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Abstract

We show that in theories where neutrino masses arise from type I seesaw formula with three right

handed neutrinos and where large atmospheric mixing angle owes its origin to an approximate

leptonic µ − τ interchange symmetry, the primordial lepton asymmetry of the Universe, ǫl can

be expressed in a simple form in terms of low energy neutrino oscillation parameters as ǫl =

(a∆m2
⊙ + b∆m2

Aθ2
13), where a and b are parameters characterizing high scale physics and are each

of order ≤ 10−2 eV−2. We also find that for the case of two right handed neutrinos, ǫl ∝ θ2
13 as

a result of which, the observed value of baryon to photon ratio implies a lower limit on θ13. For

specific choices of the CP phase δ we find θ13 is predicted to be between 0.10 − 0.15.
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I. INTRODUCTION

There may be a deep connection between the origin of matter in the Universe and the

observed neutrino oscillations. This speculation is inspired by the idea that the heavy right

handed Majorana neutrinos that are added to the standard model for understanding small

neutrino masses via the seesaw mechanism[1] can also explain the origin of matter via their

decay. The mechanism goes as follows[2]: CP violation in the same Yukawa interaction of

the right handed neutrinos, which go into giving nonzero neutrino masses after electroweak

symmetry breaking, lead to a primordial lepton asymmetry via the out of equilibrium decay

NR → ℓ + H (where ℓ are the known leptons and H is the standard model Higgs field).

This asymmetry subsequently gets converted to baryon-anti-baryon asymmetry observed

today via the the electroweak sphaleron interactions[3], above T ≥ vwk (vwk being the

weak scale). Since this mechanism involves no new interactions beyond those needed in

the discussion of neutrino masses, one would expect that better understanding of neutrino

mass physics would clarify one of the deepest mysteries of cosmology both qualitatively

as well as quantitatively. This question has been the subject of many investigations in

recent years[4, 5, 6, 7, 8, 9, 10, 11] in the context of different neutrino mass models and

many interesting pieces of information about issues such as the spectrum of right handed

neutrinos, upper limit on the neutrino masses etc have been obtained. In a recent paper,

[12], two of the authors showed that if one assumes that the lepton sector of minimal seesaw

models has a leptonic µ − τ interchange symmetry[14, 15], then one can under certain

plausible assumptions indeed predict the magnitude of the matter-anti-matter asymmetry

in terms of low energy oscillation parameter, ∆m2
⊙ and a high scale CP phase. The choice of

µ− τ symmetry was dictated by the fact that it is the simplest symmetry of neutrino mass

matrix that explains the maximal atmospheric mixing as indicated by data. Using present

experimental value for ∆m2
⊙, one obtains the right magnitude for the baryon asymmetry of

the Universe.

The results of the paper [12] were derived in the limit that µ − τ interchange symmetry

is exact. If however a nonzero value for the neutrino mixing angle θ13 is detected in future

experiments, this would imply that this symmetry is only approximate. Also, since in the

standard model νµ and ντ are members of the SU(2)L doublets Lµ ≡ (νµ, µ) and Lτ ≡ (ντ , τ),

any symmetry between νµ and ντ must be a symmetry between Lµ and Lτ at the fundamental
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Lagrangian level. The observed difference between the muon and tau masses would therefore

also imply that the µ− τ symmetry has to be an approximate symmetry. In view of this, it

is important to examine to what extent the results of Ref.[12] carry over to the case when

the symmetry is approximate. We find two interesting results under some very general

assumtions: (i) a simple formula relating the lepton asymmetry and neutrino oscillation

observables for the case of three right handed neutrinos, i.e. ǫl = (a∆m2
⊙ + b∆m2

Aθ2
13) and

(ii) a relation of the form ǫl ∝ θ2
13 for the case of two right handed neutrinos. Measurement

of θ13 will have important implications for both the models; in particular we show that in a

class of models with two right handed neutrinos with approximate µ−τ symmetry breaking,

there is a lower limit on θ13, which is between 0.1 to 0.15 depending on the values of the CP

phase. These values are in the range which will be probed in experiments in near future[16].

The basic assumption under which the two results are derived are the following:

(A) type I seesaw formula is responsible for neutrino masses:

(B) µ − τ symmetry for leptons is broken only at high scale in the mass matrix of the

right handed neutrinos.

The paper is organized as follows: in sec. II, we outline the general framework for our

discussion; in sec. III, we rederive the result of ref.[12] for the case of exact µ− τ symmetry;

in sec. IV, we derive the connection between ǫl and oscillation parameters for the case of

approximate µ− τ symmetry. Sec. IV is devoted to the case of two right handed neutrinos,

where we present the allowed range of θ13 dictated by leptogenesis argument. In sec. V, we

describe a class of simple gauge models where these conditions are satisfied.

II. INTRODUCTORY REMARKS ON LEPTON ASYMMETRY IN TYPE I SEE-

SAW MODELS

We start with an extension of the minimal supersymmetric standard model (MSSM)

for the generic the type I seesaw model for neutrino masses. The effective low energy

superpotential for this model is given by

W = ecTYℓLHd + N cTYνLHu +
MR

2
NcTNc (1)

Here L, ec, νc are leptonic superfields; Hu,d are the Higgs fields of MSSM. Yν and MR are

general matrices where we choose a basis where Yℓ is diagonal. We do not display the quark
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part of the superpotential which is same as in the MSSM. After electroweak symmetry

breaking, this leads to the type I seesaw formula for neutrino masses given by

Mν = − YT

ν f−1Yν
v2

wktan2β

vR
(2)

The constraints of µ − τ symmetry will manifest themselves in the form of the Yν and MR.

It has been pointed out that if we go to a basis where the right handed neutrino mass

matrix is diagonal, we can solve for Yν in terms of the neutrino masses and mixing angles

as follows[17]:

Yνv = iMd
R

1/2
R(zij)(M

d
ν)

1/2U † (3)

where R is a complex matrix with the property that RRT = 1. The unitary matrix U is the

lepton mixing matrix defined by

Mν = U∗Md
νU

† (4)

The complex orthogonal matrices R can be parameterized as:

R(z12, z23, z13) = R(z23)R(z13)R(z12) (5)

with

R(z12) =











cosz12 sinz12 0

−sinz12 cosz12 0

0 0 1











(6)

and similarly for the other matrices. zij are complex angles.

Let us now turn to lepton asymmetry: the formula for primordial lepton asymmetry in

this case, caused by right handed neutrino decay is

ǫl =
1

8π

∑

j

Im[ỸνỸ
†
ν ]21j

(ỸνỸ
†
ν )11

F (
M1

Mj

) (7)

where Ỹν is defined in a basis where righthanded neutrinos are mass eigenstates and their

masses are denoted by M1,2,3 where F (x) = − 1
x

[

2x2

x2−1
− ln(1 + x2)

]

[18]. In the case

where that the right handed neutrinos have a hierarchical mass pattern i.e. M1 ≪ M2,3, we

get F (x) ≃ −3x. In this approximation, we can write the lepton asymmetry in a simple

form[19]

ǫl = −
3

8π

M1Im[YνM
†
νY

T
ν ]11

v2(ỸνỸ
†
ν )11

(8)
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where Using the expression for Yν given above, we can rewrite ǫl as:

ǫl = −
3

8π

Im[Md
R

1/2
R(zij)M

d2
νR(zij)M

d
R

1/2
]11

v2|R(zij)MνR†(zij)|211
(9)

We will now apply this discussion to calculate the lepton asymmetry in the general case

without any symmetries. In the following sections, we follow it up with a discussion of

two cases: (i) the cases of exact µ − τ symmetry and (ii) the case where this symmetry is

only approximate. Since the formula in Eq. (9) assumes that there are three right handed

neutrinos, we will focus on this case in the next two sections. In a subsequent section, we

consider the case of two right handed neutrinos (Nµ, Nτ ), which transform into each other

under the µ − τ symmetry. Both cases are in agreement with the observed neutrino mass

differences and mixings.

It follows from Eq.9 that

ǫl = −
3M1

8π

Im[m2
1R

2
11 + m2

2R
2
12 + m2

3R
2
13]

v2|R(zij)MνR†(zij)|
2
11

(10)

Since the matrix R is an orthogonal matrix, we have the relation

R2
11 + R2

12 + R2
13 = 1 (11)

Using this equation in Eq.10, we get

ǫl = −
3M1

8π

Im[∆m2
⊙R2

12 + ∆m2
AR2

13]

v2
∑

j(|R1j |2mj)
(12)

This relation connects the lepton asymmetry to both the solar and the atmospheric mass

difference square[5]. To make a prediction for the lepton asymmetry, we need to the lengths

of the complex quantities R1j . The out of equilibrium condition does provide a constraint

on |R1j | as follows:

∑

j=1,2,3

(|R1j|
2mj) ≤ 10−3 eV (13)

It is clear from Eq. (13) that if neutrinos are quasidegenerate i.e. m1 ≃ m2 ≃ m3 ≡ m0,

then using Eq. (11), we find that the left hand side of Eq. (13) has a lower bound of m0

which is clearly much bigger than the right hand side of the inequality. Defining K ≡ Γ
H

,

this means that K ≥ m0

2×10−3 eV
≫ 1. This implies that the right handed neutrinos decays

are in equilibrium at T ≃ M1. This will cause dilution of the lepton asymmetry generated
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with the dilution factor given by K. Using a parameterization for the dilution factor κ1 ≃

0.3
K(lnK)3/5

[20], we get κ1 ≃ 10−3 which will make the baryon to photon ratio much too small.

Based on this argument, we conclude that a degenerate mass spectrum with m0 ≥ 0.1 eV

will most likely be in conflict with observations, if type I seesaw is responsible for neutrino

masses. It must however be noted that a more appealing and natural scenario for degenerate

neutrino masses is type II seesaw formula[21], in which case the above considerations do not

apply. Therefore, it is not possible to conclude based on the leptogenesis argument alone

that a quasi-degenerate neutrino spectrum is inconsistent.

In a hierarchical neutrino mass picture, Eq. (13) implies that |R13|
2 ≤ 0.02 and |R12|

2 ≤

0.1. If we assume that the upper limit in the Eq.13 is saturated, then we get the atmospheric

neutrino mass difference square in Eq.12 to give the dominant contribution. We will see

below that if one assumes an exact µ − τ symmetry for the neutrino mass matrix, the

situation becomes different and it is the solar mass difference square that dominates.

III. THREE RIGHT HANDED NEUTRINOS AND EXACT µ − τ SYMMETRY

In this section, we consider the case of three right handed neutrino with an exact µ − τ

symmetry in the Dirac mass matrix as well as the right handed neutrino mass matrix. In

this case, the right handed neutrino mass matrix MR and the Dirac Yukawa coupling Yν can

be written respectively as:

MR =













M11 M12 M12

M12 M22 M23

M12 M23 M22













(14)

Yν =













h11 h12 h12

h21 h22 h23

h21 h23 h22













where Mij and hij are all complex. An important property of these two matrices is that

they can be cast into a block diagonal form by the same transformation matrix U23(π/4) ≡






1 0

0 U(π/4)





 on the ν’s and N ’s. Let us denote the block diagonal forms by a tilde i.e.

Ỹν and M̃R. We then go to a basis where the M̃R is subsequently diagonalized by the most
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general 2 × 2 unitary matrix as follows:

V T (2 × 2)UT
23(π/4)MRU23(π/4)V (2 × 2) = Md

R (15)

where V (2 × 2) =







V 0

0 1





 where V is the most general 2 × 2 unitary matrix given by

V = eiαP (β)R(θ)P (γ). The 3×3 case therefore reduces to a 2×2 problem. The third mass

eigenstate in both the light and the heavy sectors play no role in the leptogenesis as well as

generation of solar mixing angle[12]. Note also that we have θ13 = 0. The seesaw formula

in the 1-2 subsector has exactly the same form except that all matrices in the left and right

hand side of Eq. (9) are 2 × 2 matrices. The formula for the Dirac Yukawa coupling in this

case can be inverted to the form:

Ỹν(2 × 2) = iMd
R

1/2
(2 × 2)R(z12)(M

d
ν)

1/2(2 × 2)Ũ † (16)

where U = U23(π/4)

(

Ũ 0

0 1

)

. Using this, we can cast ǫl in the form:

ǫl =
3

8π

M1

v2

Im(cos2 z12)∆m2
⊙

(|cosz12|2m1 + |sinz12|2m2)
(17)

This could also have been seen from Eq.(12) by realizing that for the case of exact µ − τ

symmetry, we have z13 = 0 and z23 = π/4.

The above result reproduces the direct proportionality between ǫl and solar mass dif-

ference square found in Ref.[12]. To simplify this expression further, let us note that out

of equilibrium condition for the decay of the lightest right handed neutrino leads to the

condition:

M2
1

v2
wk

[m1|cosz12|
2 + m2|sinz12|

2] ≤ 14
M2

1

MPℓ
(18)

which implies that

|m1|cosz12|
2 + m2|sinz12|

2| ≤ 2 × 10−3 eV (19)

Since solar neutrino data require that in a hierarchical neutrino mass picture m2 ≃ 0.9×10−2

eV, in Eq.(19), we must have |sinz12|
2 ∼ 0.2. If we parameterize cos2 z12 = ρeiη, we recover

the conclusions of Ref.[12]. This provides a different way to arrive at the conclusions of

Ref.[12].
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IV. LEPTON ASYMMETRY AND µ − τ SYMMETRY BREAKING

In this section, we consider the effect of breaking of µ−τ symmetry on lepton asymmetry.

Within the seesaw framework, this breaking can arise either from the Dirac mass matrix for

the neutrinos or from the right handed neutrino sector or both. We focus on the case, when

the symmetry is broken in the right handed sector only. Such a situation is easy to realize

in seesaw models where the theory obeys exact µ − τ symmetry at high scale (above the

seesaw scale) prior to B-L symmetry breaking as we show in a subsequent section. We will

also show that in this case there is a simple generalization of the lepton asymmetry formula

that we derived in the exact µ − τ symmetric case [12][24].

In this case the neutrino Yukawa matrix is given in the mass eigenstates basis of the right

handed neutrinos by

Ỹν = V +
1/3V

+
1/2V

+
2/3Yν (20)

where Yν is the neutrino Dirac matrix in the flavor basis; The notation V +
i/j denotes a unitary

2 × 2 matrix in the (i, j) subspace. In the above equation, V2/3 = V2/3(π/4). Now if we

substitute for Ỹν the expression in Eq. 3 and use maximal mixing for the atmospheric

neutrino we obtain






Ỹ2×2 0

0 ỹ3





 = V1/3M
1/2
R R1/2R1/3m

1/2
ν U+

1/2U
+
1/3 (21)

Since the µ − τ symmetry breaking is assumed to be small and from reactor neutrino

experiments θ13 << 1 we will expand the mixing matrices in the 1−3 subspace to first order

in mixing parameter:

(V, R, U)1/3 ≃ 1 + (ǫ, z, θ)13E (22)

where

E =













0 0 1

0 0 0

−1 0 0













(23)

To first order in ǫ13, z13 and θ13 we have

z13M
1/2
R R1/2EmνU

+
1/2 + ǫ13EM

1/2
R R1/2m

1/2
ν U+

1/2 − θ13M
1/2
R R1/2m

1/2
ν U+

1/2E = 0 (24)
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It is straight forward to show that the perturbation parameters should satisfy the following

equations

ǫ13MR3
m3 + z13MR1

m3R11 − θ13e
−iδMR1

cθ(m1R11 − m2R12) ≃ 0,

ǫ13MR2
(m2R12sθ − m1R11cθ) − z13MR3

m1cθ − θ13e
−iδMR3

m3 ≃ 0,

ǫ13MR2
(m1R11sθ + m2R12cθ) + z13MR3

m1sθ ≃ 0,

z13MR2
m3R21 − θ13e

−iδMR2
cθ(m1R21 − m2R22) ≃ 0 (25)

Where Rij are the matrix elements of R1/2 and cθ and sθ are the sine and cosine of the solar

neutrino mixing angle. Hence one can see that the parameter z13 is proportional to the θ13

neutrino mixing angle and is given to first order by

z13 = [(
m1

m3
)R21 − (

m2

m3
)R22]θ13e

−iδcθ (26)

This proves that the matrix element R13 that goes into the leptogenesis formula is directly

proportional to the physically observable parameter θ13. This enables us to write ǫl =

a∆m2
⊙ + b∆m2

Aθ2
13. A consequence of this is that if the coefficient of proportionality is

chosen to be of order one, then as experimental upper limit goes down, unlike the generic

type I seesaw case in section II, the solar mass difference square starts to dominate for the

LMA solution to the solar neutrino problem.

V. LEPTON ASYMMETRY FOR TWO RIGHT HANDED NEUTRINOS

In this section, we consider the case of two right handed neutrinos which transform into

one another under µ−τ symmetry. The leptogenesis in this model with exact µ−τ symmetry

was discussed in [12] and was shown that it vanishes. In this model therefore, a vanishing

or very tiny θ13 would not provide a viable model for leptogenesis. Turning this argument

around, enough leptogenesis should provide a lower limit on the value of θ13.

To set the stage for our discussion, let us first review the argument for the exact µ − τ

symmetry case[12]. The symmetry under which (Nµ ↔ Nτ ) and Lµ ↔ Lτ whereas the

mµ 6= mτ constrains the general structure of Yν and MR as follows:

MR =







M22 M23

M23 M22





 (27)
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Yν =







h11 h22 h23

h11 h23 h22







In order to calculate the lepton asymmetry using Eq.(7), we first diagonalize the righthanded

neutrino mass matrix and change the Yν to Ỹν . Since MR is a symmetric complex 2 ×

2 matrix, it can be diagonalized by a transformation matrix U(π/4) ≡ 1√
2







1 1

−1 1





 i.e.

U(π/4)MRUT (π/4) = diag(M1, M2) where M1,2 are complex numbers. In this basis we

have Ỹν = U(π/4)Yν . We can therefore rewrite the formula for nℓ as

ǫl ∝
∑

j

Im[U(π/4)YνY
†
νU

T (π/4)]212F (
M1

M2

) (28)

Now note that YνY
†
ν has the form







A B

B A





 which can be diagonalized by the matrix

U(π/4). Therefore it follows that ǫℓ = 0.

Let us now introduce µ− τ symmetry breaking. If we introduce a small amount of µ− τ

breaking in the right handed neutrino sector as follows: we keep the Yν symmetric but choose

the right handed neutrino mass matrix as:

MR =







M22 M23

M23 M22(1 + β)





 . (29)

After the right handed neutrino mass matrix is diagonalized, the 3 × 2 Y ′
ν takes the form

(for θ13 ≪ 1 and in the basis where the light neutrino masses are diagonal):

(

A B wθ13

xθ13 yθ13 D

)

(30)

Here B, D, x, y, w are of order one and θ13 ∝ β.

To first order in the small mixing θ13, the complex parameters A, B, D satisfy the con-

straint

A ∼ θ13; Bv2 ≃ m2M1; Dv2 ≃ m3M2 (31)

Using these order of magnitude values, we now find that

ǫl ≃
3

8π

M1

v2

sin η[m2
3θ

2
13ξ]

m2

(32)
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where ξ is a function of order one. It is clear that very small values for θ13 will lead to

unacceptably small ǫl. In Fig. 1, we have plotted ηB against θ13 for values of the parameters

in the model that fit the oscillation data and find a lower bound on θ13 ≥ 0.1− 0.15 for two

different values of the CP phases (figure 1). In this figure, we have chosen, M1 ≃ 7 × 1011

GeV. For higher values of M1 the allowed range θ13 moves to the lower range. Also we

note that for values of M1 < 7 × 1011 GeV, the baryon asymmetry becomes lower than the

observed value.

0 0.05 0.1 0.15 0.2
ÈUe3È

0

2·10-10

4·10-10

6·10-10

8·10-10

Η
B

∆=Π�3

∆=Π�4

FIG. 1: Plot of ηB vrs θ13 for the case of two right handed neutrinos with approximate µ − τ

symmetry and CP phases δ = π/4 and π/3. The values of θ13 are predicted to be 0.1 and 0.15

respectively. The horizontal line corresponds to ηobs
B = (6.5+0.4

−0.3) × 10−10[22].

VI. A MODEL FOR µ − τ SYMMETRY FOR NEUTRINOS

In this section, we present a simple extension of the minimal supersymmetric standard

model (MSSM) by adding to it specific high scale physics that at low energies can exhibit

µ − τ symmetry in the neutrino sector as well as real Dirac masses for neutrinos.

First we recall that MSSM needs to be extended by the addition of a set of right handed

neutrinos (either two or three) to implement the seesaw mechanism for neutrino masses[1].

We will accordingly add three right handed neutrinos (Ne, Nµ, Nτ ) to MSSM. We then
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assume that at high scale, the theory has µ−τ S2 symmetry under which N± ≡ (Nµ±Nτ ) are

even and odd combinations; similarly, we have for leptonic doublet superfields L± ≡ (Lµ±Lτ )

and leptonic singlet ones ℓc
± ≡ (µc ± τ c); two pairs of Higgs doublets (φu,± and φd,±), and

a singlet superfields S±. Other superfields of MSSM such as Ne, Le, e
c as well as quarks are

even under the µ− τ S2 symmetry. Now suppose that we write the superpotential involving

the S fields as follows:

WS = λ1φu,−φd,+S− + λ2φu,−φd
−

S+ (33)

then when we give high scale vevs to < S± > = M±, then below the high scale there

are only the usual MSSM Higgs pair Hu ≡ φu,+ and Hd ≡ (cφd,+ + sφd,−) that survive

whereas the other pair becomes superheavy and decouple from the low energy Lagrangian.

The effective coupling at the MSSM level is then given by:

W = heLeHde
c + h1LeHdℓ

c
+ + h2LeHdm

c
− + h3L+Hde

c (34)

+h4L−Hde
c + h5L+Hdℓ

c
+ + h6L−Hdm

c
− + h7L−Hdℓ

c
+

+f1LeHu,+Ne + f2LeHu,+N+ + f3L+Hu,+Ne + f4L+Hu,+N+

+f5L−Hu,+N−

Note that the µ − τ symmetry is present in the Dirac neutrino mass matrix whereas it is

not in the charged lepton sector as would be required to .

We show below that it is possible to have a high scale supersymmetric theory which

would lead to real Dirac Yukawa couplings (fi) if we require the high scale theory to be left-

right symmetric. To show how this comes about, consider the gauge group to be SU(2)L ×

SU(2)R × U(1)B−L with quarks and leptons assigned to left and right handed doublets as

usual[23] i.e. Q(2, 1, 1/3), Qc(1, 2,−1/3); L(2, 1,−1) and Lc(1, 2, +1); Higgs fields Φ(2, 2, 0);

χ(2, 1, +1); χ̄(2, 1,−1); χc(1, 2,−1) and χ̄c(1, 2,−1). The new point specific to our model

is that we have two sets of the Higgs fields with the above quantum numbers, one even and

the other odd under the µ − τ S2 permutation symmetry i.e. Φ±, χ±, χ̄±, χc
± and χ̄c

± (plus

for fields even under S2 and − for fields odd under S2. ) Furthermore, we will impose the

parity symmetry under which Q ↔ Qc∗, L ↔ Lc∗, (χ, χ̄ ↔ χc∗, χ̄c∗), Φ ↔ Φ†.

The Yukawa couplings of this theory invariant under the gauge group as well as parity

are given by the superpotential:

W = h11L
T
e Φ+Lc

e + h++LT
+Φ+Lc

+ h−−LT
−Φ+Lc

− he+LT
e Φ+Lc

+ + h∗
e+LT

+Φ+Lc
e (35)
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+ he−LT
e Φ−Lc

− + h∗
e−LT

−Φ−Lc
e + h+−LT

+Φ−Lc
− + h∗

+−LT
−Φ−Lc

where h11, h++, h−− are real.

The Higgs sector of the low energy superpotential is determined from this theory after

left-right gauge group is broken down to the standard model gauge group by the vev’s of χc.

The phenomenon of doublet-doublet spitting leaves only two Higgs doublets out of the four

in Φ± and is determined by a generic superpotential of type

WDD =
∑

i,j,k

λijkχiΦjχ
c
k + λ′

ijkχ̄iφjχ̄
c
k + M1(χ±χ̄± + χc

±χ̄c
±) (36)

where i, j, k go over + and − for even and odd and only even terms are allowed by µ − τ

invariance e.g. λ+++, λ+−−, ... are nonzero. Now suppose that < χc
+ >= 0 but < χc

+ > 6= 0

and < χ̄c
± > 6= 0. These vevs break the left-right group to the standard model gauge

group. It is then easy to see that below the < χc > scale, there are only one Higgs pair

where Hu = φu,+ and Hd =
∑

i=+,−,3,4 aiφd,i. Here we have denoted the Φ ≡ (φu, φd) and

φd,3,4 = χ±. The upshot of all these discussions is that the right handed neutrino Yukawa

couplings are µ − τ even and therefore have the form:

Yν =











h11 he+ 0

h∗
e+ h++ 0

0 0 h−−











(37)

It is easy to see that redefining the fields appropriately, we can make Yν real. So the only

source of complex phase in this model is in the RH neutrino mass matrix, which in this

model are generated by higher dimensional couplings of the form LcLcχ̄cχ̄c as we discuss

now.

The most general nonrenormalizable interactions that can give rise to right handed neu-

trino masses are of the form:

WNR =
1

M
[(Lc

eχ̄
c
+)2 + Lc

eχ̄
c
−)2 + (Lc

+χ̄c
+)2 (38)

(Lc
−χ̄c

−)2 + (Lc
−χ̄c

+)2 + (Lc
+χ̄c

−)2

(Lc
+χ̄c

−)(Lc
−χ̄c

+)

Note that since both χ̄c
± acquire vevs, the last term in the above expression will give rise

to µ − τ breaking in the RH neutrino sector while preserving it in the Yν . The associated
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couplings in the above equations are in general complex. This leads to a realistic three

generation model with approximate µ − τ symmetry as analyzed in the previous sections.

In summary, we have studied the implications for leptogenesis in models where neutrino

masses arise from the type I seesaw mechanism and where the near maximal atmospheric

mixing angle owes its origin to an approximate µ− τ symmetry. We derive a relation of the

form ǫl = (a∆m2
⊙ + b∆m2

Aθ2
13) for the case of three right handed neutrinos, which directly

connects the neutrino oscillation parameters with the origin of matter. We also show that if

θ13 is very small or zero, only the LMA solution to the solar neutrino puzzle would provide

an explanation of the origin of matter within this framework. Finally for the case of two

right handed neutrinos with approximate µ − τ symmetry, we predict values for θ13 in the

range 0.1 − 0.15 for specific choices of the the high energy phase between π/4 and π/3.
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