag M5 L?, T]e15 and Tmag5 and other details are given in [19,38] and summarized below.
Going further the square of the four-momentum transfer q% and the magnitude of the three-
momentum transfer g =| q | [they appear in Equations (4)—(6)] can be written in terms of

the laboratory scattering angle 6 and the neutrino energies ¢; = €, and €5 = (&; — w) giving

q%l = —4ei(e; — w)sin?(0/2)

, 1/2 (7)
g=|q|= [w +4e;(e; — w) sin?(0/2)] &

In addition to the above, also needed are the weak nucleon form factors FiZ ,i=1,2and
the neutral current axial-vector form factor F% for protons (p) and neutrons (n). These
enter in the definition of the eight multipole operators mentioned above as (neglecting the
pseudo-scalar form factors),

NS (qr) = AN, (qr),  Lyw(gr) = LS (gr),

N 1
hatar) = 5 [FEatan) + 5 (7 + 2MF )} )
1
it an) = [ FEalan) - 3+ 2MB iz an)|,
. 1 8)
W) = 2 [ FEO00) + 375270 am)|,

—~il3,(qr) = F5Zi] (qr),
—leii(qr) = F{x(qm),
T (gx) = Fisl, ).

Here, the first three and last multipole operators have normal parity, 7 = (—)/, while
others have abnormal parity, 7 = (—)/*1. The explicit forms of the seven operators M%\O/I”l ,
Ny, A, Q4 2, 2 and 7] are given in [36,38].

It is important to note that the superscript Z in the form factors refers to the processes
with Z-boson exchange. Firstly, the Ffz for protons and neutrons are expressed in terms of

the well-known charge and electromagnetic form factors for proton Flp » and neutron Fy',,
using CVC theory, as [36]

F1Z,2(P) = (% — sin? GW) Flp — sin? Oy FP 127 ©)
Fop(n) = —(4—sin®0w ) Bl —sin® 0w FY, .

Here, 6y is the Weinberg angle and sin? 8y = 0.2325. The Dirac and Pauli form factors F;
and F, for the proton and neutron are given in Ref. [39], and they are Flp =1land F} = kp,
F = 0and F} = k,. The anomalous magnetic moments k, and k, are related to the
magnetic moments of the proton and neutron,

kp=wpp—1, kn=pn, pp=279281nm, p,=-19130nm. (10)
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The neutral current axial-vector form factor for protons F4 (p) = 1F4 (q%) and for neutrons

FZ(n) = —1F, (q ). In our calculations, we employ the static Value Fy (qy) =ga = —1258,
and this follows from the dipole ansatz. Also, we take into account the quenching effect on
the axial vector form factor g4 as described in Section 5 ahead.

Before going further, let us mention that for evaluating the reduced matrix elements in
Equations (4)—(6), all we need are the reduced matrix elements of the seven operators MICAC}I”I ,

A{W A;\]/y Q{W Z{W Z;\],I and ZK,{ appearing in Equation (8). These reduced matrix elements
are evaluated using the nuclear eigenfuctions generated using a deformed shell model, and
now we will turn to a brief description of DSM, which is a nuclear structure model.

3. Deformed Shell Model

The method involved in making nuclear structure calculations using a deformed shell
model (DSM) (DSM was introduced in 1971) and its various applications are described
in a book on DSM [28] and also in many publications. In the mass region A = 60-100 in
particular, the DSM is shown to be quite successful in describing spectroscopic properties
like band crossings, shape coexistence, electromagnetic transition probabilities, isospin
T =0and T = 1 bands in N = Z odd-odd nuclei, and so on. Going beyond spectroscopy,
more recently, DSM has also been employed quite successfully for obtaining nuclear
structure factors needed for a variety of weak processes, and these include (i) two-neutrino
and neutrinoless double-beta decay, including positron double-beta decay; (ii) 4 — e
conversion in the field of the nucleus; (iii) event rates for WIMP-nucleus scattering; and
(iv) coherent and incoherent event rates for the neutrino—nucleus scattering. See [18,19,28]
and references therein for various papers on these topics.

In DSM, just as in the spherical shell model, for a given nucleus, one starts with a
model space (this defines the number of valence protons and valence neutrons and the
core) consisting of a given set of single particle (sp) orbitals, the associated sp energies
(spe) and an effective two-body Hamiltonian with the associated two-body matrix elements
(TBME). Then, the steps involved in the calculations are as follows. (i) Firstly, the lowest
energy prolate and oblate intrinsic states are obtained by solving the axially symmetric
Hartree-Fock (HF) single-particle equation self-consistently (see Figures 1 and 3 ahead).
(ii) By making particle-hole excitations over the lowest intrinsic states, excited intrinsic
states (configurations) are obtained. (iii) As the intrinsic states xx(#7) will not have definite
angular momenta, good angular momentum states are projected from the xx () states, and
this can be written in the form

W) = a7 [ 40D @OR@ et an

where N is the normalization constant given by

Njx = =5 — /O " dpsin Bl (B) e () le =1 [k (7)) (12)

In Equation (11), Q) represents the Euler angles («, B, v), R(Q2) which is equal to exp(—iaJ;)
exp(—iBJy) exp( —ivJ;) represents the general rotation operator. (iv) The good angular

momentum states I/J]]VIK(W) will not be, in general, orthogonal to each other, and hence they
are orthonormalized, and then band mixing calculations are performed. The resulting
eigenfunctions following the steps (i)-(iv) are of the form

@) (1 ZS @) [ (@) - (13)

The reduced matrix elements occurring in Equations (4)—(6) are evaluated using the DSM
wave function CIDA/I (n7) defined in Equation (13). As a part of this, one has to first calculate
the reduced matrix elements of the seven operators M?&“l , A] X,I, Q{W Z{VI, Zg\f/l and
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Zﬂ appearing in Equation (8) in the single particle space (in proton orbits and in neutron
orbits), as these are all one-body operators. For details of the one-particle matrix elements
and how to use these with DSM wave functions generated for the Mo isotopes, see [28,38].

4. The Low-Lying Deformed Shell Model Collective Bands in ****Mo Isotopes

In order to generate wave functions for 94.96Mo isotopes, we carry out the DSM
calculation as described above using the effective interaction GWBXG with the ®Ni closed
core. The effective interaction has been constructed with different interactions as described
in detail in refs. [40,41]. Dey et al [40] have successfully used this effective interaction
within the spherical shell model to analyze the experimental data in °Zr. The active proton
sp orbitals in this effective interaction are 0f5/2, 1p3/2, 1p1,/2, and 0gg,, with spe —5.322,
—6.144, —3.941, and —1.250 MeV. For the neutrons, the active sp orbitals are 1p; 5, 0g9/2,
0g7/2, 1ds5 2, 1d3 /5, and 251 /5. The spe for the first five sp orbitals are taken to be —0.696,
—2.597,5.159, 1.830, and 4.261 MeV, respectively, as in the GWBXG interaction. Just as seen
in our previous study involving *1%Mo [19], it is found also in the present calculations that
the 2s; /, orbital produces low-lying large deformed solutions. However, Mo isotopes are
known to be weakly deformed. As a result, as in [19], the effect of this orbital is eliminated
by taking the corresponding neutron spe at a high value.

Using the above model space and the effective interaction, we first carried out, for each
nucleus, an axially symmetric HF calculation by solving the HF equation self-consistently
for **Mo. The lowest energy prolate and oblate HF sp spectra are shown in Figure 1. It is
seen in the figure that the prolate and oblate solutions are almost degenerate with the oblate
solution lower by about 1 MeV. The intrinsic quadrupole moment is small for both the
solutions, indicating that this nucleus is weakly deformed. Then, we perform particle-hole
excitations across the proton and neutron Fermi surfaces and generate excited intrinsic
configurations. For positive parity, we have considered 32 intrinsic states (17 prolate and
15 oblate) having K = 0", 17 and 2*. Similarly, we have considered 25 negative parity
intrinsic states (13 prolate and 12 oblate) with particle-hole excitations. Good angular
momentum states are projected from each of these intrinsic states, and then band mixing is
performed separately for positive parity states and negative parity states. Further, states
having similar electromagnetic properties are classified into one band. The calculated
ground band and a few low-lying levels are compared with the experiments in Figure 2 for
this nucleus. We find that the ground band is quite nicely reproduced within our model.
Experimentally, an excited 0" level has been observed at 1.742 MeV. Our calculated first
excited 07 is at 2.612 MeV, which is about 1 MeV higher and hence can not be compared with
the above 0T state. However, there is another 0 state experimentally at 2.781 MeV, which
can be compared with our calculated 0" state. The observed first 3~ level at 2.534 MeV
agrees quite well with our calculated 3~ state, which is at 2.550 MeV. Since the 17 state
plays an important role in neutrino-nucleus scattering, we have predicted such a state at
2.415 MeV. In addition, there are two low-lying 27 states and a 4" state. These levels are
calculated and presented in the figure.

Similarly for Mo, the lowest energy prolate and oblate intrinsic solutions are obtained
by solving the HF single particle equation self consistently, and the corresponding sp spectra
are shown in Figure 3. It is seen from the figure that the prolate and oblate solutions are
almost degenerate, differing only by 0.37 MeV, oblate being lower. The excited intrinsic
states are obtained by performing particle-hole excitations across the proton and neutron
Fermi surfaces. For positive parity, we have considered 33 intrinsic states with 16 prolate
and 17 oblate. We have also considered 24 negative parity intrinsic states. Using these
intrinsic states, for each parity separately, we carried out angular momentum projection,
orthonormalization and band mixing. Then, the resulting states having a similar structure
and, thus, similar electromagnetic properties are classified into the same band. For Mo,
not many collective bands have been observed. In Figure 4, we compare the calculated
ground band with the experimentally observed band, and we see that the agreement
is reasonable. As in **Mo, we have compared the observed low-lying levels with an
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experiment for this nucleus. The calculated first excited 0" level is above 1 MeV, which
is higher compared to the experiment. Hence, this level should be compared with the
observed 07 level at 2.623 MeV. Experimentally, there are two low-lying 3~ levels. Our
calculated 37 level is at 3.057 MeV, which should be compared with the second 3~ level.
In this nucleus also, there are two low-lying 2" levels and a 4. These levels are presented

in the figure.

94
Mo
712" 912" " 52°302° 72" g —— 112732
S st 35 L — R
L 3/ 2+ 12" 712 3/ 22/2+
12 —9% 5/2: BN\ 12"
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* L XX ot
S s 172 — oo 112 52
o ogge —o66— 312
2 -10 12 —oe— |2
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- E=-194.41 E=-195.20
Q=11.49 Q=—1+6.39
K=O K:O

Figure 1. HF single-particle spectra for **Mo corresponding to lowest energy prolate and oblate

configurations. In the figure, circles represent protons and crosses represent neutrons. The HF energy

E in MeV, mass quadrupole moment Q in units of the square of the oscillator length parameter and

the total azimuthal quantum number K are given in the figure.

- 94
- Mo
o0t —
~
> C
o
= 3 8
=
gﬁ - ]
-, —
A -
Sy 22—
= - r—
o r + 0+
- i
=
o -
A 1F
-2 —
0__ O+_
EXPT.

DSM

+

(=}
T

B — L
[\S)

+

Figure 2. The ground band and a few other low-lying levels observed in **Mo are compared with the

DSM predictions. The experimental data are taken from [42].
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Before closing this section, we mention that the DSM results for %Mo for spectro-
scopic properties such as B(E2) values and magnetic moments will be presented elsewhere.

5
|
S

- PROLATE

. E=-208.40
Q=1333
K=0

96
Mo
3 + 32°1/2°
5 92 st 32 5/2°,3/2° N
7/2: 12+ 30 _— 1/2+,5/2
- 5/2; it 1% 32T .
32 512" ! 1/2*7/2
172 320 —xx— —eoo—ogp" TXX32"
3 /2" —%%— C st
%\  1r—ee— %ig 5/2
: —O00—
=10 35=88= —o- 3
~ L qp—ee— N 06— 1/2 .o+
2 - 9/2 - 327,172
2 L dTeeT gpimee T s
L:_]é L ee— BT It
12—

—e0—5/2 —xx— 9"
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E=-208.77
Q=-16.58

K=0"

Figure 3. HF single-particle spectra for Mo corresponding to lowest energy prolate and oblate

configurations. In the figure, circles represent protons and crosses represent neutrons. The HF energy

E in MeV, mass quadrupole moment Q in units of the square of the oscillator length parameter and

the total azimuthal quantum number K are given in the figure.

C 96
4= Mo
~
>k .
Q r 3 —
> 3 8" —
=
gf) L
:
B o, .
s °f §—
2 [ 4 2=
st 2"
2 F 0'—
m =,
-2 —
= of
EXPT.

—10
— 5 .
— 0,1
+
— 6 = i+
& >
_— 2+
o
DSM

Figure 4. The ground band and a few other low-lying levels observed in Mo are compared with the

DSM predictions. The experimental data are taken from [42].

5. Results and Discussion

Employing the formulation described in Section 2 and the DSM wave functions (see
Sections 3 and 4), we have calculated the coherent (ground state 0" to ground state 0" cross-
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section, i.e., the elastic scattering cross-section) as well as the incoherent (ground state 0" to
each excited | states) cross-sections for the Mo isotopes with A = 94, 96. They are evaluated
using the proper transition matrix elements, defining Cy, C4 and Cy4 (Equations (4)-(6)),
and connecting the ground 0™ state to various excited J™ states through the use of the DSM
wave function @{\4(17) defined in Equation (13). For the coherent case, /™ is the ground
0*. The incoming neutrino energy is assumed to be €, = 15 MeV. As in our previous
publication [19], we use a quenching factor of 0.35. The coherent differential cross-section
for Mo comes out to be 1165, whereas for %Mo, it is 1338.5. The basic operator M/
contributes to this cross-section. For 24%°Mo, the incoherent differential cross-sections as a
function of their excitation energies are given in Figures 5 and 6. As can be seen in these
figures, the most dominant contributions are the multipolarities ] = 1 (represented by red),
J = 2% (represented by blue), ] = 1~ (represented by black), and | = 2~ (represented by
cyan). We find that the basic operators ¥/, "/, A/ and Q)/ contribute to the multipolarities
J =1% and | = 2" Similarly, for multipolarity | = 27, the contribution comes from the
basic operators M/, 2J and A”. For %Mo, DSM predicts thirteen 11 states. The contribution
of the 17 multipole at w = 2.415 MeV is the largest and has the value 58. For *Mo, there
are twelve 17 states and the contribution of this multipole at w = 3.165 MeV is the largest.

— T —
o4

L606.0 E £, =15 MeV Mo ;
10.0 = =
NE = -
IS C ]
N 1.0
= '"°F E
= E =
= - 7
2()_15 -
= g 3
= - 7
)
hgp—1
E. T . l L 3
o > s 10 12

a 6
w (MeV)

Figure 5. The differential cross-section as a function of the excitation energy w for **Mo at incoming
neutrino energy €, = 15 MeV for different excited states. The contribution of the excitationto | = 17
state is represented by red, to | = 2™ by blue, to ] = 1~ by black, and to ] = 2~ by cyan.

100.0 o6
g, =15 MeV Mo

10.0

)

do 140 [0 VeV e

o_rmel IIIII|T|'| IIII|'|'|T| IIII|'|T|'| IIIII|T|'|_|_-

Y IIIII|,|,|,| IIIIL|_|,|,| IIIIL|_|,|,| IIIII|,|,|,|_|_

PR Y | LT JIL T
2 a4 6
wWw (MeV)

o=

s
10

[

Figure 6. The differential cross-section as a function of the excitation energy w for Mo at incoming
neutrino energy €, = 15 MeV for different excited states. Figure is generated with the data taken
from ref. [18]. The contribution of the excitation to the | = 17 state is represented by blue, to ] = 2T
by red, to ] = 1~ by cyan, and to ] = 27 by black.
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In Table 1, we have tabulated the coherent, incoherent and total differential cross-
sections obtained from our present calculation for each of the detector isotopes, *?¢98100Mo.
In addition, the ratio of the measured coherent cross-section over the total cross-section is
also listed in this table. Comparing the results in Table 1 with those from QRPA calculations
presented in [21,23], it is seen that the QRPA results for incoherent cross-sections are much
smaller than those from present DSM results. Similarly, the coherent results from QRPA
are larger than the DSM results. In addition, as seen from Table 1, the coherent cross-
sections show a very good correlation to the square of the neutron number (~ N?) of
each isotope. On the other hand, the structures of the low-lying excited states appear to
govern the incoherent cross-sections, as seen from the comparison of the QRPA results
in [21,23], with those in Table 1. It is important to mention that QRPA takes into account
pairing correlations much better, and DSM takes into account deformation effects much
better. Obviously, possible measurements of the coherent cross-section by the ongoing or
designed CEVNS experiments (see the discussion in the Introduction) with the use of Mo
as detector medium will offer the possibility to compare the cross-sections of Table 1 with
the experimental results.

It is worth noting that since at present, incoherent cross-section measurements are
extremely difficult, on the basis of our predictions, we estimate that the portion of the (un-
known) rate cross-section represented by the measured coherent one is of the order of about
90%. This result may be of help to experimentalists as an additional criterion in deciding to
employ molybdenum as a detector in neutral-current neutrino-nucleus measurements.

Table 1. Coherent, incoherent and total differential cross-sections (in units of 10~*2 MeV~—1 cm 2)
of neutrino scattering off the 94,96,98,100\ 5 detector isotopes. The portion of the coherent into the total
cross-section is also listed. The results for ?8100Mo are first reported in [19] and for 9%6Mo in [18].

Isotope Coherent Incoherent Total Coherent/Total (%)
%Mo 1165.0 150.4 1315.4 88.56 (%)
%Mo 1338.5 230.0 1568.5 85.34 (%)
%Mo 1506.2 147.7 1653.9 91.07 (%)
100\ 1692.9 290.0 1982.9 85.38 (%)

6. Conclusions

In this work, we present predictions for the neutral-current v—nucleus cross-sections
both for the coherent and the incoherent channel assuming a Mo detector medium and
employing the deformed shell model for some stable Mo isotopes. As it is known, molyb-
denum has seven stable isotopes with abundances as follows: Mo (15.86%), **Mo (9.12%),
%Mo (15.70%), *®Mo (16.50%), " Mo (9.45%), *®Mo (23.75%), and %Mo (9.62%). Molybde-
num as a neutrino-detector material has been employed by the MOON neutrino and double-
beta decay experiment but also by the NEMO neutrinoless double-beta decay experiment.

In our previous calculation, restricted to 98,1000, we have not included the contribu-
tions in the CEVNS cross-sections stemming from the stable *#?°Mo isotopes, and in this
work, we presented detailed coherent and incoherent v-*#?*Mo cross-sections for which
there are no previous CEvVINS cross-section results. We have, in addition, obtained values for
the Coherent/(Coherent + Incoherent) ratio, which is of great interest for experimentalists,
since it represents the portion of the measured event rate over the total one.

For our cross-sections calculations in this work, we utilized the Donnelly-Walecka
multipole decomposition method in which the v—nucleus cross-sections are computed
state-by-state as a function of the excitation energy of the target nucleus (or the outgoing
neutrino energy). The nuclear excitation spectrum for each of the Mo isotopes studied is
derived within the context of the deformed shell model that has been previously employed
in the study of many electroweak interaction processes.

In the great number of operating and designed CEVNS current experiments, only
the coherent cross-section is measured via the recoil energy deposition on the detector
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material that operates as the detection signal. In these experiments, several neutrino (or
antineutrino) sources use pion decay-at-rest neutrinos, reactor neutrinos, etc.

In future calculations, we plan to perform similar cross-sections calculations for the rest
of the stable Mo isotopes (i.e., for “>Mo, Mo and ®’Mo). Given the CEVNS cross-sections
for all seven stable isotopes, one may easily find the events predicted to be measured by,
for example, a Mo detector of 100 kg mass.
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