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Comparison of inelastic neutrino and antineutrino scattering on nuclei
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Based on calculations performed with the continuum random phase approximation model we compare
neutrino- and antineutrino-induced reactions on several target nuclei. We find that neutrinos and an-

tineutrinos excite parts of the isovector giant dipole resonance differently, with scattering on ' 0 show-

ing the most noticeable deviations.

PACS number(s): 25.30.Pt, 24.80.8a

The study of semileptonic weak interactions in nuclei
has been pioneered by Donnelly and Walecka ([1,2] and
references therein). Besides the fundamental theoretical
aspect to confirm the structure of the weak neutral
current [3—5], inelastic neutrino scattering experiments
were proposed to serve as a probe for nuclear structure
and especially were proclaimed to be, in principle, a rich-
er source of information than electron scattering experi-
ments, because axial vector currents contribute to the in-
teraction in addition to the vector currents. It is one aim
of this paper to give an explicit example (the regime of
the isovector giant dipole resonance) where neutrino
scattering is expected to give more insight into nuclear
structure than standard electron scattering experiments.

The interest in semileptonic weak interactions has re-
cently also been motivated by some practical applica-
tions: Inelastic neutrino and antineutrino scattering on
nuclei are expected to be an important background con-
tribution to the detector system developed for the Los
Alamos neutrino oscillation experiment [3]. With
relevance to this application, we have calculated the
(v„e ), (v„v,'), and (v„,v„') cross sections for the target
nuclei ' C and ' 0 as a function of excitation energy. In
the energy regime dominated by the isovector giant di-

pole resonance (GDR) we find noticeable differences be-
tween the inelastic neutrino and antineutrino cross sec-
tions. In particular, our calculation predicts that from
the well-known double-bump structure of the isovector
GDR in ' 0, as observed in reactions with unpolarized
electrons [6] or in the photoabsorption cross section [7],
only the lower resonant structure is excited by antineutri-
no scattering, while neutrino-induced reactions excite the
other part of the GDR. These differences will be related
to the particle-hole structure of the final states.

In the following we want to substantiate this prediction
by results obtained within an investigation of inelastic
neutrino/antineutrino-induced reactions on selected
T=0 target nuclei studied within the framework of the
continuum random phase approximation (continuum
RPA). As the theoretical background has been outlined

in Refs. [8,9], a brief discussion of the main ingredients of
our calculation suffices here.

For our problem at hand, the T=l continuum can
only be excited by the isovector part of the weak Hamil-
tonian. Assuming a current-current form for this opera-
tor,

we have

J~"='P,
I g )'(q')l'~+ g Pq')t ~~.q"

+g )"(q')l'a's]P. (3)

J =J —2sin Q JV
8'

J„'=)P „[g, (q )y, +g (q )io,,q'

+g ("(q')) ~vs]P, (6)

for the neutral currents, with similar contributions to the
leptonic currents arising from the other neutrino flavors.
Jz is the isovector part of the electromagnetic current.
The various nucleon form factors g & 2 and g are known
from electron scattering and P decay at q =0. Their q
dependence is well described by a dipole form whose pa-
rameters we adopted from Ref. [10]. For the Weinberg
angle we used sin O~ =0.233.

Following Walecka [2], the cross sections for
neutrino/antineutrino-induced reactions from an initial
to a final nuclear state with quantum numbers [J;] and

[JI ], respectively, are given by

for the leptonic and hadronic charged currents
(j~+ ',Jz

' are their Hermitian conjugates) and

(4)
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Here g is the universal coupling constant, 8 the angle be-
tween the incoming and outgoing lepton, and
q„=(w, q)(q:= Iql) the four-momentum transfer. The
quantities MJ, I.J,JJ', and JJ ' denote the multipole
operators for the charge, and the longitudinal and trans-
verse electric and magnetic parts of the four-current, re-
spectively [2].The final-state interaction between the out-
going electron and the nucleus is accounted for by the
Coulomb function F(z, e) [11]. The interference term in

(7) does not vanish due to the parity-breaking axial vector
component in the transverse electric and magnetic mul-
tipole operators. The different signs of these terms for
neutrino- and antineutrino-induced reactions stems from
the opposite helicities of neutrinos and antineutrinos,
where the minus sign refers to the neutrino cross section.
In the following we will discuss our results in terms of the
"total cross section" o(ro) obtained by integrating (7)
over the angle e.

We calculate the nuclear many-body states within the
continuum RPA model [8,9]. As with the residual
particle-hole interaction we adopt the finite-range force
of Ref. [12] derived from the Bonn meson-exchange po-
tential [13]. To test the sensitivity of our results on the
used interaction we have performed additional calcula-
tions adopting the zero-range Landau-Migdal force [14]
as well as this interaction with an effective mass parame-
ter m '=0.9 [15]. As our calculations yield qualitatively
the same results for all residual interactions, we will in
the following only present cross sections calculated for
the finite-range force.

At first we assumed a fixed neutrino/antineutrino ener-

gy of E =29.8 MeV, corresponding to the monoenerget-
ic muon neutrinos emerging from ~+ decay at rest, for
this allows an investigation of possible differences in the
inelastic neutrino and antineutrino scattering cross sec-
tions independently of the (for neutrinos and antineutri-
nos different) energy distributions in actual experiments.

Figure 1 shows the total neutral-current cross sections
(upper part) as well as the dominant multipole contribu-
tions (lower part) for inelastic neutrino and antineutrino
scattering on ' 0 for excitation energies above the nu-
cleon threshold. The energy scale in Fig. 1 refers to exci-
tation energies in ' O. In the energy regime below =30
MeV, the cross section is clearly dominated by reso-
nances with J =1 and 2 . Comparing the v- and v-
induced reactions, we find that the cross sections show
the same overall structure, with the noticeable exception

of the energy regime between =20 and 28 MeV, which is
dominated by the isovector GDR [16] (see Fig. 1). Here
our calculation predicts that from the double-bump
structure of the GDR with principal structures at
E =22. 1 and 24. 1 MeV [16], antineutrino reactions only
excite the lower resonance, while the upper part predom-
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FIG. 1. (Upper part) Comparison of inelastic neutrino- and
antineutrino-induced cross sections on ' 0 calculated for a fixed
neutrino energy E =29.8 MeV, ' O(v, ')' 0* (solid line),
' O(v, v')' 0* (dashed line). (Lower part) The dominating mul-

tipole contributions to the cross sections are shown: J =1
(solid) and 2 (dotted) contributions to the ' 0(v, v')' 0* cross
section, 1 (dashed) and 2 (dash-dotted) contributions to the
' O(v, v')' 0*cross section.
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inantly shows up in the neutrino-induced reaction cross
sections. The small structure visible in the (v, v') cross
section at around 24 MeV is due to a 2 resonance, cor-
responding to the tentative experimental state at
23.7+0.3 MeV [16].

To understand the predicted differences for the excita-
tion cross sections in v and v scattering we have per-
formed a detailed analysis of the various multipole contri-
butions. At first we observed that from the two corn-
ponents present in the interference term (transverse elec-
tric and magnetic) usually one dominates the other. Then
the contribution to the total cross section due to the in-
terference term is relatively small, and, as a consequence,
the v- and v-induced cross sections are about equal. This
argument holds also for the 1 multipole contributions
where, except for energies between =22 and 28 MeV, the
matrix elements of the axial vector (magnetic) operator
(Jf!!J !!J; ) are noticeably larger than those for the vec-
tor (electric) operator (Jf!!J'!!J; ). However, at the two
resonances (E =22 and 25 MeV) the magnitude of the
magnetic and electric matrix elements becomes about
equal, giving rise to strong contributions from the in-
terference term. Furthermore, (Jf!!J'!!J; ) changes its
sign at an energy E =23.5 MeV between the two reso-
nances. Consequently, we find destructive interference at
the lower resonance and constructive interference at the
upper resonance in v scattering, while the interference
pattern is opposite for v scattering.

The structure of a collective state in the continuum can
be studied in terms of the weight of its different asymp-
totic decay channels. This is done in Fig. 2, where we
have split the J =1 cross section into the dominant
contributions corresponding to different asymptotic de-
cay channels. The plot is restricted to the energy regime
E) 18.4 MeV, at which particles can be removed from
the p3/2 shell. One clearly observes that at the lower res-
onance mainly the (d 3/2 )+'(p I/z ) ', (s I/3 )+'(p3/2 )

and (d~/2)+'(p3/2) ' channels contribute which all show
a pronounced resonantlike maximum in v scattering, but
not in v scattering. The upper resonance is dominated by
the (d3/2)+'(p3/2) ' channel, which is resonant for v and
V scattering. However, in this decay channel the v cross
section is larger than the v cross section in the energy re-
gime of interest, exceeding the latter by about a factor of
3 on top of the resonance. In agreement with the discus-
sion given above we find that for all particle-hole contri-
butions the matrix elements (p!!J !!h ) are generally
larger than those for the (vector) electric operator
(p!!J'!!h ) . The change of sign of (Jf!!J'!!J, ) at E =23.5

MeV is explained by the fact that the signs of the
particle-hole contributions (p!!J'!!h ) are different for the
(d 3/2 )+ '(p3/p )

' configuration (dominating the upper
resonance) and the (d 3/3 ) (p I/3 ) (s I/2 )+'(p 3/2 )

and the (d, /z)+'(p3/2) ' configuration (dominating the
lower resonance). Note that the nucleon spin is flipped in
the (d3/2)+'(p3/p) ' configuration, while there is no spin
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FIG. 2. Contributions of various asymptotic decay channels to the J =1 part of the ' O(v, v')' 0* (solid lines) and ' O(v, v')' 0*
(dashed lines) cross sections in the range of the giant dipole resonance.
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Rip for the (d3/2} (pl/2)
' and the (d5/2)+'(p3/p)

contributions. Thus, by being sensitive to the signs of the
matrix elements (JI ([J'([I; ) and (JI[[J [[J;) (which can-
not be determined in standard electron-scattering experi-
ments, where only the squared matrix elements enter into
the cross section formula [17]) the comparison of
neutrino/antineutrino cross sections might provide a
richer experimental probe of the structure of the GDR.

Experiments which might be set up to look for this
predicted difference in the v/v scattering on ' 0 will like-
ly use neutrino/antineutrino beams stemming from n de-
cay (and the subsequent p, decay). While the v„'s emerg-
ing from m. decay at rest are monoenergetic (E„=29.8
MeV), the v, 's and v„'s have the well-known spectral dis-
tribution [18]:

n (E„)=

n (E~ )=
P P

96E
(m„2E„)—,

mp

32E„
"(

—,'m„2E }, — (9)

where m„ is the p mass in MeV. To estimate the cross
sections for these experiments we fold 0(co), defined in
(7), with the distributions as given in (8), (9):

cr(co) = f o.(E„,co)n (E„)dE (10)

The (v„,v„') cross section from Fig. 1 and the folded cross

section IT(co) for the (v„e ), (v„v,'), and (v„,v„) reac
tions on ' 0 are compared in Fig. 3 clearly showing the
differences in the excitation cross sections in the range of
the isovector GDR. %e conclude from Fig. 3 that the
cross section for v -induced reactions (which can be dis-P
tinguished from v, - and v„-induced reactions by timing
[5]) is predicted to show a one-bump structure for excita-
tion energies above =20 MeV, while the sum of the
(v„v', ) and (v„,v„) cross sections (v, - and v„-induced re-
actions cannot be distinguished by timing in the experi-
mental setup of Ref. [5]) should have the double-bump
structure known from electron scattering. Furthermore,
the same one-bump structure as in (v„,v„') scattering can
be seen in the charged-current reaction ' 0(v„e )' F*.
As the latter cross section is considerably larger, its
determination by the experiment should be easier.

Finally, we have studied v- and v-induced reactions on
other target nuclei like ' C, Si, S, and 4 Ca. In all
cases we observed only (noticeable} difFerences between
neutrino/antineutrino cross sections for the J"=1 mul-
tipole excitations. For the three heavier nuclei, these
effects will hardly be observable, as the cross sections are
mainly dominated by 2 excitations. For the reactions
on ' C, our calculation predicts a noticeably different
cross section for inelastic (v„,v„') and (v„,v„') scattering
to the 1 resonance at around 25 MeV (see Fig. 4), where
the neutrino-induced cross section is calculated to be
about 2.5 times larger. The dominating decay channel of
this resonance is found to be (d3/2) '(p3/2) ', as in the
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cross sections are calculated for the neutrino and antineutrino spectra defined in (8), (9).

upper part of the GDR in ' O. However, in actual exper-
iments we expect this structure effect in the cross sections
to be buried by the different energy dependences of the v,
and v„distributions (see Fig. 4).

In conclusion, we have studied neutrino/antineutrino
scattering on selected nuclei, which is expected to be a
likely background source in the detector system of the
Los Alamos neutrino oscillation experiment. Our calcu-
lation shows noticeable differences between the neutrino-
and antineutrino-induced cross sections in the regime of
the isovector giant dipole resonance. We have argued
that this effect is related to the spin structure of the GDR
which becomes visible owing to the different helicities of

neutrinos and antineutrinos. In principle, this effect
might also be observed in polarized electron scattering.
To be sensitive to the nuclear axial vector component
(otherwise the interference term vanishes) one might ei-
ther use a polarized target or an experiment in which a
polarized particle ejected from the nucleus is detected in
coincidence with the scattered electron. In the present
case (spin-zero nuclei) (e, e'p ) experiments seem to be an

alternative to neutrino/antineutrino scattering. Finally,
our calculations indicate that neutrino scattering obvi-
ously offers a very rewarding, but experimentally ex-
tremely challenging tool to probe nuclear structure
beyond the present possibilities [19].
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