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Abstract

We consider the simplest model which solves the solar and atmospheric neutrino
puzzles, in the sense that it contains the smallest amount of beyond the Standard
Model ingredients. The solar neutrino data is accounted for by Planck-mass effects
while the atmospheric neutrino anomaly is due to the existence of a single right-
handed neutrino at an intermediate mass scale between 10° GeV and 10'* GeV. Even
though the neutrino mixing angles are not exactly predicted, they can be naturally
large, which agrees well with the current experimental situation. Furthermore, the
amount of lepton asymmetry produced in the early universe by the decay of the
right-handed neutrino is very predictive and may be enough to explain the current
baryon-to-photon ratio if the right-handed neutrinos are produced out of thermal
equilibrium. One definitive test for the model is the search for anomalous seasonal

effects at Borexino.



The SuperKamiokande atmospheric neutrino data [1], provide very strong evidence for
neutrino conversion, i.e. that neutrinos produced in well defined flavour eigenstates par-
tially convert to different flavour eigenstates at the detection point. A similar conclusion
follows from the long standing solar neutrino puzzle [2] and a number of other atmospheric
neutrino experiments [3]. Altogether, solar and atmospheric data indicate the need for
ve and v, conversions, respectively. There are a number of neutrino flavour conversion
mechanisms [4, 5, 6], and the simplest one is that of neutrino oscillations [7].

Although in some circumstances neutrino oscillations do not imply neutrino masses [8],
typically they do. Due to the fact that neutrino mass and flavour eigenstates should, in
general, differ, quantum interference effects can lead to sizeable neutrino conversion rates
either from large mixing angles or from resonant matter effects. In this scenario, the solar
and atmospheric neutrino puzzles are interpreted as strong evidence for nonzero neutrino
masses.

The present data can be summarised as follows: the atmospheric neutrino puzzle

is best solved by v, — v, with close to maximal mixing (sin®6# ~ 0.5) and Am2,
1073 — 1072 (eV)? [9]. On the other hand the solar neutrino puzzle requires v, — v,
oscillations, where v, is some linear combination of v, and v,. While the atmospheric
neutrino data indicate large mixing angles, the current solar neutrino data do not indicate
a unique solution. The mixing is either very small (sin®w ~ 1073) or quite large (0.1 <
sin?w < 0.5), while the value of Am2 varies from 107* eV? to 1071 eV [9].

The neutrino oscillation interpretation of the solar and atmospheric data only fixes
the mass-squared splittings amongst the the neutrinos, not the overall mass scale. In
fact, the data are equally well explained if all neutrino masses were almost degenerate
at some arbitrarily large value. There are, however, constraints on neutrino masses from
tritium beta decay experiments at the level of 3 eV [10], while cosmological considerations
impose limits on the sum of all stable neutrino species, namely >, m! < 30 eV. There
are also a number of results from the non-observation of neutrinoless double beta decay
[11], which imply that M. = >;U%m,, < 0.2 eV where v;, i = 1,2,3 are the neutrino
mass eigenstates, with masses m,,, and U, are the components of v, in the v; basis
(l/e =2 Ueil/i>-

Barring the possibility of quasi-degenerate neutrinos an/or exotic neutrino conversion



weighs around 0.Ud eV and 1s an almost nity-nrty mixture ot v, and v, while the second
to heaviest neutrino weighs from 1072 eV to 107° eV and is either composed of mostly
the orthogonal combination of v, and v, with a very small . component or an almost
fifty-fifty mixture of this v, and v, linear combination and v,. There is no preferred value
for the mass of the lightest mass eigenstate, which can even be massless as far as the
experimental constraints are concerned. In this case neutrino masses are very small, with
the heaviest neutrino about 107 times lighter than the lightest charged fermion.

What is wrong with neutrino masses? Naively, they are not allowed by the Standard
Model (SM). This is very easy to see: given the field content and the gauge symmetries
of the SM, it is impossible to write down a renormalizable neutrino mass term. How-
ever, if the SM is regarded as the effective low-energy limit of some, unknown, higher
energy theory, neutrino Majorana masses are not forbidden and do arise after electroweak
symmetry breaking. The neutrino Majorana mass comes from a dimension-5 term in the

Lagrangian®

NI
L5 =S (LH)(LH), (1.1)

such that, after electroweak symmetry breaking, one generates a neutrino mass matrix,

m¥ given by

A2
T

Here L is a lepton doublet field (7,7 = e, u, 7), H is the Higgs doublet field and M is an

m = (1.2)
arbitrary mass scale. It is somehow related to the unknown high energy theory of which
the SM is an effective theory. The A¥ are dimensionless couplings and v = 174 GeV is
the Higgs vacuum expectation value (vev). Note that Eq. (1.1) leads to a Majorana mass
term which explicitly violates the lepton number symmetry, L. This is not a surprise
since both lepton and baryon number (B) are accidental global symmetries of the SM,
and there is no reason they should be conserved by the higher energy theory. As a matter

of fact, B + L is violated in the SM via electroweak quantum effects, while B — L is

*We will neglect throughout the LSND [12] result which, if confirmed by an independent experiment,
would lead to the existence of light sterile neutrinos [13, 14]. We therefore only consider the possibility

of 3 light neutrino species.
tAn alternative approach generates Majorana neutrino masses by extending the SM Higgs sector to

include exotic representations such as SU(2)r, triplets with small vacuum expectation values [15]. We

will not consider this approach here.



predict that there are no exactly conserved global symmetries, and the only way to realize
B — L as a conserved symmetry is to assume it is gauged.

Alternatively, renormalizable neutrino Dirac masses are easily allowed within the SM
if right-handed fermions uncharged under the SM gauge group exist. These are often
referred to as right-handed neutrinos, and, even though they are not present in the SM,
they can be added without causing any trouble (as they are SM singlets). Furthermore,
their existence is quite natural in the context of a number of extended electroweak models
as well as certain grand unified theories (GUTSs) [16]. In their presence, the neutrinos
acquire a Dirac mass like all the charged fermions, from a Yukawa coupling to the Higgs
field

Linvg =y*LN*H + h. c. | (1.3)

where N* (k = 1...n, where n is the number of right-handed neutrinos) are right-handed
fermions. As far as the SM gauge group is concerned, n is completely unconstrained, since
N* are SU(2), ® U(1) singlets [15]. The y® are the couplings of the sterile neutrinos to
the lepton and Higgs doublet fields, leading to a neutrino Dirac mass matrix given by
yi*o.

A crucial fact is that right-handed neutrinos can also have Majorana masses, which
are unprotected by the gauge symmetry. This means that the right-handed neutrino
Majorana mass term comes from a renormalizable term in the Lagrangian (indeed from a
relevant operator), which is completely unrelated to the electroweak symmetry breaking

scale. The terms involving the right-handed neutrino are
oo 1
Vy = y*LINFH + 5M}fvlz\f’w\ﬂ +h e, (1.4)

where M%! is the right-handed neutrino Majorana mass matrix. The simultaneous pres-
ence of y** and M~& in Eq. (1.4) implies that L is violated.

In summary, the presence of right-handed neutrinos not only allows a Dirac mass term
for the neutrino sector, but, in general, also violates L. Most importantly, it introduces a
new energy scale into the SM Lagrangian. The task of neutrino mass modeling is then to
explain the origin of Eq. (1.1) and of the A% and M values or, alternatively, to determine
the y* and My values in Eq. (1.4).

In this paper, we present a neutrino mass model which combines the above alternatives

to generate neutrino masses and contains the least amount of new ingredients added to



oM ), and argue 1n which sense the solar and atmospheric neutrino puzzles 1mply new
physics. In Sec. 3 we present this “minimalistic” model and show how it satisfies the
current experimental data. In Sec. 4 we discuss whether the minimalistic model allows
for an explanation of the baryon-to-entropy ratio of the universe, via the elegant and

economical mechanism of leptogenesis, and in Sec. 5 we conclude.

2 “How Much” New Physics?

Generating neutrino masses requires the addition of extra degrees of freedom and/or
interactions to the SM [16], i.e., new physics. New physics is characterized by an energy
scale above which the SM (and, perhaps, quantum field theory) is no longer appropriate
and a different theory is required to describe physical processes involving this energy scale.
This, of course, is what is meant by saying that the SM is the effective theory of some
higher energy theory.

New physics usually manifests itself in the SM Lagrangian in the form of irrelevant
operators, suppressed by powers of the scale of new physics. The presence of these oper-
ators can be detected either via the observation of rare or forbidden processes which are
suppressed in the SM thanks to accidental symmetries which need not be preserved by
the high energy theory, such as proton decay and p — e, or via precision measurements
of SM observables.

Independent of any hint for new physics, it is clear that the SM is an effective theory
because it disregards the gravitational force, which certainly exists. This means that,
if nothing else happens, the SM has to break down at the energy scale where gravita-
tional effects become relevant, i.e., the Planck scale, Mp; ~ 10'® GeV. This means that,
independent of whether there is some “intermediate” new physics, higher dimensional op-
erators suppressed by the Planck scale should be present, unless forbidden by some deep,
fundamental reason.

These “1/Mp;” operators are harmless. For example, a dimension-6 term QQQL/M3,
violates B and L, and leads to proton decay. However, the expected proton lifetime due to
this operator is many orders of magnitude away from the current experimental reach [17].
The same is true of operators which mediate g — ey and other rare/forbidden processes.

As first noted by Barbieri, Ellis, and Gaillard [18] “quantum gravity” effects also



Log=—"(L"H)(L"H),
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should be considered as a “standard” term of the SM Lagrangian. What is most remark-

able is that, for A¥ of order 1, the entries of the Majorana neutrino mass matrix are of

(100)2

the order 57

x 102 eV = 107° eV. This is in the acceptable mass range which solves the
solar neutrino puzzle [9]! This implies the possibility that the solar neutrino puzzle can be
solved without assuming any new physics between the electroweak and the Planck scale.
In contrast, the atmospheric neutrino puzzle, when interpreted as evidence for a neutrino
mass, is unambiguous proof of new physics, beyond the SM, at some intermediate energy
scale.

An elegant way of understanding the smallness of neutrino masses is the seesaw mech-
anism [19], which takes advantage of Eq. (1.4). Since the right-handed neutrino mass
scale is expected to be much larger than the electroweak scale it can be integrated out
at energies smaller than this new mass scale, so that the effective Lagrangian again looks
like Eq. (1.1), with

mil =y (M) (") x 0, (2:2)
The order of magnitude for the elements of My required to solve the atmospheric neutrino
puzzle is such that My = O( (yf)fo GeV). For typical values of the Yukawa couplings (y),

10
one obtains 10° GeVS My S 10M GeV.

There are many other, indirect, hints for new physics. Most importantly, there is the
problem of the stability of the electroweak scale. Solving this so-called hierarchy problem,
means, roughly, understanding why the electroweak scale (e.g. the SM Higgs mass) is so
much smaller than the Planck scale. Its most popular solutions involve low-energy SUSY,
which stabilizes scalar masses by eliminating quadratic divergences or, more recently,
the existence of “large” extra dimensions [20]. The latter assumes that the fundamental
scale of quantum gravity is indeed the weak scale, and that the apparent weakness of
the gravitational force is due to the fact that gravity propagates in a multidimensional
space-time, while SM fields are trapped in a four-dimensional space-time.

Other hints of new physics include the apparent unification of gauge couplings at
around 10'® GeV, which seems to be an indication that the SM gauge group may be
the “left-over” symmetry of some high energy GUT symmetry, and the hierarchy of the

charged fermion masses which may be considered as a hint for horizontal flavour symme-



In summary, there are many “theoretical” hints 1or new physics at very difierent energy
scales, in particular the weak scale (My, ~ 1073 GeV) and the GUT scale (Mgyr =~
10' GeV). All of these energy scales have been used to generate neutrino masses.

First note that one can generate Eq. (1.1) without invoking new mass scales above
the weak scale, i.e. using M = My, in such a way that A\¥ are very small. One example
is SUSY with R-parity violation [21], where A/ are given as a product of very suppressed
couplings. Another possibility is to make use of the GUT scale and 1/Mp; operators
to induce right-handed neutrino masses of the order MZ;;/Mp;, such that the heaviest

m2  Mp;
top ~
it~ 0.1 eV [22].

neutrino mass is of order

In the case of SUSY, it has recently been pointed out that one can generate small Ma-
jorana or Dirac neutrino masses from SUSY breaking [23]. In these models, the neutrino
masses are small for the same reason that the SUSY-preserving p-term is much smaller
than the unknown high energy scale (say Mp;).

Finally, theories with large extra dimensions can generate very small Dirac neutrino
masses (Eq. (1.3)) by assuming that the SM singlet fermions live in the extra dimensions
and therefore their couplings in the SM “brane” are volume suppressed [24]. This means
that neutrino masses are small for the same reason that the gravitational force is weak.
Such theories, however, typically require that L be conserved, unless it is broken in distant
branes or by a totally different mechanism, such as R-parity violation [14]. This is required
in order to forbid terms similar to Eq. (2.1) but with M = O(1) TeV, which would lead
to unacceptably large neutrino masses.

It is clear that small neutrino masses are “expected” on theoretical grounds. However,
the rich variety of theoretical options available illustrates that neither their scale nor the
magnitude of neutrino mixing angles can be firmly predicted from first principles [16].
Our goal here is to focus on what appears to be the most economical way to solve the
neutrino puzzles through neutrino-mass-induced oscillations, ignoring indirect beyond the
SM hints. The motivation for this is two-fold: first, neutrino masses are the only direct
experimental hint for beyond the SM physics and second, it is important to establish how
contrived the new physics has to be in order to explain the current solar and atmospheric

neutrino data.



In order to minimize the amount of new physics invoked, we will take advantage of the
already present quantum gravity contribution to neutrino masses, which naively implies
that all three neutrinos weigh around 1075 eV. Though not the favored solution, this is
enough to account for the current solar neutrino data [9]. We need, however, to generate
at least one neutrino mass of order 107! eV in order to solve the atmospheric neutrino
puzzle. The most economical way of doing this is to add one right-handed neutrino, at
the appropriate mass scale My [25].*

Why one right-handed neutrino, and not three? First of all, in order to stick to the
minimalistic approach, the smallest number of right-handed neutrinos is to be added.
Second, and most important, there is, a priori, no correct number of right-handed neu-
trinos since, as gauge singlets, they do not contribute to SM gauge anomalies [15]. Tt is
important to notice that these SM singlet right-handed fermions are very heavy and de-
couple from the low energy theory. Their only effect in the laboratory is indirect, through
the generation of a Majorana neutrino mass, even though, as will be discussed in the
next section, they may also play some role in the generation of the baryon number of the
universe.

The SM Lagrangian with 1/Mp; operators and one right-handed neutrino contains

A\
Mp

. . . 1
(L'H)(L'H) + y' L'NH + S MyNN + b c. . (3.1)

Integrating out the right handed fermion, the neutrino mass matrix is (after electroweak

symmetry breaking)

+

o
m =
Mp; My

v

( &> /02 = Ml + Mg. (32)

The parameters % and A\, which are of order one, should be determined from the

atmospheric and solar data. In order to simplify things, we rewrite %02 as mzU;3Ujs,

where Ugz = siné, U,z = cos{sinf, and U3 = cos{ cosf, such that -, |Uis|* = 1. The

reason for this notation will become clear shortly.

*The fact that a single right-handed neutrino can solve the neutrino puzzles has been explored in
the context of SUSY theories [26]. Since these models also require supersymmetry, they are far from

“minimalistic.”



U%  UesUs UsUrs
ty = | UsUes  Uly  UusUrs | ma. (3.3)
UrsUes UpsUps  UZ
This matrix has a projective structure [27, 21|, giving rise to one nonzero eigenvalue mg
and two zero eigenvalues. However, since lepton number has been broken, there is no
reason for any of the neutrino masses to be zero. Indeed, it is easy to see that nonzero
masses to all neutrinos arise at the two-loop level. However, these are significantly smaller

than the contribution from the 1/Mp; operator we are considering here [28].

The eigenvector corresponding to the nonzero eigenvalue myg is s = (Ues, U3, Us)' in
the flavour basis which, because of unitarity, is determined by only two mixing angles [25],
which we refer to as & and 6. This nonzero eigenvalue is the one that will be used
to solve the atmospheric neutrino puzzle. If we choose mz = 0.05 eV, sin¢ ~ 0 and
cos?@ ~ sin?6 ~ 0.5, both the atmospheric neutrino data and the bounds from reactor
neutrino experiments [29] are easily satisfied.

We now proceed to show that the addition of the 1/Mp; term easily yields the just-so

solution to the solar neutrino puzzle. For illustrative purposes, we initially assume that

the 1/Mp; term is “democratic,” i.e.

U623m3 +m Ue3Uu3m3 +m UegUTgmg, +m
my, = ngUegmg +m Uigmg +m ngUTgmg +m s (34)
UrsUezms +m  UrsU,zms +m UZms +m

v?
Mp;

where m = = A x 1075 eV, and \ is some order one coefficient. It is easy to see
that Eq. (3.4) has one zero eigenvalue. This is due to the democratic nature of the 1/Mp,

operator. Note that one can rewrite Eq. (3.4) as

Ue3 %
1 ms 0 Ue3 U;L?) UT3
m, = UN3 ﬁ 0 3m 1 1 1 9 (3 . 5)
U 1 VERRVERVE]
T3 %

in such a way that it mimics the mass matrix one obtains in models with two right-
handed neutrinos. Furthermore, in the case m3 = 0, the mass matrix has only one
massive eigenvalue, m’ = 3m with corresponding eigenvector o, = (1/v/3,1/v/3,1/v/3)7.

The neutrino mass matrix given by Eq. 3.4 is simple to diagonalize since, as mentioned

before, it has a zero eigenvalue and its corresponding eigenvector is trivial to compute.



M;v— =0, where v~ 1s any vector orthogonal to v; (¢ = 1 or o). Lheretore, the massless
eigenvector of m, is Vy o ¥; X 5. The remaining eigenvectors are going to be linear

combinations of ¢} and v3. It remains, therefore, to solve

for A, A, and B (of course, A and B are related by requiring the eigenvectors to be

normalised). Defining 0 - U3 = cos (, the exact solution to Eq. (3.6) is

(A)i At —my (3.7)
B "~ mgcos(’ ‘
A oo MEms it Amim ol (3.8)

2 2 (m! + mg)?

One can see that to first order in m’/mg (the limit of interest here) the mass eigenvalues
are, AT = mg +m/cos>(, A~ = m'sin?(, and A° = 0, with corresponding eigenvectors
VT o (05 4 %,771)’ V= o (7 — cos(¥) and VO o (T x T3).

Finally, we discuss what conditions must be met in order to solve the neutrino puzzles.
First, the atmospheric data and the reactor constraints are, as expected, solved by choos-
ing 03 and mg as in the previous case where the effect of the 1/Mp; term was neglected
(m’ = 0). The value of Am? required for the “just-so” solution to the solar neutrino puzzle
is also easily obtained for an order one A: note that sin* ¢ = 1—(U3+U,3+U,3)*/3, which
only vanishes if all Uz = 1/+/3, which is not allowed by the atmospheric data [9]. In the ex-
treme case of sin? ¢ = 0.1 and sin? 6 = 0.5, one has sin? ¢ ~ 0.1, and A~ ~ 0.3A x 107° eV,
which is O(107%) for an O(1) value of \.

A more serious concern is to guarantee large mixing in the solar sector. This can be
read of from U,; = cos& cosw, where w is the “solar” mixing angle. Ordering the mass
cigenstates in the order of increasing mass, U, = (Vj); = (Uss — Uyrs)/(v3sin¢). This
vanishes if U,3 = U3, which implies cosw = 0, which is unacceptable. The situation is
easily remedied, however, by requiring U,3 and U,3 to have opposite signs.

Though there are (loose) arguments in favour of a democratic 1/Mp; contribution
to the neutrino Majorana mass matrix, there is no deep reason for it. The agreement
between the neutrino puzzles and the model proposed here does not depend on democratic
dimension-5 operators, but is a rather generic feature of random 1/Mp; coefficients. In

order to check whether this is really the case, we performed a numerical diagonalization
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Figure 1: 10000 values of AmZ and tan®w obtained by randomly generated elements for
the M; matrix (see text), for sin®f = 0.5, sin?¢ = 0 (dark triangles) or sin6 = 0.5,
sin?¢ = 0.1 (light crosses), and ms = 0.05 eV.

of Eq. (3.2) with random A“ matrices and choosing y* such that the the atmospheric
neutrino data is satisfied. Fig. 1 depicts the values obtained for Am? and tan®w (where
w is the “solar” angle) for 10000 randomly generated A\” (with elements between -2 and
2), for sin?# = 0.5, mz = 0.05 eV and sin”¢ = 0 (dark triangles) or sin®*¢ = 0.1 (light
crosses). It should be noted that close to maximal mixing (tan®w ~ 1) is preferred, and
that the values of AmZ, obtained agree quite well with the small Am? range obtained in
[9]. The situation remains the same if extra complex phases are included at random.
One possible criticism to the minimalistic model is the fact that, even though the
solar data is naturally satisfied for random “1/Mp;” operators, we are required to not
only choose the mass scale for the right-handed neutrino but also the relative values of
the Yukawa couplings in order to satisfy the atmospheric neutrino data. This is not

correct, and we proceed to argue that randomly generated U;s easily satisfy not only

10
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Figure 2: 10000 values of Am2 and tan?w (top), and sin®¢ tan? @ (bottom) obtained by
randomly generated elements for the M; matrix and U, U3, for mg = 0.05 eV (see text).
The solid line indicates sin? ¢ = 0.1, which is a good approximation for the upper bound

on |Ug|? from reactor, solar and atmospheric neutrino data [9].

the atmospheric neutrino data but, to some extent, also the reactor bounds [30]. Fig. 2
depicts 10000 values for the two “solar” neutrino oscillation parameters (Amé and tan?w,
as before) and the parameters sin? ¢ and tan? @, where 6 and ¢ are the “atmospheric” and
“reactor” angles, respectively, when not only A but also U, and U3 and the sign of U3
are generated at random (the absolute value of U3 is determined by Y, |Uis|> = 1). The
only input to the mass matrix is the value of mz = 0.05 eV, which is chosen such that the
atmospheric data is satisfied. The scatter plots in Fig. 2 can be directly compared with
the latest global three-neutrino analysis of the neutrino oscillation data [9]. Note that,
even though large values for sin ¢ are preferred, a significant fraction of the points falls
within the allowed region sin?¢ < 0.1.

We summarize this section by restating that, as expected, the minimalistic neutrino

11



“light” neutrino masses and the “solar’ mixing angle w come trom v“/Mp; and order
one coefficients, which can be picked almost at random. The “atmospheric” angle 6 and
the “reactor” angle ¢ are related to the Yukawa couplings of the right and left-handed
neutrinos. We have shown that, if chosen randomly, these can easily account for the data.
The only required input to the model is the value of mz = (yv)?/My, which has to be

chosen such that the atmospheric neutrino data is satisfied.

4 Leptogenesis

One of the exciting feature of models with heavy Majorana fermions is the fact that they
potentially contain all the ingredients required to explain the small but nonzero baryon-
to-entropy ratio of the universe: ng/s ~ 10719 This is accomplished by the mechanism
of leptogenesis [31]. In a nutshell [32], because the heavy “right-handed neutrinos” are
Majorana particles, their decays violate lepton number. If these decays also violate CP
and happen out of thermal equilibrium, a net lepton number for the universe is generated.
Later, through sphaleron effects [33], the net lepton number is partially transformed into
a net baryon number, as long as the lepton number is produced before the electroweak
phase transition (T ~ 10 GeV). If this is the case, the net baryon-to-entropy ratio has
been estimated [34] to be

n_B_<24+4NH>nBL
s  \66+13Ny/) s

where Ny is the number of Higgs doublet and np_; is the amount of baryons minus

leptons. In the SM;, Ny = 1 and ng/s = (28/79)ng_1/s, or ng/s = —(28/79)n./s,

(4.1)

assuming that initially only a net lepton number is generated. In this section, we will
discuss whether our minimalistic model is capable of generating the observed baryon-to-
entropy ratio.

In order to estimate “how much” lepton number is produced during right-handed

neutrino decays, we compute [32]

I'(N — I’PH) —T'(N — BH*) (4.2)
€ = = . .
(N — BH) 4+ T(N — [3H¥)

A nonzero value for € arises from the interference between the tree-level and the absorptive

part of the one-loop diagram in Fig. 3, and is given by
_ %(y?%/\;,g) MN - mMN
lys|?8m Mp, — 8mwv?

sin 9, (4.3)
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y3‘

Figure 3: Feynman diagrams for the decay N — [*H: (A) dominant tree-level contribution

and (B) one-loop contribution containing the Mp;-suppressed operator.

where y3 is defined as the Yukawa coupling between the SM singlet-fermion (/V), and the
appropriate linear combination of SM lepton doublets (i.e. £ D y3L3NH), Ag3 is the
coefficient of the 1/Mp; operator when the lepton doublets are expressed in a basis which
contains Lz, m = O(107°) eV is the light neutrino mass, v is the SM Higgs vev, My is
the Majorana mass of the right-handed state, and ¢ is the phase of y2\%;. Numerically

-7 m My > sin 0
=1 <105 eV> (1013 GeV < ] ) (44

Note that a nonzero value for € is obtained, even though there is only one right-handed

neutrino species. It is clear that, within the renormalizable Lagrangian, it is impossible
to generate a net lepton number with just one right-handed neutrino species, due to the
absence of CP-violation. However, the presence of the dimension-5 operator solves this
problem. This is not at all surprising since the situation here is analogous to having two
(or more) right-handed neutrinos with hierarchical Majorana masses (see. e.g., Eq. (3.5)).
In this case, it is well known that a net lepton number can be generated via the decay of
the lightest right-handed neutrino state.

Is Eq. (4.4) enough to generate the observed baryon-to-entropy ratio? Unfortunately,
the answer depends on the history of the very early universe. The simplest hypothesis,
perhaps, is to assume that below some very high temperature the universe is described
by a thermal bath of all SM particles, including the heavy right-handed neutrino. In this
case, the question which must be addressed is whether the right-handed neutrino falls

out of thermal equilibrium before decaying. Such a condition is (roughly) satisfied if the
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temperatures 1 ~ My. From Fig. o(A), the decay width ol the right-handed neutrino 1s

m3M]2V

2
Y3

I'= 22 My ~

N 8?2

87

(4.5)

where m3 ~ (ysv)?/My is the heaviest neutrino mass, chosen to account for the at-
mospheric mass scale. In a radiation dominated universe (H ~ 1.7gi/ 2TQ/Z\/[ p1), the

out-of-equilibrium constraint implies
ms S 1073 eV. (4.6)

which is about two orders of magnitude below the required mz ~ 0.05 eV, implying
that the right-handed neutrinos do not decay sufficiently out of thermal equilibrium and
that the leptogenesis mechanism cannot generate the observed baryon-to-entropy ratio.
More detailed estimates reach the same conclusion. For example, the authors of Ref. [35]
estimate that values of € ~ 107 are required for values of ms < 1072 eV, which cannot
be satisfied by our minimalistic model.

One simple way of circumventing this is to assume a different history for the early
universe. In particular, if the right-handed neutrinos are never in equilibrium with the
thermal bath of light states, the above constraint does not apply. Estimates of the number
density of right-handed neutrinos at the time of their decay and the resulting baryon-to-
entropy ratio are very model dependent, and require that we go beyond the minimalistic
model (indeed, we have nothing to say about inflation, for example). Nonetheless, it is
worth mentioning that, for example, in a number of inflationary models, right-handed
neutrinos may be produced at the time of reheating even if the reheating temperature
Try is (much) lower than its mass (see [35] and references therein for details). In this
case, they are almost always (way) out of equilibrium when they decay, and the estimates
for the generated baryon-to-entropy ratio can be drastically different. Two possibilities
were analyzed in detail in [35]. First, the right-handed neutrinos may be coupled to the
inflaton field and therefore are still produced at the time of reheating even if Try < My,
as long as they are lighter than the inflaton field itself. Second, the right-handed neutrinos
may be produced during preheating [36], even with relatively low reheating temperatures
(My > Tgry) due to the non-perturbative decay of large inflaton oscillations during
reheating. This mechanism is particularly efficient for fermions [35]. In both cases it seems

plausible that our minimalistic neutrino mass model can generate the observed baryon-to-

14



and the reheating temperature 1s “large” (Lry < 1077 GeV).

5 Discussions and Conclusions

The SuperKamiokande atmospheric neutrino data strongly suggest that effects beyond
the standard model of particle physics are present in the leptonic sector. The simplest
extension of the SM which explains the atmospheric neutrino data is to assume that
neutrinos are massive, and that they mix. In light of this strong experimental evidence, it
is natural to assume that the long standing solar neutrino puzzle is also solved by neutrino
oscillations.

In this paper, we have emphasized that nonrenormalizable 1/Mp; operators provide
a solution to solar neutrino puzzle without the addition of any new physics. On the
other hand, the atmospheric neutrino puzzle requires the existence of new physics at
intermediate energy scales. The most “economical” model requires one new field at this
new physics scale, which can be anywhere between 10° GeV and 10'* GeV for typical
Yukawa coupling values. It is important to note that, as far as solving the neutrino
puzzles is concerned, this simple model is just as successful as other more complex models.
A potential drawback of the model is that mixing angles are not predicted, so that the
required relative magnitudes of the Yukawa coupling has to be put in by hand in order
to satisfy the atmospheric neutrino data. In particular the right-handed neutrino needs
to couple to v, and v, with equal strength, while the coupling to v. has to be somewhat
suppressed. However, as we have shown (Fig. 2), the present experimental constraints on
|Ues| < 0.3 can still be accommodated without difficulty by assuming that the Yukawa
couplings are picked completely at random, in the spirit of neutrino mass “anarchy” [30].
Within this perspective, all mixing angles easily arise from random Yukawa couplings and
random coefficients for the 1/Mp; operator, and the only input to the model is the value
of ms. This situation may well change in the near future if U.3 is constrained to be very
small.

The idea that the solar neutrino puzzle may be evidence for “quantum gravity” effects
will be severely tested in the near future. The “just-so” solution (Am?2 < 107 eV?)
is already somewhat disfavoured by the solar neutrino data [9], while values of Am? 2

5 x 10719 eV? are still acceptable [9] in the recently revealed “quasivacuum” region [37].

15



explore Amg S o X U7 eV® and large mixing 1n a standard solar model independent way
[38]. It is safe to say that, after a few years, these values of Am? will be either confirmed

or definitively ruled out. Furthermore, the minimalistic model also predicts hierarchical

2

neutrino masses, such that the sign of the “atmospheric” mass-squared difference Am?,

is positive. This possibility will be definitively tested at a future neutrino factory [39].
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