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Observable Neutrino Dirac Mass and Supergrand Unification
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A new mechanism for generating an ultralight Dirac neutrino is given. A discussion is
given of how it might possibly arise in a supergrand unified theory (SUSY GUT) with a
geometric type of a hierarchy. The neutrino is scaled in mass relative to its charge-3
family member by M'&usv~MGvT"

PACS numbers: 14.60.Gh, 11.30.Pb, 12.10.En,

A tiny mass of the neutrino has always been a
possibility shrouded in deep mystery. This mys-
tery has now deepened further. The recent re-
measurement' (with a much improved energy res-
olution) by Boris etal. of the near-end-point
shape of the P spectrum in tritium decay has
yielded the lower limit m(v, ) 20 eV. This is to
be compared with an older upper limit' of 55 eV.
Qn the other hand, the lack of observation' of the
neutrinoless nuclear double P decay Ge- Se +e
+ e has implied an upper limit of 10 eV for the
Majorana mass of ~,. If these results are taken
at face value, 4 the simplest' inference is that v,
has a Dirac mass somewhere in the range 20 to
55 eV.

The above conclusion is puzzling to followers
of unified gauge theories. The standard SU(2)
8 U(1) electroweak and the minimal SU(5) grand
unified theories (GUT's) do not admit any neu-
trino Dirac mass in view of the absence of the
right-handed neutrino. The latter can be intro-
duced as an additional singlet under the unifying
group; but then the natural expectation would be
for a neutrino Dirac mass in the same ballpark
as the masses of its charged family members,
i.e. , m(v, ) =O(MeV). An inexplicably small Yuka-
wa coupling and/or Higgs vacuum expectation
value (VEV) would be required to reduce it to the
electronvolt range. Left-right-symmetric
SU(2)& CISU(2)&S U(1) as well as grand unified
SO(10) and E, theories, which necessarily have
nonsinglet right-handed neutrinos, naturally ad-
mit mechanisms yielding smaller neutrino mass-
es anywhere between O(10 eV) and O(10 ' eV).
However, this is always a Majorana mass for the
physical neutrino. ' To our knowledge, there is
at present no scheme within the unified-theory
framework leading naturally (i.e. , without either
of the two vices mentioned earlier) to an ultra-
light Dirac neutrino as suggested by experiment. "
This is what constitutes the aforestated puzzle.
We aim in this Letter to try to solve this puzzle.

A massive Dirac neutrino can emerge' from
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(Here the elements&, &, and C can be chosen
to be real and positive without loss of generality
by redefining the chiral fermion fields —so long
as CP nonconservation is neglected. ) (1) is a
rather simple-looking extension of the mass ma-
trix of Wyler and Wolfenstein' having an extra
row and column with just one pair of nonvanishing

two degenerate Majorana neutrinos. This idea
was made use of some time ago by Georgi and
Nanopoulos. '

.Recently, Wyler and Wolfenstein'
have given a detailed and somewhat different
treatment of a similar scheme. However, this
mechanism, using three neutral fermions, leads
to a very heavy Dirac neutrino (along with a
massless one) rather than an ultralight Dirac
particle, as presently desired. A slight adjust-
ment" of the model enables the massless left-
handed neutrino to pick up a small mass, but it
becomes a Majorana and not a Dirac particle.
Thus the problem of naturally generating an ultra-
light Dirac neutrino has remained pending. We
propose a new scheme which offers a solution to
this problem. In this scheme there are tuo Dirac
neutrinos: an ultxalight one and another that is
extremely heavy. For the low est-lying fermionic
generation, the former can be interpreted as v,
while the latter is as heavy as the GUT scale and
hence phenomenologically inconsequential.

Four chiral neutral fermions are needed at the
start to manufacture two physical Dirac neutri-
nos. We designate the corresponding left-handed
fields as nz, , s&, nI. ', and &' and consider their
right-handed charge conjugates as well. The
mass matrix, pertaining to these fields, that we
would like to have is
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elements. It is of the form

(.")
where E is a square matrix. Thus the necessary
and sufficient condition' for the absence of mass-
less physical neutrinos is met. The four nonzero
eigenvalues of (1) split into two pairs, each of
which consists of degenerate members (with oppo-
site signs), yielding two Dirae masses given by

(A
2 ~B2 ~C2)1 /2

x [1//1 4A2C2(42 ~B2 ~ C2)-2) ~~2] ~~2/~2

We are interested in the limit »& C,A. Then,
to leading approximation, one obtains a very
heavy and an ultralight Dirac neutrino of masses
B+(C'+A')/2B and AC/B, respectively. The
corresponding normalized Dirac states can be de-
scribed as I && and i v& where we find their left-
and right-handed components to be

I V.&= (1+A'/B') '"(A/Bln. &),

I N &= (1+C'/B') ' '(I n ' &+C/BI se' &)

I ~,& =(1+A'/B') '"(In. & -A/Bl ei&),

I
~ &= (1+C'/B') '"(C/BI n~ "&—

I sz"&)

Hence for &-10"GeV, & -10"GeV, and C-10
MeV, the ultralight Dirac mass is - 10 eV which
is the desired order of magn. itude.

In realizing the above scheme within a unified-
theory framework, we adopt the philosophy of
Ref. 9: To wit, our purpose is not the construc-
tion of a realistic gauge model but the illustra-
tian of the possible origin of (1). We take an
SO(10) grand unified theory" with supersymmetry,
broken at an intermediate scale" MSU& Y suggest-
ed by a geometric type of a hierarchy. A word
here about the reasoning behind this choice. Evi-
dently, B - 10"GeV suggests a grand unified
scale MGU I while A - 10 MeV indicates the rele-
vance of the charged quark masses of the lightest
generation. These considerations naturally lead
to an SO(10) GUT (with nl. and nl ' —which is
identified with n& —in the lowest spinorial
hexadeeaplet) where the mass of the charge--,'
quark gets inducted" into the neutrino mass
matrix. On the other hand, t-" —10"GeV suggests
an intermediate scale not far from the geometric
mean between the weak and the grand unification
masses. This fits in perfectly with i&s Us Y. More-
over, we shall need a gauge-singlet scalar field

714

with a VEV given by & divided by a Yukawa coup-
ling strength, and two gauge-singlet left-handed
fermion fields to be identified with sl. and &l. ",
all these are inspired by supersymmetry. " Thus
although the matter content of this SO(10) model
is a minor extension of that of Wyler and Wolfen-
stein (having two additional singlets: a scalar
and a fermion), it has entirely different physical
consequences now as a result of the crucial roles
pl~y~d by~sUs Y andMGUT

Let ( stand for the left-handed hexadecaplet of
fermion fields and S,S' for the singlet ones. For
the moment we confine ourselves to the lightest
fermion family. Three Higgs fiel.ds are needed:
4 in the usual. (compl. ex) 10 representation, X in
the 16* representation, and Z—the singlet" re-
ferred to earlier. Our Yukawa interaction is giv-
en in terms of three couplings as

g h (cC,(i h (cxs+ h S~cZS+H.c. (2)

This interaction is chosen so as to respect three
global U(l) symmetries. Those rule out other
possibl. e Yukawa terms and are respectively des-
ignated U, (l), U,(l), and U,(l): (a) ( e'"(-, C

-e-"~e, S-e-'OS, S'-e'"S~ (h) S-e"S, X-e ' X, S'-e ' S' and (c)s'-e'&S' Z-e
Here a, p, and y are arbitrary real. parameters
and all fiel.ds whose transformations are not ex-
plicitly displayed are taken not to transform at
all. Thus U,(l) and U,(1) are the same as those
introduced by Wyler and Wolfenstein, ' except that
S' has the corresponding charges equal and op-
posite to those of S. Only U, (l) is an additional
global symmetry involving just our new singlet
fields.

SO(10) invariance is broken at MG„T-10" GeV
by the VEV's of the neutral members of X in the
subrepresentation' (1,2, 4*) of the Pati-Salam
subgroup SU(2)~ SU(2)~ mn SU(4). Further, (Z&

is associated" with supersymmetry breaking at
MSUsz

- 10"GeV. Finall. y, the neutral members
of the (2, 2, 1) component of 4 acquire VEV's to
break electroweak symmetry and generate mass-
es for fermions. It is now clear how the matrix
(1) is obtained with h,(4&, h, (x&, and h, (Z& lead-
ing to A, 8, and C, respectively. While U, ~ (1)
are violated, a different global U»(1) is left' in-
variant. The latter combines U, (l) with the gauged
U~(l)C3 U~(l) subgroup of SO(10) and has the
charge Q» = Q, + 2(I» + I») conserved since Q»((g) )
=Q»((C&) =Q»((Z&) =0. [Even if the full. U»(l) sym-
metry is not respected by the Higgs self-interac-
tions, it suffices' to have a discrete subgroup left
inv aria, nt. ]
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The Q» values for the chiral. fermion fields con-
stituting the mass matrix (1) are Q»(ni) = 1,
Q (n ') = —1, Q (s ) = 1, Q (s ') = —1, and oppo-
site amounts for the corresponding charge-conju-
gate fields. Therefore protection from nonzero
contributions induced by symmetry breaking
(both at the tree level. and to al.l loops) is granted
by U»(1) invariance to al, l the zeros in the matrix

(1) except the off-diagonal pair corresponding to
s~' ni = n~ si'. Thus we expect an induced con-
tribution ds~'~ ni+ H.c. in the neutral. -fermion
mass term from higher-order corrections. This
violates U. ..(1) simultaneously. Thus, if we
expand in powers of M«T ', the leading term in
d must be proportional to h, h, h, MG„T '(4)(X*)(Z)
which is of order AC/B. (One can easily con-
vince onesel. f that M«AK or Ms«& cannot come
into the denominator since the d term has to van-
ish in the limit when MwEAK/M~„T or MsU, ~/MG„~
tends to zero. ) Thus though d cannot be made to
vanish, its induced magnitude is comparable to
the ultral. ight Dirac mass. This concl.usion al.so
follows explicitly from mass analyses of rele-
vant higher-order diagrams. Hence, if we de-
fine d = D'/B, D' is of the same order as AC.
Now the I' submatrix of (1) is changed to

A D 8

To leading approximation, in the limit B»A,C, D,
the ultralight Dirae mass consequently becomes
IAC —D'I/B, but not much else is changed. Thus
the possibility of a neutrino Dirac mass -10 eV
remains at the same level.

The above results, derived with only one fer-
mionic generation, readily admit generalization
to the k-generation ease. Now A, B, and C of
the matrix (1) become Axe matrices in genera-
tion space. Their eigenvalues characterize the
charge-+ fermion mass, the GUT mass, and the
SUSY-breaking mass scales, respectively. We
have verified" that there are 4 extremely heavy
and k ultralight physical neutrinos with masses
given approximately by the square roots of the
eigenvalues of the matrices BB~ and AB 'C(AB '
C), respectively. Any mixing between the two
classes of neutrinos is strongly suppressed by
M GU T ', but substantial mixing among members
within each class is in principle possible. How-
ever, we cannot calculate the corresponding
angles without additional assumptions. The
masses of the ultralight neutrinos in different
generations are not expected to be spaced close-
ly. Instead, unless the generation hierarchies

in the matrices B and C are too strong, it is
reasonable to expect" m(v, ):m(v&):m(v, ) = O(m„)
:O(m, ):O(m, ). The consequent cosmological. diff i-
culty arising from such high-mass neutrinos may
be evaded by making v„and v, decay as well as
scatter into v, and/or light neutral yet unob-
served pseudo-Goldstone bosons" (e.g. , majoron)
which are natural in our scenario in view of the
presence of spontaneously broken global U(1)
symmetries. With such masses, the Glashow
Iliopoulos-Maiani type of suppression makes
flavor-changing processes such as p, -e + y,
+nucleus - e +nucleus, etc. , unobservable. The
neutrino oscillation lengths are predicted to be
very small for laboratory energies so that pres-
ent experiments are sensitive only to averages
over many oscillatory cycles. For our neutrino
masses, experiments looking for depletion of
neutrino flux (relative to calculation) imply" that
the v„mixing angles are &0.05 while the v, -v,
one can be as large as 0.2. A verifiable conse-
quence of the present scenario is the order of
magnitude of the v& mass which is predicted to
be in the 10-kev range; this can be checked by
bringing down the present upper limit —obtained
from study of the r- p~„decay —by a factor of
50 (perhaps careful study of reactions such as K
—p.&„, &- &p,&„at a K-meson factory will yield
dividends). One might also be able to detect neu-
trino flux depletion due to oscillations. Our
work provides a rationale to improve further the
already excellent present experiments in these
directions.

Although we have not been able to calculate the
neutrino Dirac masses precisely, we claim to
have found a model where one can estimate their
orders of magnitude with reasonable reliability.
In spite of the theoretical speculations involved,
this model appears interesting in the light of the
present experimental situation on the v, mass.
If the electron neutrino is indeed a Dirac par-
ticle in the 20-55-eV mass range, the above
mass-generation mechanism is a serious con-
tender for being the right scheme. Realistic
SUSY GUT models, being attempted nowadays,
do then need to implement it and obey its con-
straints. Could it be that an ultralight Dirac neu-
trino is already signaling supergrand unification
with a geometric hierarchy?

We are indebted to S. Pakvasa for posing this
problem and to D. P. Roy and K. V. L. Sarma for
their helpful remarks. This work has been sup-
ported in part by the Council of Scientific and In-
dustrial Research, Government of India.
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