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It has been suggested that an apparent correlation of the flux of detected solar neutrinos with so-
lar activity is due to a neutrino magnetic moment. Here several terrestrial experiments that might
observe the magnetic moment are considered, with emphasis on those employing reactor neutrinos.
The neutrino charge radius, and prospects for observing it, are also discussed. An appendix collects

all relevant neutrino scattering cross sections.

I. INTRODUCTION

The flux of solar neutrinos detected on Earth! appears
to be anticorrelated with sunspot activity. Voloshin,
Vysotskii, and Okun? pointed out that such an effect
would follow from an electron-neutrino magnetic dipole
moment of magnitude

p, ~1071, (1)

where, as everywhere else in our paper, we use units of
electron Bohr magnetons e /2m,. A significant number
of left-handed neutrinos with magnetic moment (1) would
be flipped into sterile right-handed neutrinos by the mag-
netic field in the solar convective zone. Since the
strength of this field presumably follows solar activity,
the number of left-handed neutrinos detected on Earth
would reach a minimum during maximum activity and
vice versa.

The suggestion that this in fact occurs has stimulated a
reexamination of the question of neutrino magnetic mo-
ments. In the minimal standard electroweak model, neu-
trinos are massless and have no magnetic moment. A
simple extension permits massive Dirac neutrinos to ac-
quire through radiative corrections® a moment

3Gpm,m,,
=——"-T=32%x10"1
Hv 4V 27

m,
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that is nonzero but too small to affect astrophysical phe-
nomena. The incorporation of additional physics, e.g.,
right-handed currents, leads to much larger magnetic mo-
ments* [m_, in (2) is replaced by m;sin2&, where & is the
mixing angle connecting the mass and weak-interaction
eigenstates of the two intermediate vector bosons W and
m,; is the charged-lepton mass], but even this enhance-
ment is still far from that required to explain the solar-
neutrino deficit. Scenarios that do allow magnetic mo-
ments as large as (1) for light (~ eV) neutrinos® deviate
significantly from the standard model but have been pro-
posed. In many cases the models consider not only diag-
onal magnetic moments, but also nondiagonal transition
moments which, under the effect of a transverse magnetic
field, transform left-handed neutrinos of one flavor into
right-handed neutrinos (or antineutrinos) of another
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flavor. Only massive Dirac particles can have nonvanish-
ing diagonal magnetic moments. No such restriction ap-
plies to transition moments, however, and both Dirac and
Majorana neutrinos may have them. In either case, at
least four neutrino components (e.g., a massive Dirac par-
ticle or a pair of Majorana particles) couple to the same
charged lepton.

In this paper, we will analyze the feasibility of
neutrino-lepton scattering experiments to measure neutri-
no magnetic moments and charge radii, with emphasis on
experiments at reactor energies. Because the recoiling
lepton rather than the scattered neutrino is observed, a
flavor-changing moment cannot be distinguished from a
diagonal moment. Although the discussion here is
framed in terms of Dirac neutrinos with diagonal mo-
ments, our results apply as well to transition moments
(including the magnetic-electric dipole interference®), and
to Majorana neutrinos if the charge radius is replaced by
an anapole moment.’

II. EXISTING LIMITS

A variety of astrophysical and cosmological arguments
restrict the magnitude of the neutrino magnetic moment.
For example, “He nucleosynthesis® allows at most one
flavor to have p,>5X 107!, and stellar cooling requires’
py, S1X 107 ', As recognized by a large number of au-

thors, the observation of neutrinos from SN 1987A can
be interpreted as a further restriction. Left-handed neu-
trinos (with moments) produced during the collapse
would flip their helicity in collisions with the electrons
and nuclei of the collapsing star. The resulting right-
handed neutrinos would in the simplest scenario be sterile
with respect to the weak interaction, and therefore es-
cape, reducing the trapped lepton number of the star and
impeding the progress of the supernova. In addition, the
escaping right-handed neutrinos, with average energy
=~ 100 MeV, could be reflipped by intergalactic magnetic
fields, and detected with relatively high efficiency on
Earth. The absence of such a signal from SN 1987A is
used to place the limits p,<5X10713 in Ref. 10,
p,<(1-10)X 10713 in Ref. 11, and u,<2X 107 !? in Ref.
12. These values, although not quite consistent with one
another, seem to exclude the moment in Eq. (1) by a fac-
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tor of 100 or more. However, the analysis clearly de-
pends on, among other things, the assumption that
right-handed neutrinos are in fact able to escape the star.
A direct measurement of the neutrino magnetic moment
would be of great use.

Some relevant laboratory data do exist. Neutrino-
electron scattering can be used to set limits on the value
of u, if the measured cross section is compared with Eq.
(A5). For muon neutrinos, the limit is'* u, <107°. For

electron neutrinos two experiments are available. Refer-
ence 14 reports results with v,, v, and v, from the
LAMPF beam stop which, assuming sin?0,, =0.226,
yield a limit of ~1.3X107° to fy,- In a much earlier ex-
periment, the first of its kind, Reines, Gurr, and Sobel’®
observed scattering of reactor ¥, on electrons. Their re-
sult is interpreted by Kyudliev'® as an upper limit of

1.5X107!9 on the magnetic moment u . We believe

that the conclusion is not quite justified. The cross sec-
tions of Ref. 15, integrated over the reactor antineutrino
spectrum, were (7.6£2.2)X 10™*% cm? for electron recoil
in the interval 1.5-3.0 MeV, and (1.940.5)X 107%¢ ¢cm?
for energies between 3.0 and 4.5 MeV. When compared
with the now well-understood reactor ¥, spectrum, which
we discuss shortly, and the presently accepted value of
sin’@y,, these cross sections are 1.35+0.4 and 2.0+0.5
times larger than expected. (The exact analysis is
difficult, because the detection efficiency probably de-
pended on the recoil energy; no attempt was made to in-
clude that effect here.) This slight discrepancy taken
literally would imply a neutrino magnetic moment on the
order of (2-4)X 10719 At the very least, we must con-
clude that all currently existing direct experimental limits
are substantially larger than the value in Eq. (1). A better
experiment would definitely bear on the question of mag-
netic moments and solar neutrinos. In the next section
we discuss measurements with low-energy neutrinos to
see how much better they can be expected to do.

III. MAGNETIC MOMENTS AND REACTOR
EXPERIMENTS

In the Appendix we collect all relevant formulas for
the scattering cross sections that depend on the neutrino
magnetic moment. The scattering on nucleons or nuclei
is important in astrophysical applications; in laboratory
experiments, however, detection of the very low recoil of
baryonic targets appears to be impossible with present
technology. Electrons are clearly the most promising tar-
gets. The total neutrino-electron cross section increases
linearly with E, for Z and W exchange but only logarith-
mically for the magnetic moment interaction. The rela-
tive strength of magnetic scattering is, therefore, highest
when E, is small. Furthermore, the 1/T dependence of
the magnetic differential cross section [see (AS5)] shows
that the detection of low recoil is crucial to a good mea-
surement.

All these considerations point to nuclear reactors as
the most convenient neutrino sources. Power reactors
emit large numbers of antineutrinos, about 5X 102°%, per
second, broadly distributed over energies up to about 10
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TABLE 1. Fit to ¥, spectra above 2 MeV [resulting spectrum
in units of ¥,/(MeV fission); see Eq. (4) for a definition of the
variables a;].

a; 235U 239Pu 238U 2411)u 252cf
ag 0.870 0.896 0.976 0.793 1.044
a; —0.160 —0.239 —0.162 —0.080 —0.232
a, —0.0910 —0.0981 —0.0790 —0.1085 —0.0982

MeV, with a peak at 0.5-1.0 MeV. The relevant quantity
for scattering experiments is the folded differential cross
section

do\_ r» dN, do(E,)
<dT>— Emn() dE,

dE

daT v’ ®

where T is the electron recoil energy, dN,/dE, is the
reactor ¥, spectrum and E}'"(T) is obtained from (A4).
To interpret data, we, therefore, must have accurate
knowledge of the antineutrino spectrum, including its
low-energy part. At energies above the threshold of 1.8
MeV for inverse neutron beta decay, the reactor spec-
trum is known quite well (see Ref. 17 for a description
and references). For practical purposes it can be approxi-
mated by the function

dN,/dE ,=explay+a,E, +a,E2), 4)

where the fitted parameters for the nuclear fuels of in-
terest are listed in Table I, and the antineutrino energy
E, is in MeV. (In Tables I and II the entries for *°U,
23%py, and 2*!'Pu are for the thermal neutron fission, 23*U
is for 0.5-MeV neutron fission, and 2*2Cf is for spontane-
ous fission. The tables assume that the fission products
have been accumulating for 2 years of “‘exposure time.”)
The parameters in Table I do not account for a change of
slope in the ¥, spectra that takes place above 8 MeV; be-
tween 8 and 12 MeV the spectra are overestimated by a
factor of 2—3. This deficiency is not very important in
practice, however, because very few antineutrinos have
those energies.

The spectra at lower energies have never been calculat-
ed in a systematic way before. Our results, based on a

TABLE II. Calculated antineutrino spectra in units of
v,/(MeV fission).

E (MCV) 235U 239Pu 238U 241Pu 252Cf
2.0 1.26 1.08 1.50 1.32 1.27
1.5 1.69 1.48 1.97 1.75 1.71
1.0 2.41 2.32 2.75 2.63 2.66
0.75 2.66 2.58 2.96 2.90 2.92
0.50 2.66 2.63 291 2.82 2.83
0.25 2.16 2.08 2.18 2.14 2.37
0.125 1.98 1.99 2.02 1.85 1.63
6.25X1072 0.61 0.64 0.65 0.59 0.53
3.12X1072 0.35 2.13 1.32 3.00 3.30
1.563X 1072 0.092 0.56 0.35 0.79 0.87
7.813X1073 0.024 0.14 0.089 0.20 0.22
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summation of the allowed shape beta decays of all fission
fragments, are summarized in Table II and Fig. 1. The
striking feature of Fig. 1, apparent also in the table, is the
seemingly random discontinuity in the gradually decreas-
ing amplitudes. These steps are quite real; they stem
from the Coulomb attraction of the emitted electron and
the nucleus. Because of it there is a finite probability of
emitting a zero-momentum electron, and hence a
maximum-energy antineutrino. Whenever such an end-
point is crossed a step in the sum spectrum results. The
positions of the steps are very well defined, but their am-
plitudes depend on the corresponding branching ratios
and on the fission yield, which in turn depends on the ex-
posure time and to some extent on the neutron flux in the
reactor (effect of neutron capture on long-lived fission
fragments). These quantities, which vary from reactor to
rector, can all be correctly included in the calculation. It
is the integral of the spectrum that appears in Eq. (3),
however, so the details at low energies are not terribly
important.

In Fig. 2 we show the folded cross sections for the
weak and magnetic interactions separately. The steep de-
crease at recoil energies above 1 MeV is caused by the
corresponding drop in the reactor antineutrino spectra.
The necessity of observing relatively low electron recoil is
apparent from the figure. In a real experiment, one
presumably will measure the number of recoil electrons
as a function of T and compare the resulting shape and
magnitude with expectation based on the weak interac-
tion alone (because that is calculable provided the reactor
antineutrino spectrum is known). Thus the important
quantity is the total/weak folded cross-section ratio,
shown in Fig. 3 for several values of u,. Assuming some-
what arbitrarily that 10% accuracy is achievable, we see
that recoil of 4 MeV must be observed in order to be sen-
sitive to p, =107 !9, while one has to go down to T =200
keV for 3X 1071, and to 25 keV for 107!, The experi-
ence of Reines, Gurr, and Sobel" indicates that 10710 is
clearly within reach, 3X 107! is difficult but perhaps not
impossible, and 107!! is almost out of the question.
Thus, the range of limits achievable by a reactor experi-
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FIG. 2. Differential cross section for ¥, scattering on elec-
trons, averaged over the antineutrino spectrum of fissioning
235U

ment encompasses the value (1) required to explain the
solar-neutrino problem, though just barely.

Instead of a nuclear reactor an electron-capture radio-
active source could in principle be used. The advantage
is a possible 47 geometry; i.e., the detector might com-
pletely surround the source. The whole apparatus could
be placed in an underground laboratory in order to mini-
mize background. To illustrate such an experiment, let
us consider the same 600-kCi *!Cr source that is to be
used for calibration in the GALLEX project.'® (Note
that even this very strong source is about 10* times weak-
er than a power reactor.) We assume that at our disposal
is a 50-cm-thick liquid-argon detector, and that recoil
electrons can be detected from T,;,=50 keV; back-
ground is neglected. The weak interaction then leads to
5.6 counts per hour in the detector, and the neutrino
magnetic moment to 6.1X 10%%2 counts per hour. If the
total cross section can be determined to 10% accuracy,
the detection limit on u, is ~3X107'. If the

differential cross section can be determined to the same
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FIG. 1. Low-energy part of the antineutrino spectrum, corre-
sponding to 2**U fission. Two years exposure time.
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FIG. 3. Ratio of total to weak-interaction cross sections for
different values of the neutrino magnetic moment, averaged
over the antineutrino spectrum of fissioning 2*°U.
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accuracy the limit is ,uvezl.4><10‘11 from the lowest

recoil electrons. These values are comparable to the
detection limits discussed above for nuclear reactors.

IV. ASYMMETRY IN SOLAR-NEUTRINO
SCATTERING

A neutrino magnetic moment has further consequences
in the Sun. While the weak interaction (W and Z ex-
change) preserves neutrino helicity, photon exchange in-
volving a neutrino magnetic moment flips it. For longitu-
dinally polarized neutrinos the two interactions do not in-
terfere, and consequently the cross section (A5) depends
quadratically on u,. Barbieri and Fiorentini!® pointed
out that under special circumstances an interference be-
tween weak and magnetic interactions is possible for so-
lar neutrinos, particularly those from the decay of ®B.
They originate in the inner part of the Sun, and probably
all see the same solar magnetic field. Under its action the
neutrino spins precess coherently through an angle that is
independent of energy. To achieve the nominal reduction
of 1 in the left-handed component, the neutrinos must
precess an angle 00529/2=§, leaving them with a large
transverse spin component. Scattering of transversely
polarized neutrinos is described by Eq. (A9); the recoil
electrons will be preferentially distributed in (or opposite
to) the neutrino spin direction. In Fig. 4 we show the re-
sulting asymmetry
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FIG. 4. Upper part: cross section for v, scattering on elec-
trons, averaged over the B-decay spectrum of ®B. A neutrino
magnetic moment u,=1071° is assumed. Lower part: average
azimuthal asymmetry with respect to the plane normal to the
transverse neutrino polarization vector.

where N7 is the number of counts in the & hemisphere
defined by the plane perpendicular to the neutrino trans-
verse spin direction. The upper part of the figure shows

" the differential cross section averaged over the ®B spec-

trum. In calculating it we took into account the 1 reduc-
tion of the weak interaction and assumed a magnetic mo-
ment g, =107'© The asymmetry is sizable, at least for

the parameters we chose. Its observation would be
difficult, however, because the recoil electrons are strong-
ly forward peaked; 5-MeV electrons, for instance, emerge
at an angle of only about 12° from the incoming neutrino
direction. We note as an example of current technology
that the proposed Sudbury heavy-water experiment20 will
have an angular resolution of about 25°, placing detection
of the asymmetry out of reach for the time being. If ex-
perimentally possible, though, observation of the
phenomenon would constitute convincing proof of the
mechanism proposed by Voloshin, Vysotskii, and Okun.?

-V. REMARKS ON THE NEUTRINO CHARGE RADIUS

The purely electromagnetic interactions of a neutral
particle such as the neutfino can be described at low-
momentum transfer by two phenomenological parame-
ters, the anomalous magnetic moment discussed above,
and the mean-square charge radius {72). The latter con-
serves helicity in collisions with charged particles, and as
a result has the same effect on the neutrino as a renormal-
ization of the vector coupling constant g,,. From (AS5) it
follows that there is no particular advantage to low-
energy neutrinos in experiments to determine {72). Data
on high-energy v, -electron scattering!’ can be interpreted

. ‘H —
as limiting positive {2 ) to <0.81X 1073 cm? and neg-

i
ative (r,, ) to =2 —7.3X 1072 cm?.

A parametrization of the electromagnetic current sole-
ly in terms of u and (r2) ignores the weak effects that,
within the standard model, are intrinsically linked to the
electromagnetic interaction. Formula (AS5), therefore,
will govern the behavior of composite neutrinos, but does
not strictly describe all the radiative corrections generat-
ed by the standard model. There, the neutrino charge ra-
dius arises in the one-loop approximation not only from
“proper” vertex diagrams but also from the y-Z self-
energy diagrams; with the usual definition of {(r?) [see
Eq. (A2)] the charge radius is infinite and gauge depen-
dent.?"2? This difficulty is overcome by direct considera-
tion of radiative corrections to neutrino-lepton scattering
vI'—v,;I'. The scattering contains®> a form factor
F 7,(q2) that enters the amplitude as

where [} is the charged-lepton vector current. The ap-
propriate derivative of this form factor yields the gauge-
independent finite neutrino electroweak radius, indepen-
dent of the flavor of the charged lepton /:

oF ,(g?) G = M}
< i > 26—_)/—_‘- z_—:‘—ln_»—, l:ey 5T
Ty TEW 3g%  |g2=0 2V27*  m} #
(6)
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which has a value 3.2 X 1073 cm? for the electron neutri-
no and 1.7X 10733 cm? for the muon neutrino. Presently
existing experimental limits are only about 1 order of
magnitude larger than the sensitivity required to actually
see the effects of the radiative corrections?! within the
standard model [not only those associated with the
charge radius (6) but all radiative corrections taken to-
gether?!], in contrast with the situation with the magnetic
moment.

VI. CONCLUSIONS

We have shown here that certain feasible laboratory
experiments with low-energy neutrinos would be sensitive
to magnetic moments of magnitude needed to explain the
solar-neutrino deficit. Although other arguments indi-
cate that this explanation is unlikely, a direct experiment
is still worthwhile. If, by chance, neutrinos do have large
magnetic moments, physics well beyond the standard
model will be opened up.
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APPENDIX: CROSS-SECTION FORMULAS

Here we collect the cross-section formulas for scatter-
ing of neutrinos on electrons, nucleons, and nuclei. Many
of them have been derived previously, but are scattered
throughout the literature. In the following we assume
that an ultrarelativistic Dirac neutrino is characterized
by two phenomenological parameters, a magnetic mo-
ment u, expressed in units of the electron Bohr magne-
tons, and a charge radius (r?). The neutrino elec-
tromagnetic vertex is then

S L T (A1)
=y 2mvff qy >
where ¢ is the momentum transfer and
m’V
F=1¢%r?), F,=p, (A2)

m,

If a neutrino of energy E, scatters on a particle of mass
M at rest in the laboratory frame, two relevant observ-
ables are the recoil kinetic energy T and the recoil angle
x (with respect to the neutrino beam). They are related
by

Bt M r_|” (A3)
COX=TF  |T+2m |
and T is restricted to values
T= 2E, (A4)
T2E,+M "’

P. VOGEL AND J. ENGEL 39

We shall consider the differential cross sections in terms
of the recoil kinetic energy 7. Target particles can be
electrons with electromagnetic form factors F;=1,
F,=0, or nucleons (or nuclei) with electromagnetic form
factors F{=Z (charge number ), F,=uy (anomalous
magnetic moment in nuclear magnetons). Neutrinos ex-
change Z particles with these targets as well, and electron
neutrinos in particular also exchange W’s. From (A1) it
is apparent that the effect of the charge radius is coherent
with those of the weak interactions (no helicity flip),
while the effect of the magnetic moment is incoherent
(helicity flip).
For neutrino-electron scattering we obtain

2 2
do _ GFme 2 2 T
4T Py (gyp+x+g, ) +(g,+x—g, ) |1 E_v
m,T
+g% —(gy+x)] E‘fz ]
s
ma*u? 1—T/E, (AS)
m? T ’
where
2sin%0y +1 for v,,
&y ZSinZOW—% for v, v,
4 for v,,
84~ —4 forv,v,
and

_ V2malr?) _ 2M},
3Gy 3

(r?)sin’@y, .

When antineutrinos are involved, we must make the sub-
stitution g , — —g 4.

For neutrino and antineutrino scattering on nucleons
and on odd A nuclei we shall consider only the helicity
changing part of the cross section, i.e., the part contain-

ing 13

do _ ma’y, (1-T/E, , T .
dT  m? T 2521
(2—T/E,—2MT/E; |

The characteristic ~1/7 singularity is absent from the
second and third terms of (A6), which correspond to
magnetic dipole on magnetic dipole scattering. The cross
section is dominated by the first term, describing magnet-
ic dipole scattering in the Coulomb field; the Z? depen-
dence of that term signifies coherence.'? For applications

. at neutrino energies of astrophysical significance the

terms in (A6) containing the u, contribute negligibly.
For scattering of neutrinos on spin-zero nuclei of
charge Z,, the u2-dependent cross section is
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do _ T,
daT m?

e

1-T/E,
LT

2
T 2E? AN (A7)

Total cross sections are obtained from (AS5)-(A7) by in-
tegrating over 7T up to the maximum recoil given by (A4).
The minimum recoil T, is related to the distance over
which the electron, nucleon, or nuclear charge is
screened (or to the properties of the detection apparatus).
The leading factor in the total cross sections for electrons
(nucleons or nuclei) is

2E?
Toin(2E,+m,)

2E?

~In————
" TminM

~In . (A8)

Note that the term inside the logarithm is largest for elec-
trons. In astrophysical applications it is important to
remember the suppression of scattering on electrons by
Fermi gas degeneracy, and the Z? coherence enhance-
ment of scattering on nuclei.
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Formula (AS5) describes the scattering of the longitudi-
nally polarized neutrinos on unpolarized electrons. The
recoiling electrons are obviously distributed symmetrical-
ly with respect to the beam direction. However, when
neutrinos have a nonvanishing magnetic moment they
can be transversely polarized, e.g., by precession in the
solar magnetic field. As pointed out in Ref. 19, the
weak-electromagnetic interference will then induce an az-
imuthal angle dependence of the form (we show only the
¢-dependent part)

do _ aGgpu,
dT d¢ 2\/§7rme

T
(gy+8a )E—v —28y

172

|€ |cosé ,

2m,

T (A9)

X |1+

where & is the transverse component of the neutrino po-
ale)

larization vector and cos¢ _=_E 'Pr-
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