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1. Introduction

The precision cosmological data acquired over the last decade has changed the nature of
theoretical cosmology. Models which were previously viable, such as hot or warm dark
matter, or the open universe model, have been excluded by experiments such as SDSS [,
WMAP [f], 2dF [[], and many others [A—[]. One of the most exciting aspects of the new
precision cosmology is that we are using gravity to learn a great deal about the dominant
constituents of the universe. The tremendous results of the High-z Supernovae Search
Team [[f], as well as the Supernova Cosmology Project (SCP) [§], have given solid evidence
that the universe is accelerating, potentially due to a new, negative pressure fluid.

This new fluid, unlike dark matter, does not possess an obvious candidate for any ob-
servable interactions with standard model particles. In fact, the most popular explanation
- a cosmological constant - has no dynamics associated with it at all. Slow-roll quintessence
offers the possibility of detecting an equation of state different from w = —1, but little else
in the way of detectable signals. Furthermore, the slow-roll condition requires a field with
mass on the order of the Hubble scale, 10733 eV. If the quintessence field couples to to
standard model fields, with couplings of gravitational strength, the typical size of quan-
tum radiative corrections to the scalar potential are at least 1050 times too large, unless
exquisitely precise cancellations occur.



Are there theories of dark energy which have naturally sized quantum corrections yet
have possible non-gravitational signatures (in particular, those arising from couplings to
standard model fields)? We are willing to assume here the existence of some unknown,
perhaps nonlocal, physical mechanism which can ensure zero vacuum energy, despite the
apparently enormous quantum contributions. We still may ask whether, given this as-
sumption, a model of dark energy in which the radiative corrections to mass and coupling
parameters of the model do not have to be finely tuned against the tree level terms exists.

In [fl], it was suggested that relic neutrinos could form a negative pressure fluid, and
yield cosmic acceleration. Such a neutrino fluid could occur if neutrinos interact through
a new scalar force. The idea is appealing because the neutrino mass scale is compara-
ble to that of the dark energy, and the relic neutrinos form a smooth background which
we expect to permeate the present universe. The result of the scalar force is that the
neutrino mass depends on neutrino number density, and thus evolves on cosmological
timescales.

New scalar forces for neutrinos have been considered for quite some time, in the context
of neutrino oscillations [I{, [[1], neutrino dark matter [[J], and neutrino clouds [[[J].

With dark energy arising from such Mass Varying Neutrinos (MaVaNs), a O(10733 eV)
mass scalar field is not required. The mass of the scalar field can be as large as O(10~ eV)
- the scale of the neutrino number density - in order to employ a mean-field approach.
This mass scale is both comparable to the dark energy scale, and more plausibly stable
against radiative corrections than the Hubble scale. In ref. [[4] it was argued that the
local neutrino mass could also depend on the local matter density in this scenario, offering
the possibility that neutrino oscillation experiments could shed light on the nature of dark
energy. Much subsequent work has been done on the phenomenology of MaVaNs, including
effects on leptogenesis [[[§], high energy astrophysical neutrinos [[[], gamma ray bursts [[[7,
solar neutrinos [I§, [[9], the cosmology of particular forms of the potential [0, 1], and
studies of models of various types [PJ. Note that other models have attempted to relate
dark energy and neutrino mass in slow-roll quintessence theories [P3—P5], modifications of
the energy momentum tensor [Pf] and a metastable vacuum energy [27. However, these do
not rely upon a new, milli-eV scale force between the relic neutrinos, and cannot provide
the interesting phenomenology of refs [[, [l4], namely, that neutrino mass depends on the
environment.

While MaVaN dark energy is an appealing framework, ref. [J], does not present a
complete, radiatively stable model, and questions about the scalar potential and its origins
remain. In this paper, we provide such a radiatively stable theory of MaVaN dark energy,
which admits additional interactions with standard model fermions, explains the origin of
the size of the dark energy in terms of neutrino mass parameters, and can easily mesh
with a comprehensive effective description of physics below the Planck scale. In section [,
we review the basic features of MaVaN dark energy, including the associated theoretical
problems. In section ], we will show that including supersymmetry can not only address the
quantum corrections, but naturally leads one to consider a new class of dark energy models
which are analogous to the “hybrid” inflation models [§]. In section B.1], we describe a

complete model of neutrino physics, with three additional sterile neutrinos, and discuss the



consequences for upcoming experiments. In section |, we consider the phenomenological
implications of this scenario, in particular for solar neutrinos. Finally, in section f], we
review the scenario, and discuss future directions.

2. Dark energy from mass varying neutrinos

In [[] it was proposed that neutrinos interacting via a new scalar force could act as a form
of dark energy. The idea is most simply understood by promoting the neutrino mass, m,,
to a dynamical field, which, itself, has an associated scalar potential. The energy of the
system is then

V =myn, + Vo(m,). (2.1)

Note that m, need not be a canonically normalized field. Assuming the curvature scale of
the potential is much larger than the Hubble expansion rate, we can use an adiabatic solu-
tion to the equations of motion where m,, tracks the point which instantaneously minimizes
the total energy, that is, where

V' =n, + Vj(my,) = 0. (2.2)

One can then show Vim,) Q
my v
1=-— = 2.
vt Vi, Q1 Qpp 23)

where (pg is the energy density stored in the scalar potential, and 2, is the neutrino

energy density.

This can be simply illustrated in a concrete model. We begin by including a scalar
field, A, which is the canonically normalized field responsible for the dynamical neutrino
mass, and a fermion N. Because the stored potential energy of A is responsible for the
acceleration of the universe, we called this field the “acceleron”. N is taken to be a left
chiral Weyl field with no Standard Model gauge charges, which may be referred to as a
“dark”, “right-handed”, or “sterile” neutrino.

We then consider the interactions,

LD mpvN + kKANN + h.c. + Vp(A) , (2.4)

where  is some Yukawa coupling, and v is a two-component left-chiral Weyl field describing
some linear combination of the active neutrinos. This Lagrangian is appropriate for energy
scales well below 100 GeV, as we have integrated out the Higgs field. If kA > mp, we can
remove N from the low energy effective theory and are left with

2
Lo %uﬁ +h.c. + Vp(A). (2.5)

If the relic neutrinos are light mass eigenstates, then we must consider the system at finite
density, where we have an effective potential for A,

+ Vo(A). (2.6)

2
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Because the first term tends to drive A to larger values, the result of this effective potential
is to have a neutrino number density dependent value for the A condensate, even if the
vacuum expectation value is zero.

A very flat scalar potential Vj, such as a logarithm or a small fractional power, will
give an equation of state parameter for the acceleron-neutrino fluid which is close to -1, as
is phenomenologically required for dark energy.

The framework suffered from two principle theoretical shortcomings. First, a flat
potential was needed, and both quadratically- and logarithmically divergent radiative cor-
rections were too large unless new states appeared in the theory at a scale of order 1072 eV.
Second, a quadratic potential was not flat enough to give a dark energy with equation of
state w ~ —1, and the necessary small fractional power law, or logarithmic, potential had
no obvious microscopic origin. It has also been recently argued that such theories suffer
from instabilities at late times [R9]. We will return to this point later.

There are a number of known possibilities to control the size of radiative corrections
such as supersymmetry, compositeness, extra dimensions, strong near-conformal interac-
tions, and pseudo-Goldstone boson type shift symmetries. In this paper, we will focus
on supersymmetry, which, as a perturbative theory, allows us to consider the theory at
arbitrarily high temperatures in a theoretically controlled way.

The question of the origin of the shape of the potential is more difficult. Logarithmic
potentials do arise in gauge mediated supersymmetry breaking [BJ—B4], but only at vevs
larger than the supersymmetry breaking scale. However, we shall see that a mildly different
approach will free us of the need for such flat potentials.

2.1 Hybrid models

Many of the theoretical questions associated with dark energy are similar to questions that
have arisen in the context of inflation. One highly successful framework has been that of
hybrid inflation [2§]. In hybrid inflation, the energy density which drives inflation resides
in the potential for some field which is in a false minimum due to the large value of another
light field. A typical hybrid model has a potential

V =m?A? 4 K2(N? —0?)? + ad’N? . (2.7)

In hybrid inflation, A is referred to as the slow-roll field, while N is referred to as the
waterfall field. We use A to make a connection with MaVaN theories. As long as A has
a large expectation value, N has a positive mass squared. When the value of A becomes
smaller than a critical value A, = 2x%v?/a, N becomes tachyonic and will begin to roll.
In MaVaN theories, rather than being a slowly rolling field, A will have a large expec-
tation value due to the presence of relic neutrinos. However, in analogy with the hybrid
inflation theory, the tachyonic field N will be stabilized in a false minimum at A/ = 0,
leaving a vacuum energy x2v*. So long as the energy density stored in the A condensate is
sufficiently small, the combined scalar potential will appear as a dark energy with equation

of state w ~ —1.



3. A supersymmetric hybrid model

Let us now combine the disparate elements of MaVaNs, supersymmetry, and hybrid in-
flation. Remarkably, in a minimal supersymmetrization of the simplest MaVaN model,
we immediately arrive at a hybrid model, with the only assumption being the sign of the
supersymmetry breaking mass squared term for the sterile sneutrino.

We begin with the simplest Lagrangian for a MaVaN theory, stated in eq. P.4. We
promote v, N and A into chiral superfields ¢, n and a. The fermionic interactions of eq.
R.4 are easily captured in the following superpotential

W = kann + mpln . (3.1)
The resulting scalar potential is
V =42 APN? + RPN+ mEN? (3.2)

where N is the scalar component of n. Here we consider only the light fields in the theory,
in particular, we set £ to zero as the sneutrino has a large soft mass. Up to a constant,
this potential bears a remarkable resemblance to eq. R.7, other than the sign of the A
mass term. However, inclusion of supersymmetry breaking corrections can easily change
this sign.

Let us consider the supersymmetry breaking quantum corrections to this potential. To
begin, we should consider radiative corrections above the scale of electroweak symmetry
breaking. We expect the Dirac mass term to arise from a small Yukawa coupling, W D
ypHLN. The one loop radiative correction to the A/ mass is

8y7,m2 s
B0 > vym? ~ DS (A ) (33)

2

where A is the scale at which the soft masses get generated, and mg;,

is the average of
the soft susy breaking higgs and slepton masses squared. Note that for typical values of A
and mgusy, the natural size of this correction is of the order m%, and the sign is negative.
The susy breaking contributions to the A" mass squared below the electroweak scale are
all proportional to /QQmQD, which is in general smaller than mQD, even when log enhanced.

The acceleron field receives a log enhanced correction to its mass squared of
;2
S ~ 6.2 (Qm% log(m2/m%,) — dmislog (AQ/mZD)) (3.4)
where m; is the mass of the active sneutrino, dm s is the susy breaking mass of the sterile
sneutrino, and A is the scale at which dm s is generated. With reasonable values for mp,
A, and m2, this is roughly m? ~ 0.4x?(2m3, — ém32).

Of course, there are also gravity mediated and Planck scale mediated effects whose size
depend on the gravitino mass and on the degree of sequestering [BJ] of the a,n sector from
the supersymmetry breaking sector. We take the calculations of radiative corrections as
giving a rough lower bound on the natural size for the magnitudes of the soft susy breaking

masses squared of A and N.



Altogether, the potential at low energies is
V = —cimANN* + 2NN + 42 AANN* + cak°m2 AA* + constant, (3.5)

where we have assumed the UV physics achieves the appropriate signs, and the ¢; are
coefficients of order unity. (Later, we shall see that  is a small parameter, hence we ignore
terms O(x*), such as one-loop radiative corrections to the quartic couplings.)

We can now consider the late time dynamics of this theory, with naturally sized pa-
rameters. We choose the constant in the potential to set the true vacuum energy density
to zero. The true minimum of this potential is at (A) = 0 and|(N)| = c}/QmD/\/im,
and the false minimum, N = 0, has energy density c%m‘ll) /4k2. Since there are no gauge
interactions to maintain a large x in the IR, it is natural to assume that x is small. If we
wish to identify this potential contribution as the present dark energy density, we can thus
bound mp by naturalness to be

mp < 107235 eV, (3.6)

Thus, naturalness allows us to identify this as the Dirac mass explaining the solar splitting,
or some lighter mass, but would involve a one part in 10® to 10* tuning if we wished to
identify mp as the mass associated with the atmospheric splitting.

If we assume that the relic neutrinos are in the light mass eigenstate, then we can
estimate the size of the A vev,

_3B)Tm5

2 2 *
Vegr = 272l Al + cok*mpAA (3.7)
in the non-relativistic case and
T2m‘ll) 9 9 "
‘/eﬁ‘ ~ m + CoOR mDAA (38)

in the relativistic case. Minimizing the effective potential yields

kA~ T/2c5* (3.9)

in the non-relativistic case, and

KA ~ mDT/HC;/2 (3.10)
in the relativistic case. We require k.4 2 mp, both so the seesaw Majorana mass formula
works, and, more importantly, so that N has a positive mass-squared. This, in turn,
requires either ¢ < 1 (an unnatural tuning) or mp < 7' (meaning the neutrinos are at
least moderately relativistic). Consequently, naturalness will force the neutrino responsible
for the dark energy to be the lightest of the three neutrinos, and relativistic. While we
might enjoy making a direct connection with known neutrino masses, both the scale of
dark energy and the need for a metastable minimum point us towards the lightest neutrino
as the origin of dark energy. Note that such theories do not suffer from the potential
instabilities of a highly non-relativistic neutrino dark energy theory [RJ].



3.1 Multiple neutrinos

Since there are three active neutrinos, and evidence for at least two mass scales above
10~%eV?, we would like to extend this theory to include all three neutrinos and an expla-
nation for the atmospheric and solar neutrino oscillations. We restrict ourselves to a single
acceleron, and three dark fermions N;. In doing so we should extend the superpotential to

W = Kijan;n; + mingl; . (3.11)

Here we have written the superpotential in the basis where the Dirac mass matrix is
diagonal, with eigenvalues ordered mgs > mo > mj. The renormalization of the A mass
takes place as in the previous section, but with additional diagrams possible from the
off-diagonal couplings between A and the right handed neutrinos.

The same considerations of naturalness apply here, and we require that the lightest
mass eigenstate be responsible for maintaining the present false minimum for the A field,

and, more specifically, that
2

ﬂijm? > K3m3 (3.12)

where ¢ > j and 7 > 1.

Making this somewhat more quantitative, since T, ~ 10~%eV, we must have m; < 10~*
eV. To achieve the proper vacuum energy, this requires x1; < 1073, As a consequence, we
expect an acceleron mass my4 ~ 10~ 7eV. Taking mo > 1072eV as necessary to explain the
solar neutrino deficit, and ms > 105eV as necessary to explain the atmospheric neutrino
deficit, we have kg, < 107° and k3, < 10729,

If the radiative corrections to all the A/ soft masses are simply proportional to y%, then
all masses squared must be negative. If this is the case, then ng and ns would have rolled
off by now, achieving vevs n; ~ m;/k;; (assuming it is stabilized by the quartic piece),
resulting in an acceleron mass O(m;). Since the acceleron Compton wavelength must be
longer than the cosmic neutrino separation, such a large vev is unacceptable. To reduce
the N expectation value, one can include terms

)\ijknmjnk. (3.13)

These need only be large for ns 3 in order to prevent a large A mass, and for our purposes,
we will assume that couplings A1;; to the lightest generation are small.

Alternatively, it is possible that the corrections to the soft masses squared are not
simply proportional to y%. One could then have positive masses squared for the heavier
two sterile sneutrinos, but a negative mass squared for Nj. This could arise, for instance,
if the heavier active sneutrinos are non-degenerate, or in the presence of small corrections
form Planck scale physics.

3.2 Origin of the small couplings

Our model requires the introduction of several small dimensionless numbers, such as the
Yukawa couplings which give neutrinos Dirac masses of less than an eV, and the parameters
ki;j. In addition, we have left out several couplings which are not necessarily forbidden by



symmetries, such as a superpotential term ah,hg, but whose coeflicients must be sufficiently
small. A large number of explanations for such small or absent parameters exist in the
literature. For instance, one could have a new dimension of size somewhat larger than the
Planck length, with standard model fields localized to a brane on one end, the acceleron
on a different brane, and the sterile neutrinos in the bulk, explaining why the acceleron
has the most suppressed direct couplings to matter and why the couplings of the sterile
neutrinos have various suppression factors [Bg, Bf]. In the version of the model with no
sterile sneutrino vevs, a continuous or discrete lepton number symmetry could suppress

unwanted couplings such as ah,hqg and nhyhy.

3.3 The universe from T ~ 1 eV to the present

We will assume that the universe is populated by mass eigenstates after BBN. The circum-
stances under which this occurs we will leave for discussion elsewhere [B7].

If the masses-squared for the heavier scalars are positive, then the fluid behaves as
a traditional hot MaVaN background, but with a quadratic potential, an energy density
which redshifts far more rapidly than dark energy.

If the masses-squared for the heavier scalars are negative, then at some critical tem-
perature, the Ny 3 fields will become tachyonic and roll from the false minimum.

The exact vevs and the overall phenomenology is a complicated function of A;;,. How-
ever, we will in general require A5 < Ajjr1 so that the lightest sneutrino does not acquire
a large mass when the more massive sneutrinos acquire vevs. For instance, let us consider
the three-neutrino terms

W D A(n3 + nang + nan’ +n3) (3.14)

We take the form of the couplings purely for illustration. If we take m§ > m3, then we
can first focus on the early universe behavior of the heaviest sneutrino.
The scalar potential (neglecting couplings to the acceleron) is

V = —m3INZ| + N23NZ + 2NoN3 + NZ 12 + |3NZ + 2NoN3 + N3 . (3.15)

One can show this is minimized for Mo = F0.19m3/\, N3 = +.3m3/\. The resulting
neutrino mass matrix for the heavier two neutrinos is

0 0 mo 0
00 0 ms

M, = ~ ~
mo 0 0.6 ms 0.6 ms

(3.16)
0 ms 0.6 ms 1.8 g

Under the assumption that ms ~ mg, there are two mostly sterile Majorana neutrinos, with
masses of 1.8 mg and 0.6 m3. A neutrino with mass of order 0.6m§ /g is mostly active, but
with a moderate sterile component. We associate this mass scale with atmospheric neutrino
oscillations, so the active component is almost entirely 4 and 7. There is a 1.7m3 /3 mass
neutrino which has very small sterile component, which we associate with solar neutrino
oscillations. The vacuum energy of the metastable state is A* = 0.0461m3/ A2, If we take
m3 ~ mg ~ .05eV, the energy density is O((2 x 1072)%/\2).



We now must determine the temperature at which the heavier sneutrino vevs roll to
their minimum. We will consider the period when all neutrinos are relativistic. Taking the
acceleron Yukawa matrix to be diagonal, the vev of the acceleron will be determined by its
mass (which we take by naturalness to be O(k1m1), and the larger of m}/k? for i = 2,3.
The effective potential is .y

Vo~ T2Ei% +mA A2, (3.17)

k3T myg < 72,,2 : . .
~5—7* < T%m3, in which case, the heaviest sneutrino
1

If mi/k3 > m3/ka, then (k3A)* ~
would become tachyonic no later than 7' =~ mg3. On the other hand, if m3/x% > m3/x2, then
this can last until T' ~ ms, when the intermediate mass neutrinos become non-relativistic.
In either event, the heavier sterile sneutrino vevs should roll from the metastable minimum
no later than roughly 7'~ 1072 eV (using the solar neutrino data as a guide), but possibly
much earlier than T ~ .05 eV.

As a consequence, there will be energy in the oscillating heavier sterile sneutrino field.
Such scalar field dark matter will cluster like cold dark matter, but with fluctuations
smoothed out on the neutrino free-streaming length at the time when the field begins
to oscillate. It seems difficult to come up with a viable scenario where the entire dark
matter component of the universe is dominated by such oscillations. It is easy to find
parameters where the energy density of the oscillating scalar field is much smaller than
that of dark matter. Even a subdominant dark matter component is very interesting, as it
could potentially be observed or constrained from studies of the matter power spectrum.
Such an analysis is beyond the scope of this paper.

Besides the four neutrinos already discussed, the resulting neutrino spectrum will have
one Majorana MaVaN pair, whose mass continues to evolve on cosmological times. The
lightest sneutrino remains in its metastable minimum.

4. Phenomenology

The neutrino mass phenomenology of this scenario is potentially very rich. With the
additional singlet states, one must be concerned with active—sterile oscillations, as well as
active—active, and with the light acceleron and sterile sneutrino fields, novel matter effects
are possible. We will discuss the two distinct scenarios outlined above: namely, case 1, in
which there are no sneutrino vevs, has a set of two, heavier, pseudo-Dirac neutrinos with
a light pair of weakly-Majorana neutrinos, and case 2, which has sneutrino vevs, a heavy
and light pair of weakly-Majorana neutrinos, and an intermediate mass Majorana neutrino
whose mass comes from a singlet with a mass of the atmospheric scale.

In the case 1), we shall see that the splittings of the heavier pseudo-Dirac neutrinos
can be made sufficiently small that there are no significant consequences, but the splitting
of the lightest, weakly Majorana neutrinos allows for an MSW enhanced conversion of low
energy solar neutrinos into sterile states, which must be avoided. We will see that for
sufficiently small splitting, this need not be a concern, or, in the presence of acceleron-
matter couplings, the singlet state can be made sufficiently heavy in the sun to prevent
level crossings.



In the case 2), we shall see that the high energy solar neutrinos are not significantly
changed so long as the singlet neutrinos acquiring masses from sneutrino vevs have masses
at least 0.03 eV, so as to prevent level crossings with high energy neutrinos. All mixing
angles involving the two heavier sterile neutrinos are fairly small, but it is possible for the
new sterile states to affect long-baseline neutrino oscillation experiments. In particular,
there could be a moderate sterile component in the oscillations of muon neutrinos, with a
somewhat shorter oscillation length than that of y — 7 oscillations.

There have been earlier studies of MaVaNs in the sun. In particular, [[9] studied the
MaVaN dark energy scenario with the sterile states heavier than an MeV, while [[§] studied
the effects of a particular model in the sun, finding better agreement with data than the
standard LMA result. However, neither analysis applies to the present discussion.

There are many other scenarios to consider which we do not discuss further. For
instance, one could allow direct coupling of the sterile sneutrino fields to ordinary matter.
In this case the sterile sneutrinos could acquire expectation values which depend on the
matter density. Since the sterile sneutrino vevs appear in neutrino mass matrices, this
could give novel matter effects in neutrino oscillations, as in [[[4] and discussed in [Bg], such
as a potential explanation of the LSND anomaly [BY].

4.1 Solar neutrinos

In the previous section we saw that a natural theory of dark energy involved three active
and at least three sterile neutrinos. A natural dark energy mechanism involves one active
and one sterile neutrino, with Majorana masses in the 10~ eV range. The observed
atmospheric and solar neutrino oscillations are produced by larger Dirac mass terms. In
case 1, none of the oscillations into sterile neutrinos affect terrestrial neutrino experiments,
as the associated oscillation lengths are between 10° and 10® kilometers for typical neutrino
energies. However, terrestrial detection of solar neutrinos could be affected by oscillations
into sterile neutrinos. For solar neutrino phenomena we focus on case 1, as this is potentially
more dangerous. In this section we discuss solar neutrino phenomena for a particular
spectra. We argue that the electron neutrinos produced by the B® process observed by
the SNO and superK experiments are mostly converted to a linear combination of p and
7 neutrinos, while lower energy solar electron neutrinos are partially converted to sterile
neutrinos.

The terms in an effective Lagrangian involving neutrinos and the acceleron are

2
L D mgNov; + kg No Np A + hec. + %AQ . (4.1)

Here a = 1,2,3 is an index labelling the sterile neutrinos, and i = e, u, 7 labels the active
neutrinos.

The Dirac type mass matrix m is taken to have eigenvalues msz ~ 4 x 1072 eV, mg ~
9 x 1073 eV, and m; ~ 107% eV. A natural dark energy model may be found where the
Majorana-type matrix kg, (A) has no eigenvalues larger than of order 107 eV, has an
acceleron vev (A) ~ 10719 eV, an acceleron mass m4 ~ 10~7 eV, and in a basis where m
is diagonal, k11 ~ 1073, k3o S 10755 and k2 q

~

< 107°. With three sterile neutrinos, in case

~

,10,



1 there will be two pairs of pseudo-Dirac neutrinos with masses of order ms 3 and mass
splittings which are less than of order 10~7 eV, and a pair of MaVaN Majorana neutrinos
with masses and mass splittings of order 10~* eV. The mass ms is associated with solar
neutrino oscillations and mg with atmospheric. Because the SNO and SuperK data [, f]
indicate that the more energetic solar neutrinos do not undergo large oscillations into sterile
states on their way to the earth, we will assume that the mass squared splitting of the second
pair is less than of order 10~'2 eV?2, so that the associated oscillation length is greater than
1AU for solar neutrinos. We therefore require koy < 1078,

Due to the MSW effect [0, 1], the high energy neutrinos, with energies above 6 MeV,
are then mostly adiabatically converted into the active component of the second Dirac
pair as they propagate from the center of the sun. This component is not exactly a mass
eigenstate in vacuum, but the splitting between the mass eigenstates is too small to affect
neutrino oscillations at distances less than many AU.

The low energy solar neutrinos are another story. The SAGE i3] and GALLEX [(4, i
experiments have detected solar neutrinos with energies from 0.2 MeV, and, when combined
with other solar neutrino experiments, the results indicate that the survival probability of
electron neutrinos in the 0.3 MeV energy range should be above 0.47 to be within the 2
sigma error bars of the experimental data, assuming the Standard Solar Model is used
for the initial flux [i4, i7]. In our model, however, a large number of these low energy
neutrinos could potentially oscillate into sterile neutrinos, due to the small mass squared
splitting of the MaVaN pair and a potential level crossing in the sun from the MSW effect.

In order to check the acceptability of our scenario for solar neutrinos, we compute the
effective mass eigenstates and mixing parameters, as a function of the electron density, for
the following neutrino mass matrix.

008 5 5 0.1 2x10°10*
mp=|-0.04 6 40 | meV, k(A)=[2x107°3x1072107? [ meV (4.2)
0.04 —5 40 107° 1072 1079

The Dirac mass matrix has been chosen to produce a mixing matrix and eigenvalues con-
sistent with the usual interpretation of neutrino experiments [i§ and the matrix kA was
chosen to be consistent with our dark energy model, the constraints discussed above, and
a Frogatt-Nielson [[IJ] explanation of the hierarchy between the couplings of Ny and Na3
evident in this matrix.

With these matrices, the heavy pseudo Dirac pair has mass 0.056 eV and mass squared
splitting of 3.6 x 10~ 13eV?, the second pair has mass 0.0092 eV and mass squared splitting of
1.7 x 10~ 13eV? and the third pair has masses of 0.00016 eV and 0.00006 eV. In all neutrino
experiments except solar, the oscillation lengths associated with the sterile neutrinos are
too long for such oscillations to be observable, and the oscillations among active neutrinos
are characterized by the mixing matrix

0.84 0.53 —0.09
V,=|-043 056 —0.71 | , (4.3)
0.33 —0.63 —0.70
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where the rows correspond to flavors e, i, 7 and columns to masses from lightest to heaviest.
A full treatment of the effects of the sterile neutrinos on solar neutrino experiments
is beyond the scope of the paper, but we can make a crude estimate of the effects as
follows.
Flavor evolution of solar neutrinos propagating outward from the core of the sun may

be computed using the following effective six state Hamiltonian:

Heg = M?)2E 4 Ve + Vie (4.4)

where M is the full six by six Majorana neutrino mass matrix, V. raises the electron
neutrino energy by an amount v2Ggpe, Vi lowers all the active neutrino energies by an
amount % pn, and p. and p, are the electron and neutron densities respectively [0, 2.

In figure fl we plot the eigenvalues of 2EH.g, as a function of = 2v/2EGEp., with py,
fixed to p./2. As in the usual large angle MSW solution to the solar neutrino problem, at
x ~ 107%4eV?2, a typical value for ® B neutrinos produced in the core of the sun, the third
heaviest eigenstate is mostly electron neutrino, and this state adiabatically evolves into
into a linear combination of e, u, 7 as it exits the sun. The linear combination is not quite
a vacuum eigenstate, due to the tiny splitting of the pseudo-Dirac pair, but for neutrinos
with energies above 0.02 MeV the oscillation length is longer than an AU. Thus this state
undergoes a nonadiabatic transition to the active linear combination of the third and fourth
states, and arrives in roughly equal proportions as e, p and 7, as is consistent with the
SNO and SuperK experiments.

The Gallium experiments are sensitive to neutrinos with energies as low as 0.2 MeV,
which are predominantly produced at z ~ 10~%¢V?2. These neutrinos are produced in a lin-
ear combination of the third and fifth eigenstates of Hog. For large mixing angles and mass
squared splitting above ~ 10~8¢V?2, the solar evolution is adiabatic Q). As the neutrinos
on the third branch exit the sun, they undergo a non adiabatic transition into the active
superposition of the nearly degenerate third and fourth eigenstates. Since the neutrinos on
the fifth branch adiabatically evolve into the fifth vacuum eigenstate, the electron neutrino
survival probability is only 0.23, about 40% the LMA value.

These results show the model can easily reproduce the results of the SNO [((], Su-
perK [[l] and Homestake [5l]] experiments, but the parameters are likely to rather con-
strained in order for the survival probability of lower energy electron neutrinos to be as
high as indicated by the Gallium experiments [t§—[§]. The basic problem is that in the
vacuum, the lightest eigenstate is mostly electron neutrino. If this neutrino undergoes an
adiabatic level crossing in the sun with the lightest sterile neutrino, too few low energy
electron neutrinos will be seen. One way to avoid this problem is to change the MaVaN
parameters so that the transition is non adiabatic and suppressed. Either the mixing
angle or the mass-squared difference can be reduced. In the next section we discuss a
more interesting way to achieve experimental agreement: addition of an acceleron cou-
pling to matter can raise the mass of the sterile neutrino in the sun and avoid the level
crossing.

- 12 —
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10%eV? 1 107%eV?
0.66.034) (0.18,0.82)
10%V? | R 1 107%eV?
Eigenvalues (0.70,0.30)
10%V? 1 107%eV?
(0.67,0.27)
107ev2 | 1 1077eV?

(0.26,0.11)

(0.20,0.08) (0.00,0.00)  (0.00,0.00) (0.00,0.00)
(0.04,0.02)

a2 | (0.45,0.18 1 10-82
10%eV/ ©0510.21) 10%eV/

10%\V? 107%eV? 107eV? 107%eV? 107%eV? 107%eV?
X

Figure 1: Plot of the eigenvalues of the matrix 2F Heg as a function of z = 2\/§GppeEu for the
parameters described in section @ At several values of x, the compositions of the third, fifth and
sixth eigenvalues are given as (P., P, + P;), where P, , . is the probability that this eigenstate will
be detected with flavor e, u, 7 respectively. The heaviest two eigenstates are a pseudo-Dirac pair
whose separation cannot be discerned on this plot, and which have negligible electron component.
The fourth eigenstate is nearly degenerate with the third over most of this region, and is mostly
sterile.

4.2 Solar neutrino oscillations with matter dependent acceleron expectation
value

In a previous paper, it was noted that a gravitational strength coupling of the acceleron
to electrons and nucleons could have dramatic consequences for neutrino oscillations [[L4].
Here we consider the effects on neutrino experiments of the coupling

LD )\N.A%&NT,Z)N , (4.5)
Pl

where ¢y is the nucleon field, my is the nucleon mass, Mp; is the Planck scale, and the
above is to be regarded as a term in an effective Lagrangian for energies below the QCD
confinement scale. The acceleron Compton wavelength is of order 2 meters, and in larger
objects, the acceleron expectation value may be found by minimizing the effective potential
A
Verr = 1 By (A) + Vo(A) = Av 5~ (4.6)
Pl
where p is the mass density of the object. The second term pushes the acceleron towards
zero while the first and third terms tend to increase the acceleron expectation value. In
space, the first term is more important, while for matter at densities above ~ 10‘%# /AN,
the second term is more important, and the acceleron expectation value increases. Because
of the small coupling of the acceleron to the heavier neutrinos, for pAy < 105$, such a

change in the acceleron expectation value has negligible effect on the two heavier pseudo
Dirac pairs. The two lighter eigenvalues, however are very sensitive to such a change.
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10%eV?

10%eV?
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107eV? |
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E=0.3 MeV
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(0.00,0.00)
(0.29,0.71) (0.29,0.71) (0.29,0.71) 0.29.0.71)
(0.30,0.70)|
(0.01,0.00)
(0.16,0.06) (0.69,0.30)
0.20,0.08
wiooon | ) 0.70,0.29)
(0.55,0.23)
(0.52,0.21) (0.51,0.21)

107eV?/MeV  10"%eV?/MeV 10 °eVZ/MeV

y

10%V?/MeV  10"%eV?/MeV

1 107%eV?

1 10%eV?

10%eV?

1 10%eVv?

1 107eV?

1 107%eV?

10%V?

Figure 2: Plot of the eigenvalues of the matrix 2E Hqg as a function of y = 2\/§Gppe, for the
scenario described in section @ and an energy of 0.3 MeV, which is typical for the Gallium experi-
ments. At several values of y, the compositions of the third, fifth and sixth eigenvalues are given as
(P, P, + P;), where P. , - is the probability that this eigenstate will be detected with flavor e, p1, 7
respectively.

E=1 MeV
10%V?/MeV  10%ev?®/MeV 10 7eV?/MeV 10 °eV?/MeV 10 °eV?/MeV
107%V? 1 107%eV?
(0.00,0.00)
(0.29,0.71) (0.29,0.71) (0.29,0.71) (0.29,0.71)
10%eV? 1 10%eV?
{0.34,0.66)
107%eV? | 1 105ev?
Eigenvalues
10%eVv? | (0.66,0.34) 1642
107ev2 | 024010 0.42.0.17) (0.69,0.29) | 107ev2
(0.20,0.08) (0.24.0.19)
107%V? (0.30,0.12) 1 10%ev?
(0.51,0.21) 047,019
‘ 107%V?

10%V?/MeV  107%ev?/MeV 10 7eV?/MeV  10°eV?/MeV 10 °eVZ/MeV
y

Figure 3: Plot of the eigenvalues of the matrix 2F Hqg as a function of y, for the scenario described
in section @ and an energy of 1 MeV, which is typical for the Homestake experiment. At several
values of y, the compositions of the third, fifth and sixth eigenvalues are given.

For 1078 < Ay < 103, the main effect of the coupling ([LF) on the evolution of solar
neutrinos is to change the eigenvalues and flavor composition of the two lightest eigenstates
of the effective hamiltonian [£.4. In figures -] we show the eigenvalues of Hog, as a function
of y = 2V/2G rpe for three different neutrino energies and p,, fixed to p./2. We have taken
the acceleron vev to be (A) = (Ag) [1 + 107y(MeV/eV?)], a crude approximation to the
expected profile for Ay ~ 107°.
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E=8 MeV
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Figure 4: Plot of the eigenvalues of the matrix 2F Heg as a function of y, for the scenario de-
scribed in section and an 8 MeV energy, which is typical for the SuperKamionkande and SNO
experiments. At several values of y, the compositions of the third, fifth and sixth eigenvalues are
given.

We see that the main effect of the inclusion of the term (f.F) is raise the mass of the
lightest sterile state in the sun, and thus to prevent the level crossing at z ~ 10~8¢V?
between an active and sterile neutrino. At low energies the lightest eigenstate of Heg in-
side the sun is then mainly active. If neutrinos on this branch evolve adiabatically they
exit the sun as the lightest vacuum eigenstate which is also mostly active. One can thus
easily achieve a sufficiently high survival probability for low energy electron neutrinos. For
optimal choice of the coupling Ay, one could still have the level crossing with the sterile
neutrino for intermediate energy neutrinos. This could potentially achieve better agree-
ment with experiment than the LMA MSW parameters [5J], by substantially suppressing
the survival of electron neutrinos in the 1 — 6 MeV range, retaining the higher survival
probability of lower energy neutrinos, and leaving the survival of higher energy neutrinos
unaffected.

Although we have specialized our discussion to case 1, note that the novel solar neutrino
phenomenology of the light MaVaN pair of neutrinos is identical for both cases.

4.3 New forces

For non-zero Ay the acceleron will mediate a new force, which can be searched for in
tests of gravity at distance scales shorter than 2 meters [53, p4]. In order to compute the
experimental constraints on Ay, the effects of the nonlinear terms in the acceleron equation
of motion need to be considered, as these can dramatically weaken the constraints [F5—F7).

4.4 Double beta decay

The consequences of this neutrino mass model for neutrinoless double beta decay are simple:
there should be no observable neutrinoless decays, even though our neutrinos are Majorana.
This would be the case even in an inverted hierarchy or degenerate neutrino scenario. The
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explanation is simplest if one works in the flavor basis. All the entries in our six by six
dimensional neutrino mass matrix are much smaller then the MeV energies typical of beta
decay. Therefore in computing the double beta decay rate the mass insertion approximation
is excellent. In this approximation the rate is proportional to the m.. component of the
neutrino mass matrix. This component is zero in the seesaw model. The result that
neutrinoless double beta decay is unobservable is radically different from the conventional
seesaw model, where one assumes the sterile neutrinos are much heavier than the beta
decay energy scale.

Double beta decay with acceleron or other light scalar emission is allowed but is also
too suppressed to observe, as only the sterile neutrinos couple directly to light scalars.
Thus such processes require two insertions of the Dirac mass term, in order to connect the
active and sterile neutrinos, as well as the Yukawa coupling of the sterile neutrino to the
scalars.

5. Summary and conclusions

The MaVaN dark energy model offers the prospect of testable interactions between the
dark energy sector and neutrinos. However our previous work did not address the issues
of the origin of the acceleron potential, the degree of fine tuning required, or the stabil-
ity of the dark energy fluid against growth of inhomogeneities. We have shown that in a
straightforward supersymmetrization of the MaVaN dark energy model, the scalar partner
of a sterile neutrino acts like the waterfall field of hybrid inflation, whose potential energy
can drive accelerated expansion of the universe. Supersymmetry can stabilize the required
mass scales and couplings against fine-tuning, provided that the MaVaN is is lighter than
of order 107* eV. A 10~* eV MaVaN is sufficiently relativistic to prevent inhomogeneous
growth of neutrino density. We show that a model with three active and three sterile
neutrinos can satisfy all experimental constraints while providing a natural theory of dark
energy. Possible signatures of the model include a reduction of the electron neutrino sur-
vival probability of low and intermediate energy solar neutrinos, long baseline oscillations
of muon and tau neutrinos into sterile neutrinos, suppression of neutrinoless double beta
decay, and novel dependence of neutrino oscillation parameters on the environment.

As this paper was being completed ref. [f§] appeared, which presents a somewhat
different supersymmetric model of MaVaN dark energy.
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