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Recent experimentsl)have indicated the possible presence of neutral

currents in strangeness conserving semi-leptonic weak interactions. These
results, yet to be confirmed, have aroused great interest, since neutral
weak currents play an important role in certain unified theories of weak
and electromagnetic interactions, such as those proposed by Weinbergg)

3)

Salam and Ward”’and others, and shown to be renormalizable by t'Hooft and

M)'
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others In this Letter, we point out that such currents would lead to a

new class of experiments in which nuclear energy levels could be excited
through the inelastic scattering of neutrinos. If neutral currents do
indeed exist, then neutrino excitation can yleld important information about
their structure. We shall describe the mechanism of excitation, consider
several nuclei as examples, and discuss experimental implications.
The usual charge-changing semi-leptonic weak Hamiltonian has the form
G
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The nuclear current has the structureézxz J% + J)5 congisting of a vector
and axial-vector part. The electromagnetic current is known to consist of
an isoscalar and isovector part J% = i +*J%V3. The conserved-vector-current

theory identifies the charge raising and lowering parts of the vector current

entering into the weak interaction with the isovector part of the electro-

magnetic current through the following relation: J%(i)z Jxvl +1 J%Vg.
The axial-vector current is also an isovector operator and has the

+
structure J (‘)z J V1 + 1 J VE.
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In Weinberg's theory, the charge-changing semi-leptonic part of the
weak Hamiltonian is unchanged. However, there is an additional neutral
current interaction with neutrinos of the form
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giving rise to neutrino scattering processes. According to Weinberg,

the isospin structure of the neutral hadronic current is
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Weinberg points out that in principle the matrix elements of é(%
obtained from the corresponding charge-changing processes using isospin
invariance, and the matrix elements of J; can be obtalned directly from
electron scattering. Thus one can, in principle, make predictions for the
neutral processes which are independent of the strong interactions structure
of the target.

The effective Hamiltonian for the neutral weak interactions of leptons
with nuclecns may be taken over directly to nuclear processes, using the
general analysis of charge-changing semi-leptonic weak interactions in nuclei,
which has recently been carried out in close analogy with the analysis of

5).

electron scattering from nuclel A multipole analysis is made of the weak
nuclear current, and the selection rules on the multipoles, as well as their
long wavelength reductions, are given. BExpressions are derived for the rates
for general P-decay and u-capture processes and for cross sections for neutrino
and anti-neutrino reactions. A prescription 1s also given for constructing

the nuclear many-body current operators in terms of measured single-~nucleon

matrix elements.
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If we are interested in low-energy nuclear processes initiated by the
Qg obtained from a nuclear reactor, we require only the long wavelength limit
of the neutrino cross section. The only independent non-vanishing multipoles
remaining in the limit gR — O areu%% and<§1. For allowed Fermi transitions
corresponding to the selection rules IAjI:O, At=no:
N O ”~ ~ ”~
L47( )= L dx Jgo)(§) = T3 -2 Q sin2 Qw
© V b
This operator is diagonal in the nuclear Hilbert space and cannot cause
nuclear transitions. For allowed Gamow-Teller (G-T) transitions with
’Ajwz 1,A © = no, the longitudinal multipole is independent of the Weinberg
mixing angle Qw and has the form:
5 ~ v
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If B-decay rates between the analog states are known, then isospin invariance
and the Wigner-Eckart theorem directly give us the necessary matrix elements
of this operator.
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As examples, ’ consider the B-decay transition He(0 1) — Li(l+O) and

- . -
the electron capture transition Tpe g %) - 11 % %, 0.478 MeV). The

corresponding inelastic neutrino scatterings involve the allowed G-T transi-
6 T *(1'1

tions C1i(1%0) - C1a* (071, 3.562 Mev) and 71,1(—23- —é-) - 147(3 5, 0.478 Mev).

These transitions satisfy two important criteria: (1) they have large matrix
elements and (2) they involve light nuclei, so that the total cross section
per nucleon is large. In contrast, in heavy nuclel the cross section per
nucleon is smeller, since only valence nucleons contribute to spin-flip
transitions. The solid curves in Figure 1 show the inelastic neutrino cross
sections for these nuclei. The anti-neutrino spectrum at the Savannah River
7)

Plant reactor is also indicated. The dashed curves show the inelastic



neutrino scattering cross gections weighted by the T% spectrum. When

L6

integrated over the spectrum, these yield total cross sections of 5.2 x 10

45
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cm /nucleon/ve for Li and 3.3 x 10 cmd/nucleon/ve for 7Li.

Another interesting case (see below) involves the transition

+ +
I (% %) —919F* (g %, 1.554 MeV). The total cross section integrated over

the v, spectrum is 6.3 x 107 3 cm?/nucleoq/ve where B is the branching ratio
+ +
for the PB-decay of the % % ground state of 19Ne to the % % excited state of 19F.

Only the ground state to ground state B-decay rate has been measured and

so we must use a nuclear model to estimate the branching ratio. In particu-

lar we use the single-particle Nilsson model with a K= = bandg) and four

2

adjustable parameters (the three intrinsic matrix elements and gR) to fit
+ + + 4

the = and 2 (0.197 MeV) magnetic moments of 19F, the E ~2 M1l y-decay rate
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F and the %

energy
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spectrum of 19F, the E -2 M1l y-decay rate in

5 5 agnetic moment
19

of Ne which are then predicted are in good agreement with experiment.

This model then yields a branching ratio B = 0.010 + 0.009% for the B-decay
to the excited state of 19F. It should be emphasized the once the f-decay
branching ratio is measured, the ig cross section is model-independent to
the extent of the isospin purity of the levels involved and that only then
will the prediction of the neutrino scattering cross section be free from
nuclear uncertainties.

Detection of neutrino excitation of nuclear levels entails the observa-
tion of a very weak y-ray signal associated with the operation of a nuclear
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reactor or accelerator. The excitation of the .478 MeV level of 'Li appears

to be a favorable case because of the large matrix element and low mass and

7

the large natural abundance of 'Li. With a reactor of the Savannah River

3

— 2
type (2 x lOl ve/cm /sec), this reaction would produce kL 7‘s/day/kg 7Li.



Note that since mass absorption coefficients at these energies are
approximately equal for all elements, the counting rate per kg of y detec-
tor will be lower than the event rate per kg of target. The problem, then,
is to distinguish neutrino induced y's from background. It appears possible
to shield the apparatus adequately from reactor associated neutrons and y's.
The dominant source of background would be residual radioactivity 1in the
target or the photon detector themselves, and in the surrounding shielding,
as well as cosmic ray induced events. In a search for neutrinoless double-
beta decay, Fiorini, et.al.lo> observed 2.4 counts/day/2 KeV at .478 MeV in

3

a well-shielded 25 cm Ge(Ii) detector. If ten such detectors were surround-

ed by several y absorption lengths of 7Li, they would count 1.2 xé events/day.
This implies a signal/noise ratio of 1/20 asguming 2 keV resolution. The
use of 6Li as a target would result in substantially lower counting rates,
but improved signal/noise, as the background falls steeply with energy.
To avoid the background problems assocliated with single y experiments
one would like to find a neutral current reaction which allows one to use a

11)

delayed coincidence technique. Munsee and Reines have done this in a

search for the reaction Tg +d—-n+7p+ Eg, where the neutron provides a

delayed coincidence y-ray after capture in Gd-loaded liquid scintillator.

9

Another possibility is excitation of the 2.43 MeV (% %) state in “Be, which

decays by neutron emission to 8Be, which then decays to two &'s. The excita-

+
tion of the % , 1.554 MeV state in "7F is an interesting caselg), since this
+

ju
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level decays 93% of the time to the level at .197 MeV, which in turn decays

rol

to the ground state with a half-life of 87 nsec. The counting rate for this
T

reaction is about a factor of 600 less than for 'Li, but by making use of
the delayed coincidence, signal/noise can be greatly improved.

The advantages of this approach are best discussed with respect to a



specific experimental arrangement. Consider a large hexagonal array of

300 cylinders of a scintillatorlB)

such as BaFg(Eu), each 5 cm in diameter
and 50 cm long, weighing a total of 1400 kg. Should a neutrino excitation
of l9F oceur in a particular cylinder, the .197 MeV y-ray would likely be
detected in that cylinder, while the 1.36 MeV y-ray would be detected in one
of the six cylinders surrounding the "source" cylinder, in delayed coinci-
dence. With 30% overall detection efficiency, this array would produce .7
coincidence events/day. If the BaFE(Eu) has the same background singles
rate as does NaI(T@), the accidental coincidence rate would produce a
signal/noise ratio of 1l:1.

In order té compute the neutrino excitation cross section at accelerator
energies, that i1s at higher values of gR, we need the nuclear densities from
which we can compute all the contributing multipole matrix elements and
corresponding cross sections and rates. These higher energy regions are of

1)

more interest for experiments possible at LAMPF , Where the neutrinos have

energies up to 53 MeV. Although at full intensity the neutrino flux will be
]_O—5 of that near a large reactor, the increased energy partially compensates
for this loss of flux. Note that for low energy muon neutrinos the neutral
current reactions are the only way they can interact. The general form of

the single nucleon matrix elements needed to construct the nuclear currents

as well as the remaining necessary theoretical analysis is presented in detail
in Ref. 5. When gR ig not small it is important to carry out a unified
analysis of semi-leptonic weak and electromagnetic interactions in nucleil.
There we find that electron scattering data at all q2 provides a test of
nuclear wave functions, allowing us to have some confidence in predictions

for new processes and serving in many cases to eliminate nuclear physics

uncertainties in examining the basic structure of the weak interaction itself.

Indeed, if sufficiently accurate electron scattering data is available, it



is frequently possible to use inelastic electron scattering to determine
the one-body density matrix for the nuclear trangition and then to use this
to calculate the weak processes in an essentially model-independent fashion.

15)

In a series of recent papers s, these ideas have been developed and applied
to several specific cases. Here we extend these calculations to include the
inelastic neutrino cross sections. In IFig. 2 we give these cross sections
for neutral current excitation by v and v (either electron or muon neutrinos
and anti-neutrinos) of the O+l, 3.562 MeV excited state in 6Li and the l+l,
15.11 MeV excited state in 12C. These curves are shown for two values of
the Weinberg angle, OO and 350. t very low energies where gR < < 1 only
the axial vector dipole operator contributes significantly and, as a conse-
quence, the v and Vv cross sections are equal and are independent of the
Weinberg angle. The other extreme of very high energies appropriate to
NAL and CERN 1s indicated by arrows on the right hand edge of Fig. 2. There
the cross sections are peaked towards forward angles and again the inter-
ference term which yields the v difference goes to zero. However, in the
intermediate energy region shown in Fig. 2 the cross sections differ
considerably for v and v and are sensitive to the value of the Weinberg
angle. The 12C reaction is particularly interesting, 1n that it seems to
be free of neutron or cosmic-ray induced background. An array of 10 5"x5"
NaI(TL) detectors, each surrounded by several y absorption lengths of liquid
scintillator, would have a counting rate of 1 per day, assuming a flux of
lOBx/cmg/sec of each type at LAMPF. Here one gains a factor of two in count-
ing rate because of the higher mass absorption cocefficient of NaI(T&) at
15 Mev.

In conclusion, if neutral weak currents in fact exist, it should be

possible to detect y-rays from nuclear excitation caused by neutrinos with
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either reactor neutrinos or those from an accelerator such as LAMPF. By
making use of nuclear selection rules, one can isolate particular spin and
iscspin components of the neutral weak current for detalled examination, ag
in the allowed Gamow-Teller transitions discussed above. As examples of
experimental pogsibilities, counting rates and signal/noise ratios of typical

120 and 19F have

experiments to detect neutral current excitation in 6Li,
been described. Such investigatlions are of considerable interest, in that
they represent experimental conditions of a totally different nature than
those which search for muon-less VH induced events at high energy accelera-
tors, and in that they allow determination of the weak neutral current coup-
ling constant independent of the Welnberg angle at reactor energies, but are
sensitive to the Weinberg angle at intermediate energies.

We wish to acknowledge helpful discussiong with W. A. Bardeen and with

F. Reines and H. Sobel and other members of the U.C. Irvine Neutrino Group.
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Figure Captions

The inelastic neutrino scattering cross sections for excitation of

+ . 6. 11 R N
the 0 1(3.562 MeV) state in ILi and the 55 (0.L78 MeV) state in 'Li
are shown as solid curves. The zg spectrum from Ref. 6 normalized to
unity when integrated over all neutrino energies is shown as a dotted
curve, The total effective cross sections per unit energy obtained by
folding the Té spectrum with the solid curves are shown as dashed curves.
Inelastic neutrine scattering cross sections for excitation of the
+ . 6., + .12
01 (3.562 MeV) state in Li and the 1 1 (15.11 MeV) state in ~°C. The
solid curves are for neutrinos and the dashed curves for anti-neutrinos.
The cross sections are shown for two values of the Weinberg angle, Qw: 0°

and 350. The asymptotic cross sections are indicated by arrows at the

right-hand edge of the figure.
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