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Leptogenesis is studied in a seesaw model with �� � symmetry for SUL�2�-singlet right-handed
neutrinos. It is shown that lepton asymmetry is not zero and is given by the square of the solar neutrino
mass difference and can be of the right order of magnitude. Further it involves the same Majorana phase
which appears in the neutrinoless double �-decay. In this framework one of the right-handed seesaw
partners of light neutrinos can be made massless. This can be identified with a sterile neutrino, once it
acquires a tiny mass ( � 1 eV) when �� � symmetry is broken in the right-handed neutrino sector. The
above mentioned sterile neutrino together with another one can be identified to explain the MiniBooNE
and LSND results. The light 5� 5 neutrino mass matrix is completely fixed if CP is conserved and so is
the effective mass for neutrinoless double �-decay.
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There is a compelling evidence [1] that neutrinos change
flavor, have nonzero masses, and the neutrino mass eigen-
states are different from weak eigenstates. As such they
undergo oscillations.

All neutrino data [1] with the exception of the LSND
anomaly [2] is explained by three active neutrino flavor
oscillations with the mass squared differences and mixing
angles having the following values [3]:
 

�m2
scalar � �m2

12 � �8:1� 1:0� � 10�5 eV2;

sin2�12 � 0:30� 0:08;

�m2
atm � j�m13j

2 ’ j�m2
23j � �2:2� 1:1� � 10�3 eV2;

sin2�23 � 0:50� 0:18;

sin2�13 � 0:047: (1)

The MiniBooNE (MB) [4] and LSND experiments
would require that there are two sterile neutrinos [5] that
must mix with the active ones. The sterile neutrinos mass is
in the range of an eV. There exist many proposals in
literature to explain the light mass of the sterile neutrinos
[6].

As is well-known, the seesaw mechanism, which can
explain tiny masses of three light active neutrinos, intro-
duces three right-handed neutrinos to the standard model.
Since the right-handed neutrinos are sterile with respect to
known weak interactions, there have been speculations that
one of them can be made ultralight so as to play the role of
the sterile neutrino without affecting the conventional see-
saw mechanism for the active neutrinos. There exist mod-
els in literature by which this can be achieved [6,7].

The purpose of this paper is to consider a simple exten-
sion of the standard model, namely, SUL�2� �Ue�1� �
U��1� �U��1�, which has been used [8,9] to get light
neutrino masses within the framework of the seesaw
mechanism.

Now the experimental observation of near maximal
atomospheric mixing ( sin�23 �

1
2 ) and small upper limit

on �13 indicate that there may be an approximate �� �
interchange symmetry in the neutrino sector [10]. This
symmetry also has interesting implications for leptogene-
sis [11–13]. I assume this symmetry only for the right-
handed neutrinos which are SUL�2� singlets and in that
case I have to consider the gauge group SUL�2� �Ue�1� �
U����1�. I show that this leads to a 3	 1 scenario for the
LSND anomaly if there is a single Yukawa coupling for
right-handed neutrinos with relevant Higgs in its (�� �)
subsector (see below). But the MB results rule this out.
However, I can overcome this by postulating a purely
singlet right-handed neutrino in the above gauge group to
provide the second sterile neutrino needed. I also discuss
the implications of this model in neutrinoless double beta
decay and leptogenesis.

In addition to the usual fermions and Higgs, I consider
SUL�2�-singlet right-handed neutrinos Ni

R�i � e;�; �� and
the Higgs with quantum numbers given below:
 

Le: �2;�1; 0�; ��1�: �2;�1; 0�; Ne
R: �1;�1; 1�;

eR: �1;�2; 0�; L���: �2; 0;�1�; ��2�: �2; 0;�1�;

N�;�
R : �1; 1;�1�; �R; �R: �1; 0;�2�;

�: �1; 0; 0�; �0: �1; 2;�2�: (2)

The Yukawa couplings of neutrinos with Higgs, using
�� � symmetry for right-handed neutrinos only, is given
by (suppressing subscripts L and R)
 

LY � h11
�LeNe��2� 	 
h22

�L��N� 	 N��

	 h32
�L��N� 	 N����

�1� 	 H:c:	 f11N
T
e CNe�

0

	 f12N
T
e C�N� 	 N���	 H:c:

	 f22
�N
T
�CN� 	 N

T
�CN��

	 f23�N
�
� CN� 	 N

T
�CN��� ��

0: (3)
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<�1> � v1; <�2> � v2;

< �> � �; <�0> � �0

the Dirac and Majorana mass terms are

 HD � fh11v2 ��eNe 	 v1�h22 ��� 	 h32 �����N� 	 N��g

	 H:c:; (4)

 

HM � f12��NT
e C�N� 	 N��� 	 H:c:

	�0ff11�N
T
e CNe� 	 f22�N

T
�CN� 	 N

T
�CN��

	 f23�N
T
�CN� 	 N

T
� CN��g: (5)

Before I proceed further I wish to remark that by impos-
ing �� � symmetry only on the SUL�2�-singlet right-
handed neutrinos, I have avoided the well-known problem
[14,15] associated with simultaneous imposition of �� �
symmetry on charged lepton and neutrino mass matrices.
Later on I will show that by requiring only maximal
atmospheric mixing and zero Ue3, when diagonalizing
light neutrino mass matrix obtained in the seesaw mecha-
nism, I obtain h22 � h32. The same result is obtained if
�� $ �� symmetry is imposed in Eq. (4) independent of
�� � symmetry for the right-handed neutrino sector, as
also noticed previously [14]. Then �� �

�������
2
p will be

massless.
The Eqs. (4) and (5) give the Dirac and Majorana mass

matrices as

 mD �

h11v2 0 0
0 h22v1 h22v1

0 h32v1 h32v1

0
@

1
A; (6)

 MR �

f11�0 f12� f12�
f12� f22�0 f23�0

f12� f23�0 f22�0

0
@

1
A: (7)

I diagonalize MR in Eq. (7) by the unitary matrix V,
thereby defining the mass eigenstate N1, N2, N3:

 

Ne
N�
N�

0
@

1
A � V

N1

N2

N3

0
@

1
A (8)

where the most general 3� 3 unitary matrix, consistent
with �� � symmetry, is

 V �

c0 s0 0
� s0��

2
p c0��

2
p 1��

2
p

� s0��
2
p c0��

2
p � 1��

2
p

0
BB@

1
CCAP��� (9)

where P��� is a diagonal phase matrix (consisting of three
nontrivial Majorana phases �1, �2, �3). Then

 VTMRV � M̂R � diag�M1;M2;M3� (10)

where

 M3 � e2i�3
f22 � f23��
0: (11)

Using Eqs. (6) and (8), the Dirac matrix in

 � �N1
�N2

�N3 �

�e
��
��

0
@

1
A

basis is

 m̂ yD � VTmyD;

or

 m̂ D � mDV
�: (12)

One finds that due to the structure of mD in Eq. (6), the
third column of matrix m̂D has zero values. Taking out this
column, m̂D is a 3� 2 matrix

 m̂ D �

c0e�i�1�h11v2� s0e�i�2�h11v2�

� s0��
2
p �2h22v1�

c0��
2
p e�i�1�2h22v1�

� s0��
2
p �2h32v1�

c0��
2
p e�i�1�2h32v1�

0
BB@

1
CCA

so that [12]

 R � m̂yDm̂D (13)

 �
c02jh11j

2v2
2 	

s02
2 
j2h22j

2v2
1 	 j2h32j

2v2
1� c0s0
jh11j

2v2
2 �

1
2 �j2h22j

2v2
1 	 j2h32j

2v2
1�e

i��1��2��

c0s0�jh11j
2v2

2 �
1
2 �j2h22j

2v2
1 	 j2h32j

2v2
1�e
�i��1��2� s02jh11j

2v2
2 	

c02
2 
j2h22j

2v2
1 	 j2h32j

2v2
1�

 !
: (14)

Then the effective Majorana mass matrix for light neutri-
nos is

 M� � m̂DM̂
�1
R m̂T

D � Â (15)

where Â is a 3� 3 matrix with matrix elements

 a11 � h2
11v

2
2A;

���
2
p
a12 � h11�2h22�v1v2B;���

2
p
a13 � h11�2h32�v1v2B; a22 �

1

2
�4h2

22v
2
1�C;

a23 �
1

2
�2h22��2h32�v

2
1C; a33 �

1

2
�4h2

32�v
2
1C:

(16)

Here
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 A � e�2i�1

�
c02

M1
	
s02

M2
e2i��1��2�

�
;

B � �e�2i�1c0s0
�

1

M1
�

1

M2
e2i��1��2�

�
;

C � e�2i�1

�
s02

M1
	
c02

M2
e2i��1��2�

�
:

(17)

In order to diagonalize M� as given in Eq. (15) I now make
the assumption of maximal atmospheric mixing and zero
Ue3. This requires the 3� 3 unitary matrix for diagonal-
ization to be

 U �

c s 0
� s��

2
p c��

2
p 1��

2
p

� s��
2
p c��

2
p � 1��

2
p

0
B@

1
CAdiag�ei�1 ; ei�3 ; ei�3� (18)

so that

 UTM�U � diag�m1m2m3�: (19)

This gives

 a12 � a13 � b; a22 � a33 � d;

m3 � 2ei�3�a22 � a23�:

For my case these relations in turn imply [cf. Eq. (16)]
h22 � h32 so that a22 � a23 � d.

Finally then I have

 M� �

a b b
b d d
b d d

0
@

1
A (20)

where
 

a  a11 � e�2i�1
c2m1 	 s
2m2e

i��;

2d � e�2i�1
s2m1 	 c
2m2e

i��;���
2
p
b � �cse�2i�1
m1 �m2e

i��;

m3 � 0;

� � 2��1 � �2�:

(21)

I wish to emphasize that form (20) forM� is a consequence
of �� � symmetry for right-handed SUL�2�-singlet neu-
trinos, and maximal atmospheric mixing and vanishing of
Ue3.

Taking out the state corresponding to eigenvalue zero,
i.e., in (�eL, �	L) basis

 M� �
a

���
2
p
b���

2
p
b 2d

 !
: (22)

I now list some useful relations, which I shall be using.
Calculating Im
�

���
2
p
b�2a�2d�� from Eqs. (16) and (22) and

equating them, I obtain

 

c02s02 sin
2��1 � �2�� � �
1

jh11v2j
4j2h22v1j

4

�

�
c2s2 m1m2�m2

2 �m
2
1�

�M2
2 �M

2
1�

�

�M3
2M

3
1 sin�: (23)

Further from Eqs. (21) and (23)

 j detM�j � ja�2d� � �
���
2
p
b�2j � m1m2: (24)

Calculating ja�2d� � �
���
2
p
b�2j from Eqs. (16) and (17), I

obtain

 jh11v2j
2j2h22v1j

2 1

M1M2
(25)

giving

 jh11v2j
2j2h22v1j

2 � M1M2m1m2 (26)

so that from Eq. (23)

 c02s02 sin
2��1 � �2�� � �c2s2 m2
2 �m

2
1

�M2
2 �M

2
1�

M1M2

m1m2
: (27)

Another useful relation comes from calculating j
���
2
p
bj2

from Eqs. (16), (17), and (21) and equating them

 c2s2

�
�m2 �m1�

2 	 4m1m2sin2 �

2

�

� c02s02
m1m2

M1M2

�M2 �M1�

2 	 4M1M2sin2��1 � �2��:

(28)

Finally I have to express jh11v2j
2 and j2h22v1j

2 in terms of
observables �m2

solar and �m2
atm and sin2�12 (I have already

employed �13 � 0 and sin2�23 �
1
2 ).

Equating the expressions for jaj in Eqs. (16), (17), and
(21) and using the relation (28), I obtain
 

jh11v2j
2 �

�
�c2m1 	 s2m2�

2 � 4c2s2m1m2sin2 �

2

�
1=2

�

�
c02

M2
1

	
s02

M2
2

�
c2s2

M1M2m1m2

�

�
�m2 �m1�

2 	 4m1m2sin2 �

2

��
�1=2

: (29)

j2h22v1j
2 can then be obtained from Eq. (26):

 

j2h22v1j
2 � m1m2

�
�c2m1 	 s

2m2�
2

� 4c2s2m1m2sin2 �

2

�
�1=2

�

�
c02M2

2 	 s
02M2

1 � c
2s2 M1M2

m1m2

�

�
�m2 �m1�

2 	 4m1m2sin2 �

2

��
1=2
: (30)
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I now discuss leptogenesis in my scenario. For the decay
of a heavy Majorana neutrino Ni, the CP asymmetry is
generated through the interference between tree-level and
one-loop Ni decay diagrams and is given by [11–13,16]

 �i �
1

8	

X
k�i

1

v2
i Rii

Im
�
�Rik�

2f
�
M2
k

M2
i

��
(31)

whereMi denotes the heavy Majorana neutrino masses, Rij
are defined in Eq. (15), and the loop function containing
vertex and self-energy correction is

 f�x� �
���
x
p
�
2� x
1� x

� �1	 x� ln
1	 x
x

�
! �

3

2
x�1=2;

x� 1:
(32)

I consider the case that M1 � M2 (M3 plays no role). I
have jv1j

2 	 jv2j
2 � �174 GeV�2 � jvj2. I take jv1j

2 �

jv2j
2 � 1

2v
2, so that

 �1 � �
3

16	
M1

M2

1

v2
1R11

Im
�R12�
2� (33)

where from Eq. (15) (with h22 � h32),

 R11 � c02jh11v1j
2 � s02j2h22v1j

2; (34)

 

Im
�R12��
2 � c02s02
jh11v1j

2 � j2h22v1j
2�2 sin2��1 � �2�

� �
jh11v1j
2 � j2h22v1j

2�2c2s2

�
�m2 �m1�

2M2M1

�M2 �M1�
2m1m2

sin� (35)

where I have used Eq. (27).
There is another constraint from out of equilibrium

decay of the lightest right-handed neutrino, which I take
N1. This is given by [11,12]

 �1 �
R11M1

8	v2
1

� H (36)

where H is the Hubble constant at temperature T � M1:

 H � 1:66g�1=2 T
2

Mpl
’ 17

M2
1

Mpl
(37)

in a radiation dominated Universe. Here I have used g� (the
effective number of relativistic degrees of freedom) ’ 100.
The constraint (37) gives, for M1 ’ 1010 GeV,

 R11 < 4:3� 10�7v2
1: (38)

Hence from Eqs. (33) and (35), the lower limit on �1 is
 

�1 �
3

16	
M1

M2

2:3� 106

v4
1

c2s2
jh11v1j
2 � j2h22v1j

2�2

�
�m2

2 �m
2
1�M2M1

�M2
2 �M

2
1�m1m2

sin�: (39)

With M1 � M2 and writing m � m1	m2

2 , �m � m2�m1

2 ,
�m2

2 �m
2
1� � 4m�m � �m2

solar, I obtain from Eqs. (29)
and (30) and neglecting ��mm �

2

 jh11v1j
2 ’ mM1

�
1� cos2�

�m
m
� sin22�sin2 �

2

�
1=2
;

(40)

 j2h22v1j
2 ’ mM2

�
1� cos2�

�m
m
� sin22�sin2 �

2

�
�1=2

;

(41)

where � is the solar mixing angle. Since �m2 and sin�
already appear in Eq. (40), I have, with s2 � 1

3 , c2 � 2
3 in

leading order,

 �1 ’ 3� 104 M
2
1

v4
1

�m2
solar sin�: (42)

The Majorana phase � is unknown, but is the same as
would appear in double beta decay [cf. first part of
Eq. (21)]. With sin� ’ 0:14 [11], and �m2

solar given in
Eq. (1), I can write
 

�1 ’ 3:4� 10�8

�
M1

1010 GeV

�
2 �m2

solar

8� 10�5 eV2

�
174 GeV

v1

�
4

�
sin�

0:14
: (43)

With v2
1 �

1
2v

2 � 1
2 �174 GeV�2, I get

 �1 ’ 10�7 (44)

which is of the right order of magnitude [11,12] to explain
baryogenesis through leptogenesis. It is important to note
that CP violation responsible for the generation of the
baryogenesis parameter 
B comes entirely from
Majorana phase �.

The effective electron neutrinos mass in neutrinoless
double beta decay is given by

 mee ’ jaj � jc
2m2

1 	 s
2ei�m2j ’ m

�
1� 4c2s2sin2 �

2

�
1=2

� m
�

1�
8

9
sin2 �

2

�
1=2
’

��������������
�m2

atm

q
’ 4:5� 10�3 eV:

(45)

Finally using the neutrino oscillation data given in
Eq. (1), I have (s2 ’ 1

3 )

 m ’ ��m2
atm�

1=2 � 4:7� 10�2 eV; (46)

 �m �
�m2

solar

4��m2
atm�

1=2
� 4:3� 10�4 eV: (47)

Then the light active neutrino mass matrix in �e, ��, ��
basis given in Eq. (22) is completely determined
[cf. Eqs. (21)] except for Majorana phase �. Putting � � 0
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 a � 4:7� 10�2 eV; b �
2

3
� 2:9� 10�4 eV;

d � 2:35� 10�2 eV;
(48)

in agreement with [17].
To proceed with the identification of one of the right-

handed neutrinos, namely, N� with a sterile neutrino of
mass� 0, I see from Eq. (11) that to make its massM3 zero
I need an additional assumption f23 � f22, which implies
�MR�23 � �MR�22 � �MR�33. The �� � symmetry alone
does not ensure the equality. In other words there is a single
Yukawa coupling for right-handed neutrinos with the
Higgs

P0
in the (�� �) subsector of LY . The assumed

equality at the tree level does not receive infinite radiative
corrections and as such is safe.

In order to give mass to N�  �s2, I now break (�� �)
symmetry in M12 and M13 elements in Eq. (7) since these
matrix elements involve �, which I take to be � �0 as I
want the mass of N� to be of order 1 eV (see below). Thus
Eq. (7) is replaced by

 MR �

f11�0 f12� f13�
f12� f22�0 f22�0

f13� f22�0 f22�0

0
@

1
A: (49)

In the (Ne, N	, N�) basis it takes the form

 

~MR �
f11�0 f12	� f12��
f12� 2f22�0 0
f12�� 0 0

0
@

1
A (50)

where f12� �
f12�f13��

2
p so that f12	 ’

���
2
p
f12. I diagonalize it

by (putting Majorana phases equal to zero)

 V �
c0 s0 �01
�s0 c0 �02

�c0�01 	 s
0�02 �s0�01 � c

0�02 1

0
@

1
A (51)

[cf. Eq. (9) where in the Ne, N	 basis

 V �
c0 s0

�s0 c0

� �

]. Then [cf. Eq. (50)]

 VT ~MRV � M̂R � diag�M1;M2;M3�

where M3 is the mass of N�  �s2
. This gives in the

leading order

 c0s0 �
�c02 � s02�

���
2
p
f12�

2f22�0 � f11�0
; (52)

 M1 ’ f11�0; M2 ’ 2f22�0;

M3 � MN� ’ �
f2

12�

f11�0
�2

so that I can take

 m�s2 �
f2

12��2

M1
: (53)

Taking

 � ’ v � 174 GeV; M1 ’ 1010 GeV;

m�s2 � 1 eV
(54)

if f12� � 1:7� 10�2 and as such no fine-tuning is needed.
Then Eq. (12) is replaced by

 M̂ D � MDV
�

so that the effective Majorana mass matrix for light neu-
trinos in (�e, �	, �s) basis is

 M� � M̂DM̂
�1
R M̂T

D �
~a

���
2
p

~b ����
2
p

~b 2~d �
� � f

0
B@

1
CA (55)

where f ’ M3 ’ m�s2 and

 � ’ �h11v2��01; � ’ �2h22v1��02 (56)

and
 

~a � a	 �a; ~b � b	�b; 2~d � 2d	 ��2d�;

�a �
�2

f
; �b �

1���
2
p

��
f
; ��2d� ’

�2

f
: (57)

Finally the diagonalization of M� given in Eq. (55)
[cf. Eq. (18) where in the (�e, �	) basis

 U �
c s
�s c

� �
;

putting Majorana phases � 0] by

 U �
c s �1

�s c �2

�c�1 	 s�2 �c�2 � s�1 1

0
@

1
A (58)

gives

 �1 ’
�
f
; �2 ’

�
f
; (59)

 

cs

c2 � s2 �

���
2
p

~b� ��
f

2~d� ~a	 ��
2��2�
f

: (60)

This is identically satisfied if I use the relations (57) and
cs

c2�s2 �
��
2
p
b

2d�a [cf. Eqs. (21) with �1 � 0 � �2]. Further
~m1 � m1, ~m2 � m2.

Using [5] �m2
s2
� m2

4 �m
2
3 � m2

4 ’ f
2 � 0:90 eV2,

 �1  jUe4j � 0:11 and �2  jU�	4j;

�2 ’
���
2
p
jU�4j �

���
2
p
�0:12�;

(61)

I obtain, on using Eqs. (57) and (59)
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~a � 0:058 eV; ~b � 0:017; ~d � 0:048 eV;

� � 0:10 eV;
����
2
p � 0:15 eV: (62)

Thus in the (�e, ��, v	, �s) basis,

 M� �

0:058 0:017 0:017 0:10
0:017 0:048 0:048 0:15
0:017 0:048 0:048 0:15
0:10 0:15 0:15 0:95

0
BBB@

1
CCCA eV (63)

which may be compared with that given in [17].
To fit both LSND and MB data I need another sterile

neutrino. This I can easily include in my formalism. I
postulate a right-handed neutrino which is singlet, i.e.,
has quantum numbers (1, 0, 0) with respect to the gauge
group SUL�2� �Ue�1� �U����1�.

Then the additional terms in Eqs. (4) (with h22 � h32)
and (5) are

 H0D � h10v1 ��eN0 	
���
2
p
h20v2� ��	N0�; (64)

 H0M � f00N
T
0CN0�: (65)

Neglecting any mixing of N0 with N�, the additional
contributions to the parameters ~a, ~b, ~d are

 

�a0 �
�h10v1�

2

ms1

 jUe5j
2ms1

;

���
2
p

�b0 �
�h10v1��

���
2
p
h20v2�

ms1

� jUe5jjU�	5jms1

�
���
2
p
jUe5jjU�5jms1

; (66)

 2�d0 �
�
���
2
p
h20v2�

2

ms1

� 2jU�5j
2ms1

where ms1
� m5 � f00�, �m2

s1
� m2

5 �m
2
3 ’ m

2
5. Taking

[5] ms1
�

���������
6:49
p

’ 2:55 eV, jUe5j � jU�5j � 0:12, I ob-
tain

 

�a0 � �0:12�2ms1
� 3:6� 10�2 eV � �b0 � �d0;

�0 � �0:12�ms1
� 0:30 eV �

�0���
2
p :

(67)

Thus Eq. (63) is replaced by

 M� �

0:094 0:053 0:053 0:1 0:30
0:053 0:084 0:084 0:15 0:30
0:053 0:084 0:084 0:15 0:30
0:10 0:15 0:15 0:95 0:00
0:30 0:30 0:30 0:00 2:55

0
BBBBB@

1
CCCCCA eV:

This corresponds to mass orderings: m5 >m4 >m2 >
m1 >m3 [6].

I may note that in the absence of CP violation, the
effective mass for neutrinoless double beta decay is

 mee � 94� 10�3 eV; (68)

which is enhanced compared to (44) due to the presence of
sterile neutrinos s1 and s2.

One final comment is that although I have used the
model SUL�2� �Ue�1� �U����1� as a guide, the results
are independent of the details of this model.

The author would like to thank Professor K. Sreenivasan
for hospitality at Abdus Salam International Centre for
Theoretical Physics where a part of this work was done.
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