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ABSTRACT

Recent experiments suggest that v, may be a pseudo-Dirac neutrino with
my, = 17 keV. In general, if such a neutrino is to be consistent with constraints
from nucleosynthesis, one needs to give up the MSW solution to the solar neutrino
problem and the singlet-majoron solution to the energy density problem. Also, the
distance required for v, to oscillate into its sterile Dirac partner becomes unob-

servably large.
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The most attractive explanation of the extreme lightness of neutrinos is the

see-saw mechanism. In the basis {v[,7g}, the mass matrix is of the form

M, 0 mp (1)
" A\mD M)

Assuming that R, the scale of Mg, is much higher than D, the scale of mp, there
are three light neutrinos with m; = O(D?*/R), much smaller than a typical charged
fermion mass which is O(D). The other three neutrinos are heavy, my = O(R),
and are of no phenomenological interest if I? is much higher than the electroweak

breaking scale.

If the mass of v, turns out to be much higher than those of v, and v, a possible
explanation could be that the see-saw mechanism operates on only two of the three
neutrinos, which is the case if Mg is of rank 2 [1]. This would give (¢) two very
light neutrinos, m; = O(D?/R), (it) two intermediate neutrinos, m; = O(D), and

(772) two heavy neutrinos, m, = O(R).

The mass scale of the two light neutrinos can be made arbitrarily small by
choosing a very high scale R. The two intermediate neutrinos form an approximate
Dirac neutrino, whose mass does not depend on R. Recently, this scenario evoked
renewed interest [2,3] as a possible model for the 17 keV neutrino claimed to be
observed in several experiments [4]. There are several reasons for interest in the

model:

a. It allows the two light neutrinos to have their masses consistent with the

MSW solution to the solar neutrino problem by requiring D*/R ~ 1073 V.

b. It allows the tau neutrino to have a mass of 17 keV by requiring D ~ 17 keV.
(a and b together set R ~ 300 GeV.)

c. The mixing of v, with v; could be sin? 0., ~ 0.01 without violating the
experimental bounds on neutrinoless double beta decay because v, i1s an

approximate Dirac neutrino.



d. The cosmological bound on the neutrino lifetime from the energy density of
the universe can be satisfied because the decay of v, into a majoron and a

lighter neutrino is much faster than in the usual see-saw scenario.

The existence of a fourth light neutrino, the right-handed component of v,
may pose a problem with the standard model of nucleosynthesis if its abundance
is comparable to that of the three left-handed neutrinos at a temperature around
an McV. In particular, oscillations between v,y and v,.p can populate the latter
states [5,6]. This problem is evaded if v, is an ezact Dirac neutrino; that is, if the
mass difference ém,, between the two Majorana components of v, vanishes. In
this work we show that, in general, to satis{y the constraints from nucleosynthesis
by reducing ém,,, sufficiently, one needs to give up the MSW solution to the solar

neutrino problem and the singlet-majoron solution to the energy density problem.

First, we briefly review the constraints from the three cosmological and as-
trophysical considerations: the solar neutrino problem, the energy density of the
umiverse and nucleosynthesis. Second, we explain why the three relevant neutrino
properties: the masses of the light neutrinos, the mass difference between the two
components of the Dirac neutrino Va‘nd the coupling of the majoron to the interme-
diate Dirac neutrino and the light majorana neutrino, are related to each other. We
then carry out a complete analysis in a two generation case. Finally, we comment

on the three generation case.

(1) The solar neutrino problem is best explained by the non-adiabatic solution
of the MSW mechanism with the following mixing parameters between v, and

another neutrino v; [7):
Amgi sin 20,; = 5 x 1078 eVZ (2)
The mass difference could vary in the range [8]:
1077 eV < Am2, <107° V2 (3)
(77) The requirement that a massive neutrino v; does not carry energy density
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larger than the present energy density of the universe gives a bound on its mass

and lifetime (see e.g. {1]):
m?T]- <2 % 10% eV? sec. (4)

Note that for a pseudo-Dirac neutrino the limit is actually stronger and depends
on the mass difference between the left-handed and right-handed components. For
a mass difference large enough to keep vp in equilibrium (until the time that vy
decouples) through oscillations, the limit is stronger by a factor of 4. For a very
small mass difference, vp interacts only through helicity flip and the bound is

strengthened by ~ 20% (for a Dirac mass ~ 17 keV).

(¢77) The requirement that the “effective” number of neutrino generations in
the time of nucleosynthesis does not exceed 3.4 [9] puts a limit on the mixin

y P g

parameters Am%s and sin 20, of a left-handed neutrino v with a sterile neutrino

vs [5,6]. For a pseudo-Dirac neutrino the mixing angle is sin20;, = 1, and the

bound is [6]:

|Am2,] < 1073 eV2, (5)

(The bound is even stronger than this if v = v..) We should emphasize that the
nucleosynthesis constraint we are using is subject to systematic uncertainties in
the determination of the primordial fraction of *He. We assume here the validity
of these observations and their interpretation within the standard cosmological

model.

We are interested in the case that v, is the approximate Dirac neutrino of
intermediate mass. We further assume, following ref. [2], that v, decays dominantly

through v, — J 4+ v; where J is a majoron and v is a light majorana neutrino.

Thus:

a. We identify ¢ = p in eq. (3),

1077 eV? < Am?, <107° V2, (6)
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b. We identify 7 = 7 in eq. (4),

my, 2 —-27
L(r) 2 (17 ch) 1077 eV: (M)
The width is given by

(},VIVT )2
1672 "

v = J+y) =

SO we require

My, )1/2

Yyu, >3 x 1071 (17 o

(9)

c. We identify v; and v, of eq. (5) with the two components of the approximate

Dirac neutrino,

17 keV

vr

|6m,. | < ( ) 3x 1078 eV. (10)

We will show that, in general, to satisfy eq. (10) one needs to violate both eqs.
(6) and (7). Before doing so, however, we note that eq. (10) places a direct lower
limit on the oscillation length Lo for the maximal (sin 20, = 1) oscillations of v,

into its sterile partner vs [2]. We have

AT E, ( L,

Lose = 1 GeV

At ] ) 2400 km. (11)

Such a large oscillation length would make it rather difficult to observe the oscil-

lations in terrestrial experiments.

The argument why eq. (10) is generally incompatible with egs. (6) and (7) is

very simple. With a mass matrix of the form (1) and Mg being rank 2, the various



relevant quantities are of the following orders of magnitude:

my, =0(D),
ém,, =O(D*/R),
Am?, =O(D*/R?),
Yo, =h O(D*/R?).

(12)

_ h is a dimensionless Yukawa coupling and we will take ;’1'—; < 1. From the MSW

constraint (6) we get

D2
o 23 1074 eV. (13)

From the energy density limit constraint (9) we get

D3
2T R 5 X 1073 eV, (14)

From the nucleosynthesis constraint (10) we get
D3
— <5x 107" eV2, (15)
R
We can satisfy eq. (15) together with eq. (13) only for D < 2 eV. We can satisfy

eq. (15) together with eq. (14) only for D < 0.2 keV. Obviously, for D ~ 17 keV
eq. (15) stands in contradiction with the requirements in (13) and (14).

We now demonstrate this general argumentation in a model with only two
neutrino generations, {v,vr}. The two generation model, besides allowing a sim-
pler calculation, is a good approximation for the case of a large mass hierarchy
between the two light majorana neutrinos, say m,, < m,,. In this case the scale
relevant to the MSW effect is that of m,, and it is a reasonable assumption that a
non-diagonal coupling Y,,,,, would be larger the heavier v is. Thus, v, becomes ir-
relevant to the two problems that we study, namely setting the scale for the MSW

effect and finding the decay rate of v,;. However, to study the mizing between



the light neutrinos one would certainly need to incorporate ve as well, because
sin 0., ~ 0.01 is implied by experiments. Moreover, as we will see later, the three

generation case involves some further complications.

The matrices mp and Mg of eq. (1) are now 2 x 2. Without loss of generality,

we choose a basis where Mg is diagonal:

myp Mmig M 0
mp = ; Mp = : (16)
ma1 M2 0 0
A straightforward calculation gives the following mass values:

my, = (m3s +mip)"/?, (17)

(m1ymi2 + mazmay)?

§my,. = : : 1

e Mm?, 19
- _ (mamo — mygmy; )?

e (19)

To find the majoron coupling to v, and v,, we need to rotate its 4 x 4 coupling

y=2 090 (20)
S M\o Mg B

to the mass eigenbasis. We find

matrix

(m11miz + magmoy)(mi1mag — miamay)
YI/“VT = h ]”277712/ . (21)
We can rewrite eq. (21) as
§ .
Vo P = b2 T 0, (22)

M?

First, we note that the explicit eqs. (17)-(21) confirm our order of magnitude

estimates in (12). If we try to make §m,, small by lowering the scale of the m;;



elements or increasing M, we at the same time decrease m,,, and Y,,,,,,. However, it
is possible to concoct a model where ém,, is vanishingly small while m,,, is not. As
an example we can take mp to be simultaneously diagonal with Mp: v, is an exact
Dirac neutrino of mass mgs while m,, = m%l /M. Note that the mixing between v,
and the Dirac neutrino, sin 8, = 0 in this case. On the other hand, eq. (22) shows

that it is impossible to make ém,,_ vanishingly small while keeping Y, .. finite: for

uVr
ém,, < 3x107% eV and m,, < 3x 1073 eV, and assuming M > 300 GeV, we get
Y, <3 X 10717 h, more than an order of magnitude below the lower bound in
eq. (9). Also note that the coupling of the majoron to a massless neutrino vanishes

[1]. This is consistent with the assumptions made above.

We now study the three generation case. We choose a basis where

Mp =diag(M;, M,0). Eqgs. (17) and (18) now bhecome:
my, = (mis +mi; +mi3)'/?, (23)

(m11mis + maimas + maymas)? N (m12my3 + maamag + maamsa3)?
2 2
Mym;,_ Mom;,

bm,, =

. (24)

As for the two light majorana neutrinos, we get

2
(maim3z — mgima3)? + (m3imiz — mymas)? + (myimag — maimis3)
my, + my, = Z

o 2
= Mim;,_

(det mp)?

My, * My, =,

e T T My Mam2,
(25)

It is obvious that in general the scales of ém,, and m,, are closely related. Yet,
as in the two generation case, it is possible to fine-tune the various combinations

that appear in eq. (24) in such a way that ém,, vanishes while m,, does not.

Additional information about the various entries of the mass matrix can be

obtained from constraints on the mixing of v, with the flavor eigenstates v, and

bl



v,. The mixing required by Simpson’s experiment gives:
(mlg/m,,r)2 = sin’ 0., ~ 0.01 = mis/my, ~ 0.1. (26)
The experimental bound on the mixing between v, and v, gives

(maz/m,,)? = sin? 0, < 0.001 = ma3/m,, < 0.03. (27)

To study the majoron couplings and their relation to the neutrino mass spec-
trum, we can neglect the mixing of v, with the light neutrinos and put miz =
mg3 = 0. (This condition may also be imposed by an appropriate unitary trans-
formation on the left-handed neutrinos, so no generality is lost as long as we do

not discuss mixing.) The above equations simplify to:

my mas3s, (28)
dm ™y + -m—g'z (29)
- UMy T My

m2 m2 ’m2 m2 Moim .
my, :073 (Vlll + ﬁ;) + 872 <‘E[211‘ i ) + 2¢45,4 ( 21:11 11 22 12

2 2 2 2
2 (M m 9 LS maoi1mii m22m12
My, =Sy ( 11 12) + ¢y (i + — 2¢y 8y

My, | M, My My My
(30)

where we defined ¢y = cosy and s, =siny and

maimi1 /My + moamia /Mo

tan(2y) = =2
(27) (m3; —m3))/Mi + (m}, — m3,) /My

(31)

The majoron couplings are given by:

m3i(cymin + symar)  maa(cymiz + syma2)

Y, , =

MV A% ! 52)
v _m31(cymar — sym11) | maz(cymaz — Symi2)

VU — M1V MoV )

where V is the VEV of the majoron, V = M;/hy = M3/h2. In general, §m,,_
is small enough if m2, /My, m%,/M> = O(1078) eV. In such a case, Y,,,, is too



small to satisfy the requirement from the energy density limit (9). It is, however,
2 2 2 2

possible to fine-tune ém,, = Pt + T2 < -, 2 and avoid this relation. (If one

incorporates the requirements on the miring between v, and v, that follow from

the MSW constraint (2), the fine-tuning of ém,, looks even more contrived.)

In this work we did not discuss further astrophysical constraints on a 17 keV
pseudo-Dirac v,. In particular, it has been shown that the helicity flip of left-
handed into right-handed neutrinos provides a mechanism for fast cooling of su-
pernovae. The observation of neutrinos from SN1987A on a time scale of seconds
puts an upper bound on the Dirac mass [11] which is at best only marginally com-
patible with m,_ ~ 17 keV. In contrast to our previous considerations, for this
bound the distinction between an exact Dirac or a pseudo-Dirac neutrino is unim-
portant: the MSW effect in the supernova induces a very large mass difference

between v, and the sterile v, g, so that there are no oscillations between the two.

Stronger bounds on the lifetime of v; can be obtained from more model-
dépendent considerations of the large-scale structure formation in the early universe
[12]. They cannot be satisfied with the singlet-majoron decay mode (independently

of nucleosynthesis considerations) and thus we leave them out of our discussion.

Before concluding, we mention that there are other ways to theoretically allow
the existence of a 17 keV v, [13]. In some of these models, the majoron couples
much more strongly than in the singlet-majoron model discussed above. In this
case the lifetime of the v; no longer poses a significant constraint. However, the
majoron itself may contribute significantly to the energy density of the universe
at the time of nucleosynthesis; its contribution is equivalent to 4/7 of a neutrino

generation if it is in thermal equilibrium.

To summarize, if the see-saw mechanism is the reason for the extreme lightness
of ve and v, but it does not operate on v,, rendering v, a pseudo-Dirac neutrino
with m,_ ~ 17 keV, then oscillations between the two components of this Dirac
neutrino will increase the effective number of neutrino generations at the time of

nucleosynthesis to 4.0, in contradiction with the standard model of nucleosynthesis.
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If these oscillations are suppressed becausc the mass difference between the two
components of v; is very small, then it is highly unlikely that the mass difference
between v, and v, is large enough to explain the solar neutrino problem and it
is almost impossible that the majoron coupling to v, is large enough to satisfy
constraints from the energy density limit. In addition, the period for oscillations
of v; into its sterile partner is so long as to make the oscillations unobservable by
terrestrial experiments. We leave it to the reader to decide whether or not the
_first two results make the existence of a 17 keV v, unlikely or cast doubts on the

standard picture of nucleosynthesis.
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