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1. Introduction

On the strength of the recent report of atmo-

spheric neutrino oscillations [1], as well as pre-

vious other indications of solar [2] and accelera-

tor [3] neutrino oscillations, neutrino masses are

now considered to be almost established exper-

imentally. Yet there is no clear theoretical con-

sensus as to the origin of neutrino masses. In the

standard model, the usual way is to add three

right-handed neutrino singlets with large Majo-

rana masses and use the canonical seesaw mech-

anism [4] to obtain small Majorana masses for

νe, νµ, and ντ . On the other hand, other mech-

anisms are available [5], the simplest alternative

being the addition of a heavy scalar triplet [6].

There is another important theoretical rea-

son for going beyond the minimal standard model,

i.e. supersymmetry. However, the minimal su-

persymmetric standard model (MSSM) keeps the

neutrinos massless because it contains no extra

fields or interactions which could make them mas-

sive. Of course, one may simply add [7] three

right-handed neutrino singlet superfields to the

MSSM and invoke the canonical seesaw mecha-

nism as before. On the other hand, given the

particle content of the MSSM, one may also al-

low new, lepton-number nonconserving terms in

the Lagrangian which would then induce nonzero

neutrino masses [8, 9]. In this talk, I will review

briefly this latter situation where R-parity is usu-

ally assumed to be violated, and point out its

potential problem with leptogenesis, ending with

a proposal of radiative neutrino masses with R-

parity conservation.

2. MSSM and R-Parity

The well-known superfield content of the MSSM

is given by

Qi = (ui, di)L ∼ (3, 2, 1/6), (2.1)

uci ∼ (3∗, 1,−2/3), (2.2)

dci ∼ (3∗, 1, 1/3), (2.3)

Li = (νi, li)L ∼ (1, 2,−1/2), (2.4)

lci ∼ (1, 1, 1); (2.5)

H1 = (φ̄
0
1,−φ−1 ) ∼ (1, 2,−1/2), (2.6)

H2 = (φ
+
2 , φ

0
2) ∼ (1, 2, 1/2). (2.7)

Given the above transformations under the stan-

dard SU(3) × SU(2) × U(1) gauge group, the
corresponding superpotential should contain in

general all gauge-invariant bilinear and trilinear

combinations of the superfields. However, to for-

bid the nonconservation of both baryon number

(B) and lepton number (L), each particle is usu-

ally assigned a dicrete R-parity:

R ≡ (−1)3B+L+2j, (2.8)

which is assumed to be conserved by the allowed

interactions. Hence the MSSM superpotential

has only the terms H1H2, H1Lil
c
j , H1Qid

c
j , and

H2Qiu
c
j. Since the superfield ν

c
i ∼ (1, 1, 0) is ab-

sent, mν = 0 in the MSSM as in the minimal

standard model. Neutrino oscillations [1, 2, 3]

are thus unexplained.
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Phenomenologically, it makes sense to require

only B conservation (to make sure that the pro-

ton is stable), but to allow L violation (hence

R-parity violation) so that the additional terms

LiH2, LiLj l
c
k, and LiQjd

c
k may occur. Note that

they all have ∆L = 1. ¿From the bilinear terms

[9]

−µH1H2 + εiLiH2, (2.9)

we get a 7× 7 neutralino-neutrino mass matrix



M1 0 −g1v1 −g1v2 −g1ui
0 M2 g2v1 −g2v2 g2ui

−g1v1 g2v1 0 −µ 0

g1v2 −g2v2 −µ 0 εi
−g1ui g2ui 0 εi 0



,

(2.10)

where v1,2 = 〈φ01,2〉/2 and ui = 〈ν̃i〉/2, with
i = e, µ, τ . Note first the important fact that

a nonzero εi implies a nonzero ui [9]. Note also

that if ui/εi is the same for all i, then only one

linear combination of the three neutrinos gets a

tree-level mass. From the trilinear terms, neu-

trino masses are also obtained [8, 10], now as

one-loop radiative corrections. Note that these

occur as the result of supersymmetry breaking

and are suppressed by m2d or m
2
l .

3. L Nonconservation and the Uni-

verse

As noted earlier, the R-parity nonconserving in-

teractions have ∆L = 1. Furthermore, the par-

ticles involved have masses at most equal to the

supersymmetry breaking scale, i.e. a few TeV.

This means that their L violation together with

the B+L violation by sphalerons [11] would erase

any primordialB or L asymmetry of the Universe

[12, 13]. To avoid such a possibility, one may re-

duce the relevant Yukawa couplings to less than

about 10−7, but a typical minimum value of 10−4

is required for realistic neutrino masses. Hence

the existence of the present baryon asymmetry

of the Universe is unexplained if neutrino masses

originate from these ∆L = 1 interactions. This is

a generic problem of all models of radiative neu-

trino masses where the L violation can be traced

to interactions occuring at energies below 1013

GeV or so.

Consider the prototype (Zee) model of radia-

tive neutrino masses [14]. It is not supersymmet-

ric and it only adds one charged scalar singlet χ±

and a second Higgs doublet to the minimal stan-

dard model. Call the two Higgs doublets Φ1,2,

then the trilinear coupling χ−(φ+1 φ
0
2 − φ01φ+2 ) is

allowed as well as the Yukawa coupling χ+(νilj−
liνj). Hence there is an effective dimension-5 op-

erator νiνjφ
0
1φ
0
2 which renders the neutrinos mas-

sive [5], but it is again suppressed by m2l . Note

that the new interactions have ∆L = 2.

4. Supersymmetric Radiative Neu-

trino Masses and Leptogenesis

It has been shown recently [6] that naturally small

Majorana neutrino masses may be obtained from

heavy scalar triplets and if the latter have masses

of order 1013 GeV, their decays could generate a

lepton asymmetry which then gets converted into

the present baryon asymmetry of the Universe

through the electroweak phase transition. The

same role may be attributed to the scalar singlets

of the Zee model if they are heavy enough, but

then to obtain realistic radiative neutrino masses,

unsuppressed Yukawa couplings are needed.

Consider now the following supersymmetric

extension of the Zee model. Since all the inter-

actions are either ∆L = 0 or ∆L = 2, R-parity

is conserved. Because of the requirement of su-

persymmetry, there is a doubling of the scalar

superfields:

χ+1 ∼ (1, 1, 1;+,−), (4.1)

χ−2 ∼ (1, 1,−1;+,−), (4.2)

H1,3 ∼ (1, 2,−1/2;+,±), (4.3)

H2,4 ∼ (1, 2, 1/2;+,±). (4.4)

A fourth family of leptons is then added:

(N01 , E
−) ∼ (1, 2,−1/2;−,−), (4.5)

N02 ∼ (1, 1, 0;−,−), (4.6)

E+ ∼ (1, 1, 1;−,−). (4.7)

In the above, the assignments of these superfields

under a discrete Z2 × Z ′2 symmetry are also dis-
played. The first is merely the one usually as-

sumed to obtain R-parity; the second is used

to distinguish the new particles from those of
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the MSSM. The relevant terms in the R-parity

preserving superpotential of this model are then

given by

W = µ12(h
0
1h
0
2 − h−1 h+2 )

+ µ34(h
0
3h
0
4 − h−3 h+4 )

+ mχχ
+χ−

+ (mE/v1)(h
0
1E
− − h−1 N01 )E+

+ fi(νih
−
3 − lih03)E+

+ f ′j(νjE
− − ljN01 )χ+1

+ f24(h
+
2 h
0
4 − h02h+4 )χ−2 , (4.8)

where v1,2 are the vacuum expectation values of

h01,2. The unsuppressed one-loop diagram gen-

erating neutrino masses is shown in Fig. 1 of

Ref. [13]. Note that the effective supersymmetric

dimension-5 operator LiLjH2H2 is indeed real-

ized. Assuming that the masses of the scalar lep-

tons of the fourth family to be equal to MSUSY ,

the neutrino mass matrix is then obtained:

(fif
′
j + f

′
ifj)f24v

2
2mEµ12µ34

16π2v1M2SUSYmχ
ln

m2χ

M2SUSY
. (4.9)

To get an estimate of the above expression, let

fi = f
′
j = f24 = 1, mE = v1, µ12 = µ34 =

MSUSY , then

mν =
1

8π2
v22
mχ
ln

m2χ

M2SUSY
. (4.10)

Assuming v2 ∼ 102 GeV, mχ ∼ 1013 GeV, and
MSUSY ∼ 103 GeV, a value of mν ∼ 0.6 eV
is obtained. This is just one order of magni-

tude greater than the square root of the ∆m2 ∼
5×10−3 eV2 needed for atmospheric neutrino os-
cillations [1]. Reducing slightly the above dimen-

sionless couplings from unity would fit the data

quite well. Since mχ ∼ 1013 GeV is now allowed,
leptogenesis should be possible as demonstrated

in Ref. [6].

5. Neutrino Oscillations

It has recently been shown [15] that the structure

of Eq. (4.9) for the µ−τ sector is naturally suited
for the large mixing solution of atmospheric neu-

trino oscillations. To be more specific, the 2× 2
submatrix of Eq. (4.9) for the µ − τ sector can

be written as

m0

[
2 sinα sinα′ sin(α+ α′)
sin(α+ α′) 2 cosα cosα′

]
, (5.1)

where tanα = fµ/fτ and tanα
′ = f ′µ/f ′τ . The

eigenvalues of the above are then given bym0(c1±
1), where c1 = cos(α − α′), and the effective
sin2 2θ for νµ−ντ oscillations is (1−c2)/(1+c2),
where c2 = cos(α + α

′). If tanα ∼ tanα′ ∼ 1,
then c1 ∼ 1 and c2 ∼ 0. In that case, maxi-
mal mixing between a heavy (2m0) and a light

(s21m0/2) neutrino occurs as an explanation of

the atmospheric data. If it is assumed further

that fe << fµ,τ and f
′
e << f

′
µ,τ , then the small-

angle matter-enhanced solution of solar neutrino

oscillations may be obtained as well.

6. Collider Phenomenology

The above model has the twin virtues of an ac-

ceptable neutrino mass matrix and the possibil-

ity of generating a lepton asymmetry of the Uni-

verse. It is also phenomenologically safe because

all the additions to the standard model do not al-

ter its known successes. Neither the fourth fam-

ily of leptons nor the two extra Higgs doublets

mix with their standard-model analogs because

they are odd under the new discrete Z ′2 sym-
metry. In particular, H3 and H4 do not couple

to the known quarks and leptons, hence flavor-

changing neutral currents are suppressed here as

in the standard model. The lepton-number vio-

lation of this model is associated with mχ which

is of order 1013 GeV. However, the fourth fam-

ily of leptons should have masses of order 102

GeV and be observable at planned future collid-

ers. The two extra Higgs doublets should also be

observable with an energy scale of orderMSUSY .

The soft supersymmetry-breaking terms of this

model are assumed to break Z ′2 without breaking
Z2. Hence there will still be a stable LSP (light-

est supersymmetric particle) and a fourth-family

lepton will still decay into ordinary leptons. For

example, because h̃03 mixes with h̃
0
1, the decay

E− → µ−h̃03(h̃01)→ µ−τ+τ− (6.1)

is possible and would make a spectacular signa-

ture.
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7. Conclusion

In conclusion, the issue of neutrino masses in

supersymmetry has been addressed in this talk.

The assumption of R-parity nonconservation is

shown to be generically inconsistent with lepto-

genesis because the lepton-number violating in-

teractions would act in conjunction with the B+

L violating sphaleron processes and erase any

pre-existing B or L or B − L asymmetry of the
Universe. This constraint means that any R-

parity violation must be very small, so that it is

of negligible phenomenological interest and can-

not contribute significantly to neutrino masses.

This conclusion also applies to models of radia-

tive neutrino masses with suppressed Yukawa cou-

plings, such as the Zee model. However, it has

also been shown that realistic neutrino masses in

supersymmetry are possible beyond the MSSM

with R-parity conservation where lepton-number

violation is by two units and occurs at the mass

scale of 1013 GeV. The specific model presented

also predicts new particles which should be ob-

servable in the future at the LHC (Large Hadron

Collider).
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