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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 p — 7 interchange symmetry, the primordial lepton asymmetry of the Universe, ¢ can
be expressed in a simple form in terms of low energy neutrino oscillation parameters as ¢ =
(aAm% + bAmiﬁfg), where a and b are parameters characterizing high scale physics and are each
of order < 1072 eV~2. We also find that for the case of two right handed neutrinos, € o 0%3 as
a result of which, the observed value of baryon to photon ratio implies a lower limit on #y3. For

specific choices of the CP phase § we find 6;3 is predicted to be between 0.10 — 0.15.



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|l] 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 — { + H (where ¢ 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 > v,k (v, 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|, I, 16, [7, I8, |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 p — 7 interchange symmetry[l4, [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, Am2, and a high scale CP phase. The choice of
1 — 7 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 Am2, one obtains the right magnitude for the baryon asymmetry of
the Universe.

The results of the paper [12] were derived in the limit that p — 7 interchange symmetry
is exact. If however a nonzero value for the neutrino mixing angle #,5 is detected in future
experiments, this would imply that this symmetry is only approximate. Also, since in the
standard model v, and v, are members of the SU(2),, doublets L, = (v, 1) and L, = (v, 7),

any symmetry between v, and v, must be a symmetry between L, and L, at the fundamental



Lagrangian level. The observed difference between the muon and tau masses would therefore
also imply that the p — 7 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. ¢ = (aAm2 + bAm?%63,) and
(ii) a relation of the form € oc 67, for the case of two right handed neutrinos. Measurement
of 613 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 y— 7 symmetry breaking,
there is a lower limit on 6,3, 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) o — 7 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. 111, we rederive the result of ref.[12] for the case of exact u— 7 symmetry;
in sec. IV, we derive the connection between ¢, and oscillation parameters for the case of
approximate p — 7 symmetry. Sec. IV is devoted to the case of two right handed neutrinos,
where we present the allowed range of 6,3 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

Mg

W = e’Y,LH;+ N"Y,LH, + TNCTNc (1)

Here L,e® v° are leptonic superfields; H, 4 are the Higgs fields of MSSM. Y, and Mg are

general matrices where we choose a basis where Y} is diagonal. We do not display the quark



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

2 2
M, = _Ygf—lyyw (2)

UR
The constraints of y — 7 symmetry will manifest themselves in the form of the Y, and Mg.
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 Y, in terms of the neutrino masses and mixing angles

as follows|11]:
Yo = iMg"? R(zy) (MU (3)

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

lepton mixing matrix defined by
M, = U MU (4)

The complex orthogonal matrices R can be parameterized as:

R(212,Z237213) = R(223)R(213)R(312) (5)
with
c0sz1a  Sinzyp 0
R(Zlg) = —sinz12 COSZ19 0 (6)
0 0 1

and similarly for the other matrices. z;; 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
1 Im[Y, Y] ]%J

1 - ImiB iy My
8m j (Y/ui/zj)ll

F(3p) 7)

€ =

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

masses are denoted by M;,3 where F(z) = — 2 { 2% _In(1 +x2)} [1&]. In the case

x |x2—1
where that the right handed neutrinos have a hierarchical mass pattern i.e. M; < My 3, we

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

form|[19]

_ iMllm[YVMJLYVT]H (8)
87T U2(}~/zx ~VT)11

€ =
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where Using the expression for Y, given above, we can rewrite ¢; as:

3 ImME R MU R MR ©)
L= &1 U2|R(zz’j)MuRT(zij) i

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 p — 7 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 (N,, N;), which transform into each other
under the p — 7 symmetry. Both cases are in agreement with the observed neutrino mass
differences and mixings.

It follows from EqM that

_ 3M,y Im[miRE, + miRE, + miRY]

— 10
©T T PRE)MEGR 1o

Since the matrix R is an orthogonal matrix, we have the relation
RL+RL+ R, =1 (11)

Using this equation in EqI0, we get

oo 3M; Im[Am2 RY, + Am? R3] (12)
: st v2y;(|Ryy[Pmy)

This relation connects the lepton asymmetry to both the solar and the atmospheric mass
difference square[d]. To make a prediction for the lepton asymmetry, we need to the lengths
of the complex quantities R;;. The out of equilibrium condition does provide a constraint
on |Ry;| as follows:

(|R1j‘2m]‘) S 10_3 eV (13)

§=1,2,3

It is clear from Eq. (13) that if neutrinos are quasidegenerate i.e. m; ~ msy >~ mgz = my,

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

— T

which is clearly much bigger than the right hand side of the inequality. Defining K = 4,

this means that K > 55— > 1. This implies that the right handed neutrinos decays

are in equilibrium at 7' ~ M;. This will cause dilution of the lepton asymmetry generated



with the dilution factor given by K. Using a parameterization for the dilution factor x; ~

0.3

W[QC], we get r; =~ 1073 which will make the baryon to photon ratio much too small.

Based on this argument, we conclude that a degenerate mass spectrum with mg > 0.1 eV
will most likely be in conflict with observations, if type I seesaw is responsible for neutrino
masses. [t 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 |Ri3]? < 0.02 and |R»|? <
0.1. If we assume that the upper limit in the Eq[[3is saturated, then we get the atmospheric
neutrino mass difference square in EqII2 to give the dominant contribution. We will see
below that if one assumes an exact p — 7 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 p—7 SYMMETRY

In this section, we consider the case of three right handed neutrino with an exact u — 7
symmetry in the Dirac mass matrix as well as the right handed neutrino mass matrix. In
this case, the right handed neutrino mass matrix Mz and the Dirac Yukawa coupling Y, can

be written respectively as:

My Mo M,
Mgr = My Moy Mo (14)
My Moz M

hi1 hia hio
Y, = ha1 haa hos
hor has hao

where M;; and h;; 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 Uy (7/4) =
1 0

0 U(r/4)
Y, and Mp. We then go to a basis where the My, is subsequently diagonalized by the most

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



general 2 x 2 unitary matrix as follows:

V(2 x 2)Ugs(m/4) MpUas(m /4)V (2 x 2) = M3 (15)
V0 : . .
where V(2 x 2) = where V' is the most general 2 x 2 unitary matrix given by
01

V =¢€“P(B)R(0)P(vy). The 3 x 3 case therefore reduces to a 2 x 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 613 = 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 x 2 matrices. The formula for the Dirac Yukawa coupling in this

case can be inverted to the form:

Y, (2 x2) = iML2(2 x 2)R(210)(MD)2(2 x 2) 071 (16)

U 0
where U = Uy(m/4) ( 0 1). Using this, we can cast ¢ in the form:

3 M, Im(cos® z12)Am2

87 02 (|coszia|?my + |sinzis|>ms)

€ = (17)

This could also have been seen from Eq.([Z) by realizing that for the case of exact u — 7
symmetry, we have z13 = 0 and z93 = /4.

The above result reproduces the direct proportionality between ¢, 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:
M? M?
Tl[m1|008212|2 + mg|sinziy|*] < 14—L (18)
Vwk Mpy
which implies that
My |coszia|® + ma|sinz|?] <2 x 1073 eV (19)

Since solar neutrino data require that in a hierarchical neutrino mass picture my ~ 0.9x 1072
eV, in Eq.([[d), we must have |sinzi5|? ~ 0.2. If we parameterize cos? 215 = pe', we recover
the conclusions of Ref.[12]. This provides a different way to arrive at the conclusions of

Ref.[12].



IV. LEPTON ASYMMETRY AND p—7 SYMMETRY BREAKING

In this section, we consider the effect of breaking of i —7 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 p — 7 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 p — 7 symmetric case [12]]24].

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

Y,, = ‘/173‘/172‘/273}/” (20)

where Y, is the neutrino Dirac matrix in the flavor basis; The notation VZZ denotes a unitary
2 x 2 matrix in the (7,7) subspace. In the above equation, V3 = V5/3(m/4). Now if we
substitute for Y, the expression in Eq. and use maximal mixing for the atmospheric

neutrino we obtain

Yaxa 0

x . = ‘/1/3M113/2R1/2R1/3m11/2U172U173 (21)
0 ys

Since the pu — 7 symmetry breaking is assumed to be small and from reactor neutrino

experiments #13 << 1 we will expand the mixing matrices in the 1 — 3 subspace to first order

in mixing parameter:

(ViR U)iys = 1+ (€,2,0)13E (22)
where
0 01
E=10 00 (23)
—100

To first order in €3, 213 and 613 we have

213 My Ryjn Em, Uy + eis EM? Ryjom)/2U, — 013 My > Ryjoml/?US L, E =0 (24)



It is straight forward to show that the perturbation parameters should satisfy the following

equations

—is
€13sMp,ms + z13Mp,ms Ry — 613" Mg, co(mi Ry — maRys) ~

0

613M1~22 (m2R1289 - m1R1109) - Z13MR3m109 - ‘9136_i6MR3m3 ~ 0,
€13Mp, (M1 Ry150 + maRiscy) + z13Mp,misg ~ 0

0

z13MR,m3Ra1 — 913€_MMR209(7”1R21 — maRy) =~ (25)

Where R;; are the matrix elements of R;/, and ¢y and sy are the sine and cosine of the solar
neutrino mixing angle. Hence one can see that the parameter z;3 is proportional to the 6,3
neutrino mixing angle and is given to first order by
my mo i

Z13 = [(E)Rzl - (E)Rm]@lgt‘i e (26)
This proves that the matrix element R;3 that goes into the leptogenesis formula is directly
proportional to the physically observable parameter ;3. This enables us to write ¢ =
aAm? + bAm?%037,. 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 —7 symmetry. The leptogenesis in this model with exact y—7 symmetry
was discussed in [12] and was shown that it vanishes. In this model therefore, a vanishing
or very tiny 6;3 would not provide a viable model for leptogenesis. Turning this argument
around, enough leptogenesis should provide a lower limit on the value of 6;3.

To set the stage for our discussion, let us first review the argument for the exact u — 7
symmetry case[12]. The symmetry under which (N, < N;) and L, < L, whereas the
m,, # m, constrains the general structure of Y, and Mg as follows:

Msy Mo

Mg = (27)
M23 M22



hll h22 h23
hll h23 h22

Y, =

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

neutrino mass matrix and change the Y, to Y,. Since Mg is a symmetric complex 2 x

11
2 matrix, it can be diagonalized by a transformation matrix U(w/4) = % ie.
-11
U(r/4)MRU” (7/4) = diag(My, My) where M 5 are complex numbers. In this basis we
have Y, = U(n/4)Y,. We can therefore rewrite the formula for n, as
t7T M,
€ X Zlm (m/4)Y, YU (7 /4)3,F (M ) (28)
2
A B : : : ,
Now note that Y, Y] has the form which can be diagonalized by the matrix
B A

U(m/4). Therefore it follows that ¢, = 0.
Let us now introduce y — 7 symmetry breaking. If we introduce a small amount of g — 7
breaking in the right handed neutrino sector as follows: we keep the Y, symmetric but choose

the right handed neutrino mass matrix as:

M. M.
My — 22 23 ‘ (29)
Mg My (1 + )

After the right handed neutrino mass matrix is diagonalized, the 3 x 2 Y] takes the form

(for 13 < 1 and in the basis where the light neutrino masses are diagonal):

A B ’LU913
( ) (30)
r013 ybis D

Here B, D, z,y,w are of order one and ;3 < 3.
To first order in the small mixing 6,3, the complex parameters A, B, D satisfy the con-

straint
A~ 913; B’U2 ~ mng; D’U2 ~ m3M2 (31)

Using these order of magnitude values, we now find that

3 M, sin n[m30%,¢]

32
81 v2 me (32)

€ =~

10



where £ is a function of order one. It is clear that very small values for 6;3 will lead to
unacceptably small ¢;,. In Fig. 1, we have plotted ng against ;3 for values of the parameters
in the model that fit the oscillation data and find a lower bound on 6,3 > 0.1 — 0.15 for two
different values of the CP phases (figure 1). In this figure, we have chosen, M; ~ 7 x 10!
GeV. For higher values of M; the allowed range 6,3 moves to the lower range. Also we
note that for values of M; < 7 x 10* GeV, the baryon asymmetry becomes lower than the

observed value.

g.10 10} 5=7/3
6-10 10
$4.107%0)
2.107 10}
0 ‘ ‘ ‘ ‘
0 0. 05 0.1 0. 15 0.2
|Ue3|

FIG. 1: Plot of np vrs 613 for the case of two right handed neutrinos with approximate y — 7
symmetry and CP phases § = 7/4 and 7/3. The values of 613 are predicted to be 0.1 and 0.15

respectively. The horizontal line corresponds to n%° = (6.5703) x 10~10[22].

VI. A MODEL FOR p—7 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
1 — 7 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|l].

We will accordingly add three right handed neutrinos (N, N,, N;) to MSSM. We then

11



assume that at high scale, the theory has yi—7 S, symmetry under which Ny = (N,£N,) are
even and odd combinations; similarly, we have for leptonic doublet superfields Ly = (L,£L,)
and leptonic singlet ones £¢ = (pu° £ 7¢); two pairs of Higgs doublets (¢, + and ¢4 ), and
a singlet superfields Si.. Other superfields of MSSM such as N,, L., e¢ as well as quarks are
even under the p— 7 Sy symmetry. Now suppose that we write the superpotential involving

the S fields as follows:
Ws = Moy —0a+S- + Xy g Sy (33)

then when we give high scale vevs to < S > = M., then below the high scale there
are only the usual MSSM Higgs pair H, = ¢, + and Hy = (cpa+ + S¢a—) 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 = heL Hge + hiLeHyl + hoLc HymS + hg L Hge® (34)
thaL_ Hae® + hsLy Hals. + hoL_ Hym® + hyL_Hyl",
+f1LeHy+Ne + foleHy + Ny + f3Ly Hy  Ne + faly Hy Ny
v fsL_H, ,N_

Note that the g — 7 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 (f;) 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), x
SU(2)g x U(1)p_ with quarks and leptons assigned to left and right handed doublets as
usual[23] i.e. Q(2,1,1/3), Q°(1,2,—1/3); L(2,1,—1) and L°(1,2,+1); Higgs fields ®(2, 2, 0);
xX(2,1,+1); x(2,1,—1); x%(1,2,—1) and y.(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 p — 7 Sy permutation symmetry i.e. @4, x4, Y+, x5 and x5 (plus
for fields even under Sy and — for fields odd under S;. ) Furthermore, we will impose the
parity symmetry under which Q < Q°*, L « L¢*, (x, X < X", x¢"), ® < ®T.

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

are given by the superpotential:
W = hyLT® L + b LTO LS b LT® L¢ h L'®, LS + W LT®, LS (35)

12



+ he LI®_ L + h}_LT®_LE+ hy LY®_ L + hi_LT®_L°

where hyy, hyy,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 x°.
The phenomenon of doublet-doublet spitting leaves only two Higgs doublets out of the four
in @, and is determined by a generic superpotential of type

Wpp = Z%)\iijiq)jXZ + ANEXi®iXe + Mi(xex+ + XEX%) (36)

2,75

where 1, j, k go over + and — for even and odd and only even terms are allowed by pu — 7
invariance e.g. Aji4, Ay__,... are nonzero. Now suppose that < x{ >= 0 but < x§ ># 0
and < x°, >7# 0. These vevs break the left-right group to the standard model gauge
group. It is then easy to see that below the < x© > scale, there are only one Higgs pair
where H, = ¢,y and Hy = 32,_, _3,0;¢0q;. Here we have denoted the ® = (du, Pq) and
¢ass = X=+. The upshot of all these discussions is that the right handed neutrino Yukawa

couplings are u — 7 even and therefore have the form:

hll he-i— 0
Y, = | hr, hyy O (37)
0 0 h_

It is easy to see that redefining the fields appropriately, we can make Y, 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 L°¢Lx¢x¢ as we discuss
NOw.

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

trino masses are of the form:

==

Wir = —[(Lixe)” + Lexe_)* + (Lix<y)? (38)
(LExe_)? + (LExe,)® + (LExeo)?
(LExe (LX)
Note that since both x¢, acquire vevs, the last term in the above expression will give rise

to p — 7 breaking in the RH neutrino sector while preserving it in the Y,. The associated

13



couplings in the above equations are in general complex. This leads to a realistic three
generation model with approximate ;1 — 7 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 p — 7 symmetry. We derive a relation of the
form ¢ = (aAm?2 + bAm?67,) 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
013 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 p — 7 symmetry, we predict values for 63 in the
range 0.1 — 0.15 for specific choices of the the high energy phase between 7/4 and 7/3.
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