












INTRODUCTION TO LEPTOGENESIS

One of the most profound ideas in particle
theory is that of Sakharov (1967). Following
the discovery of CP violation in K decay (1964)
- a surprise - he enunciated the conditions for
baryogenesis:

1. B violation

2. C and CP violation.

3. Out-of thermal equilibrium era.

Early discussions were stated in terms of p
decay but calculations gave much too small a
baryon number of the universe. Now though we
still have no evidence for B violation there is
evidence for L violation in Majorana neutrino
masses. Leptogenesis where N → e−H+ fol-
lowed by electroweak sphaleron conversion can
give the correct B number.
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Note that in N → e−H+,
H+ is massless since E � MW .

L is subsequently converted to B through
sphalerons which conserve (B - L).

We will study CP violation both at low energy
(ξL = parameter) in ν oscillations and at high
energy (ξH = parameter) in leptogenesis.

Can ξL and ξH be related?

Generally not, but our purpose here is to
demonstrate the remarkable fact that in a class
of models the answer is positive.

In such a case the sign of CP violation in
neutrino oscillations can be predicted from the
baryon number of the universe.
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Present data on neutrinos:

ATMOSPHERIC NEUTRINOS

∆a � 3 × 10−3eV 2

tan2 θa � 1

SOLAR NEUTRINOS

∆S � 5 × 10−5eV 2

0.6 ≤ sin2 2θ3 ≤ 0.96

sin2 2θ3 = 0.8 is best fit

THE THIRD MIXING ANGLE

sin2 2θ2 ≤ 0.1 (CHOOZ)

θ2 is sometimes called θ13

These data must be accommodated successfully
in our model.
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THE MODEL

In the minimal SM: m(νi) = 0.

Simplest extension of minimal SM which allows
both m(ν) �= 0 and successful leptogenesis is:

TWO RIGHT-HANDED NEUTRINOS N1,2

This, plus appropriate texture zeroes in the
Dirac 3 × 2 rectangular matrix, is our model.

(Note that N1,2,3 model suggested by SO(10)
has an ESSENTIAL AMBIGUITY avoided
here.)
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New terms in the lagrangian are:

L =
1

2
(N1, N2)

⎛
⎜⎜⎜⎜⎝
M1 0
0 M2

⎞
⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎝
N1
N2

⎞
⎟⎟⎟⎟⎠ (4)

+(N1, N2)

⎛
⎜⎜⎜⎜⎜⎝
a a

′
0

0 b b
′

⎞
⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

l1
l2
l3

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
+ h.c. (5)

Dij is a rectangular 3 × 2 Dirac matrix.

We have assumed a texture

Dij =

⎛
⎜⎜⎜⎜⎝
x x 0
0 x x

⎞
⎟⎟⎟⎟⎠

which leaves the exact number of parameters
necessary and sufficient to account for the data.
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Using the see-saw mechanism we compute:

L = DTM−1D

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

a2/M1 aa
′
/M1 0

aa
′
/M1 [(a

′
)2/M1 + b2/M2] bb

′
/M2

0 bb
′
/M2 (b

′
)2/M2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

We can choose a basis in which a, b, b
′
are real

and a
′
= |a′|eiδ.

To check consistency with low-energy data we

put a
′
=
√

2a and b
′
= b (all real) whereupon:
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whereupon:

putting a
′
=
√

2a and b
′
= b gives

L =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

a2/M1
√

2a2/M1 0√
2a2/M1 [2a2/M1 + b2/M2] b2/M2

0 b2/M2 b2/M2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(6)

We diagonalize by rewriting:

1

2
νTLν =

1

2
ν
′TUTLUν

′

where U is a real orthogonal matrix

and ν
′
are the three mass eigenstates.
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We parametrize the unitary diagonalizing ma-
trix as:

U =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1/
√

2 1/
√

2 0

−1/2 1/2 1/
√

2

1/2 −1/2 1/
√

2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
×

×
⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 0
0 cosθ sinθ
0 −sinθ cosθ

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

We deduce the mass eigenvalues and θ:

M (ν
′
3) = 2b2/M2 � M (ν

′
2) = 2a2/M1 �

M (ν
′
1) ≡ 0

The vanishing eigenvalue is exact (rank = 2)

This assumes a2/M1 � b2/M2. We also find:

θ � M (ν
′
2)√

2M (ν
′
3)

� 1
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For the unitary matrix relevant to neutrino os-
cillaions:

Ue3 = sinθ/
√

2 � m(ν
′
2)/2m(ν

′
3).

Thus A
′
=

√
2a and b

′
= b adequately fits all

the data. These values can be shimmied to im-
prove the fit.

We deduce that:

2b2

M2
� √

∆a � 0.05eV

and

2a2

M1
�

√
∆S � 0.007eV

These results imply that the N1 state can sat-
isfy the out-of -equlibrium condition but not N2.
Thus for leptogenesis to succeed it is necessary
that M (N2) > M (N1) and this resolves a sign
ambiguity present in models with three right-
handed neutrinos.
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THE CONNECTING LINK

In our model (really a class of models) we
can calculate the CP violation parameters ξL
and ξH characterizing respectively the low- and
high- energy.

THE RELATIVE SIGN OF THESE TWO PA-
RAMETERS IS FIXED.

The magnitude itself is not predicted because it
depends on the parameters.

The presence of texture zeroes in L and D im-
plies only one phase, and that is why LE and
HE are related. Let us therefore calculate ξH
and ξL explicitly:
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BARYON NUMBER THROUGH LEPTOGE-
NESIS.

B ∼ ξH = (ImDD†)212

This crucial quantity and B proportional to ξH
can be evaluated uniquely in the present model:

In the model

ξH = Im(a
′
b)2

= +Y 2a2b2sin2δ > 0

which has a definite sign.

Here a
′
= Y aeiδ loosens up the previous assign-

ment a
′
=
√

2a.
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Low-energy CP violation.

The relevant parameter is:

ξL = Im(h12h23h31)

where h = (LL†) and ξL is like the Jarlskog
determinant for quarks.

Simple algebra give:

ξL = − a6b6

M3
1M3

2
sin 2δY 2(2 + Y 2)

which has a definite sign (negative).

The predicted sign is robust with respect to
varying the phenomenological parameters.
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So in a class of models having two right-handed
neutrinos and a texture with the minimum num-
ber of parameters to accommodate the low-
energy phenomenology we find that the

RELATIVE SIGN OF ξL and ξH IS UNIQUE

The essential ambiguity of normal versus in-
verted hierarchy for NR’s with three NR’s is
evaded by including only two NR’s.

This provides a very interesting link
between elementary particles (neutri-
nos) and the early universe.
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