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2Departamento de Fı́sica Teórica and IFIC, Universidad de Valencia-CSIC, Valencia, Spain

(Received 22 May 2007; published 18 October 2007)

If the baryon asymmetry of the Universe is produced by leptogenesis, CP violation is required in the
lepton sector. In the seesaw extension of the standard model with three hierarchical right-handed
neutrinos, we show that the baryon asymmetry is insensitive to the Pontecorvo-Maki-Nagakawa-Sakata
phases: thermal leptogenesis can work for any value of the observable phases. This result was well known
when there were no flavor effects in leptogenesis; we show that it remains true when flavor effects are
included.
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Introduction.—CP violation is required to produce the
puzzling excess of matter (baryons) over antimatter (anti-
baryons) observed in the Universe [1]. If this baryon
asymmetry of the Universe (BAU) was made via lepto-
genesis [2], then CP violation in the lepton sector is
needed. So any observation thereof, for instance in neu-
trino oscillations, would support leptogenesis by demon-
strating that CP is not a symmetry of the leptons. It is
interesting to explore whether a stronger statement can be
made about this tantalizing link between low-energy ob-
servable CP violation and the BAU.

In this Letter, we address a phenomenological question:
‘‘Is the baryon asymmetry sensitive to the phases of the
lepton mixing matrix (PMNS matrix)?’’ Electroweak pre-
cision data were said to be sensitive to the top mass,
meaning that a preferred range for mt could be extracted
from the data. Here, we ask a similar question, assuming
the baryon asymmetry is generated, via leptogenesis, from
the decay of the lightest ‘‘right-handed’’ (RH) neutrino:
Given the measured value of the baryon asymmetry, can an
allowed range for the PMNS phases be obtained?

It was shown in [3] that the BAU produced by thermal
leptogenesis in the type 1 seesaw, without ‘‘flavor effects,’’
is insensitive to PMNS phases. That is, the PMNS phases
can be zero while leptogenesis works, and the CP asym-
metry of leptogenesis can vanish for arbitrary values of the
PMNS phases. In fact, the ‘‘unflavored’’ asymmetry is
controlled by phases from the RH sector only, and it would
vanish were this sector CP conserving. However, it was
recently realized that lepton flavor matters in leptogenesis
[4–6]: In the relevant temperature range 109 ! 1012 GeV,
the final baryon asymmetry depends separately on the
lepton asymmetry in �s, and on the lepton asymmetry in
muons and electrons. So in this Letter, we revisit the
question addressed in [3], but with the inclusion of flavor
effects. Our analysis differs from recent discussions [7]
(2RHN model), [8,9] (CP as a symmetry of the N sector),
[10] (sequential N dominance) in that we wish to do a
bottom-up analysis of the three generation seesaw. Ideally,

we wish to express the baryon asymmetry in terms of
observables, such as the light neutrino masses and PMNS
matrix, and free parameters. Then, by inspection, one
could determine whether fixing the baryon asymmetry
constrained the PMNS phases.

Notation and review.—We consider a seesaw model
[11], where three heavy (M * 109 GeV) Majorana neutri-
nos NI are added to the standard model (SM). The
Lagrangian at the NI mass scale is

 L � �ejRYeijHd‘
i � �NJ�iJHu‘

i � �NJ MJK

2
NcK � H:c:;

(1)

where the flavor index order on the Yukawa matrices Ye, �
is left-right, and Hu � i�2H

�
d.

There are six phases among the 21 parameters of this
Lagrangian. We can work in the mass eigenstate basis of
the charged leptons and the NI, and write the neutrino
Yukawa matrix as

 � � VyLD�VR; (2)

where D� is real and diagonal, and VL, VR are unitary
matrices, each containing three phases. So at the high
scale, one can distinguish CP violation in the left-handed
doublet sector (phases that appear in VL) and in the right-
handed singlet sector (phases in VR). Leptogenesis can
work when there are phases in either or both sectors.

At energies accessible to experiment, well below the NI
mass scale, the light (LH) neutrinos acquire an effective
Majorana mass matrix [12]:

 �m� � �M�1�Tv2 � UDmU
T; (3)

where v � 174 GeV is the Higgs vacuum expectation
value, Dm is diagonal with real eigenvalues, and U is the
PMNS matrix. There are nine parameters in [m], which is
‘‘in principle’’ experimentally accessible. Two mass dif-
ferences and two angles of U are measured, leaving the
mass scale, one angle, and three phases of U unknown.
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From the above we can write

 Dm � UyVyLD�VRD�1
M VTRD�V�LU

�v2; (4)

so we see that the PMNS matrix will generically have
phases if VL and/or VR are complex. Like leptogenesis, it
receives contributions from CP violation in the LH and RH
sectors. Thus it seems ‘‘probable,’’ or even ‘‘natural,’’ that
there is some relation between the CP violation of lepto-
genesis and of the PMNS matrix. However, the notion of
relation or dependence is nebulous [13], so we address the
clearer and simpler question of whether the baryon asym-
metry is sensitive to PMNS phases. By this we mean: If the
total baryon asymmetry is fixed, and we assume to know all
the neutrino masses and mixing angles, can we predict
ranges for the PMNS phases?

We suppose that the baryon asymmetry is made via
leptogenesis, in the decay of the lightest singlet N1, with
M1 � 1010 GeV. Flavor effects are relevant in this tem-
perature range [4–6,14]. N1 decays to leptons ‘�, an
amount ��� more than to antileptons �‘�, and this lepton
asymmetry is transformed to a baryon asymmetry by SM
processes (sphalerons). We will further suppose that the
partial decay rates of N1 to each flavor are faster than the
expansion rate of the Universe H. This implies that N1

decays are close to equilibrium, and there is a significant
washout of the lepton asymmetry due to N1 interactions
(strong washout regime); we discuss later why this as-
sumption does not affect our conclusions.

Flavor effects are relevant in leptogenesis [4–6] because
the final asymmetry cares which leptons ‘ are distinguish-
able. N1 interacts only via its Yukawa coupling, which
controls its production and destruction. The washout of
the asymmetry, by decays, inverse decays, and scatterings
ofN1, is therefore crucial for leptogenesis to work, because
otherwise the opposite sign asymmetry generated at early
times during N1 production would cancel the asymmetry
produced as they disappear. To obtain the washout rates
(for instance, for ‘�Hu ! N1), one must know the initial
state particles, that is, which leptons are distinguishable.

At T �M1, when the asymmetry is generated, SM
interactions can be categorized as much faster than H, of
order H, or as much slower. Interactions that are slower
than H can be neglected. H�1 is the age of the Universe
and the time scale of leptogenesis, so the faster interactions
should be resummed—for instance into thermal masses. In
the temperature range 109 & T & 1012 GeV, interactions
of the � Yukawa are faster than H, so the ‘� doublet is
distinguishable (has a different ‘‘thermal mass’’) from the
other two lepton doublets. The decay of N1 therefore
produces asymmetries in B=3� L�, and in B=3� Lo,
where ‘o (‘‘other’’) is the projection in ‘e and ‘� space,

of the direction into which N1 decays [16]: ‘̂o � ���1�̂�

�e1ê	=
�������������������������������
j��1j

2 � j�e1j
2

q
. Following [6], we approximate

these asymmetries to evolve independently. In this case,

the baryon to entropy ratio can be written as the sum over
flavor of the flavored CP asymmetries ��� times a flavor-
dependent washout parameter �� < 1, which is obtained
by solving the relevant flavored Boltzmann equations [4–
6]:

 YB ’
12

37

1

3g�
������ � �oo�o	; (5)

where g� � 106:75 counts entropy, and 12=37 is the frac-
tion of a B� L asymmetry which, in the presence of
sphalerons, is stored in baryons.

In the limit of hierarchical RH neutrinos, the CP asym-
metry in the decay N1 ! ‘�H can be written as

 ��� ’ �
3M1

16�v2��y��11

Imf����1�my���1g; (6)

where m is defined in Eq. (3).
In the case of ‘‘strong washout’’ for all flavors, which

corresponds to ��N1 ! ‘�Hu	>H�T�M1	
for � � �, o,

the washout factor is approximately [6,17]

 �� ’ 1:3
�

m�
6A�� ~m��

�
1:16
!

m�
5A�� ~m��

; (7)

where there is no sum on �, m� ’ 10�3 eV, and A�� ’
Aoo � 2=3 [6,16,18]. The (rescaled) N1 decay rate is

 

~m �
X
�

~m�� �
X
�

j��1j
2

M1
v2: (8)

An equation.—Combining Eqs. (5)–(7), we obtain YB /
���= ~m�� � �oo= ~moo, where (� not summed)

 

���
~m��

�
3M1

16�v2 ~m

X
	

Imf�̂�m�	�̂	g
j�	j

j��j
(9)

and the Yukawa couplings of N1 have been written as a
phase factor times a magnitude: �̂�j��j � ���1. So the
baryon asymmetry can be approximated as
 

YB ’ YbdB

�
Imf�̂�m�̂�g

matm
�

Imf�̂om�̂og
matm

�
Imf�̂�m�̂og

matm

�
j�oj
j��j
�
j��j
j�oj

��
1

A��
: (10)

The prefactor of the parentheses YbdB �
12
37

M1matm

16�v2
m�

5g� ~m is the
upper bound on the baryon asymmetry, which would be
obtained in the strong washout case by neglecting flavor
effects. Recall that this equation is only valid in strong
washout for all flavors.

This equation reproduces the observation [6] that: (i) for
equal asymmetries and equal decay rates of all distinguish-
able flavors, flavor effects increase the upper bound on the
baryon asymmetry by

P
aA
�1
aa � 3. (ii) More interestingly,

having stronger washout in one flavor can increase the
baryon asymmetry (via the term in brackets). So models
in which the Yukawa coupling ��1 is significantly different
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from ��1, �e1, can have an enhanced baryon asymmetry
(with cooperation from the phases).

Finally, this equation is an attractive step toward writing
the baryon asymmetry as a real function of real parameters
(YbdB , depending on M1 and ~m1), times a phase factor [19].
In this case, the phase factor is a sum of three terms,
depending on the phases of the N1 Yukawa couplings, light
neutrino mass matrix elements normalized by the heaviest
mass, and a (real) ratio of Yukawas.
CP violation.—In this section, we use Eq. (10) to show

that the baryon asymmetry is insensitive to the PMNS
phases. The parameters of the lepton sector can be divided
into ‘‘measurables,’’ which are the neutrino and charged
lepton masses, and the three angles and three phases of the
PMNS matrix U. The remaining nine parameters are un-
measurable. We want to show that for any value of the
PMNS phases, there is at least one point in the parameter
space of the unmeasurables where a large enough baryon
asymmetry is obtained. The approximations leading to
Eq. (10) are only valid in a subset of the unmeasurable
parameter space, but if we can find points in this subspace,
we are done. We first show analytically that such points
exist, then we do a parameter space scan to confirm that
leptogenesis can work for any value of the PMNS phases.

If the phases of the ��1 were independent of the PMNS
phases, and a big enough YB could be obtained for some
value of the PMNS phases, then our claim is true by
inspection: for any other values, the phases of the ��1

could be chosen to reproduce the same YB. However, there
is in general some relation between the phases of m and
those of ��1, so we proceed by looking for an area of
parameter space where the phases of the ��1 can be freely
varied without affecting the measurables. Then we check
that a large enough baryon asymmetry can be obtained.

Such an area of parameter space can be found using the
R matrix parametrization of Casas-Ibarra [20], where the
complex orthogonal matrix R is defined such that �v 

UD1=2

m RD1=2
M . Taking a simple R of the form

 R �
cos
 0 � sin


0 1 0
sin
 0 cos


2
64

3
75 (11)

and parametrizing U � VP, where V is a CKM-like uni-
tary matrix with one ‘‘Dirac’’ phase e�i� appearing with
sin�13, and P � diagfei’1=2; ei’2=2; 1g, gives

 

��1v�������������
M1m3

p � U�1

������
m1

m3

s
cos
�U�3 sin
 ’

sin
���
2
p ; (12)

 

��1v�������������
M1m3

p � U�1

������
m1

m3

s
cos
�U�3 sin
 ’

sin
���
2
p ; (13)

 

�e1v�������������
M1m3

p � Ue1

������
m1

m3

s
cos
�Ue3 sin
; (14)

where we took hierarchical neutrino masses. We neglect
�e1 because its absolute value is small. With this choice of
the unknown R, the phases of the ��1 are effectively
independent of the PMNS phases. So for any choice of
PMNS phases that would appear on the m of Eq. (10), the
phases of the Yukawa couplings can be chosen indepen-
dently, to ensure enough CP violation for leptogenesis.

We now check that a large enough baryon asymmetry
can be obtained in this area of parameter space. The
parentheses of Eq. (10) can be written explicitly as

 Im
�

sin2
�

j sin
j2
�m�� �m�� � 2m��	

�
1

matm
: (15)

Writing 
� � 
� i!, the final baryon asymmetry can be
estimated from Eq. (10) as

 

YB
10�10

’ �

�
M1

1011 GeV

�
sin
 cos
 sinh! cosh!

�sin2
cosh2!� cos2
sinh2!	2
;

(16)

which can equal the observed 8:7�0:3
�0:4 � 10�11 [21] for

M1 � few� 1010 GeV, and judicious choices of 
 and !.
A similar argument can be made if the light neutrino

mass spectrum is inverse hierarchical.
The scatter plots of Fig. 1 show that a large enough

baryon asymmetry can be obtained for any value of the
PMNS phases.
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FIG. 1. A random selection of points where the baryon asym-
metry is large enough, for some choice of the unmeasurable
parameters of the seesaw. The light neutrino masses are taken
nondegenerate, and the Majorana phase of the smallest one can
be neglected. The Dirac phase � is defined such that Ue3 �
sin�13e

�i�, and 	 is the majorana phase of m2 � jm2je
2i	. The

baryon asymmetry arises in the decay of N1 of mass M1 �
1010 GeV.

PRL 99, 161801 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
19 OCTOBER 2007

161801-3



The plots are obtained by fixingM1 � 1010 GeV and the
measured neutrino parameters to their central values. To
mimic the possibility that 	 and � could be determined
�15
,	-� space is divided into 50 squares. In each square,
the program randomly generates values for 	, �, 0:001<

�13 < 0:2, the smallest neutrino mass <
������������
�m2

sol

q
=10, and

the three complex angles of the R matrix. It estimates the
baryon asymmetry from the analytic approximations of
[6], and puts a cross if it is big enough. The program is a
proto–Monte Carlo–Markov chain, preferring to explore
parameter space where the baryon asymmetry is large
enough.

Parametrizing with the R matrix imposes a particular
measure (prior) on parameter space. This could mean we
explore only a class of models. This is okay because the
aim is only to show that, for any PMNS phases, a large
enough asymmetry can be found.

Discussion.—The relevant question, in discussing the
‘‘relation’’ between CP violation in the PMNS matrix
and in leptogenesis, is whether the baryon asymmetry is
sensitive to the PMNS phases. The answer was ‘‘no’’ for
unflavored leptogenesis in the standard model seesaw [3].
This was not surprising; the seesaw contains more phases
than the PMNS matrix, and many unmeasurable real pa-
rameters which can be adjusted to obtain a big enough
asymmetry. In this Letter, we argue that the answer does
not change with the inclusion of flavor effects in lepto-
genesis: For any value of the PMNS phases, it is possible to
find a point in the space of unmeasurable seesaw parame-
ters such that leptogenesis works. This flavored asymmetry
can be written as a function of PMNS phases, and unmea-
surables as entered in the unflavored calculation. These can
still be adjusted to get a big enough asymmetry. In view of
this discouraging conclusion, it is maybe worthwhile to
emphasize that CP violation from both the left-handed and
right-handed neutrino sectors contributes both to the
PMNS matrix and the baryon asymmetry. Moreover, the
answer to this question in a minimal supergravity frame-
work, with additional information from lepton flavor vio-
lating observables [22], is still a work in progress.

In the demonstration that the baryon asymmetry (pro-
duced via thermal leptogenesis) is insensitive to PMNS
phases, we found an interesting approximation for the
‘‘phase of leptogenesis’’ [see Eq. (10)], when all lepton
flavors are in strong washout.
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