
26 May 2014 
2nd ESSnuSB 2014 Open Meeting

CERN 

Leptonic CP violation and the 
matter/antimatter asymmetry 

of the Universe

1

Silvia Pascoli 
IPPP – Durham University

  

       

           Institute for Particle 
           Physics Phenomenology

Professor Silvia Pascoli
NuPhys2013

Institute for Particle Physics Phenomenology
Department of Physics

University of Durham
South Rd

Durham DH1 3LE
United Kingdom

Durham, 24 October 2013

Dear Colleague,

On 19-20 December 2013 the  first  NuPhys  workshop will  be held  at  the Institute  of  Physics,  

London, UK.

In this conference we will discuss the current status and prospectives of the future experiments, 
their performance and physics reach. This conference will  be unique in addressing the synergy 
between the planned experiments  and their  phenomenological  aspects and is  timely as these 
experiments are currently  being  designed.  A dedicated poster  session has been organised for 
December 19. Speakers include leading scientists from the UK, Europe, US, China and Japan: F. 
Feruglio,  E.  Lisi,  Y.  Wang,  M.  Fallot,  P.  Huber,  S.  Soldner-Rembold,  T.  Nakaya,  D.  Wark,  C. 
Backhouse, R. Wilson, T. Katori, A. Bross, A. Blondel, J. Kopp, M. Pallavicini, G. Drexlin, M. Chen, 
F. Simkovic, F. Deppisch, L. Verde, J. Miller and C. Kee.

 

The conference website, including travel details, can be found at 

http://nuphys2013.iopconfs.org 

As co-Chair of the Organising Committee I would like to ask you to display the workshop poster 

and to convey the information about the event to all  interested parties.  Participation by young 

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future

mass
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1. Neutrino oscillations imply that
neutrinos have mass and mix (CPV?)!
This requires new physics BSM which might be lepton 
number violating.
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The facts

Free Fluxes + RSBL Huber Fluxes, no RSBL

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.302+0.013
�0.012 0.267 ! 0.344 0.311+0.013

�0.013 0.273 ! 0.354

✓12/
� 33.36+0.81

�0.78 31.09 ! 35.89 33.87+0.82
�0.80 31.52 ! 36.49

sin2 ✓23 0.413+0.037
�0.025 � 0.594+0.021

�0.022 0.342 ! 0.667 0.416+0.036
�0.029 � 0.600+0.019

�0.026 0.341 ! 0.670

✓23/
� 40.0+2.1

�1.5 � 50.4+1.3
�1.3 35.8 ! 54.8 40.1+2.1

�1.6 � 50.7+1.2
�1.5 35.7 ! 55.0

sin2 ✓13 0.0227+0.0023
�0.0024 0.0156 ! 0.0299 0.0255+0.0024

�0.0024 0.0181 ! 0.0327

✓13/
� 8.66+0.44

�0.46 7.19 ! 9.96 9.20+0.41
�0.45 7.73 ! 10.42

�CP/
� 300+66

�138 0 ! 360 298+59
�145 0 ! 360

�m2
21

10�5 eV2 7.50+0.18
�0.19 7.00 ! 8.09 7.51+0.21

�0.15 7.04 ! 8.12

�m2
31

10�3 eV2 (N) +2.473+0.070
�0.067 +2.276 ! +2.695 +2.489+0.055

�0.051 +2.294 ! +2.715

�m2
32

10�3 eV2 (I) �2.427+0.042
�0.065 �2.649 ! �2.242 �2.468+0.073

�0.065 �2.678 ! �2.252

Table 1. Three-flavour oscillation parameters from our fit to global data after the Neutrino 2012
conference. For “Free Fluxes + RSBL” reactor fluxes have been left free in the fit and short baseline
reactor data (RSBL) with L . 100 m are included; for “Huber Fluxes, no RSBL” the flux prediction
from [42] are adopted and RSBL data are not used in the fit.

with the recent spectrum from Double Chooz with 227.9 days live time [28, 29], and the

total even rates in the near and far detectors in Daya Bay [30] with 126 live days of data (a

factor 3 increase over their published results [8]) and Reno with 229 days of data-taking [9].

We also include the observed energy spectrum in KamLAND data sets DS-1 and DS-2 [31]

with a total exposure of 3.49⇥ 1032 target-proton-year (2135 days).

Finally in the analysis of solar neutrino experiments we include the total rates from

the radiochemical experiments Chlorine [32], Gallex/GNO [33] and SAGE [34]. For real-

time experiments we include the 44 data points of the electron scattering (ES) Super-

Kamiokande phase I (SK1) energy-zenith spectrum [35] and the data from the three phases

of SNO [36–38], including the results on the low energy threshold analysis of the combined

SNO phases I–III [39]. We also include the main set of the 740.7 days of Borexino data [40]

as well as their high-energy spectrum from 246 live days [41].

The results of the global analysis are shown in Figs. 1 and 2 where we show di↵erent

projections of the allowed six-dimensional parameter space. The results are shown for two

choices of the reactor fluxes as we will describe in more detail in the next section. The

best fit values and the derived ranges for the six parameters at the 1� (3�) level are given

in Tab. 1. For each parameter the ranges are obtained after marginalizing with respect to

the other parameters. For sin2 ✓
23

the 1� ranges are formed by two disconnected intervals

in which the first one contains the absolute minimum and the second-one the secondary

local minimum. Note that we marginalize also over the type of the neutrino mass ordering

and the two local minima in sin2 ✓
23

may correspond to di↵erent orderings. As visible in

– 3 –

M. C. Gonzalez-Garcia et al., 1209.30232 other CPV Majorana phases.



⌘B ⌘ nB � nB̄

n�
= (6.14± 0.08)⇥ 10�10

2. There is evidence of the baryon asymmetry:

In the Early Universe

As the temperature drops, only quarks are left:
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The facts

Is there a link between 
light neutrino physics and 
the baryon asymmetry?

Planck, 1303.5076



In order to generate dynamically a baryon asymmetry, 
the Sakharov’s conditions need to be satisfied:

- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.
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The theory



In order to generate dynamically a baryon asymmetry, 
the Sakharov’s conditions need to be satisfied:

- B (or L) violation;
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The theory

If neutrinos are Majorana particles, L is violated. 
Conversely, Majorana masses require L violation.

See-saw models require L violation (typically the 
Majorana mass of a heavy right-handed neutrino). They 
can be embedded in GUT or at the TeV scale or below.

In the SM also L is violated at the non-perturbative level.
A lepton asymmetry is partially converted into a baryon 
asymmetry for T>100 GeV by sphaleron effects.



dB

dt
/ �(Xc ! Y c +Bc)� �(X ! Y +B)

In order to generate dynamically a baryon asymmetry, 
the Sakharov’s conditions need to be satisfied:

- C, CP violation;
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The theory

If C were conserved:

and no baryon asymmetry generated:

We have observed CPV in quark sector (too small) and 
we can search for it in the leptonic sector.

�(Xc ! Y c +Bc) = �(X ! Y +B)



�(X ! Y +B) = �(Y +B ! X)

T < MX

In order to generate dynamically a baryon asymmetry, 
the Sakharov’s conditions need to be satisfied:

- out of equilibrium
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The theory

In equilibrium

A generated baryon asymmetry is cancelled exactly by 
the antibaryon asymmetry.
When particles get out of equilibrium, this does not 
happen.



A successful model of 
baryogenesis:

Leptogenesis in models 
at the origin of neutrino 

masses
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A successful model of 
baryogenesis:

Leptogenesis in models 
at the origin of neutrino 

masses
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Provides a source of L violation



In the SM, neutrinos do not acquire mass and mixing:

meēLeR m� �̄L�R M�T
L C�L
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Neutrino masses BSM

Dirac mass Majorana mass

Dirac Masses: L = �y⌫L̄ · H̃⌫R + h.c.

y⌫ ⇠
p
2m⌫

vH
⇠ 0.2 eV

200 GeV
⇠ 10�12

Majorana Masses:

Lepton number
violation!

A D=5 Majorana mass can arise as the low 
energy realisation of a higher energy theory 
(new mass scale!).



L / GF (ēL�µ⌫L)(⌫̄L�
µeL) LSM / g⌫̄L�

µeLWµ ) GF / g2

m2
W

?

e f f e c t i v e 
theory

S tandard 
Model:
W 
exchange

H

H

Neutrino mass

New 
theory:
new 
particle 
exchange 
with mass 
M
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L / GF (ēL�µ⌫L)(⌫̄L�
µeL) LSM / g⌫̄L�

µeLWµ ) GF / g2

m2
W

e f f e c t i v e 
theory

S tandard 
Model:
W 
exchange

H

H

Neutrino mass

See-saw 
type I 
mechanism

13

H

H

Fermion
singlet

Minkowski, Yanagida, Glashow,
Gell-Mann, Ramond, Slansky,
Mohapatra, Senjanovic



L =
�
⌫TL NT

�✓ 0 Y⌫v
Y T
⌫ v M

◆✓
⌫L
N

◆
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 Introduce a right 
handed neutrino N 
Couple it to the Higgs 
and left handed neutrinos

The simplest see saw mechanism: type I

The light neutrino acquires a tiny mass!

When the Higgs gets a vev:

m⌫ ' m2
D

M
⇠ 1GeV2

1010 GeV
⇠ 0.1 eVm⌫ = U⇤miU

† = �Y T
⌫ M�1

R Y⌫v
2



At T>M, the right-handed neutrinos N are in equilibrium 
thanks to processes which produce and destroy them:

When T<M, N drops
 out of equilibrium

A lepton asymmetry 
can be generated if 

Sphalerons convert it into a baryon asymmetry.

N $ `H

N ! `H

�(N ! `H) 6= �(N ! `cHc)

Leptogenesis

15 Fukugita, Yanagida, PLB 174; Covi, Roulet, Vissani; Buchmuller, Plumacher; Abada et al., ...



⌘B =
k̃

g⇤
cs✏ ⇠ 10�3 � 10�4✏

In order to compute the baryon asymmetry:

1. evaluate the CP-asymmetry

2. solve the Boltzmann equations to take into account 
the wash-out of the asymmetry

3. convert the lepton asymmetry into the baryon one

✏ ⌘ �(N ! `H)� �(N c ! `cHc)

�(N ! `H) + �(N c ! `cHc)

For T < 10   GeV,  flavour effects are important.
12
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⌘L = k̃✏



Is there a connection 
between low energy 
CPV and the baryon 

asymmetry?
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     depends on the CPV phases in 

and in the U mixing matrix via the see-saw formula.

Let’s consider see-saw type I with 3 NRs.

3 phases missing!

✏ /
X

j

=(Y⌫Y
†
⌫ )

2
1j
Mj

M1

m⌫ = U⇤miU
† = �Y T

⌫ M�1
R Y⌫v

2

MR 3 0
Y⌫ 9 6

mi 3 0
U 3 3

18

The general picture

✏

High energy Low energy

Y⌫



In understanding the origin of the flavour structure, the 
see-saw models have a reduced number of parameters.

It may be possible to predict the baryon asymmetry 
from the Dirac and Majorana phases.

19

Specific flavour models6 – Leptogenesis

In understanding the origin of the flavour structure, the see-saw models have
a reduced number of parameters, with no independent R.

In some cases, it is possible to predict

the baryon asymmetry from the Dirac and/or Majorana phases.

ν

FLAVOUR P.
Leptogenesis

masses
mixing (U)

models
See saw



It has been shown that, thanks to flavour effects, the low 
energy phases enter directly the baryon asymmetry. 

In see-saw type I with flavour effects, if we observe 
CPV, can we conclude that a lepton asymmetry was 
generated? And that this could be as large as what 
observed?

�,↵31,↵32
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Does observing low energy CPV imply a baryon asymmetry?

6 CPV phases
3 phases at high energy, not observable

diated by the charged lepton Yukawa couplings are out
of equilibrium and there is no notion of flavour. One is
allowed to perform a rotation in flavour space to store
all the lepton asymmetry in one flavour, the total lep-
ton number. However, at T ∼ M1 ∼ 1012 GeV, the
interactions mediated by the charged tau Yukawa cou-
pling come into equilibrium followed by those mediated
by the charged muon Yukawa coupling at T ∼ M1 ∼ 109

GeV and the notion of flavour becomes physical. In-
cluding the issue of flavour can significantly affect the
result for the final baryon asymmetry [15–17]. Thermal
leptogenesis is a dynamical process, involving the pro-
duction and destruction of RH neutrinos and of the lep-
ton asymmetry that is distributed among distinguishable
flavours. The processes which wash out lepton number
are flavour dependent, e.g. the inverse decays from elec-
trons can destroy the lepton asymmetry carried by, and
only by, the electrons. The asymmetries in each flavour
are therefore washed out differently, and will appear with
different weights in the final formula for the baryon asym-
metry. This is physically inequivalent to the treatment
of washout in the one-flavour approximation, where the
flavours are taken indistinguishable, thus obtaining the
unphysical result that inverse decays from all flavours
are taken to wash out asymmetries in any flavour (that
is, e.g., an asymmetry stored in the first family may be
washed out by inverse decays involving the second or the
third family).

When flavour is accounted for, the final value of the
baryon asymmetry is the sum of three contributions.
Each term is given by the CP asymmetry in a given
flavour α properly weighted by a washing out factor in-
duced by the lepton α violating processes. Taking into
account the flavour dependence one may show that ob-
serving low energy CP-violating phases automatically im-
plies, barring accidental cancellations, generation of the
baryon asymmetry. Before going into details though, let
us summarize why this conclusion is not possible in the
‘one-flavour’ approximation. The starting point is the
Lagrangian of the SM with the addition of three right-
handed neutrinos Ni (i = 1, 2, 3) with heavy Majorana
masses Mi and Yukawa couplings λiα. Working in the
basis in which the Yukawa couplings for the charged lep-
tons are diagonal, the Lagrangian reads

L = LSM +
Mi

2
N2

i + λiαNi#α H + h.c. . (1)

Here #α indicates the lepton doublet with flavour (α =
e, µ, τ) and H is the Higgs doublet whose vacuum expec-
tation value is v. For the time being, we assume that
right-handed neutrinos are hierarchical, M2,3 " M1 so
that restricting to the dynamics of N1 suffices.

The total lepton asymmetry per entropy density gen-
erated by the N1 decays is given by YL # (ε1/g∗)η (m̃1),
where η (m̃1) accounts for the washing out of the to-
tal lepton asymmetry due to ∆L = 1 inverse decays,

m̃1 = (λλ†)11v2/M1, g∗ counts the relativistic degrees of
freedom and the CP asymmetry generated by N1 decays
reads

ε1 ≡
∑

α[Γ(N1 → H#α) − Γ(N1 → H#α)]
∑

α[Γ(N1 → H#α) + Γ(N1 → H#α)]

= −
3M1

16π

∑

j "=1

Im
[
(λλ†)21j

]

[λλ†]11

1

Mj
. (2)

Notice, in particular, that the CP asymmetry in the ’one
flavour approximation’ depends upon the trace of the
CP asymmetries over flavours. In the basis where the
charged lepton Yukawa coupling and the RH mass ma-
trix are diagonal, the neutrino Yukawa matrix can be
written as λ = V †

RDiag(λ1, λ2, λ3)VL and the low energy
leptonic phases may arise from the phases in the left-
handed (LH) sector, in RH sector, or from both. The
CP-asymmetry can be expressed in terms of the diago-
nal matrix of the light neutrino mass eigenvalues m =
Diag(m1, m2, m3), the diagonal matrix of the the right
handed neutrino masses M = Diag(M1, M2, M3) and an
orthogonal complex matrix R = vM−1/2λUm−1/2 [20],
which ensures that the correct low energy parameters are
obtained. CP-violation in the RH sector is encoded in the
phases of VR and, from λλ† = V †

RDiag(λ2
1, λ

2
2, λ

2
3)VR =

M1/2RmR†M1/2/v2, one sees that the phases of R are
related to those of VR. Now, summing over all flavours,
one finds

ε1 = −
3M1

16πv2

Im
(∑

ρ m2
ρR

2
1ρ

)

∑
β mβ |R1β |2

. (3)

In the ‘one-flavour’ approximation a future observation
of CP-violating phases in the neutrino sector does not
imply the existence of a baryon asymmetry. Indeed, low
energy CP phases might stem entirely from the LH sector
and hence be irrelevant for leptogenesis which would be
driven by the phases in R, i.e. of the RH sector..

The ‘one-flavour’ approximation rigorously holds, how-
ever, only when the interactions mediated by the charged
lepton Yukawas are out of equilibrium, that is at T ∼
M1 ∼> 1012 GeV. In this regime, flavours are indistin-
guishable and there is effectively only one flavour, the
total lepton number. At smaller temperatures, though,
flavours are distinguishable: the τ (µ) lepton doublet is a
distinguishable mass eigenstate for T ∼ M1 ∼< 1012 (109)
GeV. The asymmetry in each flavour is given by

εα = −
3M1

16πv2

Im
(∑

βρ m1/2

β m3/2
ρ U∗

αβUαρR1βR1ρ

)

∑
β mβ |R1β |2

. (4)

The trace over the flavours of εα coincides of course
with ε1. Similarly, one may define a parameter for each
flavour α, m̃α = |λ1α|2v2/M1 parametrizing the decay
rate of N1 to the α-th flavour and the trace

∑
α m̃α

2
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No flavour effects With flavour effects, M1<5 10^11 GeV



The CP-asymmetry can depends only on the low 
energy CPV phases:

✏⌧ / M1f(Rij)
h
c23s23c12 sin

⇣↵32

2

⌘
� c223s12 s13 sin

⇣
� � ↵32

2

⌘i
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Large theta13 implies that delta can give an even 
dominant contribution to the baryon asymmetry. Large 
CPV and NH are needed. For IH or QD spectrum, the 
CP-asymmetry is suppressed. A more detailed numerical study is ongoing.

7 – Observing low-energy CPV implies leptogenesis?

Leptogenesis due uniquely to the Dirac phase.
|YB| ∝ c2

23 s12 s13 |sin δ|.

For R2
12 = 0.85, R2

13 = 0.15, we get
|YB| ∼= 2.8 × 10−11 | sin δ|

(
s13

0.2

) (
M1

1011 GeV

)
.

Imposing M1 < 5 × 1011 GeV for flavour effects to be important, we find
| sin θ13 sin δ| >∼ 0.11 , sin θ13

>∼ 0.11 .

!11.5 !11 !10.5 !10 !9.5 !9
Log10YB

!0.04

!0.02

0

0.02

0.04

J CP

| sin ✓
13

sin �| > 0.11

sin ✓
13

|
exp

' 0.15

SP, Petcov, 
Riotto, PRD 
and NPB 2007

in the NH spectrum (m1<<m2<<m3), with M1<<M2<<M3 and M1<5 10^11 GeV, 
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 Leptogenesis requires
 - L violation (nu-less double beta decay, colliders...)
 - C/CPV (LBL and nu-less double beta decay (?))
 - out-of-equilibrium (expansion of the Universe)

 In presence of flavour effects (see-saw type I, M< 10 
GeV), low energy phases enter directly in leptogenesis.
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Conclusions

The observation of L violation and 
of CPV in the lepton sector would 
be a strong indication (even if not a 
proof) of leptogenesis as the origin 
of the baryon asymmetry.



✏ /
X

j

=(Y⌫Y
†
⌫ )

2
1j
Mj

M1

m⌫ = U⇤miU
† = �Y T

⌫ M�1
R Y⌫v

2
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The CP-asymmetry in one-flavour approximation

For high T > 10  GeV,  charged lepton Yukawa 
interactions are out-of-equilibrium and flavours are 
indistinguishable. Only the total decay asymmetry is 
relevant.

     depends on the CPV phases in 

and therefore in the U mixing matrix (but not directly) 
via the see-saw formula.
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✏



� ⇠ H

✏` /
1

(Y⌫Y
†
⌫ )11

X

j

=(Y1`(Y⌫Y
†
⌫ )1jY

⇤
j`)

M1

Mj
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Taking flavour into account

The different charged lepton enter in equilibrium when 

for taus: T ~ 10  GeV
for muons: T ~ 10  GeV.

In this case, each lepton asymmetry needs to be 
evaluated separately:

and then summed.
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