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Neutral current neutrino->Mo scatteringin the
context of the QRPA method
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Theoretical Physics Section, University of loannina, GR 45110 loannina, Greece

Abstract.

A systematic investigation of neutrino-nucleus reactiates at low and intermediate energies
of the stable®Mo isotope is performed. Differential and integrated cresstions for neutrino
inelastic scattering off the aforementioned target areutated for neutrino energies< 100 MeV.
The nuclear wave functions for the initial and final nucldates are constructed in the context of
the quasi-particle random phase approximation (QRPA).r&hability of our method is tested by
checking the reproducibility of the low-lying energy spech of the isotope under investigation.

Keywords: Semi-leptonic electroweak interactions; Neutrino-nusleeactions; Inelastic cross
sections; Quasi-particle random phase approximation
PACS: 23.40.Bw;25.30.Pt;21.60.Jz;26.30.+k

INTRODUCTION

The interaction of neutrinos with nuclei both of charged aedtral current reactions,
is a highly valuable source for detecting neutrino flavor ergloring the structure of
electro-weak interactions [1, 2, 3, 4]. The determinatibneutrino nucleus cross sec-
tions is of primary importance and to this aim various nucttaicture models have been
employed for the description of the nuclear transition maiements. Among them the
quasi-particle random phase approximation(QRPA) is mftgreliable neutrino-nucleus
reactions cross sections needed for current neutrinati@ieexperiments and star evo-
lution modeling. Its main advantage lies in the ability toyade calculations based on a
very large valence space.

Recently, an advantageous numerical approach has beelopieddor calculating
the reduced matrix elements of neutrino induced nucleasttians [5]. In the present
work, we use this method to investigate inelastic neutrgaitering for neutral current
reactions from stabl&Mo isotope at low and intermediate neutrino energies.

The starting point of our calculations is the Walecka-Ddiyneormalism which
describes in a unified way electromagnetic and weak serto#@pprocesses in nuclei,
by taking advantage of the multipole decomposition of tHevant hadronic current
density operators. This formalism has recently been imgatpley constructing compact
analytical expressions for all nuclear matrix elementshefliasic multipole expansion
operators entering these cross sections The QRPA methddysdor the construction
of these nuclear states permits the evaluation of the iddali contributions of the
various incoherent (inelastic) neutrino induced nuclesamgitions of the studied isotope

[6].
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THE NEUTRINO-NUCLEUSFORMALISM

We consider neutral current neutrino-nucleus interastionwhich a low and interme-
diate energy neutrino (or antineutrino) is scattered elalby or inelastically from a
nucleus (A,Z), via exchange of neutl bosons with the nucleus as

Ve+ (AZ) — Vi+ (A Z)* (1)

whereve (Ve) denote neutrinos (anti-neutrinos) of any flavor.

In the coherent channel, the nucleus remains in its growtd sthile in the incoherent
the nucleus is excited. The neutrino-induced reactiongeleébe final nucleus in an
excited state below or above particle-emission threshold.

The initial nucleus is assumed to be spherically symmetritta reside in its ground
state with angular momentum and pardy= 0*. In our J-projected nuclear structure
calculations, the initial and final nuclear states have-defined spins and paritielg/f)
(the indexm counts the multipole state from low to high energies).

Then the differential cross section(according to the gnargyd the direction of the
outgoing neutrino) is written as

d20i 1 GF kel &g [ &
= 2
<dew)v/\7 T2 1) %UCL—F; of 2)
wherew = & — € is the excitation energy of the nucleus asmddenotes the energy of
the incoming neutrino whiles (k) represent the energy (momentum) of the outgoing

lepton. The contributionsg, , for the Coulomb and Longitudinal components, arRd
for the transverse components, are written as

— 2 _ _— 2
G = (1+cos®) |31l 4(a)]|13)| + (1+cosP - 2bsirP @) | 31| Z3(a)] )|

n {%’ <1+cos¢>] 200603415013 3t A5 (@] @)

ol = (1-cosb+bsirP®) U@fu%mag(qnmﬁ}<Jf||9?<q>|ui>\2]

(B2 (1 cosw)2netar] | Z3T0()]13)(31 | 7 @]} “)

where® is the lepton scattering angle ahd= g&¢/g? , In our conventiontf= ¢ = 1)
it holds |k¢| = &¢. The summations in Eq. (2) contain the contributions of thedl w

known operators Couloml;, longitudinal %}, transverse electriﬁf' and transverse

magnetic?jmag multipole operators as defined in [6].
The magnitude of the three momentum transfex given by

Nl

q = |q = [w?+2g€r (1—cosD)] (5)
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FIGURE 1. Comparison of experimental(left) and theoretical (rigpvt}energy spectra otMo nu-
cleus. The theoretical results are obtained by using theAQR&hod.

RESULTS

In this work we have performed realistic state-by-statewations for inelastic and
elastic neutrino-nucleus scattering off the stalfdo isotope. Our calculations were
performed in five steps: First the wave functions of the ahifthe 0 ground state
of the even-even nucleus) and the final states were caldwethin the QRPA. The
obtained wave functions were subsequently used to evatuatequired reduced one-
body transition densities. Then, the double-differentraks section was calculated for
each scattering angléd), neutrino energyH,) and final state. In the next step, the
differential cross section as a function of the scatteringl@and neutrino energy was
obtained by summing over all the (discrete) final states.nTinemerical integration
techniques were used to calculate the total cross seatip) as a function of neutrino
energy. In the last step the averaged cross sec¢tivrwas finally obtained by folding
the cross sectioo (E,) with a two-parameter Fermi-Dirac distribution appropei&tr
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TABLE 1. Pairing gaps and the corresponding pairing strength pdeame

Nucleus Dnp Dpp Jph 9pp

“Mo 0.979 1.510 1.040 0.972

supernova neutrinos.

For the construction of the wavefunctions of the initial éindl nuclear states we used
the QRPA method. Both Fermi and Gamow-Teller like contiiima of the polar vector
and axial vector have been considered. A Coulomb correcteddg/Saxon potential
was used as field interaction and as two body residual irtterathe Bonn-C meson
exchange potential was utilized. Our model space consistheofollowing eleven
active single particle levels:fd/2, 1p%/2, 1d¥/2, 0f5/2, 0g%2, 1d%/2, 2s1/2, 1d3/2, 0g’/?,
0h1%/2, 0h%2(up to 4w major harmonic oscillator shells).
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FIGURE 2. Excitation energies for the multipole stat#® = 2", J™ = 4 andJ™ = 6; of the ®Mo
nucleus. Our theoretical results are compared with therarpatal results as well as theoretical results
obtained by the MAVA method

At the BCS level, the values of the pairing parameters fotq:»mggajr) and neutrons
(ggair) which reproduce the pairing gaps in the usual way [7] wasdowo beggair =
0.972 andggair = 1.040. By solving the QRPA equations the strength parameters f

the particle-hole channedy and the particle-particle chanrgj, were fixed so as the
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lowest lying excitation energies to be reproduced. The alpmarameters get values in
the ranges shown in Table 1. The evaluation of these strgzagdimeters was obtained
separately for each set of multiple states. By using the elpavameters we produced
the low-lying energy spectrum, shown in Figure 1, where $ipisctrum was compared
to that given by experiment.

3 a)QRPA Mo®** a)QRPA Mo®
" e b)expr
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FIGURE 3. Excitation energies for the multipole stat@® = 2+ andJ™ = 4" of the %Mo isotope.
Our theoretical results are compared with the experimeasailts and results obtained by using the shell
model method.

In Figure 2 we show the excitation energies of the multiptaes)™ = 21, J™ = 47
andJ™ = 6; by using the QRPA method. In the low energy spectra our resué in
good comparison with the experimental ones. In Figure 3 xicéation energies of the
JT=2" andJ™ = 4" states are illustrated. The obtained results are comparéuet
experimental results and those obtained by using the sloelehmethod.

In the next step of our research we proceeded with the caionlaf the cross sec-
tions.The primary results refer to the double differentiadss sections of Eq.(2). To-
tal differential cross sections were evaluated by summireg partial rates for various
sets of multipole states included in our truncated modetepg toJ™ = 8". For in-
tegrated (total) cross-sections we used numerical iniegreechniques(Gauss method)
to integrate the aforementioned differential cross sast{8]. From our results, shown
in Table 2, one could conclude that the total cross sectiomdaage at low energies.
For higher neutrino energies;, (> 80 MeV) the total cross sections are dramatically de-
creased [9, 10, 11, 12, 13, 14].

SUMMARY AND CONCLUSIONS

In the present paper we employed the quasiparticle randwasep approximation
(QRPA) to study the neutral-current neutrino-nucleusastt and elastic scattering
cross sections. Our present results refer to the stAldle isotope. The obtained energy
spectra show a good agreement with experimental data.

The results for the contribution of the separate multipels ®f excited states have
shown that for low-energy neutrino-scattering Yo the cross sections are dominated
by transitions to 1 states.
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TABLE 2. Total cross sections (in 16%m? )
for the neutral-current neutrino-nucleus reactions,
“Mo(v,v")°Mo*, calculated with QRPA method.

Initial Neutrino Energy| Total reaction Cross Sections
&(MeV) “Mo(v,v")*Mo*
5 1.35(-2)
10 2.47(-2)
15 2.32(-1)
20 1.197(+0)
25 1.12(+1)
30 8.16(+1)
35 1.60(+1)
40 2.74(+2)
45 4.23(+2)
50 6.06(+2)
55 8.13(+3)
60 1.04(+3)
65 1.27(+4)
70 3.85(+4)
75 4.88(+4)
80 5.90(+4)
85 6.83(+4)
90 7.62(+4)
95 8.22(+4)
100 8.63(+4)
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