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Baryon Number Asymmetry in SM

• CP phase in CKM matrix:

• effects of CP violation suppressed by small quark mixing
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Thus the charged current interaction in the mass eigenstates reads,

LW =
g√
2
U

′
LUCKMγµD′

LWµ + h.c. , (1.62)

where U ′
L ≡ V u

L UL and D′
L ≡ V d

L DL are the mass eigenstates, and UCKM ≡
V u

L (V d
L )† is the CKM matrix. For three families of fermions, the unitary

matrix K can be parameterized by three angles and six phases. Out of
these six phases, five of them can be reabsorbed by redefining the wave
functions of the quarks. There is hence only one physical phase in the CKM
matrix. This is the only source of CP violation in the SM. It turns out that
this particular source is not strong enough to accommodate the observed
matter-antimatter asymmetry. The relevant effects can be parameterized
by [21],

B #
α4

wT 3

s
δCP # 10−8δCP , (1.63)

where δCP is the suppression factor due to CP violation in the SM. Since
CP violation vanishes when any two of the quarks with equal charge have
degenerate masses, a naive estimate gives the effects of CP violation of the
size

ACP = (m2
t − m2

c)(m
2
c − m2

u)(m2
u − m2

t ) (1.64)

·(m2
b − m2

s)(m
2
s − m2

d)(m
2
d − m2

b) · J .

Here the proportionality constant J is the usual Jarlskog invariant, which
is a parameterization independent measure of CP violation in the quark
sector. Together with the fact that ACP is of mass (thus temperature)
dimension 12, this leads to the following value for δCP , which is a dimen-
sionless quantity,

δCP #
ACP

T 12
C

# 10−20 , (1.65)

and TC is the temperature of the electroweak phase transition. The baryon
number asymmetry due to the phase in the CKM matrix is therefore of
the order of B ∼ 10−28, which is too small to account for the observed
B ∼ 10−10.

In MSSM, there are new sources of CP violation due to the presence of
the soft SUSY breaking sector. The superpotential of the MSSM is given
by,

W = µĤ1Ĥ2 + huĤ2Q̂ûc + hdĤ1Q̂d̂c + heĤ1L̂êc . (1.66)

The soft SUSY breaking sector has the following parameters:
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The soft SUSY breaking sector has the following parameters:

April 6, 2007 19:27 World Scientific Review Volume - 9in x 6in tasi06proc-MCC

18 M.-C. Chen

Thus the charged current interaction in the mass eigenstates reads,

LW =
g√
2
U

′
LUCKMγµD′

LWµ + h.c. , (1.62)

where U ′
L ≡ V u

L UL and D′
L ≡ V d

L DL are the mass eigenstates, and UCKM ≡
V u

L (V d
L )† is the CKM matrix. For three families of fermions, the unitary

matrix K can be parameterized by three angles and six phases. Out of
these six phases, five of them can be reabsorbed by redefining the wave
functions of the quarks. There is hence only one physical phase in the CKM
matrix. This is the only source of CP violation in the SM. It turns out that
this particular source is not strong enough to accommodate the observed
matter-antimatter asymmetry. The relevant effects can be parameterized
by [21],

B #
α4

wT 3

s
δCP # 10−8δCP , (1.63)

where δCP is the suppression factor due to CP violation in the SM. Since
CP violation vanishes when any two of the quarks with equal charge have
degenerate masses, a naive estimate gives the effects of CP violation of the
size

ACP = (m2
t − m2

c)(m
2
c − m2

u)(m2
u − m2

t ) (1.64)

·(m2
b − m2

s)(m
2
s − m2

d)(m
2
d − m2

b) · J .

Here the proportionality constant J is the usual Jarlskog invariant, which
is a parameterization independent measure of CP violation in the quark
sector. Together with the fact that ACP is of mass (thus temperature)
dimension 12, this leads to the following value for δCP , which is a dimen-
sionless quantity,

δCP #
ACP

T 12
C

# 10−20 , (1.65)

and TC is the temperature of the electroweak phase transition. The baryon
number asymmetry due to the phase in the CKM matrix is therefore of
the order of B ∼ 10−28, which is too small to account for the observed
B ∼ 10−10.

In MSSM, there are new sources of CP violation due to the presence of
the soft SUSY breaking sector. The superpotential of the MSSM is given
by,
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Introduction

• CP violation in quark sector not sufficient to explain the 

observed matter -anti-matter asymmetry of the Universe

• Neutrino oscillation opens up the possibility that CP 

violation in the lepton sector may be responsible for the 

observed BAU 

• Relating leptogenesis with low energy CP violation is 

generally not possible due to the additional phases and 

mixing angles in the RH neutrino sector

given in terms of the ratio of the baryon number nb to entropy s, as,

nb

s
! −

24 + 4nH

66 + 13nH
ε η Y

eq
N1

(T # M1) , (47)

where Y
eq
N1

(T # M1) = 135ζ(3)/(4π4g∗) with g∗ being the number of spin-degrees of freedom

in thermal equilibrium. The coefficient (24 + 4nH)/(66 + 13nH), where nH is the number of

Higgs doublets, is the fraction of the B − L asymmetry that is converted into the baryon number

asymmetry. For g∗ = 106.75 as in the SM case and nH = 2, the final asymmetry is given by,

nb/s ! −1.38 × 10−3 ε η. The efficiency factor η measures the the number density of the right-

handed neutrinos with respect to the equilibrium value, the out-of-equilibrium condition at the

decay as well as the thermal corrections to the asymmetry. It is obtained by solving the Boltzmann

equations, and depends on the effective mass,

m̃ ≡
(MDM

†
D)11

M1
, (48)

as well as the mass of the lightest right-handed neutrino, M1. The BBN and WMAP measurements

imply that nb/s = (0.87 ± 0.04) × 10−10, assuming standard ΛCDM cosmological model [18].

We search the allowed parameter space for (t, s,ακ′ ,αL) that satisfy the 1σ limits for the

oscillation parameters [19]: ∆m2
23 = (2.4 ± 0.3) × 10−3 eV2, ∆m2

12 = (7.9 ± 0.4) × 10−5 eV2,

sin2 2θ23 > 0.9, and 0.4 < tan2 θ12 < 0.509. Using the allowed parameter space, the predictions for

various CP violating processes can then be made. In Fig. 3, the correlation between the electron

EDM and the amount of lepton number asymmetry ∆ε′ is shown. For αL = 0, all CP violation in

both the quark and lepton sectors depends on only one phase, ακ′ . One thus find a very strong

correlation between de and ε as these two physical observables are proportional to each other. In

Fig. 4 the JCP dependence on the lepton number asymmetry, ε, and in the electron EDM, de, is

shown. For αL = 0, one finds a reflection symmetry between the first and the forth quadrants as ε,

JCP and de are proportional to sin ακ′ in this case. In Fig. 5, the correlation between the leptonic

Jarlskog JCP and the matrix element for neutrinoless double beta decay 〈m0νββ〉ee is shown. It is

found that the correlation is independent of whether αL vanishes or not. This exhibits the fact that

the neutrinoless double beta decay depends on the the Majorana phases while JCP depends on the

Dirac phase and that all three low energy leptonic CP phases δ, α12 and α13 ranging from 0 to 2π

can be generated irrespective of whether ακ′ vanishes or not. In Fig. 6, the correlation between

the lepton number asymmetry and the |Ue3| element in the leptonic mixing matrix is given. The

prediction for |Ue3| ranges from 0.01 to the current upper bound, 0.16, even though most of the

allowed parameter space for (t, s, ακ′ , αL) gives rise to predictions that range between 0.01 and

11
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Leptogenesis

• non-zero neutrino masses: additional CPV sources from 
lepton sector

• primordial lepton number asymmetry due to out-of-
equilibrium decays of RH neutrinos

• sphaleron effects: ∆L → ∆B
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Fig. 1.7. Diagrams in SM with RH neutrinos that contribute to the lepton number
asymmetry through the decays of the RH neutrinos. The asymmetry is generated due
to the interference of the tree-level diagram (a) and the one-loop vertex correction (b)
and self-energy (c) diagrams.

is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,

ε1 =

∑
α

[
Γ(N1 → "αH) − Γ(N1 → "α H)

]
∑

α

[
Γ(N1 → "αH) + Γ(N1 → "α H)

] (1.89)

#
1

8π

1

(hνhν)11

∑

i=2,3

Im

{
(hνh†

ν)21i

}
·
[
f

(
M2

i

M2
1

)
+ g

(
M2

i

M2
1

)]
.

In Fig. 1.7, the diagram (b) is the one-lop vertex correction, which gives
the term, f(x), in Eq. 1.89 after carrying out the loop integration,

f(x) =
√

x

[
1 − (1 + x) ln

(
1 + x

x

)]
. (1.90)

Diagram (c) is the one-loop self-energy. For |Mi − M1| % |Γi − Γ1|, the
self-energy diagram gives the term

g(x) =

√
x

1 − x
, (1.91)

in Eq. 1.89. For hierarchical RH neutrino masses, M1 & M2, M3, the
asymmetry is then given by,

ε1 # −
3

8π

1

(hνh†
ν)11

∑

i=2,3

Im

{
(hνh†

ν)21i

}
M1

Mi
. (1.92)

Note that when Nk and Nj in the self-energy diagram (c) have near degen-
erate masses, there can be resonant enhancement in the contributions from
the self-energy diagram to the asymmetry. Such resonant effect can allow
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Connection to Low Energy Observables

• Lagrangian at high energy (in the presence of RH neutrinos)

in fij and Mij diagonal basis →
      hij general complex matrix:  

• Low energy effective Lagrangian (after integrating out RH 
neutrinos)

in fij diagonal basis →
      hij symmetric complex matrix:  

• high energy → low energy:

numbers of mixing angles and CP phases reduced by half
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as a CKM-like matrix and a diagonal phase matrix,

UMNS =




c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13





·




1

eiα21/2

eiα31/2



 . (1.69)

The Dirac phase δ affects neutrino oscillation (see Boris Kayser’s lectures),

P (να → νβ) = δαβ − 4
∑

i>j

Re(UαiUβjU
∗
αjU

∗
βi) sin2

(
∆m2

ij
L

4E

)
(1.70)

+2
∑

i>j

J lep

CP sin2

(
∆m2

ij
L

4E

)

where the parameterization invariant CP violation measure, the leptonic
Jarlskog invariant J lep

CP
, is given by,

J lep

CP
= −

Im(H12H23H31)

∆m2
21∆m2

32∆m2
31

, H ≡ (M eff
ν )(M eff
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The two Majorana phases, α21 and α31, affect neutrino double decay (see
Petr Vogel’s lectures). Their dependence in the neutrinoless double beta
decay matrix element is,

|〈mee〉|2 = m2
1 |Ue1|4 + m2

2 |Ue2|4 + m2
3 |Ue3|4 (1.72)

+2m1m2 |Ue1|2 |Ue2|2 cosα21

+2m1m3 |Ue1|2 |Ue3|2 cosα31

+2m2m3 |Ue2|2 |Ue3|2 cos(α31 − α21) .

The Lagrangian at high energy that describe the lepton sector of the
SM in the presence of the right-handed neurinos, νRi , is given by,

L = $Liiγ
µ∂µ$Li + eRi iγ

µ∂µeRi + NRiiγ
µ∂µNRi (1.73)

+fijeRi$LjH
† + hijNRi$Lj H −

1

2
MijNRiNRj + h.c. .

Without loose of generality, in the basis where fij and Mij are diagonal, the
Yukawa matrix hij is in general a complex matrix. For 3 families, h has nine
phases. Out of these nine phases, three can be absorbed into wave functions
of $Li . Therefore, there are six physical phases remain. Furthermore, a real
hij can be diagonalized by a bi-unitary transformation, which is defined
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in terms of six mixing angles. After integrating out the heavy Majorana
neutrinos, the effective Lagrangian that describes the neutrino sector below
the seesaw scale is,

Leff = !Liiγ
µ∂µ!Li + eRiiγ

µ∂µeRi + fiieRi!LiH
† (1.74)

+
1

2

∑

k

hT
ikhkj!Li!Lj

H2

Mk
+ h.c. .

This leads to an effective neutrino Majorana mass matrix whose parameters
can be measured at the oscillation experiments. As Majorana mass matrix
is symmetric, for three families, it has six independent complex elements
and thus six complex phases. Out of these six phases, three of them can
be absorbed into the wave functions of the charged leptons. Hence at low
energy, there are only three physical phases and three mixing angles in
the lepton sector. Going from high energy to low energy, the numbers of
mixing angles and phases are thus reduced by half. Due to the presence
of the additional mixing angles and complex phases in the heavy neutrino
sector, it is generally not possible to connect leptogenesis with low energy
CP violation. However, in some specific models, such connection can be
established. This will be discussed in more details in Sec. 1.4.

1.2. Standard Leptogenesis

1.2.1. Standard Leptogenesis (Majorana Neutrinos)

As mentioned in the previous section, baryon number violation arises nat-
urally in many grand unified theories. In the GUT baryogenesis, the asym-
metry is generated through the decays of heavy gauge bosons (denoted by
“V” in the following) or leptoquarks (denoted by “S” in the following),
which are particles that carry both B and L numbers. In GUTs based on
SU(5), the heavy gauge bosons or heavy leptoquarks have the following
B-non-conserving decays,

V → !Luc
R, B = −1/3, B − L = 2/3 (1.75)

V → qLdc
R, B = 2/3, B − L = 2/3 (1.76)

S → !LqL, B = −1/3, B − L = 2/3 (1.77)

S → qLqL, B = 2/3, B − L = 2/3 . (1.78)

Since (B − L) is conserved, i.e. the heavy particles V and S both carry
(B−L) charges 2/3, no (B−L) can be generated dynamically. In addition,
due to the sphaleron processes, 〈B〉 = 〈B − L〉 = 0. In SO(10), (B − L)
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9-3 = 6 mixing angles
9-3 = 6 physical phases

6-3 = 3 mixing angles
6-3 = 3 physical phases

{

{



Connection to Low Energy Observables

• diagonal basis for charged lepton and RH neutrino mass matrices

• neutrino Yukawa interactions

• CP asymmetry parametrized by (orthogonal parametrization)

• lepton number asymmetry (in one-flavor approximation)
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where m = diag(m1, m2, m3) is the diagonal matrix of the light neutrino
masses, M is the diagonal matrix of the right-handed neutrino masses and U
is the MNS matrix. The orthogonal matrix R is defined by this equation as
R = vM−1/2hUm−1/2. In the basis where the right-handed neutrino mass
matrix and the charged lepton mass matrix are diagonal, the neutrino Dirac
Yukawa matrix can be written as h = V ν †

R diag(h1, h2, h3)V ν
L . Therefore,

the low energy CP violation in the lepton sector can arise from either the
left-handed sector through V ν

L , the right-handed sector through V ν
R , or from

both. From hh†v2 = V ν †
R diag(h2

1, h
2
2, h

2
3)V

ν
Rv2 = M1/2RmR†M1/2, it can

be seen that the phases of R are related to those in the right-handed sector
through V ν

R . The asymmetry ε1 given in Eq. 1.89, which is derived with
one-flavor approximation, can be rewritten as follows [65],

ε1 = −
3M1

16πv2

Im
(∑

ρ m2
ρR

2
1ρ

)
∑

β mβ |R1β |2
. (1.187)

Assuming the right-handed sector is CP invariant, low energy CP phases
can then arise entirely from the left-handed sector and thus are irrelevant for
ε1, which vanishes because the orthogonal matrix R is real. If leptogenesis
takes place at T < 1012 GeV, the flavor effects must be taken into account.
In this case the asymmetry in each flavor is given by [65],

εα = −
3M1

16πv2

Im
(∑

βρ m1/2
β m3/2

ρ U∗
αβUαρR1βR1ρ

)
∑

β mβ |R1β |2
. (1.188)

The contribution of each of these individual asymmetries to the total asym-
metry is then weighted by the corresponding washout factor. Therefore,
barring accidental cancellations, the presence of the MNS matrix elements
in Eq. 1.188 signifies the need for low energy CP violation in order to
have leptogenesis. Hence if leptonic CP violation in neutrino oscillations is
observed at future very long baseline experiments [66] and if lepton num-
ber violation is established by observing neutrinoless double beta decay, it
would even more strongly suggest than it has been that leptogenesis be the
source for the origin of the cosmological baryon asymmetry.

Finally, a fundamental problem in the current treatment of leptogen-
esis is the fact that the Boltzmann equations utilized in the present cal-
culations are purely classical treatment. However, the collision terms are
zero-temperature S-matrix elements which involve quantum interference.
In addition, the time evolution of the system should be treated quantum
mechanically. These lead to the need of quantum Boltzmann equations
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(Casas & Ibarra, 2001)

R:  phases in RH sector

M = diag(M1,M2,M3)

1

(light neutrino masses)

(RH neutrino masses)
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It has been found recently that, by lowering the left-right symmetry
breaking scale with an additional U(1) symmetry, the link between CP
violation in the quark sector and that in the lepton sector can also be
established [61].

1.5. Recent Progress and Concluding Remarks

Leptogenesis provides a very appealing way to generate the observed cosmo-
logical baryonic asymmetry. It has gained a significant amount of interests
ever since the advent of the evidence of non-zero neutrino masses. In this
scenario, the baryonic asymmetry is closely connected to the properties of
the neutrinos, and the fact that the required neutrino mass scale for suc-
cessful leptogenesis is similar to the scale observed in neutrino oscillations
makes leptogenesis a very plausible source for the cosmological baryonic
asymmetry. Even though there is so far no direct way to test leptogen-
esis, the search for leptonic CP violation in neutrino oscillations at very
long baseline experiments [66] and to look for lepton number violation in
neutrinoless double beta decay will inevitably further the credibility of lep-
togenesis as a source of the baryon asymmetry.

The recent developments in the subject of leptogenesis have been fo-
cused on the role of flavor. Recall that the total asymmetry given in Eq. 1.89
have summed over all three flavor indices,

ε1 =
∑

α=e,µ,τ

εαα , (1.181)

where εαα is the CP asymmetry in the α-flavor. Correspondingly, previ-
ous solutions to the Boltzmann equations have summed over all the three
flavors, e, µ, τ , and thus they did not include flavor dependence [62],

d(YN1 − Y eq
N1

)

dz
= −

z

sH(M1)

(
γD + γ∆L=1

)(
YN1

Y eq
N1

− 1

)
(1.182)

−
dY eq

N1

dz
,

dYL

dz
=

z

sH(M1)

[(
YN1

Y eq
N1

− 1

)
ε1γD (1.183)

+ −
YL

Y eq
L

(
γDγ∆L=1 + γ∆L=2

)]
,

where YN1 and YL are the number density of the lightest right-handed
neutrino N1 and of the lepton number asymmetry, respectively, and γ’s are
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The contribution of each of these individual asymmetries to the total asym-
metry is then weighted by the corresponding washout factor. Therefore,
barring accidental cancellations, the presence of the MNS matrix elements
in Eq. 1.188 signifies the need for low energy CP violation in order to
have leptogenesis. Hence if leptonic CP violation in neutrino oscillations is
observed at future very long baseline experiments [66] and if lepton num-
ber violation is established by observing neutrinoless double beta decay, it
would even more strongly suggest than it has been that leptogenesis be the
source for the origin of the cosmological baryon asymmetry.

Finally, a fundamental problem in the current treatment of leptogen-
esis is the fact that the Boltzmann equations utilized in the present cal-
culations are purely classical treatment. However, the collision terms are
zero-temperature S-matrix elements which involve quantum interference.
In addition, the time evolution of the system should be treated quantum
mechanically. These lead to the need of quantum Boltzmann equations



Connection to Low Energy Observables

              

• Flavor matters?

leptogenesis at T ~ M1 < 1012 GeV: 

                 three flavors distinguishable (different Teq)

non-universal wash-out factors

• asymmetry associated with each flavor

leptogenesis ≠ 0
absence of low energy leptonic CPV

(neutrino oscillation, neutrinoless 
double beta decay)
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would even more strongly suggest than it has been that leptogenesis be the
source for the origin of the cosmological baryon asymmetry.

Finally, a fundamental problem in the current treatment of leptogen-
esis is the fact that the Boltzmann equations utilized in the present cal-
culations are purely classical treatment. However, the collision terms are
zero-temperature S-matrix elements which involve quantum interference.
In addition, the time evolution of the system should be treated quantum
mechanically. These lead to the need of quantum Boltzmann equations

leptogenesis ≠ 0 low energy CPV ≠ 0



Sources of CP Violation

• Manifestations of CP violation

‣ weak scale CPV (kaon, B-meson, neutrino oscillation, ...)

‣ cosmological BAU

‣ strong CP problem

⇒   can they come from a common origin??

• Explicit CP violation

‣ complex Yukawa couplings

• Spontaneous CP violation

‣ complex VEV

‣ domain walls?

‣ sufficiently large phases? 



Minimal Left-Right Model

• gauge symmetry: 

• particle content:

• fermions:

• Higgs sector:

• Under P:
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Minimal Left-Right Model

• In general,

• To get realistic SM gauge boson masses:

• two triplet VEV’s are related 

• In general,

• To get realistic SM gauge boson masses, the bi-doublet VEV’s must
satisfy

• The two triplet VEVs  are related by

     so v_L is seesaw suppressed => EW precision constraints OK

    (small neutrino mass => v_R ~10^(15) GeV and  v_L ~ 0.01 eV)
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• In general,

• To get SM gauge boson masses, bi-doublet VEV’s satisfy

• The two triplet VEV’s related by

so !L is seesaw suppressed 

Small neutrino masses: !R~ 1015 GeV; !L~ 0.01 eV

⇒ precision EW constraints OK
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Two Intrinsic CP Phases

• The Lagrangian is invariant under two unitary transformations

• under UL and UR:

• rotate away two of the four CP phases: only two physical phases 
remain

• scalar potential

• The Lagrangian is invariant under the following unitary

transformations,

   under which the fields transform as

    !

Using these unitary transformations, we can rotate away two phases and

are left with only two intrinsic phases
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Yukawa Interactions

• quarks:

• mass matrices

‣ SCPV ⇒ all Yukawa coupling constants real

‣       responsible for all CPV in quark sector

‣ to suppress FCNC 

⇒ large hierarchy between two doublet VEV’s

• Yukawa sector: quarks

•  Mass matrices

!All Yukawa coupling constants are real as SCPV

!           responsible for all CPV in the quark sector

!A realistic quark sector requires a large hierarchy in the bi-

doublet VEV

! 
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Yukawa Interactions
• lepton sector

• mass matrices

• Lepton sector:

! The connection between CPV in quark sector and that in the lepton sector,

which is made thru the phase     , appear only at the sub-leading order

! Thus making these effects rather weak (will be neglected in this analysis)
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Yukawa Interactions
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CPV in quark sector ↔ CPV in lepton sector

• through phase ακ’ 
• appear at sub-leading O(κ’/κ)
• weak connection



Leptonic CPV Processes
• MNS matrix

• three low energy phases δ, α21, α31:   functions of αL          

• neutrino oscillations

• neutrinoless double beta decay
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as a CKM-like matrix and a diagonal phase matrix,

UMNS =




c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13





·




1

eiα21/2

eiα31/2



 . (1.69)

The Dirac phase δ affects neutrino oscillation (see Boris Kayser’s lectures),

P (να → νβ) = δαβ − 4
∑

i>j

Re(UαiUβjU
∗
αjU

∗
βi) sin2

(
∆m2

ij
L

4E

)
(1.70)

+2
∑

i>j

J lep

CP sin2

(
∆m2

ij
L

4E

)

where the parameterization invariant CP violation measure, the leptonic
Jarlskog invariant J lep

CP
, is given by,

J lep

CP
= −

Im(H12H23H31)

∆m2
21∆m2

32∆m2
31

, H ≡ (M eff
ν )(M eff

ν )† . (1.71)

The two Majorana phases, α21 and α31, affect neutrino double decay (see
Petr Vogel’s lectures). Their dependence in the neutrinoless double beta
decay matrix element is,

|〈mee〉|2 = m2
1 |Ue1|4 + m2

2 |Ue2|4 + m2
3 |Ue3|4 (1.72)

+2m1m2 |Ue1|2 |Ue2|2 cosα21

+2m1m3 |Ue1|2 |Ue3|2 cosα31

+2m2m3 |Ue2|2 |Ue3|2 cos(α31 − α21) .

The Lagrangian at high energy that describe the lepton sector of the
SM in the presence of the right-handed neurinos, νRi , is given by,

L = $Liiγ
µ∂µ$Li + eRi iγ

µ∂µeRi + NRiiγ
µ∂µNRi (1.73)

+fijeRi$LjH
† + hijNRi$Lj H −

1

2
MijNRiNRj + h.c. .

Without loose of generality, in the basis where fij and Mij are diagonal, the
Yukawa matrix hij is in general a complex matrix. For 3 families, h has nine
phases. Out of these nine phases, three can be absorbed into wave functions
of $Li . Therefore, there are six physical phases remain. Furthermore, a real
hij can be diagonalized by a bi-unitary transformation, which is defined

April 6, 2007 19:27 World Scientific Review Volume - 9in x 6in tasi06proc-MCC

20 M.-C. Chen

as a CKM-like matrix and a diagonal phase matrix,

UMNS =




c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13





·




1

eiα21/2

eiα31/2



 . (1.69)

The Dirac phase δ affects neutrino oscillation (see Boris Kayser’s lectures),

P (να → νβ) = δαβ − 4
∑

i>j

Re(UαiUβjU
∗
αjU

∗
βi) sin2

(
∆m2

ij
L

4E

)
(1.70)

+2
∑

i>j

J lep

CP sin2

(
∆m2

ij
L

4E

)

where the parameterization invariant CP violation measure, the leptonic
Jarlskog invariant J lep

CP
, is given by,

J lep

CP
= −

Im(H12H23H31)

∆m2
21∆m2

32∆m2
31

, H ≡ (M eff
ν )(M eff

ν )† . (1.71)

The two Majorana phases, α21 and α31, affect neutrino double decay (see
Petr Vogel’s lectures). Their dependence in the neutrinoless double beta
decay matrix element is,

|〈mee〉|2 = m2
1 |Ue1|4 + m2

2 |Ue2|4 + m2
3 |Ue3|4 (1.72)

+2m1m2 |Ue1|2 |Ue2|2 cosα21

+2m1m3 |Ue1|2 |Ue3|2 cosα31

+2m2m3 |Ue2|2 |Ue3|2 cos(α31 − α21) .

The Lagrangian at high energy that describe the lepton sector of the
SM in the presence of the right-handed neurinos, νRi , is given by,

L = $Liiγ
µ∂µ$Li + eRi iγ

µ∂µeRi + NRiiγ
µ∂µNRi (1.73)

+fijeRi$LjH
† + hijNRi$Lj H −

1

2
MijNRiNRj + h.c. .

Without loose of generality, in the basis where fij and Mij are diagonal, the
Yukawa matrix hij is in general a complex matrix. For 3 families, h has nine
phases. Out of these nine phases, three can be absorbed into wave functions
of $Li . Therefore, there are six physical phases remain. Furthermore, a real
hij can be diagonalized by a bi-unitary transformation, which is defined

• Leptonic mixing matrix (MNS matrix):

• These three leptonic phases, which are functions of       , appear in the

following processes:

    (I) neutrino oscillation:

    (II) neutrinoless double beta decay:

! 

U
MNS

=

c
12
c
13

s
12
c
13

s
13

"s
12
c
23
" c

12
s
23
s
13
e
i#

c
12
c
23
" s

12
s
23
s
13
e
i#

s
23
c
13
e
i#

s
12
s
23
" c

12
c
23
s
13
e
i# "c

12
s
23
" s

12
c
23
s
13
e
i#

c
23
c
13
e
i#

$ 

% 

& 
& 
& 

' 

( 

) 
) 
) 
*

1

e
i+
21
/ 2

e
i+
31
/ 2

$ 

% 

& 
& 
& 

' 

( 

) 
) 
) 

! 

P("# $"% ) = &#% ' 4 Re(U#iU%jU#j
(
U%i

(
)sin

2
()mij

2 L

4E
) + 2 JCP sin

2
(

i> j

*
i> j

* )mij

2 L

4E
)

! 

JCP = "
Im(H12H23H31)

#m21

2
#m32

2
#m31

2
$ sin%L ,         H & M'

eff
(M'

eff
)

+

! 

m
ee

2

= m
1

2
U

e1

4
+ m

2

2
U

e2

4
+ m

3

2
U

e3

4
+ 2m

1
m

2
U

e1

2
U

e2

2
cos"

21

            + 2m
1
m

3
U

e1

2
U

e3

2
cos"

31
+ 2m

2
m

3
U

e2

2
U

e3

2
cos("

31
#"

21
)

! 

"
L

• Leptonic mixing matrix (MNS matrix):

• These three leptonic phases, which are functions of       , appear in the

following processes:

    (I) neutrino oscillation:

    (II) neutrinoless double beta decay:

! 

U
MNS

=

c
12
c
13

s
12
c
13

s
13

"s
12
c
23
" c

12
s
23
s
13
e
i#

c
12
c
23
" s

12
s
23
s
13
e
i#

s
23
c
13
e
i#

s
12
s
23
" c

12
c
23
s
13
e
i# "c

12
s
23
" s

12
c
23
s
13
e
i#

c
23
c
13
e
i#

$ 

% 

& 
& 
& 

' 

( 

) 
) 
) 
*

1

e
i+
21
/ 2

e
i+
31
/ 2

$ 

% 

& 
& 
& 

' 

( 

) 
) 
) 

! 

P("# $"% ) = &#% ' 4 Re(U#iU%jU#j
(
U%i

(
)sin

2
()mij

2 L

4E
) + 2 JCP sin

2
(

i> j

*
i> j

* )mij

2 L

4E
)

! 

JCP = "
Im(H12H23H31)

#m21

2
#m32

2
#m31

2
$ sin%L ,         H & M'

eff
(M'

eff
)

+

! 

m
ee

2

= m
1

2
U

e1

4
+ m

2

2
U

e2

4
+ m

3

2
U

e3

4
+ 2m

1
m

2
U

e1

2
U

e2

2
cos"

21

            + 2m
1
m

3
U

e1

2
U

e3

2
cos"

31
+ 2m

2
m

3
U

e2

2
U

e3

2
cos("

31
#"

21
)

! 

"
L



Leptogenesis in LR Model

• two ways to generate lepton number asymmetry

‣ decays of N1: 

‣ decays of ΔL: 

• naturally                 ⇒ N1 decays dominate

• contributions to the asymmetry

(III) Leptogenesis: two ways to generate lepton number asymmetry

     (1)

     (2)
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Fig. 1.15. Diagrams in the minimal left-right model that contribute to the lepton num-
ber asymmetry through the decay of the RH neutrinos.

of this model, there are three diagrams at one loop that contribute to
leptogeiesis, as shown in Fig. 1.15. The contribution from diagram (a) and
(b) mediated by charged lepton and Higgs doublet, which appear also in
standard leptogenesis with SM particle content, is given by [60],

εN1 =
3

16π

(
MR1

v2

)
·
Im

(
MD

(
M I

ν

)∗ MT
D

)

11

(MDM†
D)11

. (1.178)

Now, there is one additional one-loop diagram, Fig. 1.15 (c), mediated by
the SU(2)L triplet Higgs. It contributes to the decay amplitude of the
right-handed neutrino into a doublet Higgs and a charged lepton, which
gives an additional contribution to the lepton number asymmetry [60],

ε∆L =
3

16π

(
MR1

v2

)
·
Im

(
MD

(
M II

ν

)∗ MT
D

)

11

(MDM†
D)11

, (1.179)

where MD is the neutrino Dirac mass term in the basis where the RH
neutrino Majorana mass term is real and diagonal,

MD = ORMD, fdiag = ORfOT
R . (1.180)

Because there is no phase present in either MD = Pκ or M I
ν or OR, the

quantity MD

(
M I

ν

)∗ MT
D is real, leading to a vanishing εN1 . This state-

ment is true for any chosen unitary transformations UL and UR defined in
Eq. (1.167). On the other hand, the contribution, ε∆L , due to the diagram
mediated by the SU(2)R triplet is proportional to sinαL.

As all leptonic CP violation in this model come from one single origin,
that is, the phase in the VEV of the LH triplet, 〈∆L〉, strong correlation
between leptogenesis and low energy CP violating processes can thus be
established. In particular, both J"

CP and ε are proportional to sinαL.
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• A natural scenario is that the SU(2)_L triplet Higgs is heavier than the lightest

RH neutrino. If this is the case, then the decay of the lightest RH neutrino

dominates  => case (1)

      two types of diagrams contribute to this asymmetry
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(iii) leptogenesis: two ways to get lepton number asymmetry
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A natural scenario:  M!L > M1

⇒ decay of the lightest RH neutrino dominates: (1)

Two types of diagrams contribute to the asymmetry:
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FIG. 2: Diagrams in the minimal left-right model that contribute to the lepton number asymmetry through

the decay of the RH neutrinos.

(Fig. 2c),
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where κ ! v = 174 eV is the VEV of the Y = +1 component of the Φ field. Here MD is the

neutrino Dirac mass matrix in the basis in which RH neutrino mass matrix is real and diagonal.

The matrices M I
ν ≡ MνD

(MRR
ν )−1MT

νD
and M II

ν ≡ MLL
ν are the usual Type-I seesaw term and the

LH Majorana mass term due to the SU(2)L triplet VEV, respectively. As pointed out in Ref. [1], the

only non-vanishing contribution is the one that involves the SU(2)L triplet in the loop, ε∆L . This

statement is still valid in the present case with complex neutrino Dirac mass matrix MνD
∝ e−iακ′ ,

because the argument of (M I
ν )∗ ∝ e2iακ′ cancels the argument of MDMT

D ∝ e−2iακ′ , given that the

RH Majorana mass matrix MRR
ν is real. This is therefore a generic feature of the minimal LR

model with SCPV. In Ref. [1], the contribution to the total asymmetry ε = ε∆L is proportional to

∼ sin αL. In the present case, the total asymmetry is proportional to sin(αL + 2ακ′) as the Dirac

mass matrix MνD
is now complex and proportional to eiακ′ . The total lepton number asymmetry

ε is proportional to ∆ε′ defined as [1],

∆ε′ =
3f0

1

16π

Im
[
MD(feiαL)∗MT

D

]
11

(MDM
†
D)11

=
ε∆L

β
∝ sin(αL + 2ακ′) , (46)

where f0
1 is the smallest eigenvalue of the matrix f . It is interesting to note that if αL = −2ακ′ , the

lepton number asymmetry vanishes, but JCP is non-zero. However, such a relation is generally not

protected by any symmetry and will not hold when radiative corrections are taken into account.

The total lepton asymmetry ε = ε∆L is related to the observed baryon asymmetry of the universe,
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• A natural scenario is that the SU(2)_L triplet Higgs is heavier than the lightest
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Leptogenesis in LR Model

• out-of-equilibrium condition

➡ M1 cannot be to light: typically requires M1 > 2 ×109 GeV

➡ RH neutrino masses cannot too hierarchical 

∆L → ∆B: 

observed                       ⇒

• Out-of-equilibrium condition:  To avoid the generated lepton number

asymmetry from being washed out by the scattering processes, the

decay rate of the RH neutrino must be smaller than the expansion rate

of the Universe at temperature equal to the RH neutrino mass

    => to satisfy this condition, M_1 cannot be too light

    => the hierarchy in RH neutrino mass matrix cannot be too large

(usually the problem in conventional Type-I seesaw)

• The lepton number asymmetry then get converted into baryon number

asymmetry:

          The observed BAU                    =>

! 

"

H |T=M 1

=
MPl

(1.7)(32# ) g$%
2
&
'D'D

+( )
11

M1

(
1

(0.01eV )
&
'D'D

+( )
11

M1

<1

! 

n
b
/s ~ 10

"10

! 

" ~ 10#8

• Out-of-equilibrium condition:  To avoid the generated lepton number

asymmetry from being washed out by the scattering processes, the

decay rate of the RH neutrino must be smaller than the expansion rate

of the Universe at temperature equal to the RH neutrino mass

    => to satisfy this condition, M_1 cannot be too light

    => the hierarchy in RH neutrino mass matrix cannot be too large

(usually the problem in conventional Type-I seesaw)

• The lepton number asymmetry then get converted into baryon number

asymmetry:

          The observed BAU                    =>

! 

"

H |T=M 1

=
MPl

(1.7)(32# ) g$%
2
&
'D'D

+( )
11

M1

(
1

(0.01eV )
&
'D'D

+( )
11

M1

<1

! 

n
b
/s ~ 10

"10

! 

" ~ 10#8

• Out-of-equilibrium condition:  To avoid the generated lepton number

asymmetry from being washed out by the scattering processes, the

decay rate of the RH neutrino must be smaller than the expansion rate

of the Universe at temperature equal to the RH neutrino mass

    => to satisfy this condition, M_1 cannot be too light

    => the hierarchy in RH neutrino mass matrix cannot be too large

(usually the problem in conventional Type-I seesaw)

• The lepton number asymmetry then get converted into baryon number

asymmetry:

          The observed BAU                    =>

! 

"

H |T=M 1

=
MPl

(1.7)(32# ) g$%
2
&
'D'D

+( )
11

M1

(
1

(0.01eV )
&
'D'D

+( )
11

M1

<1

! 

n
b
/s ~ 10

"10

! 

" ~ 10#8



Specific Flavor Ansatz for Bi-large Mixing 

• assume Dirac neutrino mass matrix ~ up quark mass matrix

• bi-large neutrino mixing can be accommodated with

• may arise from U(1) horizontal symmetry

• deviation from maximal atmospheric mixing negligible

• Leptonic CPV: 

Specific Flavor Ansatz for Bi-large Mixing
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Results

• 3 model parameters:

• experimental values for oscillation parameters

Current Status of Oscillation Parameters

3 model parameters:  t,  s,  !L

circa 2006, at 1 sigma:

∆m2
32 = (2.4± 0.3)× 10−3 eV2

∆m2
21 = (7.9± 0.4)× 10−5 eV2

sin2 θ23 > 0.9
0.4 < tan2 θ12 < 0.509

sin2 θ13 < 0.16

--model parameters: t, s, alpha_L

! 

post " Neutrino2004 : (1# )

$matm

2 = (1.9 " 3.0) %10"3eV 2
,

$msol

2
= (7.9 " 8.5) %10

"5
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sin
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tan
2
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Results

• predict small θ13

• in large Jcp regime:
strong correlation between Jcp and <mee>

• Jcp:  (0 - 10-3)

• <mee>:  (10-4 ~ 10-2) eV; current limit ~ 0.1 eV

M.-C.C & Mahanthappa, Phys. Rev. D71, 035001 (2005)
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FIG. 4: Correlation between the matrix element of neutrinoless double beta decay, 〈mee〉, and the leptonic

Jarlskog invariant in Model I.
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• symmetry between 2nd & 4th 
quadrants

• in large Jcp regime:
strong correlation between 

Jcp and ∆ε’
• total amount of lepton number 

asymmetry

• no wash-out
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Flavor Ansatz II

• assume Dirac neutrino mass matrix ~ up quark mass matrix

• bi-large neutrino mixing can be accommodated with

• may arise from (Le - Lμ - Lτ) horizontal symmetry

• inverted hierarchy

• deviation from maximal atmospheric mixing sizable

• Leptonic CPV: 
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sin αL, the plot has a reflection symmetry in the second and the forth quadrants. This is not

surprising as both ∆ε′ and JCP are proportional to sin αL. And similar to Fig. 4, a large value for

JCP implies a large value for ∆ε′, in the region when |JCP| > 0.0005. To generate the observed

amount of the baryon asymmetry of the Universe (BAU), nb/se ∼ 10−10, where nb and se are

respectively the baryon number and entropy, requires the lepton number asymmetry εtotal to be of

the order of 10−8. As the parameter s = q2/2β is of order O(102 ∼ 103), if q assumes a natural value

∼ 1, β is roughly O(10−2 ∼ 10−3). This leads to a total lepton number asymmetry ε total = β∆ε′ of

order O(10−4 ∼ 10−5), sufficient to generate the observed BAU. We note that an amount of lepton

number asymmetry εtotal ∼ 10−8 corresponds to a leptonic Jarlskog invariant |JCP| ∼ 10−5. A value

of β in the range of (10−2 ∼ 10−3) corresponds to a SU(2)R breaking scale of vR ∼ (1012 − 1013)

GeV. And, due to the fact that the hierarchy in the Majorana mass matrices is small, the mass of

the lighest RH neutrino M1 is lighter than vR only by about one order of magnitude. The scale of

vR in our model is consistent with the bounds given in Ref. [20].

B. Model II

Assuming the type-II see-saw term, fijvL, has the following form,

fij =











A B −B

B D + A
2 D − A

2

−B D − A
2 D + A

2











. (40)

where

A =
1

2

(

f0
1 + f0

2

)

, B =
1

2
√

2

(

f0
2 − f0

1

)

, D =
1

2
f0
3 , (41)

with f0
1,2,3 being the eigenvalues of the matrix f . This matrix gives rise to exactly bi-maximal

mixing pattern, and a vanishing value for |Ue3|. Adding the conventional type-I see-saw term,

M I
ν = −

vL

βv2

(

MT
Df−1MD

)

≡ −svL

(

P T f−1P
)

q2
, (42)

where s = q2/β in this case, gives rise to a deviation from maximal solar mixing, and a non-

vanishing value for |Ue3|. The (33) element of MD dominates the Dirac neutrino mass matrix.

Hence if we set mu = mc = 0 in the matrix Pij , the conventional type-I see-saw mass term

contributes only to the (33) element in the total effective neutrino mass matrix; this contribution

called x is given by x = s
4

(

1
f0
1

+ 1
f0
2

+ 2
f0
3

)

. In this approximation, the Jarlskog invariant, JCP, can
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FIG. 8: Correlation between the leptonic Jarlskog invariant and the deviation of the atmospheric mixing

angle sin2 2θatm from 1 in Model II. The shaded area in cyan (light shade) is the full allowed region, while

the area in red (dark shade) corresponds to f0
1 = 0.00424.
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FIG. 10: Correlation between the amount of leptogenesis and the leptonic Jarlskog invariant in Model

II. The shaded area in cyan (light shade) is the full allowed region, while the area in red (dark shade)

corresponds to f0
1 = 0.00424.
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FIG. 9: Correlation between the matrix element of neutrinoless double beta decay, 〈mee〉, and the leptonic

Jarlskog invariant in Model II. The shaded area in cyan (light shade) is the full allowed region, while the

area in red (dark shade) corresponds to f0
1 = 0.00424.
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Scalar Potential

• scalar potential

Low Scale Seesaw

• scalar potential

• minimization conditionsMinimization of this scalar potential leads to the following relations,

(2ρ1 − ρ3)vRvL = β1κκ′ cos(αL − ακ′) + β2κ
2 cos αL + β3κ

′ 2 cos(αL − 2ακ′) , (A5)

0 = β1κκ′ sin(αL − ακ′) + β2κ
2 sin αL + β3κ

′ 2 sin(αL − 2ακ′) , (A6)

0 = vRvL

[
2κκ′(β2 + β3) sin(αL − ακ′) + β1

[
κ2 sin αL + κ′ 2 sin(αL − 2ακ′)

]]

+κκ′ sinακ′

[
α3(v

2
L + v2

R) + (4λ3 − 8λ2)(κ
2 − κ′ 2)

]
. (A7)
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APPENDIX A: SCALAR POTENTIAL

The complete scalar potential of this model is given by [10, 20]

V = VΦ + V∆ + VΦ∆ , (A1)

where

VΦ = −µ2Tr(Φ†Φ) − µ2
2

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]
(A2)

+λ1
[
Tr(ΦΦ†)
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+ λ2
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Tr(Φ̃Φ†)
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+λ3
[
Tr(Φ̃Φ†)Tr(Φ̃†Φ)
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+ λ4
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Tr(Φ̃Φ†) + Tr(Φ̃†Φ)
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,

V∆ = −µ2
3

[
Tr(∆L∆†

L) + ∆R∆†
R)

]
+ ρ1

[[
Tr(∆L∆†

L)
]2

+
[
Tr(∆R∆†

R)
]2
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[
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L∆†
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R∆†
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[
Tr(∆L∆†

L)Tr(∆R∆†
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Tr(∆L∆L)Tr(∆†

R∆†
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L∆†
L)Tr(∆R∆R)
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Tr(ΦΦ†)

[
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[
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APPENDIX A: SCALAR POTENTIAL
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Scalar Potential

• minimization conditions

• CP phase in quark sector:  3rd condition

                     ⇒ suppressed by high υR 

• CP phase in lepton sector:  αL

⇒ tuning of O(κ’/κ) ~ (mb/mt) ~ 0.01 (from FCNC constraints),  

αL ~ O(1) can be generated

Low Scale Seesaw

• scalar potential

• minimization conditionsMinimization of this scalar potential leads to the following relations,

(2ρ1 − ρ3)vRvL = β1κκ′ cos(αL − ακ′) + β2κ
2 cos αL + β3κ

′ 2 cos(αL − 2ακ′) , (A5)

0 = β1κκ′ sin(αL − ακ′) + β2κ
2 sin αL + β3κ

′ 2 sin(αL − 2ακ′) , (A6)

0 = vRvL

[
2κκ′(β2 + β3) sin(αL − ακ′) + β1

[
κ2 sin αL + κ′ 2 sin(αL − 2ακ′)

]]

+κκ′ sinακ′

[
α3(v

2
L + v2

R) + (4λ3 − 8λ2)(κ
2 − κ′ 2)

]
. (A7)
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• scalar potential
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APPENDIX A: SCALAR POTENTIAL

The complete scalar potential of this model is given by [10, 20]

V = VΦ + V∆ + VΦ∆ , (A1)

where

VΦ = −µ2Tr(Φ†Φ) − µ2
2

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]
(A2)

+λ1
[
Tr(ΦΦ†)

]2
+ λ2

[[
Tr(Φ̃Φ†)

]2
+ Tr(Φ̃†Φ)

]2
]

+λ3
[
Tr(Φ̃Φ†)Tr(Φ̃†Φ)

]
+ λ4

[
Tr(ΦΦ†)

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]]
,

V∆ = −µ2
3

[
Tr(∆L∆†

L) + ∆R∆†
R)

]
+ ρ1

[[
Tr(∆L∆†

L)
]2

+
[
Tr(∆R∆†

R)
]2

]
(A3)

+ρ2

[
Tr(∆L∆L)Tr(∆†

L∆†
L) + Tr(∆R∆R)Tr(∆†

R∆†
R)

]

+ρ3
[
Tr(∆L∆†

L)Tr(∆R∆†
R)

]
+ ρ4

[
Tr(∆L∆L)Tr(∆†

R∆†
R) + Tr(∆†

L∆†
L)Tr(∆R∆R)

]
,

VΦ∆ = α1

[
Tr(ΦΦ†)

[
Tr(∆L∆†

L) + Tr(∆R∆†
R)

]]
(A4)

+α2
[
Tr(ΦΦ̃†)Tr(∆R∆†

R) + Tr(Φ†Φ̃)Tr(∆L∆†
L)

]]

+α∗
2

[
Tr(Φ†Φ̃)Tr(∆R∆†

R) + Tr(Φ̃†Φ)Tr(∆L∆†
L)

]]

+α3
[
Tr(ΦΦ†∆L∆†

L) + Tr(Φ†Φ∆R∆†
R)

]
+ β1

[
Tr(Φ∆RΦ†∆†

L) + Tr(Φ†∆LΦ∆†
R)

]

+β2
[
Tr(Φ̃∆RΦ†∆†

L) + Tr(Φ̃†∆LΦ∆†
R)

]
+ β3

[
Tr(Φ∆RΦ̃†∆†

L) + Tr(Φ†∆LΦ̃∆†
R)

]
.

13

Acknowledgments

We thank Gabriela Barenboim and Uli Nierste for discussion. Fermilab is operated by Universi-

ties Research Association Inc. under Contract No. DE-AC02-76CH03000 with the U.S. Department

of Energy. The work of KTM was supported, in part, by the Department of Energy under Grant

no. DE-FG03-95ER40892. M-CC acknowledges Aspen Center for Physics, where part this work

was done, for its hospitality and for providing a intellectually stimulating atmosphere.

APPENDIX A: SCALAR POTENTIAL

The complete scalar potential of this model is given by [10, 20]

V = VΦ + V∆ + VΦ∆ , (A1)

where

VΦ = −µ2Tr(Φ†Φ) − µ2
2

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]
(A2)

+λ1
[
Tr(ΦΦ†)

]2
+ λ2

[[
Tr(Φ̃Φ†)

]2
+ Tr(Φ̃†Φ)

]2
]

+λ3
[
Tr(Φ̃Φ†)Tr(Φ̃†Φ)

]
+ λ4

[
Tr(ΦΦ†)

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]]
,

V∆ = −µ2
3

[
Tr(∆L∆†

L) + ∆R∆†
R)

]
+ ρ1

[[
Tr(∆L∆†

L)
]2

+
[
Tr(∆R∆†

R)
]2

]
(A3)

+ρ2

[
Tr(∆L∆L)Tr(∆†

L∆†
L) + Tr(∆R∆R)Tr(∆†

R∆†
R)

]

+ρ3
[
Tr(∆L∆†

L)Tr(∆R∆†
R)

]
+ ρ4

[
Tr(∆L∆L)Tr(∆†

R∆†
R) + Tr(∆†

L∆†
L)Tr(∆R∆R)

]
,

VΦ∆ = α1

[
Tr(ΦΦ†)

[
Tr(∆L∆†

L) + Tr(∆R∆†
R)

]]
(A4)

+α2
[
Tr(ΦΦ̃†)Tr(∆R∆†

R) + Tr(Φ†Φ̃)Tr(∆L∆†
L)

]]

+α∗
2

[
Tr(Φ†Φ̃)Tr(∆R∆†

R) + Tr(Φ̃†Φ)Tr(∆L∆†
L)

]]

+α3
[
Tr(ΦΦ†∆L∆†

L) + Tr(Φ†Φ∆R∆†
R)

]
+ β1

[
Tr(Φ∆RΦ†∆†

L) + Tr(Φ†∆LΦ∆†
R)

]

+β2
[
Tr(Φ̃∆RΦ†∆†

L) + Tr(Φ̃†∆LΦ∆†
R)

]
+ β3

[
Tr(Φ∆RΦ̃†∆†

L) + Tr(Φ†∆LΦ̃∆†
R)

]
.

13

Acknowledgments

We thank Gabriela Barenboim and Uli Nierste for discussion. Fermilab is operated by Universi-

ties Research Association Inc. under Contract No. DE-AC02-76CH03000 with the U.S. Department

of Energy. The work of KTM was supported, in part, by the Department of Energy under Grant

no. DE-FG03-95ER40892. M-CC acknowledges Aspen Center for Physics, where part this work

was done, for its hospitality and for providing a intellectually stimulating atmosphere.

APPENDIX A: SCALAR POTENTIAL

The complete scalar potential of this model is given by [10, 20]

V = VΦ + V∆ + VΦ∆ , (A1)

where

VΦ = −µ2Tr(Φ†Φ) − µ2
2

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]
(A2)

+λ1
[
Tr(ΦΦ†)

]2
+ λ2

[[
Tr(Φ̃Φ†)

]2
+ Tr(Φ̃†Φ)

]2
]

+λ3
[
Tr(Φ̃Φ†)Tr(Φ̃†Φ)

]
+ λ4

[
Tr(ΦΦ†)

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]]
,

V∆ = −µ2
3

[
Tr(∆L∆†

L) + ∆R∆†
R)

]
+ ρ1

[[
Tr(∆L∆†

L)
]2

+
[
Tr(∆R∆†

R)
]2

]
(A3)

+ρ2

[
Tr(∆L∆L)Tr(∆†

L∆†
L) + Tr(∆R∆R)Tr(∆†

R∆†
R)

]

+ρ3
[
Tr(∆L∆†

L)Tr(∆R∆†
R)

]
+ ρ4

[
Tr(∆L∆L)Tr(∆†

R∆†
R) + Tr(∆†

L∆†
L)Tr(∆R∆R)

]
,

VΦ∆ = α1

[
Tr(ΦΦ†)

[
Tr(∆L∆†

L) + Tr(∆R∆†
R)

]]
(A4)

+α2
[
Tr(ΦΦ̃†)Tr(∆R∆†

R) + Tr(Φ†Φ̃)Tr(∆L∆†
L)

]]

+α∗
2

[
Tr(Φ†Φ̃)Tr(∆R∆†

R) + Tr(Φ̃†Φ)Tr(∆L∆†
L)

]]

+α3
[
Tr(ΦΦ†∆L∆†

L) + Tr(Φ†Φ∆R∆†
R)

]
+ β1

[
Tr(Φ∆RΦ†∆†

L) + Tr(Φ†∆LΦ∆†
R)

]

+β2
[
Tr(Φ̃∆RΦ†∆†

L) + Tr(Φ̃†∆LΦ∆†
R)

]
+ β3

[
Tr(Φ∆RΦ̃†∆†

L) + Tr(Φ†∆LΦ̃∆†
R)

]
.

13

Acknowledgments

We thank Gabriela Barenboim and Uli Nierste for discussion. Fermilab is operated by Universi-

ties Research Association Inc. under Contract No. DE-AC02-76CH03000 with the U.S. Department

of Energy. The work of KTM was supported, in part, by the Department of Energy under Grant

no. DE-FG03-95ER40892. M-CC acknowledges Aspen Center for Physics, where part this work

was done, for its hospitality and for providing a intellectually stimulating atmosphere.

APPENDIX A: SCALAR POTENTIAL

The complete scalar potential of this model is given by [10, 20]

V = VΦ + V∆ + VΦ∆ , (A1)

where

VΦ = −µ2Tr(Φ†Φ) − µ2
2

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]
(A2)

+λ1
[
Tr(ΦΦ†)

]2
+ λ2

[[
Tr(Φ̃Φ†)

]2
+ Tr(Φ̃†Φ)

]2
]

+λ3
[
Tr(Φ̃Φ†)Tr(Φ̃†Φ)

]
+ λ4

[
Tr(ΦΦ†)

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]]
,

V∆ = −µ2
3

[
Tr(∆L∆†

L) + ∆R∆†
R)

]
+ ρ1

[[
Tr(∆L∆†

L)
]2

+
[
Tr(∆R∆†

R)
]2

]
(A3)

+ρ2

[
Tr(∆L∆L)Tr(∆†

L∆†
L) + Tr(∆R∆R)Tr(∆†

R∆†
R)

]

+ρ3
[
Tr(∆L∆†

L)Tr(∆R∆†
R)

]
+ ρ4

[
Tr(∆L∆L)Tr(∆†

R∆†
R) + Tr(∆†

L∆†
L)Tr(∆R∆R)

]
,

VΦ∆ = α1

[
Tr(ΦΦ†)

[
Tr(∆L∆†

L) + Tr(∆R∆†
R)

]]
(A4)

+α2
[
Tr(ΦΦ̃†)Tr(∆R∆†

R) + Tr(Φ†Φ̃)Tr(∆L∆†
L)

]]

+α∗
2

[
Tr(Φ†Φ̃)Tr(∆R∆†

R) + Tr(Φ̃†Φ)Tr(∆L∆†
L)

]]

+α3
[
Tr(ΦΦ†∆L∆†

L) + Tr(Φ†Φ∆R∆†
R)

]
+ β1

[
Tr(Φ∆RΦ†∆†

L) + Tr(Φ†∆LΦ∆†
R)

]

+β2
[
Tr(Φ̃∆RΦ†∆†

L) + Tr(Φ̃†∆LΦ∆†
R)

]
+ β3

[
Tr(Φ∆RΦ̃†∆†

L) + Tr(Φ†∆LΦ̃∆†
R)

]
.

13

where the parameter β is,

β ∼ β′ · Max
{
ω|Q(∆R)−Q(∆L)−2Q(Φ)|, rω|Q(∆R)−Q(∆L)|, r2ω|Q(∆R)−Q(∆L)+2Q(Φ)|

}
, (9)

followed directly from Eq. A5. The parameter β′ in the equation above is a function of O(1)

parameters (β1,2,3, ρ1,3) in the scalar potential.

From Eq. A7, it can be seen immediately that the phase ακ′ scales as sin ακ′ ∼ (β/α3)(vL/vR).

Because the LR breaking scale vR is much lowered, it may appear at the first glance that the

presence of this additional U(1)H symmetry could alleviate the fine-tuning that is needed in order

to generate a sizable value for ακ′ as pointed out previously [10] . This turns out not to be the

case as the proportionality constant between ακ′ and vL/vR is also suppressed. We emphasize,

however, that there is no such fine-tuning needed in order to generate a large phase αL in the

lepton sector, regardless of the scale of vR [11]. The fine-tuning can be alleviated by having extra

dimensions in which the seesaw scale vR is lowered to the electroweak scale due to the warped

geometry [12], or by having an additional singlet scalar field [13]. We leave these possibilities for

further investigation in a later paper.

The Yukawa interactions in the lepton sector are described by,

L
"
Y uk = Li,L(PijΦ + RijΦ̃)Lj,R + ifij(L

T
i,LCτ2∆LLj,L + LT

i,RCτ2∆RLj,R) + h.c. (10)

Due to the U(1)H symmetry, various mass matrices in the lepton sector are also suppressed by

powers of ω. The charged lepton mass matrix now reads,

Me = Pijκ′eiακ′ω|Q(LL)−Q(LR)−Q(Φ)| + Rijκω|Q(LL)−Q(LR)+Q(Φ)| (11)

and the neutrino Dirac mass matrix becomes,

MνD
= Pijκω|Q(LL)−Q(LR)−Q(Φ)| + Rijκ

′e−iακ′ω|Q(LL)−Q(LR)+Q(Φ)| . (12)

Due to the presence of the left-right parity, a Majorana mass term for the LH neutrinos must be

present. The two Majorana mass terms are proportional to one another and are given by,

MRR
ν = fijvRω|Q(∆R)+2Q(LR)| , MLL

ν = fijvLeiαLω|Q(∆L)+2Q(LL)| . (13)

Similarly, the Yukawa interactions in the quark sector,

L
q
Y uk = Qi,L(FijΦ + GijΦ̃)Qj,R , (14)
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• induced triplet VEV

• U(1) charge assignment consistent with LR symmetry:

In order to have a prediction for the electron EDM accessible to the next generation of experi-

ments, de
<∼ 10−32 e-cm [16], the SU(2)R breaking scale vR thus cannot be much higher than the

weak scale. For the (ee) element of the neutrino Dirac mass term |(MνD
)ee| of the order of the

electron mass ∼ 1 MeV, the required scale for vR has to be around ∼ O(105−6 GeV). Such a low

SU(2)R breaking scale can be obtained with the following U(1)H charge assignments:

Q(Φ) = −Q(Φ̃) = 2 , Q(∆L) = −Q(∆R) = 4 , Q(LL) = −Q(LR) = −2 , (34)

and r = ω2 with ω = 0.1. These charge assignments lead to the following dominant contributions

to the mass matrices,

vLvR # β′κ2ω8 , (35)

Me # Rijκω2 + O(ω6) , (36)

MνD
# Rijκe−iακ′ω4 + O(ω6) , (37)

MLL
ν = fijvLeiαL , MRR

ν = fijvR . (38)

The VEV vL which is compatible with the experimental observed mass squared differences in

neutrino oscillation is of the order of ∼ (0.01− 0.1) eV. This scale can be generated with vR ∼ 106

GeV. The effective neutrino mass matrix is then given by,

Meff
ν = MLL

ν − MνD
(MRR

ν )−1MT
νD

(39)

= vL

[
fije

iαL − sRijf
−1
ij RT

ije
−2iακ′

]
.

where s is the proportionality constant 1/β′ [1]. Under these charge assignments, the terms pro-

portional to Rij in the charged lepton mass matrix and the neutrino Dirac mass matrix dominates.

Thus the Yukawa coupling for the neutrino Dirac mass matrix is determined once the charged

lepton mass matrix is known. This also allows the connection between CP violation in the quark

sector, which is dictated solely by the phase ακ′ , and CP violation in the lepton sector. The leptonic

mixing matrix is obtained by diagonalizing the effective neutrino mass matrix, Meff
ν . As both ακ′

and αL now appear in Meff
ν , the leptonic CP phases, δ, α12 and α13, as defined in Ref. [1], are

thus functions of both of these two phases.
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away, reducing the number to two, ακ′ and αL, as chosen in the VEV of the three fields,

Φ =



 κ 0

0 κ′eiακ′



 , ∆L =



 0 0

vLeiαL 0



 , ∆R =



 0 0

vR 0



 , (1)

where v2 = |κ|2 + |κ′|2 ! 2M2
W /g2 ! (174 GeV)2 with MW being the mass of the W gauge boson

and g being the SU(2)L gauge coupling constant. To satisfy the constraints on flavor changing

neutral currents, the ratio of the bi-doublet VEV’s, r ≡ κ′/κ, has to be r <∼ mb/mt.
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is imposed in the lepton sector [8]. The U(1)H symmetry is broken by the VEV of a scalar field

S, which has U(1)H charge Q(S) = +1 and is a singlet under the LR symmetry group. Due

to the U(1)H symmetry, many of the interactions can now appear only as higher dimensional

non-renormalizable operators that couple to the scalar field S. After integrating out the field

S, these interactions are suppressed by some powers of a small parameter ω ≡ 〈S〉 /MS , where

MS is the mass of the field S. We indicate the U(1)H charge of the field f as Q(f), where
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lepton (quark) doublets, respectively. To illustrate the dependence on the mixing angle, we further
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Thus this U(1)H symmetry is crucial only for lowering the seesaw scale, but irrelevant for the

observed flavor mixing (For a review on how the observed mixing angles can be accounted for
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(µ2
2, λ4, α2) → ω2|Q(Φ)|(µ2

2, λ4, α2) , (2)

λ2 → ω4|Q(Φ)|λ2 , (3)

β1 → ω|Q(∆R)−Q(∆L)|β1 , (4)

β2 → ω|Q(∆R)−Q(∆L)−2Q(Φ)|β2 , (5)
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vL ! β
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vR
, (8)
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‘quark’ phase #$’ now affect leptonic CPV at dominant order
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Electron EDMEDM of the Electron
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FIG. 1: One-loop diagram in minimal LR model that contribute to the electron EDM: (a) Diagram shown

with particle in their mass eigenstates; (b) Diagram shown with particles in the weak charged current

interaction eigenstates.
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Here, Ma (for a = 1, 2) are masses of the two W boson masses, and mj are the neutrino masses.

The loop integral I1(x, y) is given by,
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where the function Fn(x, y) (for n = 1, 2, 3) is defined as,
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mixing between 
WL and WR

!R ~ 106 GeV ⇒ de ~ 10-32 e-cm can be obtained 
(within reach of next generation of experiments)
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FIG. 3: The electron EDM de versus lepton number asymmetry ∆ε′. The red dots (darker shade) correspond

to αL = 0.
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Figure 8: Efficiency η of leptogenesis in the SM, assuming zero (dashed red line),
thermal (continuous blue line) or dominant (long dashed green line) initial N1 abundancy.
Upper plots: η as function of m̃1 (renormalized at mN1

) for mN1
= 1010 GeV. Lower plots:

contours of η(m̃1, mN1
) = 10−6,−5,...,0,1. In the shaded regions the neutrino Yukawa couplings

are non-perturbative.

keep N1 so close to thermal equilibrium that η does not depend on the unknown initial N1

abundancy (similarly, an eventual pre-existing lepton asymmetry would be washed out if
N1 Yukawa couplings act on all flavours).

At smaller m̃1 the efficiency η depends on the initial N1 abundancy, ranging between
the limiting cases (0) and (∞), as illustrated by the gray band in fig. 8. As expected, the
maximal value of η ∼ g∗ is reached at m̃1 ∼ m̃∗

1 ≡ 256
√

g∗v2/3MPl = 2.2 × 10−3 eV in
case (∞). In such a case, η decreases at m̃1 & m̃∗

1, because N1 decays out-of-equilibrium
at temperature TN1

RH ∼ mN1

√

m̃1/m̃∗
1 & mN1

so that N1 reheating washes out some lepton
asymmetry. In more physical terms, the particles H, L emitted in N1 decays have energy
larger than the temperature T , and split up in ∼ mN1

/TN1

RH particles without correspond-
ingly increasing the lepton asymmetry, so that η ∼ g∗

√

m̃∗
1/m̃1.

When m̃1 <∼ 10−6 eV, N1 reheating starts to be significant even in case (1) giving η < 1.
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Giudice, Notari, Raidal, Riotto & Strumia,
Nucl. Phys. B685, 89 (2004)

Leptogenesis

ε = ε∆L ∼ 10−8∆ε′ ∼ O(10−9)

given in terms of the ratio of the baryon number nb to entropy s, as,

nb

s
! −

24 + 4nH

66 + 13nH
ε η Y

eq
N1

(T # M1) , (47)

where Y
eq
N1

(T # M1) = 135ζ(3)/(4π4g∗) with g∗ being the number of spin-degrees of freedom

in thermal equilibrium. The coefficient (24 + 4nH)/(66 + 13nH), where nH is the number of

Higgs doublets, is the fraction of the B − L asymmetry that is converted into the baryon number

asymmetry. For g∗ = 106.75 as in the SM case and nH = 2, the final asymmetry is given by,

nb/s ! −1.38 × 10−3 ε η. The efficiency factor η measures the the number density of the right-

handed neutrinos with respect to the equilibrium value, the out-of-equilibrium condition at the

decay as well as the thermal corrections to the asymmetry. It is obtained by solving the Boltzmann

equations, and depends on the effective mass,

m̃ ≡
(MDM

†
D)11

M1
, (48)

as well as the mass of the lightest right-handed neutrino, M1. The BBN and WMAP measurements

imply that nb/s = (0.87 ± 0.04) × 10−10, assuming standard ΛCDM cosmological model [18].

We search the allowed parameter space for (t, s,ακ′ ,αL) that satisfy the 1σ limits for the

oscillation parameters [19]: ∆m2
23 = (2.4 ± 0.3) × 10−3 eV2, ∆m2

12 = (7.9 ± 0.4) × 10−5 eV2,

sin2 2θ23 > 0.9, and 0.4 < tan2 θ12 < 0.509. Using the allowed parameter space, the predictions for

various CP violating processes can then be made. In Fig. 3, the correlation between the electron

EDM and the amount of lepton number asymmetry ∆ε′ is shown. For αL = 0, all CP violation in

both the quark and lepton sectors depends on only one phase, ακ′ . One thus find a very strong

correlation between de and ε as these two physical observables are proportional to each other. In

Fig. 4 the JCP dependence on the lepton number asymmetry, ε, and in the electron EDM, de, is

shown. For αL = 0, one finds a reflection symmetry between the first and the forth quadrants as ε,

JCP and de are proportional to sin ακ′ in this case. In Fig. 5, the correlation between the leptonic

Jarlskog JCP and the matrix element for neutrinoless double beta decay 〈m0νββ〉ee is shown. It is

found that the correlation is independent of whether αL vanishes or not. This exhibits the fact that

the neutrinoless double beta decay depends on the the Majorana phases while JCP depends on the

Dirac phase and that all three low energy leptonic CP phases δ, α12 and α13 ranging from 0 to 2π

can be generated irrespective of whether ακ′ vanishes or not. In Fig. 6, the correlation between

the lepton number asymmetry and the |Ue3| element in the leptonic mixing matrix is given. The

prediction for |Ue3| ranges from 0.01 to the current upper bound, 0.16, even though most of the

allowed parameter space for (t, s, ακ′ , αL) gives rise to predictions that range between 0.01 and
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TeV Scale Seesaw with U(1)NA

• SM × U(1)NA + N νR

• U(1)NA broken by <ϕ>

• forbid usual dim-4 (Dirac) & dim-5 (HHLL) operators for neutrino mass

• neutrino masses generated by operators with high dimensionality

• charges of different fermions related through anomaly cancellation 
conditions ⇒ predict flavor mixing

TeV Scale Seesaw with U(1)NA

• SM x U(1)NA + 3 !R:   charged under U(1)NA symmetry , which is 

broken by <!>

• U(1)NA forbids usual dim-4 Dirac operator and dim-5 Majorana operator

• neutrino masses generated by very high dimensional operators

• anomaly cancellations: charge of different families of fermions related 

=> predict flavor mixing

• Through couplings to Z’: can probe neutrino sector at colliders

M.-C.C,  A. de Gouvea, B. Dobrescu 
Phys. Rev. D75, 055009 (2007)
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Fig. 3. Schematic diagrams for Froggatt-Nielsen mechanism. Here a and b are the family indices.
(χ, χ) are the vector-like Froggatt-Nielsen fields. Figure (a): The tree level diagram generating
the mass of the third family is given; (b): The mass of the lighter matter fields generated by this
diagram is ∼ O((<θ>

M
)2); (c): Higher order diagrams generate mass ∼ O((<θ>

M
)n).

lighter matter fields are produced by higher dimensional interactions involving, in
addition to the regular Higgs fields, exotic vector-like pairs of matter fields and the
so-called flavons (flavor Higgs fields). Schematic diagrams for these interactions are
shown in Fig.3. After integrating out superheavy vector-like matter fields of mass
M , the mass terms of the light matter fields get suppressed by a factor of <θ>

M ,
where < θ > is the VEVs of the flavons and M is the UV-cutoff of the effective
theory above which the flavor symmetry is exact. When the family symmetry is
exact, only the (33) entry is non-zero. When the family symmetry is spontaneously
broken, the zero entries will be filled in at some order O(<θ>

M ). Suppose the family
symmetry allows only the (23) and (32) elements at order O(<θ>

M ),




0 0 0
0 0 0
0 0 1



 SSB

−→




0 0 0
0 0 <θ>

M

0 <θ>
M 1



 . (15)

Then a second fermion mass is generated at order O((<θ>
M )2) after the family

symmetry is spontaneous broken. The fermion mass hierarchy thus arises.
To illustrate how the Froggatt-Nielsen mechanism works, suppose there is a

vector-like pair of matter fields (χ⊕χ) with mass M and carrying the same quantum
numbers as ψR under the vertical gauge group (e.g. SM or SO(10)), but different
quantum numbers under the family symmetry. It is therefore possible to have a
Yukawa coupling yχψLH where H is the SM doublet Higgs if the family symmetry
permits such a coupling. In addition, there is a gauge singlet θ which transforms
non-trivially under the family symmetry. Suppose the coupling y

′

ψRχθ is allowed
by the family symmetry, we then obtain the following seesaw mass matrix, upon H
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M.-C.C, de Gouvea, Dobrescu 
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Non-anomalous U(1) at TeV

• SM expanded by non-anomalous U(1)! with N RH neutrinos

• six anomaly cancellation conditions

• [SU(3)c]2U(1)! 

• [SU(2)L]2U(1)!

• [U(1)Y]2U(1)!

• U(1)Y[U(1)!]2

• U(1)! gauge-gravitational anomaly

• [U(1)!]3   ⇒ cubic equation

• forbid dim-4 (Dirac) and dim-5 (HHLL) operators; neutrino 
masses generated by operators with higher dimensionality

M.-C. C, A. de Gouvea & B. Bobrescu, hep-ph/0612017
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“Leptocratic” Model“Leptocratic” Model

• with N=3 RH neutrinos, rational solutions for charges

• UV cutoff is at ~ a TeV

• quark charges flavor blind; lepton charges flavor dependent

• neutrinos can either be Dirac (only Dirac masses are 
allowed) or Majorana (Dirac, LH Majorana and RH 
Majorana masses are all allowed)

• bi-large mixing pattern can arise

• exist light quasi-sterile neutrinos, might be relevant for 
cosmology

• coupling to Z’ : probing neutrino sector at colliders 



TeV Scale Seesaw with U(1)NA

• through couplings to Z’: can probe neutrino sector at colliders

generation dependent lepton chargesM.-C. Chen 8
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FIG. 2: Ratios of the branching fractions of various Z ′ decay modes in a class of TeV scale seesaw
models characterized by the U(1)′ charge parameter azφ proposed in [C22]. Work in progress.

3. Implications for Collider Phenomenology and Cosmology

The imminent commissioning of the LHC will soon allow us to explore physics at the TeV
scale and to establish the mechanism for electroweak symmetry breaking. The search for
new particles, such as Z ′, W ′ and exotic scalar fields, at the LHC, may also unveil properties
of the flavor sector. In addition, the LHC provides an abundant source of τ ’s which can
be used to search for lepton flavor violation. With first three years of low luminosity runs,
the current bounds on the LFV can already be improved by an order of magnitude. I am
currently investigating the collider signatures through the decay of Z ′ in a class of TeV
scale seesaw models.

Neutrino oscillations open up the possibility that CP violation in lepton sector may be
responsible for the matter asymmetry of the Universe, through leptogenesis. There have
been many attempts made to connect leptogenesis to low energy CP violating observables,
which is generally not possible due to the presence of parameters in RH neutrino sector. I
pointed out that in minimal left-right symmetric model with spontaneous CP violation, a
strong connection between leptogenesis and low energy leptonic CP violating processes can
be established [C10]. In addition, I have found that CP violation in the quark and lepton
sector can also be connected [C20]. I will next investigate the effects of flavor and quantum
Boltzmann equations in leptogenesis.

In the class of TeV scale neutrino models [C22] I proposed, the U(1)′ symmetry is
spontaneously broken at around the weak scale. The existence of a new, heavy neutral
gauge bosons, Z ′, at the TeV scale is thus anticipated. It can be produced at the LHC
copiously, assuming that the gauge coupling is not much smaller than unity [36], and can
show up as resonance at the ILC. I am currently investigating the capability of the LHC
to measure the U(1)′ charges of the SM fermions through the decay channel Z ′ → "+"−. I



Other Attempts

• SM + D0 (vectorial quark) + S (singlet scalar)

• SCPV in SO(10):

• no symmetry reason why <S> is the only complex VEV

Branco, Parada, Rebelo (2003)

Achiman (2004)

2

II. THE MODEL

We add to the SM the following fields: a singlet charge
− 1

3
vectorial quark D0, three righthanded neutrino fields

ν0
R (one per generation) and a neutral scalar singlet field,

S. We impose a Z4 symmetry, under which the fields
transform in the following manner:

D0 → −D0, S → −S

ψ0
l → iψ0

l , e0
R → ie0

R, ν0
R → iν0

R (1)

where ψl
0 denotes the lefthanded lepton doublets, while

e0
R, ν0

R stand for the righthanded charged lepton and neu-
trino singlets, respectively. All other fields remain invari-
ant under the Z4 symmetry. Furthermore, we impose
CP invariance on the Lagrangean, thus constraining all
Yukawa couplings to be real. In any weak basis (WB)
the Yukawa terms can be written as:

LY = Lq + Ll (2)

Lq = ψ0
qGuφ u0

R + ψ0
qGdφ̃ d0

R +

+(fqS + fq
′S∗)D0

Ld0
R + M̃D0

LD0
R + h.c. (3)

Ll = ψ0
l Glφ e0

R + ψ0
l Gν φ̃ ν0

R +

1

2
ν0T

R C(fνS + +fν
′S∗)ν0

R + h.c. (4)

Here ψ0
q , u0

R, and d0
R are the SM quark fields, and

φ is the SM Higgs doublet. Notice that an addi-
tional bare mass term of the form M̃D0

LD0
R was in-

cluded in Lq. This term is both gauge and Z4 in-
variant and is present in the Lagrangean together with
the mass terms arising from the Yukawa interactions
upon SU(2) × U(1) × Z4 symmetry breaking. The
scalar potential will contain terms in φ and S with
no phase dependence, together with terms of the form
(µ2 + λ1S∗S + λ2φ†φ)(S2 + S∗2) + λ3(S4 + S∗4) which,
in general, lead to the spontaneous breaking of T and
CP invariance [13] with φ and S acquiring vacuum ex-
pectation values (vevs) of the form:

〈φ0〉 =
v√
2
, 〈S〉 =

V exp(iα)√
2

(5)

III. THE HADRONIC SECTOR

A crucial aspect of this model is the fact that the phase
α ≡ arg〈S〉 arising at a high energy scale does generate at
low energies a CP violating phase δKM in the 3×3 sector
of the mixing matrix connecting standard quarks. In this
respect, the presence of the vector-like quark D0 plays
a crucial rôle, since it is through the couplings (fqS +

fq
′S∗)D0

Ld0
R that the phase α appears in the effective

mass matrix for the down standard-like quarks. Without
loss of generality, one may choose to work in a weak basis
where the up quark mass matrix is diagonal. In this basis,
it can be readily shown [14] that the 3×3 VCKM matrix,

mixing the standard quarks in the charged weak current
is obtained through the following relations:

VCKM
−1 h VCKM = d2 (6)

h ≡ m0
dm

0
d

† − (m0
dMD

†MD m0
d

†
)/M

2
(7)

where d2 = diag(m2
d, m

2
s, m

2
b), m0

d = v√
2

Gd, M
2

=

MDMD
† + M̃2 and MD = V√

2
(f q

+ cos(α) + if q
− sin(α)),

with f± ≡ fq ± fq
′.

It is clear from Eqs. (6), (7) that the phase δKM ,
generated through spontaneous CP violation is not sup-
pressed by factors of v

V
. Note that we are assuming that

the mass terms (MD)j are of the same order of magnitude
as M̃ . This is a reasonable assumption since both terms
are SU(2) × U(1) × SU(3)c invariant. For very large V
(e.g. V ∼ MGUT ∼ 1015 Gev), δKM is the only leftover
effect at low energies, from spontaneous CP breaking at
high energies. For not so large a value of V (e. g., V
of the order of a few Tev) the appearance of significant
flavour changing neutral currents (FCNC) in the down
quark sector leads to new contributions to Bd − Bd and
Bs − Bs mixing which can alter [15] some of the predic-
tions of the SM for CP asymmetries in B meson decays.
These FCNC are closely related to the non-unitarity of
the 3 × 3 CKM matrix, with both effects suppressed by
powers of v

V
.

As a result of the Z4 symmetry, this model satisfies the
Nelson-Barr criteria [11], [12] and therefore the Θ param-
eter is zero in tree approximation. Recall that the param-
eter Θ associated with strong CP violation can be written
as Θ = ΘQCD + ΘQFD, where ΘQCD = gs

2FF̃/32π2,
and ΘQFD = arg(det m), m denoting the quark mass
matrix. In this model CP is a good symmetry of the
Lagrangean, only spontaneously broken by the vacuum,
which implies ΘQCD = 0. Furthermore, ΘQFD vanishes
at tree level [14] in a natural way so that higher order
corrections to Θ are finite and calculable. The symmetry
Z4 plays a crucial rôle in the vanishing of the argument
of the determinant of the down type quark mass ma-
trix Md. One-loop corrections are suppressed by small
Yukawa couplings which is a general property of this class
of models, as pointed out by Nelson [11]. A nice feature
of this model is that one loop corrections are further sup-
pressed by the ratio v2/V 2 [14] .

IV. THE LEPTONIC SECTOR

In the leptonic sector, after spontaneous symmetry
breakdown, one obtains from Eq. (4) the following mass
terms:

Lm = −
[

ν0
Lmν0

R +
1

2
ν0T

R CMν0
R + l0Lmll

0
R

]

+ h.c. =

= −
[

1

2
nT

LCM∗nL + l0Lmll
0
R

]

+ h.c. (8)
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→quark CPV

→leptonic CPV

Branco, Parada and Rebelo discussed in their paper [8] also the possibility of a
common origin to all CP violations. Their model however is in the framework of a
non-SUSY Standard Model (SM), extended by a heavy complex singlet Higgs and
an exotic vectorlike quark.

I would like to suggest in this letter a scenario, along this line [13] [14], for SV CP
in SUSY GUTs by giving an explicit realization in the framework of the minimal
renormalizable SUSY SO(10) [15] (without the need for exotic fermions).

As an introduction let me start by revising the renormalizable non-SUSY SO(10)
and a possible SCPV [13].

non-SUSY GUTs require intermediate gauge symmetry breaking (Ii) [16] to have
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<126> complex: break (B-L)



Quantum Boltzmann Equations

• Classical vs Quantum Boltzmann equations:

‣ collision terms: involving quantum interference

‣ time evolution: quantum mechanical treatment 

• Classical Boltzmann equations: 

scattering independent from previous one

 

• Quantum Boltzmann equations:

‣ Closed-Time-Path (CTP) formulation for non-equilibrium QFT

‣ involve time integration for scattering terms

➡  “memory effects”:   time-dependent CP asymmetry

Schwinger, 1961; Mahanthappa, 1962; 
Bakshi, Mahanthappa, 1963; Keldysh, 1965
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(28)

where 〈ΓN1
(t)〉 is the time-dependent thermal average of the Lorentz-dilated decay width.

Integrating over large times, t → ∞, thereby replacing the cosines by energy conserving

delta functions [29],

∫ ∞

0

dtz cos [(ωN1
− ω! − ωH) (t − tz)] = πδ (ωN1

− ω! − ωH) , (29)

we find that the two averaged rates 〈ΓN1
〉 and 〈Γ̃N1

〉 coincide and we recover the usual

classical Boltzmann equation for the RH distribution function

∂nN1

∂t
= − 〈ΓN1
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nN1

− neq
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|M(N1 → #H)|2

2ω!2ωHωN1

(2π)δ (ωN1
− ω! − ωH) .

(30)

Taking the time interval to infinity, namely implementing Fermi’s golden rule, results in

neglecting memory effects, which in turn results only in on-shell processes contributing to

the rate equation. The main difference between the classical and the quantum Boltzmann

equations can be traced to memory effects and to the fact that the time evolution of the

distribution function is non-Markovian. The memory of the past time evolution translates

into off-shell processes. It would be certainly interesting to perform a numerical study to

assess the impact of the memory effects onto the final baryon asymmetry.
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Buchmuller, Fredenhagen, 2000; Simone, 
Riotto 2007; Lindner, Muller 2007



Quantum Boltzmann Equations

• time scale of Kernel  <<  relaxation time scale ~ 1/ΓN1 

Classical Boltzmann eqs ≈ Quantum Boltzmann eqs

• In resonant leptogenesis:  ∆M = (M2-M1) ~ ΓN2 

Kernel time scale ~ 1/∆M > 1/ΓN1   possible

⇒ quantum Boltzmann eqs important!!



Conclusions

• in minimal LR model: 2 intrinsic phases to account for all 
CPV in Nature

• LR parity: LH & RH Majorana mass terms proportional

• pronounced correlation between leptogenesis and low 
energy leptonic CPV, even without flavor effects 

• CPV in quark sector may also be connected to CPV in 
lepton sector, if seesaw scale is low; such low seesaw scale 
can be obtained with an additional U(1) symmetry

• Quantum Boltzmann equations?


