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sponsible for the diffusion process as suggested
by the similarity of the activation energies with
that found for 'H in ice."
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It is pointed out that heavy Majorana particles contemplated in certain grand unified
theories may explain the cosmological baryon excess. Induced neutrino mixing can give
oscillation lengths consistent with reactor and accelerator experiments, but capable of
explaining the solar-neutrino puzzle. "

PACS numbers: 95.30.Cq, 12.20.Hx, 14.60.Gh, 98.80.Bp
It is somewhat puzzling that neutrinos appear of these heavy Majorana particles: generation

massless in sharp contrast to all other quarks of the cosmological baryon asymmetry and a
and charged leptons. This may simply be a re large -oscillation length of neutrinos that may ex-
flection of extremely large masses of their chi- plain the solar-neutrino "puzzle. "' In the picture
ral partners (Majorana type), in which case a that we shall develop below, these two separate
sizable mixing comparable to usual mass terms issues in cosmology and astrophysics are corre-
is allowed between neutrinos and heavy Majorana lated and have a common origin in extremely
particles. This situation can happen' in a num- large masses (~ 10"GeV) of Majorana particles.
ber of grand unified models, including some In order to clarify our main points we shall
SO(10) models, ' that are more left-right sym- take as an illustration a simple model that ex-
metric and therefore aesthetically more appeal- tends the minimal SU(5) model' by simply adding
ing than the minimal SU(5) model. ' In this note SU(5)-singlet Majorana particles N, (i = 1-num-
we shall demonstrate two possible implications ber of generations). This particular example
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should serve as a prototype of more complicated situations like SO(10) models. ' The two-component
fields ¹ do not couple to SU(5) gauge bosons, but may have Yukawa couplings to the five-dimensional
Higgs boson II(5) usually introduced in SU(5) models. Mass terms and Yukawa couplings to H(5) of
fundamental fermions, yI(5), (I(10), and N, (1), are given by

I. v = N(1)MN„(1) + [It (10)fy „(5)+ $(10)IIg~ (10) + y (5)X~N~(1)]H (5) + (H.c.).
Here, M, f, h, and X are matrices of generation
indices and I,R = —,'(1v y, ) are usual chiral pro-
jections. The tilde in Eq. (1) means charge con-
jugation. This form (1) has the most general
structure allowed by the SU(5) gauge invariance
in the minimal Higgs system that contains one
II(5) and one adjoint (24) representation.

By use of appropriate unitary transformations,
the matrices M and f in Eq. (1) can be made real
and diagonal, but h and ~ are in general complex
except that h =h (symmetric) because of the two
$(10)'s in (1). These complex parameters are
the only sources of CP-invariance violation in
this model. After spontaneous symmetry break-
ing of the SU(5) a neutral component of H(5) ac-
quires a nonvanishing vacuum expectation value
v so that all charged fermions become massive
and mass terms of neutral leptons are given by

NMN„+vs N~+ (H.c.). (2)

Off-diagonal terms vX„. in this equation give rise
to a mass mixing between Majorana (N) and two-
component Weyl (v) fields. Since we have in mind
a grandunification with a group larger than SU(5),
it is not unreasonable to assume M to be of order
~ 10"GeV and vx to be of order ~ 10' GeV, typi-
cal of ordinary quarks and leptons. After diag-
onalization of Eq. (2) two types of Majorana par-
ticles emerge as mass eigenstates, one denoted
by N, ' of masses =M and the other denoted by v,.'

of masses =v'X'/M. Neutrino (vI') masses are,

! although finite, very small, typically of order
~ 1 eV, and can be made consistent with present
experimental bounds and cosmological arguments.

It was shown' recently that cosmological excess
of baryons over antibaryons in the present uni-
verse may be explained by baryon- and CP-non-
conserving processes in the very early universe.
The key number of baryon to photon ratio N~/N~
of order 10 ' may be obtained' by either heavy
(= 10"GeV) gauge or heavy Higgs boson decay
when they go out of thermal equilibrium. It was,
however, necessary' for this purpose to have
more than a minimal set of Higgs bosons, for in-
stance, more than two quintets (5) of Higgs bo-
sons in the SU(5) model.

Here we wish to point out that an alternative
mechanism of baryon production via decay of
heavy Majorana particles is possible without in-
troducing additional Higgs bosons besides the
minimal set. Processes that may contribute to
the baryon excess in this class of models are
three-quark decays,

N qqq, qqq.

Two decay modes here with different baryon num-
bers can occur because Majorana fields N do not
have a definite particle number. An example of
diagrams that contribute in leading order to the
baryon asymmetry hB is shown in Fig. 1, and in
the notation of Eq. (1) gives an asymmetry pro-
portional to an imaginary part of couplings,

(4)

where I, is the jth diagonal element of Majorana
mass matrix divided by the mass of the colored
Higgs boson II in Fig. 1. We have used the fact
that a main two-body decay mode of N is O(X) in
amplitude. An important point is the necessity
of the discontinuity as shown in the dot-dashed
line of Fig. 1, which is required to give different
decay rates between the two modes of Eq. (3).
Existence of the discontinuity means that E(M„
M,.) is not symmetric under interchange of M,.
and M,. because one is larger than the other.
Hence, Eq. (4) does not vanish unless CP-noncon-

FIG. l. Example of interference diagrams that con-
tributes to the baryon asymmetry via N ui7Z. Dotted
lines represent colored Higgs bosons and the dot-dashed
line a discontinuity to be taken.
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(xx'ff t)/m'= 10 ' (6)

serving complex parameters conspire to cancel
their phases in Eq. (4).

To get a rough idea of the magnitude of Eq. (4)
we note that E(M„M,) is of order unity when the
arguments are of order unity. In this case,

&B = 0[(XX'ff )Iv']
unless CP-invariance violation is much sup-
pressed from unknown reasons. Here ( ~ ~ ~ ) means
an average over various couplings. As shown by
the works of Refs. 5 and 6, this asummetry hB
is related to the baryon to photon ratio Ns/Nz by
a calculable factor of order 10 ' to 10 '. It is
therefore necessary that

tion to work. Typical magnitudes of Yukawa coup-
lings are expected to be of order

(ff t)/4m=(hh )/4m~10 '.

Hence, Eq. (6) is viable if A. is of a similar mag-
nitude to f or h. Unlike the case considered
above, if all!M, ! «1, then b B given by Eq. (4)
is further suppressed by factors like!M, !'. We
may then conclude that with typical magnitudes
of Yukawa couplings, at least some of Majorana
particles must be roughly as heavy as the colored
Higgs boson in order to obtain a reasonable, cos-
mological baryon asymmetry.

Kinematical consideration' that arises from the
nonequilibrium nature of the Majorana decay in
the above case leads to a mild constraint on the
colored Higgs mass ~„,

(M) =m„~ 10"GeV, (u. Q/4~= 10 (9)

if ordinary Yukawa couplings are of the order of
Eq. (7). This constraint on the Higgs mass mH
is roughly the same as the bound given by proton
decay. With these huge masses of Majorana lep-
tons, flavor mixings among charged leptons that
are induced in higher orders of perturbation are
very much suppressed either by small neutrino
masses or by large Majorana masses. What
about neutrino oscillations? The oscillation
length with a neutrino energy E»!m „!is given
by'

L = 4'/((bm)'), (10)

where ((hm)) is an average of differences of neu-
trino masses squared. It is perhaps natural to
expect that

((&m)') =(m, ) [~'4')/(M)]'

From the kinematical constraint (8) with m H

~(M), the right-hand side of this equation is
bounded from above and

((&m)') ~ o((«)'~'/((ff t)'m, ')), (11)

which is numerically of order 1 eV' with Eq. (7).
We stress that this limit (11) is almost indepen-

mH& 0[((XXt(ff +hht))}' ((M)/m~) m~/4w],

with the Planck mass nz~. The fact that this
gives an upper bound to an average of the Ma-
jorana mass (M) is essentially due to the 4-Fer-
mi nature of baryon-nonconserving decay N- qqq.

Arguments for the cosmological baryon produc-
tion thus suggest that

(8)

dent of the unknown magnitudes, X and M. This
size of oscillation length is just above the lower
limit' that present reactor and accelerator ex-
periments impose. On the other hand, the solar-
neutrino "puzzle"4 may already be an indication
of neutrino oscillation with an oscillation length
s 10"cm. If we use this as a positive evidence
of neutrino oscillation, we may set a rough up-
per bound of the Majorana mass, (M) which is of
order ~ 10"GeV, assuming the magnitude of ~
given by Eq. (9). In view of a wide gap between
this mass and the one given by Eq. (9), it would
be extremely helpful if limits by terrestrial ex-
periments were further improved.

We have also considered within our model oth-
er possibilities for mechanisms of cosmological
baryon production. For instance, when the col-
ored Higgs boson H is less massive than a Maj-
orana particle N, the two-body decays given by
N-Hq and N-Hq may become a dominant proc-
ess of baryon production. In this case the asym-
metry b,B is of order (xit)/16m and the kinemati-
cal constraint leads to

M ~ 0.01XX m„/4w.

This gives a rough upper limit of neutrino mass-
es of order 10 ' eV. Interestingly enough, this
value is independent of almost all the details of
coupling strengths and corresponds to an oscilla-
tion length, roughly of order 10' km for a neu-
trino energy of 1 GeV.

Another possible implication of the Majorana
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particle considered here i.s violation of the selec-
tion rule' B —I. in nucleon decay. This violation
occurs in one-loop diagrams for dd -2e in which
the heavy Majorana as well as the colored Higgs
are circulated. But its magnitude appears too
small compared with that of the main nucleon de-
cay to have any chance of detection.

In summary, we have demonstrated a possibil-
ity that both the cosmological baryon excess and
the solar-neutrino "puzzle" may be explained by
heavy Majorana particles of masses e 10"GeV.
Our model is perhaps too simple and our numeri-
cal estimates are admittedly very crude, which
we feel to be justified by great uncertainties sur-
rounding the grand unified theories. Forthcom-
ing experiments on nucleon decay and neutrino
oscillation are expected to shed more light on the
questions raised in this paper.
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