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Supersymmetry and Large Transition Magnetic Moment of the Neutrino
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W'e show that the most general minimal supersymmetric standard model with I, —I„symmetry
(l, =ith lepton number) and a discrete horizontal symmetry between e and tt families can generate a

large transition magnetic moment for the neutrino while leading to a naturally small mass. A magnetic
moment of order p, =0.3&10 '

pq implies m„m, ~ 1 eV. The photino, which is expected to be the
lightest supersymmetric particle, is unstable in this scheme, decaying dominantly into three-lepton final

states (p+v, r, e+v„r + charge conjugate).

PACS numbers: 14.60.6h, 11.30.Pb, 12.15.Ff, 14.80.Ly

The apparent discrepancy between the observed flux of
solar neutrinos on Earth' and the predictions of the
standard solar model' can be resolved if the neutrino is

endowed with a magnetic moment of the order of
(0.3-1)&10 ' pa. Two types of magnetic-moment in-

teractions can serve the purpose by rotating v, emitted in

the solar core into a species undetectable in the existing
experiments: (i) The Dirac-type magnetic moment that
rotates v„ to v,„; (ii) the transition magnetic moment
that rotates v„ to v„' . The latter case, whose viability
has been established, has the advantage that there are
no severe bounds on it from SN 1987A observations.
This mechanism, however, requires the v, -v„mass split-

ting to be less than 10 eV . This condition is au-
tomatically satisfied if, for instance, 1, —1„(l;=ith lep-
ton number) is an unbroken symmetry. If the present
hints of an anticorrelation of the neutrino flux with the
sunspot number is borne out by future experiments, it
will provide a dramatic confirmation of this proposal.

The theoretical problem with a large magnetic mo-

ment of the neutrino is that it generally implies a large
neutrino mass (e.g., p, = 10 '

litt implies m, = a few

kev), in conflict with the observed upper limit from triti-
um P decay. One way to overcome this difficulty is to
introduce an SU(2) „symmetry of neutrino interactions
under which vt and vt' form a doublet. Under this
SU(2)„, symmetry, the Dirac mass term vTCv'
= —, (v Cv'+v' Cv) transforms as a triplet whereas

the magnetic-moment interaction

v Ccr, v'F'~= —, (v Ccr, v' —v' Ccr,pv)F'~

transforms as a singlet. Therefore, in the limit of exact
SU(2), symmetry, the neutrino is massless, but can have

a magnetic moment. Several attempts have recently
been made to incorporate this idea in the context of re-
normalizable gauge models. ' In particular, in Ref. 9, it
was proposed to identify the SU(2)„, symmetry with a

gauged horizontal SU(2)H symmetry operating between
the electron and the muon generations. In this Letter we

report on some new results on this subject.
First, we point out that instead of the continuous

SU(2), symmetry, a two-element global discrete symme-

try operating on (v, v") is sufficient for the purpose.

Under this symmetry, the mass term is odd, whereas the
magnetic moment is even. Therefore, this allows a large
magnetic moment of the neutrino while keeping m„
small. This symmetry, D, has the advantage that it can
be spontaneously (or softly) broken at the electroweak
scale without causing phenomenological problems.

Next, we show that the most general minimal SU(2)L
&U(1)v supersymmetric standard model l, —I„conser-
vation and this extra global D symmetry between e and p
generations provides a realization of this scheme. No
additional fermions or Higgs bosons other than those
present in the minimal supersymmetric standard model
are required. We emphasize that it is the combination of
l, —i„symmetry and D symmetry which facilitates a
light neutrino with a large transition magnetic moment.
I, —l„symmetry alone forbids Majorana mass terms of
the type v, Cv, and v„Cv„, but allows a "Dirac" mass
term of the type v, Cv„, which of course vanishes in the
D-symmetric limit. The mass splitting between v, and
v„ in this case is exactly zero, thereby satisfying hm,
~ 10 eV automatically.

Description of the model Our .m—odel is the minimal
supersymmetric extension of the standard model' with
R-parity-violating terms" in such a way that the lepton
number i, —I„remains unbroken and the additional
discrete horizontal symmetry D between e-p generations
is respected. Let L, „, denote the leptonic chiral
superfields transforming as (2, —1) under SU(2)t.
xU(1)y and e', p', r" those transforming as (1,+2).
Under the discrete symmetry D, these fields transform as

L„

r

0 1 Le
—1 0 LP,

0 1 e'
—10 p'

L, L„
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The quark superfields, denoted by Q„u,', and d,' (a =generation index), do not transform under D. As usual, we keep

two Higgs superfields, H„(2,1) and Hq(2, —1).
The most general superpotential invariant under I, —l„and D (and baryon number) is given by (suppressing the gen-

eration index for quarks)

9

W = p W, = h„QH„u'+ h&QH&d'+ h&QL, d'+f(L,L,e'+L„L,p')

+f'L, L„r'+h,L,Hd r'+ h„(L,Hae'+L„Hy p') +mHH„Hq+ mHH„L, . (3)

Since L, and Hq have identical transformation proper-
ties, one can choose a basis where L., has zero vacuum
expectation value. The presence of the mH term in Eq.
(3), however, results in a mixing of v, with the Higgsino
0„,which in turn mixes with the gauginos. v, thus picks
up a tree-level mass of order mH/M, where M is typical-

ly the Z-ino mass. Cosmological constraints on stable
neutrinos which require m, , ~ 100 eV imply that mH

should be less than 10 MeV or so.
For supersymmetry breaking, we choose only soft

terms so that the nonrenormalization theorem for the su-

perpotential still holds:

L form trivially under the discrete symmetry D, even after
the spontaneous breaking of gauge symmetry, D is left
intact, leading to zero neutrino mass and a nonzero mag-
netic moment. However, in this limit the electron and
muon are degenerate. In order to lift the degeneracy we
add to the soft-supersymmetry-breaking Lagrangian all
possible dimension-two terms which break the D symme-
try softly:

(5)

We shall assume that the mass terms of Eq. (5) are
much smaller than their counterparts in Eq. (4). The
terms in Eq. (5) will not only lift the degeneracy of e and

p, but will also generate nonzero neutrino mass. The
challenge is then to show that the soft breaking of D
symmetry generates sufficient splitting between e and p
masses, but does not induce unacceptably large neutrino
mass. We find it remarkable that indeed there exists a

range of parameters of the model where the above-

mentioned criterion is satisfied.
Let us now turn to the discussion of neutrino mass and

magnetic moment and its intimate relation to the e-p
mass splitting. After the spontaneous breaking of the

gauge symmetry by the nonvanishing VEV's of the neu-

tral Higgs bosons, the scalar fields e and e' will mix.

Similarly p and p' will also mix. There are two sources
for such mixing: (i) cubic terms in the soft-super-
symmetry-breaking Lagrangian of Eq. (4), and (ii) the F
terms from the superpotential, which for the color singlet

fields takes the form

9
—g„« ——gp, 2y,*y, + g d2082A;W;+H. c.

1

3

+ —,
' g Mk; Ck;. (4)

i

Here the sum over p; goes over all the spin-zero

members of the chiral superfields and includes the term

L, Hy+H. c. The second term in Eq. (4) denotes the

most general soft-breaking term that has the same struc-

ture as the superpotential, and the last term represents

gauge-invariant Majorana masses for the gauge fer-

mions. The signs of the scalar mass terms are appropri-

ately chosen so that at the minimum of the potential the

following fields acquire vacuum expectation values

(VEV's): (H„)=U„, (HP) =vq, (v, ) =0. (v, ) =0 is not

an assumption, but just the choice of our basis. l, t„—
conservation prevents v, „from acquiring VEV's.

Since all the scalar fields which acquire VEV's trans-

+ IfLeL +h„L Hy I
+

I fL„L,+hpL„Hg I
+

I
f'L L„+h,L Hg I

+
I mHHy+mHL, I'+

I h, L,r'+h„(L,e"+Lp ")+mHH„ I'.

VF = IfL.e'+f'L& &'+h&H~e'12+
I fL.p'+fL.."+h„H~p 'I +

I f(L,e'+Lp ')+h, H«'+mHH„ I

In combination with the f and f' terms of Eq. (3), this
mixing leads to a nonvanishing transition magnetic mo-

ment of the neutrino via the diagrams of Fig. 1. In the
D-symmetric limit the ee' and the pp' mixing matrices
are identical. Consequently, the magnitudes of the con-
tributions from Figs. 1(a) and 1(b) are equal. The two,
however, have an opposite sign at one of the vertices.
Therefore we have m.. . =0. For the eAective mag-
netic-moment interaction, the two diagrams add, leading
to a nonzero p,, , If we denote by (ml, m2, 8) the two

mass-squared eigenvalues and the mixing angle corre-

sponding to the ee' mixing matrix (which is the same for
pp' mixing in the D-symmetric limit), the transition

magnetic moment is given by

e . 1

p„,, = m, sin28i ln
Sz ml

2'
m2

ln
m
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(a)
e, p g Ve p
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(b)

FIG. 2. Dominant diagram for e-p mass splitting with the
exchange of the gaugino.

'/e gC

trizing the mass-squared eigenvalues and the mixing an-

gle in the pp' sector by (mi +bml, m22+bm22, 8+88)
and working to the lowest order in bm|2, the nonzero
neutrino mass generated is found to be'2

FIG. 1. Diagrams responsible for neutrino mass and mag-
netic moment. A photon line should be attached to the inter-
nal lines in the case of magnetic moment.

bm22
m, ,„= m, sin28

e p 16 2 m

m

mt

This clearly can be in the interesting range of (0.3-1)
&&10 ' ptt. As a numerical example, assume f=10
f'=0.3, m|=50 GeV«m2, and sin28 0.3, in which

case p, ,„=0.5x10 ' pq.
In the presence of D-symmetry-breaking terms [Eq.

(5)], the ee' and PP' mass matrices are no longer equal.
The cancellation in the mass of the neutrino between

Figs. 1(a) and 1(b) now becomes incomplete. Parame-

Bm2 —
hami ml

ln 8
m —m m2

Demanding that p, , „„~10 ''ptt and m, ,„~10 eV re-
quires the quantity in the square brackets of Eq. (8) to
be less than 5x 10 (for m i = 50 GeV). We now show

that realistic e-p mass splitting can be generated con-
sistent with this constraint.

The dominant contribution to the e-p mass splitting
arises from the diagram of Fig. 2 involving the exchange
of the gaugino. This contribution is given by

2 2
g2 . ~m~ mz

ms 2 mz sin28
32m m i

—mz m| mz

m

m —m

miln, —
1

mz

1 ln (m i /m - )

mi2 —mz
2

Bm2 mz m22 2 ' 2'

m2 mz m2 mz, z
2 2 2 2" 2

m2 In(m2/mz)

m2 -mz2 — 2
(9)

Here g denotes the coupling of the gaugino to the lep-
tons. Because of the mixing in the neutral gaugino-
Higgsino sector, this coupling is not completely specified.
We shall assume g to be of the same order as the weak

gauge coupling. Note that the quantity in the curly
braces of Eq. (9) is not quite the same as the one con-
strained to be less than 5x10 in Eq. (8). Even if we

demand that they be of the same order, we see that real-
istic e-p mass splitting can be generated provided mz
= 1-10TeV.

Once the e-p mass splitting occurs, the neutrino mass
receives a new contribution from the diagrams of Fig. 1

with the internal particles replaced by their respective
superpartners. This contribution is proportional to
m, —m„and therefore vanishes in the D-symmetric lim-

it. The contribution is given by

bm, ,„=(ff'/16m )sin2y(m, —m„),

where sing parametrizes the mixing of r and r . This
can easily be less than 10 eV, as it involves a new mixing
angle y which we choose to be much smaller than the
mixing angle 8. (This will naturally be the case if, for

VT p, e ~c ec

FIG. 3. One-loop graph generating v, mass. There are also
other graphs with intermediate quarks and squarks.

example, r is a few times heavier than e.)
Phenomenological implications (i) Sinc.—e r lepton

number is not conserved, v, receives a tree-level contri-
bution to its mass. We have chosen the mH' term of Eq.
(3) to be small so that m, ,( 100 eV is satisfied. At the
one-loop level, there are new contributions to v, mass via

diagrams such as in Fig. 3. This can be estimated to be

m, , = (f /16m )sin28m„ln(m„/ml ) .

Demanding this to be less than 100 eV requires (for
sin28=0. 3, mi =50 GeV) f(10 . There are also
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similar diagrams involving intermediate quarks and
squarks with analogous constraints on the coupling ma-
trixx

Ad.

(ii) Because of /, —l„symmetry present in the model,
rare processes such as p 3e, p ey, p+e p e+,

pee, z 3e, KL pe, K zpe, etc. , are all forbid-
den. Processes such as K p v„e v„, z p v„
and n e v„arise in this model due to the presence of hd,
f', and rr mixing, but they occur with a negligible
branching ratio since the mixing angle y and the cou-
pling hd are required to be small.

(iii) The photino, which is expected to be the lightest
supersymmetric particle, is unstable in our scheme due
to explicit R-parity-violating interactions. The dominant
decay modes are y p r+v„e r+v„, p+r v„and
e+r v„. The hadronic decay modes are suppressed
since the coupling hd is constrained to be small from the
bound on v, mass. There is no such constraint on the
coupling f' of Eq. (3) from v, mass which implies that
the above decay modes dominate. In fact, for the p, ,,„
magnetic moment to be large, we need f'~ 10 ' or so.
The lifetime of y is expected to be around (10
sec)[m;/(100 GeV)] . The branching fraction for each
of the leptonic mode is about 25%. In the e e annihi-
lation, the decay of y will lead to multilepton final states
of the type e+e r+r, e r —e r —,p+p
p r —

p r —,e r —
p r —,ande r —

p
—r with

missing energy corresponding to the neutrinos. The
events with same-sign dilepton (ee or pp) as well as the
ones with ep will provide spectacular signatures with

very little background from the standard-model physics.
(iv) The exchange of r' provides a new contribution to

p decay. The amplitude for this process has the tradi-
tional V —A form, which means that only the decay rate
is aA'ected. Consistency with universality implies f' /m,
~ 0.04GF, which is easily satisfied if m,- ~ 500 GeV or
so.

To conclude, a transition magnetic moment p, , of or-
der (0.3-1)X 10 '

pe required to resolve the solar-
neutrino puzzle can be generated in the minimal super-
symmetric extension of the standard model. I, —1„sym-
metry and the horizontal discrete D symmetry operating
on the e-p families guarantee that the neutrino mass is
naturally small. Since the discrete symmetry D is bro-
ken softly in the Lagrangian, the model has no cosmolog-
ical domain-wall problem. Observation of the photino
decay into three-lepton final states will be a crucial test
of the model in the laboratory.

This work was supported by a grant from the National
Science Foundation.

Note added. —After the completion of this work, we
received a preprint by Ecker, Grimus, and Neufeld '

which has used a diAerent discrete symmetry to generate
a large transition magnetic moment of the neutrino in a
multi-Higgs-boson extension of the standard model with
new fermions. We have also been informed of a work by
Chang, Keung, and Senjanovic' which obtains similar
results.
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