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Magnetic Moment of a Massive Neutrino and Neutrino-Spin Rotation
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A massive Dirac neutrino has a magnetic moment, which causes its spin to precess in a
magnetic field. This reduces the effective weak cross sections for relativistic neutrinos.
An estimate on the basis of phenomenological considerations as well as the standard elec-
troweak theory indicates that massive neutrinos from supernovae and neutron stars may
contain significant mixtures of negative- and positive-helicity states.

PACS numbers: 14.60.6h, 13.15.+ g, 95.30.Cq, 97.60.-s

The possibility of nonzero neutrino masses and
associated- lepton mixing is still an open one. '
Recent reactor neutrino experiments may, per-
haps, indicate that neutrinos do have nonzero
masses. ' As is well known, a massless, chiral
neutrino cannot have a nonzero magnetic (or elec-
tric) dipole moment. The same is true of a Major-
ana neutrino, whether massless or massive. How-
ever, a massive Dirac neutrino will, in general,
have a magnetic moment. We denote this by p,
=—p„,b, where the index i labels the neutrino mass
eigenstate; i =1, . . . ,n in the n-doublet version of
the standard [SU(2)]~ Ce U(1) electroweak theory
considered here. ' (Where it is obvious, the index
i will be suppressed. ) In this paper we shall ana-
lyze the resultant phenomenon of neutrino-spin
rotation in a strong magnetic field and shall show
that, although p„ is quite small, this rotation may
have a significant effect on neutrinos from super-
novae and neutron stars.

The neutrino magnetic moment arises at the
one-loop level, as does the weak contribution to
the anomalous magnetic moment of a charged lep-
ton. ' The value of p, in the standard theory can
be read off from general formulas for the electro-
magnetic vertex, to one-loop order, of an arbi-
trary fermion. ' To leading order in m, '/ms, , the
results are independent of m, and of the lepton
mixing matrix U. We have'

3e GFm
8~'W2

(where e is positive). Observe that, whereas p,
and o. are antiparallel for the charged lepton l
they are actually parallel for the neutrino. Nu-
merically,

p „=1.85x10 s'[m, /(1 eV)] eV G '.
The magnetic moment p„causes the neutrino

spin to precess in the presence of a magnetic
field B. In the standard theory, a neutrino (mass

eigenstate) v is produced as a mixture of helicity
states g„(+) with h =cr p =+1:

~.(p) =(I.I'+I I I') "'[a|.(-)+I V.(+)],
where I b/a I

= m „/(E + I p I). A relativistic 'v' is
thus predominantly in the h =+ 1 state, respective-
ly. A spin rotation from („(-)toward g„(+) will
reduce the resultant effective weak neutral- and
charged-current scattering cross sections for v

which arise, in the relativistic case, predomi-
nantly from the helicity state g „(-), and similar-
ly for v.

Let us examine the behavior of a massive neu-
trino propagating in the presence of a magnetic
field through vacuum. We specialize to the case
of a field B which is essentially constant over the
lengths and times relevant for the passage of a
neutrino; this case should be a reasonable first
approximation to the situations of astrophysical
interest to be discussed below. The Hamiltonian
for the neutrino is

H ='Yo(Y ' p - p p
' B + nt „). (4)

The helicity eigenstates g„(+) are expressed (with
an accuracy up to a term linear in B) as

4.(~) =1/~2[(1 ~ p)'"p. (-)+ (1+ p)'"p. (+)],

(5)
where p„(+), respectively, denote the positive-
energy eigenstates of the Hamiltonian (4) with
eigenvalues E, = E + ~ (8), where

~(8)=p„B[sin'8+(m „/E)'cos'8]' 2

11I „(~)= (cos-,'8)p„(+)+ (sins8)cp, (*), (8)

and E =(I pl'+ m „')'". The angle 8 and the param-
eter p are defined by

cos8 = p ~ B,
p =(m, /E) cos8/[sin'8+(m„/E)'cos'8]~ . (7)

ln the nonrelativistic limit, E -m „p-cos6I, and
Etl. (5) reduces to

Oc 1980 The American Physical Society 963



VOLUME 45, NUMBER 12 PHYSICAL REVIEW LETTERS 22 SEPTEMBER 1980

with Eq. (6) replaced by E, = E + p „B. This is
what one expects intuitively. For the relativistic
case, p -m, /(E tan8) «1 for tan8» m, /E, and the
state mixing in Eq. (5) becomes nearly maximum,
but the energy shift (6) now depends on the angle 8.

A neutrino (mass eigenstate) which starts as
P„(-) at t =0 and propagates for a time t picks up
a component along g, (+) because of its spin rota-
tion, due to the phase difference in p, (+) exp( —i[E
+ ~(8)]tj. This effect is strongly dependent on
the polar angle 8, as Eq. (6) indicates. Note also
that the probability for a transition from p„(+) to
y„(-) via the emission of a real photon is negli-
gibly small. The effective weak charged- or neu-
tral-current cross sections for a relativistic in-
cident v, (with the index i now explicit) are then

0 (v„t ) =!tt', , (-,0)g, .(-, t) I'v (v„0)
= cos'[m, (8)t]o (v „0).

A characteristic length for this rotation is the

half-rotation length

I, ""'(8)=~/2~ (8) (10)

If the v& propagates a distance -. I-&
' ', then its

average effective weak cross sections are re-
duced by a factor of the order of (cos'[~, (8)t])

Numerically, for the symmetric value t9

=w/2,

L, '""(8= /2)

=1.67x10"[(1 eV)/m „,][(1 G)/B] km.

It should be stressed that neutrino-spin rotation
would occur even if there were no lepton mixing
and hence no neutrino oscillations.

In the general case of nonzero leptonic mixing,
denote the neutrino weak gauge-group eigenstates
as v„with 1, = e, p, . . . , l„; in terms of the mass
eigenstates these are given by v, =Q;, U„v, .
Then the probability that a v, emitted initially with
h = —1 will, after traveling for a time t, develop
a nonzero projection along v, with helicity h =+ 1
is

/2p) (12)

. constitute the main component of the (anti)neu-
trino flux, L,~'~'~ (8) is much larger, since m „,
&35 eV for all dominantly coupled v& in v, .' How-
ever, fields as large as 8-10"6 have been con-
sidered possible for neutron stars. ' With m „.
=10 eV and B =10" G, L&

'
(8 =w/2) =17 km.

Since the scale size of the near magnetosphere
of a neutron star is set roughly by its radius,
typically -15 km (and by the light-cylinder radi-
us') the above half-rotation length suggests that
relativistic neutrinos from such objects could
consist of significant mixtures of positive- and
negative-helicity states, and similarly for anti-
neutrinos. (This would, of course, be true trivi-
ally for nonrelativistic v~. ) If, indeed, the mix-

'(-)

ing is essentially complete, then one must divide
the conventional weak cross sections for those
(anti)neutrinos by a statistical weight factor of
or der 2,

Although our main calculations are naturally
based on the standard madel, it is useful to con-
sider purely empirical bounds on p „and L~'"~(8).
If, for example, fermions are composite, the in-
ternal structure of a neutrino might give rise to
p„»pp"" ~in Eq. (1). Moreover, p„ is very
sensitive to possible right-handed currents; if
present (at a phenomenologically allowed level),

! 4., (I,Q)4, (-l, t)l'= ZU»*U.;~,«p( im, 't-
j=l

where ~, = cos[~~(8)t] or sin[~~(8)t] for h =- 1
or +1, respectively. In this formula we have as-
sumed that the neutrinos are relativistic; it is
straightforward to insert the factors of P, (1
+ p)'I', etc. , for the general case.

The implications of our analysis of neutrino-
spin rotation will obviously be most important in
situations where (1) the premise is valid that the
medium is either vacuum or, if matter, that it
is of sufficiently low density as to have a negli-
gible influence on the passing neutrinos; and (2)
there is an extremely strong, coherent (i.e. , non-
random) magnetic field. Such a situation may be
realized in the region of space near a supernova
or neutron star, ' where B- 10"-10"G. The en-
ergies of escaping neutrinos are typically of the
order of 10 MeV.

Consider first very early times, when T is suf-
ficiently high that v 's make a significant con-
tribution to the (anti)neutrino flux from the super-
nova. Given the bound' m, &0.57 MeV for allV]

dominantly coupled v& contained in the gauge-group
eigenstate v„, a value such as m „,=100 keV is al-
lowed, at least by particle-physics data. ' Then,
with B=10" G, L ' ' (8 =m/2) = 0.17 km. As the
temperature falls below -rn „. such heavy neu-
trinos cannot be produced. For the later stages
of supernovae and for neutron stars, where v, 's

964



VOLUME 45, NUMBER 12 P HYSICAL REVIEW LETTERS 22 SEPTEMBER 1980

these could also lead to p, „»p,""" . Upper
bounds on p „are usually quoted in terms of f„
defined by p „=f„(e/2m, ). An astrophysical bound
is the most stringent'. f„(0.85 x10 "for m, s 10
keV. From v, e - v, e and v&e —v„e reactions one
has" f„~1.9x 10 ' and f„„(0.81 x 10 '. Indirect
bounds can be obtained if one assumes that the
possible internal structure or unknown dynamics
produces comparable contributions to p„ l = e,
p, and to p„. Then from the agreement" of quan-
tum electrodynamic predictions and experimental
measurements one again finds f„610 ". For
comparison, Eq. (2) gives f„('""d)=3.20
x10 "m„/(1 eV). Thus, phenomenologically (in-
dependent of neutrino masses),

L('")(() =w/2) z 0.6x 10'[(1 G)/B]km, (13)

that is, & 6 cm for B =10" Q.
Finally, we comment on neutrino rotation in

dense matter such as that inside a supernova core
or neutron star. Given the bound (13), for B-10"
G, L&('")(8) can be much smaller than the neu-
trino mean free path l fp -0.1 km in such an ob-
ject.' However, the situation is complicated by
possible coherent weak scattering effects, "which
could be more important than those due to neu-
trino rotation, depending on p„, B, E, and 8. If
rotation were more important, then it could have
a significant influence on the cooling of neutron
stars.
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One of us (K.F.) thanks C. N. Yang for the kind
hospitality of the Institute for Theoretical Phys-
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Note added. —Magnetic fields of order 2-3 pQ
may occur over distances of order kiloparsecs
(kpc) in the interstellar medium in galaxies (see
Smith, Ref. 6). The bound (13) with B =2 pG
gives L ' ' ) 0.01 kpc, so that interstellar neu-
trinos may undergo a substantial rotation.

After submission of this work a related paper
by Cisneros" came to our attention. Cisneros
considered the different case of massless neu-
trinos with non-(V-A) couplings in a nonrenor-
malizable-pregauge-theory framework, obtained
an ill-defined, one-loop divergent p „, and dis-
cussed the possible effect of spin rotation on so-
lar neutrinos. We disagree with his claim that
(for his case of massless neutrinos) "if we have
a vector or axial-vector interaction. .. the re-
sulting magnetic moment. .. is zero. Any com-

bination of vector and axial vector will similarly
give zero magnetic moment. . . ." [This is true
only for massless chiral (V+A) neutrinos. l We
also disagree with his claim that "since the neu-
trino appears only on external lines in the proc-
ess, permitting it to have a nonzero mass will
not change the answer (for p „)." We also re-
ceived a preprint by Lynn and Feinberg" on a re-
lated subject.
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Correlations of two r mesons with transverse momenta P & up to 13 GeV/c have been
measured with large azimuthal acceptance. Results for cross sections, p«&, and z dis-
tributions are compared in detail with models based on bvo-constituent scattering and
fragmentation. The width of the constituent transverse-momentum Gaussian distribution
would have to be doubled to match that from experiments with P z below 5 GeV/c. A more
likely explanation is the presence of processes with more than two constituents in the
final state.

PACS numbers: 13.85.Fb, 13.85.Kf

Experiments at PETRA' studying jet structure
in hadronic reactions from e'e collisions report
that Feynman-Field-type models, ' which describe
hadronic final states in terms of two-constituent
(quark-antiquark) fragmentation, while fitting the
data well below vs= 10 GeV, fa.il at higher ener-
gies. This failure has been attributed to the lack
of a third constituent (gluon) in these models.

The analysis of jet structure in hadronic colli-
sions is substantially more difficult, primarily
because of the presence of "spectator" particles
not associated with the jets, and the (not well un-

derstood) degrees of freedom of the confined con-
stituents in the initial state, such as their trans-
verse momentum and longitudinal rapidity. These
parameters, not encountered in e'e collisions,
cause ambiguity in identifying the jet-associated
particles.

Despite these problems, much progress has
been made by studying the characteristics of high-
transverse-momentum particles produced in high-
energy hadron collisions. ' Experimentally ob-
served4 correlations of such particles have been
compared to predictions of quantum chromody-
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