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Consequences of a neutrino magnetic moment in inelastic neutrino reactions
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For any inelastic neutrino interaction v+ A ~v+X, the presence of a neutrino magnetic moment

adds to the normal cross section an amount that is calculable in terms of the virtual photon process
y*+ A ~X. In particular, there is a correction to the neutrino forward-scattering theorem expressible

in terms of the neutrino magnetic moment and the photoproduction cross section y+ A ~X. There is

an effect on the neutral current to charged current ratio at high energies. Effects also occur in the in-

teraction of low-energy neutrinos with atoms; this is illustrated for the coherent process
v+ atom~ v+ atom+ y.
PACS number(s): 13.15.—f, 13.40.Fn, 14.60.Gh, 25.30.Pt

It has been noted that an anomalously large neutrino
magnetic moment [I] can have an impact on the elastic
neutrino-electron scattering process v+e —+v+e [2]. In
particular, the differential cross section in the kinetic en-

ergy of the recoil electron obtains an additive correction
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Here 0 z and o.
L denote the transverse and longitudinal

cross sections for the virtual photon process y*+ A ~X,
which are measurable in the corresponding electropro-
duction reaction e + A ~e +X:

where r, =a/m„p„=neutrino magnetic moment,

pz =e l(2m, ) is the Bohr magneton, and E is the incident
neutrino energy.

The purpose of this Brief Report is to present a general
result that gives the corresponding modification of the
neutrino cross section for any inelastic process
v+ 3~v+X. Denoting by k, k', and p the momenta of
the initial neutrino, final neutrino, and the target particle
A, and introducing the variables q =k —k', Q = —q,
y =p q/P k =v/E, and x =Q /2p q, the correction due
to a neutrino magnetic moment is

and
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The tensor J„ is identical to the tensor which describes
the electroproduction process e + 3 ~e +X. Writing

J„„in terms of o z and o I in the usual way [3] and con-

tracting with the neutrino tensor X"",we obtain the re-

sult (2).
The magnetic-moment-induced term in Eq. (2) has the

feature that it does not vanish in the limit Q =0. This
has implications for neutrino scattering in the forward
direction. The normal neutrino cross section for forward
scattering is given by Adler's PCAC (partially conserved

The derivation of the result (2) is as follows. The
squared matrix element that describes the reaction
v+ A ~v+X, induced by a neutrino magnetic moment

p, can be written as

e p
2 2

iMi =
g4 P~

where
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Our general result (2) states that, in the presence of a neu-

trino magnetic moment, the forward-scattering theorem

[in the form (Sa) or (5b)] receives a correction given by
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or(v} being the cross section of the photoproduction pro-
cess y+ A ~Xat energy E =v.

In inclusive neutrino-nucleon scattering v+X~v +
anything at high energy, the normal and magnetic-
moment-induced cross sections are [7]

axial-vector current) theorem [4]:

de —(1—y)f po p(v) . (5a)6 1

normal Q =0

Here o p(v) is the cross section for ~ + A ~X at pion

energy E =v, and f p=93 MeV. This theorem applies

to semileptonic processes, i.e., when A and X are hadron-
ic systems. In cases where the process v+ A ~v+X is
governed by the purely leptonic weak interaction, the
equivalent result is formally obtained [5,6] by replacing
the rr by a (hypothetical} axion and f p by v [the axion-

lepton interaction being defined by (mI /u )t2 lysi]:
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where tr(y A ~y A) is the Rayleigh scattering cross sec-
tion for a transverse virtual photon of mass q . If the
neutrino possesses a magnetic moment, there is a correc-
tion to the above result given by
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where the atom A recoils without excitation or ioniza-
tion. This reaction is a signi6cant energy-loss mechanism
for neutrinos whose wavelength is comparable to atomic
dimensions (E-R,t'). The normal weak cross section
for the process involves the vector coupling constant Cz
of the neutrinos with electrons, which has the value

—,'+2sin 0 for v, and —
—,'+2sin 0 for v„or v. The

differential cross section (neglecting the longitudinal
term) is [6]

dtr(v+ A ~v+ A +y)
dg dv
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For a quantitative comparison, we have integrated the
cross sections (9a) and (9b) over the variables Q and v.
The Rayleigh cross section y' A ~y A was calculated us-

ing a realistic atomic form factor, with allowance for the
virtuality of the initial photon [6]. The resulting cross

Thus the correction relative to the norma1 neutrino cross
section is of order p~n/G2Q . In the limit Q ~0, the
ratio of the magnetic and normal terms is determined by
Eqs. (5a) and (6) to be (p, /G f p)(orN/cr z) The.
correction to the neutral current cross section given in
Eq. (7}implies that the neutral current to charged current
ratios R and 8 receive corrections proportional to p .
A cursory examination of the semileptonic neutrino data
suggests an upper limit for the magnetic moment of v„of
about 10 p~. This is weaker than the limit derived
from v„+e~v„+e [8].

Reactions that are especially sensitive to the effects of a
neutrino magnetic moment are low-energy neutrino in-
teractions with atomic electrons. These include the
neutrino-induced photoeffect (v+ A ~v+e + A +),
coherent radiative scattering ( v+ A ~v+ A +y ), and
incoherent Compton scattering (v+ A ~v+ A '+y). In
all of these cases, the presence of a neutrino magnetic
moment leads to an enhancement of the cross section
which can be calculated using Eq. (2). As an example, we
consider the coherent radiative process
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FIG. 1. Cross section of v, +Fe~v, +Fe+y in units of

o(v, +e~v, +e).



2254 BRIEF REPORTS

section for radiative v, scattering off Fe atoms is shown
in Fig. 1. We observe that the contribution from a neu-
trino magnetic moment IM, =10 '

pz exceeds the nor-
mal cross section for E„&10 keV.

In the case of v„or v, scattering, the weak vector cou-
pling Cv = —

—,'+2 sin 0 = —0.04 is strongly suppressed
compared to that of v, . Thus the contribution from a
neutrino magnetic moment has an enhanced importance
in the coherent scattering of v„and v, from atomic elec-
trons.

For high-energy neutrinos (E„))100keV) the dom-

inant contribution to coherent radiative scattering is
from scattering on the nucleus, v+JV~v+JV+7. The
standard model calculation of this process was given in
Ref. [9]. The magnetic-moment correction may be ob-
tained from Eq. (9b) by inserting the Compton cross sec-
tion cr(y*JV~yJV). In the intermediate energy domain
E —100 keV, there will be interference of nuclear
scattering with scattering from the electron cloud. (For
the case of elastic neutrino scattering from atoms, such
interference effects were studied in Ref. [10].)
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