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Massive neutrinos in a Calabi-Yau model

M. Masip
Institute for Fundamental Theory, Department ofPhysics, University ofFlorida, Gainesville, Florida 32611

(Received 11 September 1992)

We present an extension of the standard neutrino sector motivated by the heterotic string. Its basic
ingredients are two nonweakly interacting neutrinos and a Z3 discrete symmetry acting as a matter pari-
ty. Although this model represents a very minimal extension of the standard model, its flexibility to pro-
duce nonstandard effects in a way consistent with the constraints from cosmology, astrophysics, and par-
ticle physics phenomenology seems quite remarkable. In particular, we discuss the ability of the model
to accommodate the various experimental anomalies (~ lifetime, 17 keV neutrino, and solar-neutrino
deficit) which have been the object of recent controversy.

PACS number(s): 12.15.Ff, 12.10.Gq, 12.15.Cc, 14.60.Gh

The study of neutrino physics has attracted renewed
interest during the last years. In addition to the progress
in Z and ~ physics, cosmology and astrophysics appear
to be increasingly sensitive to the physics in the neutrino
sector. Although there is no definitive signal of new
physics, there are some experimental anomalies that have
been (and still are) the object of controversy. If not really
significant, these anomalies give us a hint of the type of
nonstandard effects that one could still expect to find at
low energies.

First, the r-Fermi coupling (G, ) measured in r decays
seems to be slightly smaller than the one corresponding
to the other two families (G, „). According to recent [1]
results from the CERN e+e collider LEP G /
G, „=0.977+0.010, while the DELPHI Collaboration
found that G, /G, „=0.967+0.023, in both cases a 2cr de-
viation that cannot be considered too disturbing yet.
Probably this and other puzzles in ~ physics will be
clarified in the near future (projected r-charm factory)
but, in principle, such a discrepancy would suggest that
the ~ neutrino has a sizable component along a field
heavier than the r lepton, and thus the ~ decay to this
field plus virtual 8' is forbidden kinematically. To im-
plement such an effect, however, will not be easy, since it
requires extra physics in a range of energies (-1 GeV),
where the minimal standard model (SM) appears very
solid, especially after LEP.

The second anomaly was observed by Simpson in the P
decay of tritium [2], and it was interpreted as a 17-keV
neutrino containing a 10% of electron Qavor. The mass
of this field would make it especially relevant in cosmolo-
gy and astrophysics, as well as in nuclear physics experi-
ments [3],and up to now no completely satisfactory mod-
el to accommodate it has been found. Although no other
possible explanations of this anomaly have been found
yet, the evidence for a conventional neutrino as its origin
is becoming weaker, and recent negative results seem
quite conclusive [4].

Finally, there is the observed deficit in the Aux of neu-
trinos coming from the Sun [5]. It is possible to explain
this deficit through the Mikheyev-Smirnov-Wolfenstein
(MSW) effect [6] if the neutrinos had masses of order

10 eV and sizable mixings among them. Such a
scenario is naturally predicted by the seesaw mechanism
[7], and the problems only show up when one tries to
make it consistent with any of the other two effects.

From the model building point of view, the seesaw
mechanism appears as a suitable extension of the SM, fol-
lowing in most of the grand unified theory (GUT)
scenarios. However, it involves fields in nonchiral repre-
sentations of the SM symmetry, and the masses of order 1

GeV required to explain the possible discrepancy in the ~
lifetime or the Simpson anomaly seem difficult to justify.
In addition, in minimal seesaw scenarios (extensions with
only right-handed neutrinos and no additional sym-
metries) it is not possible to get mixings of order 10 be-
tween the light and the heavy neutrinos (necessary to
solve these anomalies) without giving to the former
masses in conAict with standard cosmology.

We would like in this Brief Report to present a model
where the field content, the scales, and also the zeros in
the neutrino mass matrix are motivated by the heterotic
string. The model includes two sectors: the three weakly
interacting (WI) neutrinos, plus two non-weakly-
interacting (NWI) fields. It predicts one heavy Dirac
field (defined basically from the two-gauge singlets) and
three massless neutrinos. Remarkably, the model allows
sizable mixings between the two sectors, while keeping
these neutrinos massless. For different values of the pa-
rameters in the model, we will study its possible relevance
in explaining a longer ~ lifetime and the Simpson anoma-
ly. We will also study the possibility of implementing in
this model the masses required to solve the solar neutrino
problem through the MSW effect.

The model. In the framework of the heterotic string
compactified in a Calabi-Yau (CY) manifold [8] one is left
at very high energies with an effective supersymmetric
(SUSY) GUT. The resulting unified gauge symmetry will
be a rank-six subgroup of E6 (for example, [SU3] [3]),
while the chiral superfields will lay in multiplets included
in the 27, 27, and 1 representations of this group. To ob-
tain a viable limit, the evolution down to low energies
must provide very large intermediate scales (IS's) of sym-
metry breaking, where the model is reduced to (essential-
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+X]X]+A2X2 (1)
where PsM contains the terms necessary to give masses to
standard quarks and leptons (h and h' interact with up
quarks and charged leptons and down quarks, respective-
ly). The fermionic components of the superfields in Eq.
(1) are two-component spinors of (by convention) left-
handed chirality.

When the Higgs scalars h and h' develop VEV's, the
neutrino mass matrix becomes

m i 2 3

+H. c.

0 0 0 0 m( v)

0 0 0 0 m2 v2

0 0 0 m3 V3

m, m, m, M 0
2

(2)

TABLE I. Z3 matter parity (n'=1).
Field

(ev);
e

(Qd);
Qi

cE;

Z3

1
a2

1

Field

(h'h+)
(h' h'0)

iV)

Z3

CX

ly) a minimal SUSY extension of the SM. These IS's will
be defined by vacuum expectation values (VEV's) of the
v4 and v5 gauge flavors in two 27+27 vectorlike multi-
plets (see Ref. [9] for notation and a detailed discussion).
The suppression of lepton- and baryon-number-violating
processes requires that the VEV's leave unbroken a (gen-
eralized) matter parity (MP) [10], that will arise as a suit-
able combination of a gauge and a discrete symmetry of
the compactified model. In the IS's, four of the eight
NWI neutrinos in the two 27+27 multiplets combine
with gauginos associated with lost symmetries and be-
come massive. The four remaining will have model-
dependent masses, defining a pattern that can vary from
four massless neutrinos (the case with exact fiat directions
and no mixing with E6 singlets) [11] to one light [-1
TeV] field plus three neutrinos at intermediate energies[)10 GeV] [9]. The Yukawa couplings of two of these
NWI neutrinos with the rest of the low-energy fields are
necessarily very suppressed, so we are left with just two
relevant singlets.

Unbroken matter parities would appear naturally in
CY models because the required flatness of the scalar po-
tential favors IS's with a certain symmetry (in any case,
MP is a necessary phenomenological requirement in
SUSY models). From the two inequivalent Z3 MP's
defined in SUSY models, only one (corresponding to the
case that we will consider) is realized in the three-
generation CY manifold of Tian and Yau [10]. This Z3
discrete symmetry will put zeros in the extended (by the
two singlets) neutrino mass matrix. With the assignments
of Z3 numbers in Table I, the only allowed (renormaliz-
able) terms in the superpotential (P) are

e ~o
P =PsM+MN i N2 +y;

All terms in this matrix are Dirac type. After diagonaliz-
ing it, we find that the (prime) mass eigenstates are

V2 S~Cp C~Cp

V3 = S~SpCg C~SpCg

0 0 v)

0 0 v2

CpCg sg 0 v3 (3)

2

s~spsg c~spsg
/

0 0
Cpsg Cg

0 0

0 Nl

v3 cg v3 +sgX & (4)

Then, the ~ decay to N& plus virtual 8' will be forbid-
den kinematically, and the r lifetime (and the effective
G, ) will increase by a factor ce . The mixing favored
experimentally would be s&-0.2. (A complete analysis
of the incidence in precision tests of the SM of heavy neu-
tral singlets that mix with the three chiral neutrinos has
been performed in Ref. [14]. There it is shown that such
a mixing in the r sector seems certainly favored. )

As mentioned in the preceding section, in this scenario
the neutrino neutral currents expressed in terms of mass
eigenstates are not diagonal:

where s =—sina, c =cosa, . . . and tana =m, /m z,
tanP='1/ m, +m2 /m3, and tan8=+m, +m2+m3 /
M. All complex phases may be absorbed by field
redefinitions.

The states vi, vz, and v3 are massless (for all values of
the parameters), while N', and N2' will define a Dirac

neutrino of mass M'=Qm, +m 2+m 3+M . The angle
0 fixes the mixing between the weak and the NWI neutri-
no sectors. Since v', , v2, and v3 are mass degenerated, it is
still possible to perform rotations in the space defined by
these fields and thus to reduce the mixing between the
(basically) three standard neutrinos to 0 (8 ). The
charged and neutral currents involving mass eigenfields
are then easily obtained, resulting in the exotic weak tran-
sitions e;a"v~ (i' ) with a coupling of order 8, e;cr"N',
of 0(8), v,'o"v' (i'. ) of 0(8 ), v;'cr"N', of 0(8), and
N', o"N', of 0(8. ). In addition, the trilinear N, [see Eq.
(1)] induces in P terms N', N', v,'. of 0(8) and N', v,'vj of
0 (8 ) that may be of some relevance.

Although the proposed scenario is not a necessary
consequence of CY models, its stringy character appears
quite well defined, making interesting the study of its pos-
sible phenomenological consequences. This model for the
neutrino sector belongs to the class of models in which
additional global or discrete symmetries protect the three
neutrinos from acquiring mass, which (with other
motivations) have been extensively considered [12,13]. In
particular, a neutrino mass matrix with six extra fields
but with basically this structure was first proposed by
Wolfenstein and Wyler [13].

A longer r lifetime The mode. l could explain such an
effect if the parameters in Eq. (1) verify m3))mi m2
(only the r neutrino v3 mixes with N, ) and M') m, . In
that case v3 will be an admixture of the massless v3 and
the heavy X&.
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Z„v3o "v3=Z„[cgv'3cr" v'3+ s aN i a "N',

+sgcg(v3o "N', +N', o."v3)] (5)

(the nondiagonal terms are absent in four-family models).
This fact has consequences in Z physics that will depend
on the mass M' of N &. For M' & Mz, no N

&
neutrinos are

produced in Z decays. In this case the invisible width of
the Z boson associated with the decay to a pair of ~ neu-
trinos is reduced by a factor c &, and the effective number
of neutrino species (N ) measured in Z factories should
be slightly smaller than three: N -3—2s&=2.92 for
sg =0.2.

For M'(Mz/2, the neutrino N', is produced in Z de-
cays:

Z ~N)+N),
Z ~N I +v3 .

(6a)

(6b)

The process in Eq. (6b) is also possible in the regime
Mz/2 & M' & Mz. The subsequent decay of this field will
depend on the relative importance of the interactions de-
rived from A, ,N, in P. For small couplings 1,, and/or
heavy sneutrinos N, , the electroweak interactions are the
dominant, and N', decays into r 8'+ and v3Z (the weak
bosons are virtual) with an effective Fermi coupling
G, =sgG, „.

1

The decay of the Z boson to two heavy neutrinos has
been investigated at SLAC [15] and LEP [16] (in the
framework of four-family models), with negative results.
Here, however, the limits coming from pair production of
heavy neutrinos (a process suppressed by a factor
s8 —10 ) are much weaker, while indirect search (invisi-
ble width of the Z ) does not apply. This makes the
quoted searches not accurate enough. In the present
model the dominant source of N& leptons would be the
Z decay to a heavy and a massless neutrino [in Eq. (6b)],
whose branching ratio is only suppressed by a factor s&.
We are not aware of any published search of this kind of
events at SLAC or LEP, although some preliminary re-
sults from the L3 Collaboration [17] do not show any
significant signal.

In any case, there is a natural way to make this neutri-
no invisible in Z factories even though it is significantly
produced (accompanied with a massless neutrino) and de-
cays inside the detectors. This would happen if the pro-
cesses to three ~ neutrinos involving its (virtual or real)
SUSY partner N& dominated the weak decays. Since the
relative rate of these processes is very sensitive to the
mass ratio of the exchanged boson (it is proportional to
(Mz/Mz ) [4]), values of M' below Mz would not be ex-

1

eluded but would require, for reasonable couplings A, &,

the existence of a scalar N& also lighter than the Z bo-
son.

Simpson anomaly. To explain a 17-keV neutrino in
this scenario the parameters must fix M —17 keV and
ss-0. 1, with m, ))mz, m3 (the dominant mixing is now
with the electron neutrino). The anomaly would be due
to a Dirac neutrino that mixes with v', and that contains
a left-handed component (N'i ), which is weakly interact-

ing (with a gauge coupling reduced by a factor sz) and a
right-handed component (N2 ), which is sterile.

Reasonable models for the 17-keV neutrino have to
deal with unobserved neutrinoless double P decays,
cosmological constraints for its lifetime and for its abun-
dance at the time of primordial nucleosynthesis, and lim-
its from fast cooling in supernova explosions. Although
our study here will be far from complete, we would like
to mention the answers provided by the present model to
the questions above. (Models for the 17-keV anomaly
with only right-handed neutrinos have been considered in
Ref. [18].)

Neutrinoless double P decay [6] is absent in this model,
since there are not Majorana mass terms (the heavy neu-
trino is a Dirac field).

For the fast decay necessary to avoid an overclosed
universe [3,18], we check whether the tree-level process
mediated by a virtual Z boson to three massless neutri-
nos is enough. We find that the predicted lifetime,
around 10' s, is still far from the acceptable upper limit
of 10" s. In addition, the one-loop electroweak process
to yvI is predicted with a branching ratio of —10
while experimentally it must be smaller than 10 (extra-
galactic ultraviolet background) [19]. These two prob-
lems are simultaneously solved if the decay of N

&
to three

electron neutrinos via N, were the dominant one and re-
duced the weak branching ratio to less than 10 . As
discussed in the previous section, this rate is easily ob-
tained for scalars N, lighter than the Z boson. Since
this scalar is neutral, it does not increase the decay to yv
and the branching ratio of this process would also be re-
duced to allowed values.

The constraints from primordial nucleosynthesis arise
because the 17-keV neutrino introduces new light fields
in thermal equilibrium at 1 MeV, increasing the predicted
abundance of He. In the model under study here, the
number of neutrino species in equilibrium at the time of
nucleosynthesis is four (the three massless plus N', ),
which is in the limit given by the observed primordial
He mass fraction [the reported limit of 3.4 neutrino

species is based on the few conservative assumption
Y~( He)(0. 24] [20]. The sterile component N2 of the
Simpson neutrino does not contribute, since for a Dirac
mass term of 17 keV its relative abundance at tempera-
tures around 1 MeV is negligible. In any case, it may be
possible (if not necessary) to tune the mass and the life-
time of the scalar N& in order to reduce the predicted
abundance of He, which could be changed by the
inhuence of the electron neutrinos resulting from the de-
cay of this scalar [21].

Finally, we will consider the supernova bounds on the
Dirac mass present in this model. The scattering of neu-
trinos and nucleons in the supernova core would produce
helicity fiipping (conversion of left-handed neutrinos into
N2). The constraint to this process appears because the
(sterile) right-handed field would escape from the core
and thus could cool it too fast. The commonly accepted
upper limit for the mass of a Dirac WI neutrino is around
14 keV [22]. In the model we are considering, however,
the left-handed field N

&
interacts weakly with an effective

coupling that is sz times smaller [see Eq. (5)]. This
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pushes the disturbing limits for the mass far away from
the desired value: M' & 14s ' keV —140 keV.

Solar neutrino problem. As explained before, the mod-
el predicts zero masses for the (basically) three standard
neutrinos, and thus it needs some mechanism to imple-
ment the small (-10 eV) masses required by the MSW
effect. One may expect to generate these masses by su-
perposing a seesaw mechanism with the heavy fields
present in CY models. However, this is not the case, and
as long as the Z3 matter parity is unbroken the three neu-
trinos remain massless. There is, nevertheless, the possi-
bility of breaking the discrete symmetry via VEV's of the
scalar X&. The trilinear X&X& in P would then induce a
Majorana mass p7z N']X& that increases the rank of the
mass matrix and makes massive one of the three standard
neutrinos (this term would also generate [23] at two-loop
level smaller masses for the other neutrinos).

Assuming that M ))m ))m', in a first approximation
the new mass matrix will have two eigenstates (N', and

N &
') with masses of order M, another (vh, with h equal 1

and 3 for the Simpson and r anomalies, respectively) with
a mass of order m'm /M, where m =(m, +m2+m3),
plus two massless fields. The mixing between N, and the
weak neutrinos would be of order m;/M, while the mix-
ings between v& and v,'&& and between the two massless
neutrinos are of order m;/mh and (m /M), respectively.
To accommodate a neutrino mass of order 10 eV to-

gether with the Simpson neutrino or a longer ~ lifetime,
m' should be (in both cases) of order 10 ' eV, a small
value that does not alter any of the arguments used in
previous sections.

Our conclusions are the following. We have presented
a superstring-motivated model whose ability to deal with
many different constraints would make it, if the discussed
anomalies (or another similar) were confirmed, an in-
teresting possibility. Although this model is a minimal
extension of the SM, we have not found it in previous
literature. We find, however, a precedent in the model
with global symmetries and six extra singlets studied in
Refs. [14—16], which provides a neutrino mass matrix
with the same structure and ofFers the possibility of mix-
ings while keeping three neutrinos massless. Our model
also incorporates a way to give mass to one of these neu-
trinos and thus explain the solar neutrino problem.

Tote added. A matrix with the same structure as the
one resulting here after breaking the Z3 symmetry (used
to explain the solar neutrino problem) was first proposed
in Ref. [24], in the framework of Z' models. I thank R.
N. Mohapatra for pointing this out to me.

The author wishes to thank D. Castano, S. Martin, P.
Sikivie, and P. Ramond for helpful discussions, and the
IFT for the hospitality extended to him. This work has
been financially supported by the Ministerio de
Educacion y Ciencia (Spain).
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