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Two Problems...

• Neutrino oscillations • Baryon asymmetry of the Universe

The current paradigms of Particle Physics (Standard Model) and 

Cosmology (ᴧ-CDM Model) do not explain:

6

uncertainties were not included in the analysis; the absolute
normalization ε was determined from the fit to the data. The
best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. All best estimates of pull parameters
are within its one standard deviation based on the correspond-
ing systematic uncertainties. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among
ADs. The fast-neutron and 9Li/8He backgrounds were site-
wide correlated. In the worst case where they were correlated
in the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic un-
certainty increased by 0.001.

Fig. 4 shows the measured numbers of events in each de-
tector, relative to those expected assuming no oscillation. The
6.0% rate deficit is obvious for EH3 in comparison with the
other EHs, providing clear evidence of a non-zero θ13. The
oscillation survival probability at the best-fit values is given
by the smooth curve. The χ2 versus sin22θ13 is shown in the
inset.
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FIG. 4. Ratio of measured versus expected signal in each detector,
assuming no oscillation. The error bar is the uncorrelated uncertainty
of each AD, including statistical, detector-related, and background-
related uncertainties. The expected signal is corrected with the best-
fit normalization parameter. Reactor and survey data were used to
compute the flux-weighted average baselines. The oscillation sur-
vival probability at the best-fit value is given by the smooth curve.
The AD4 and AD6 data points are displaced by -30 and +30 m for
visual clarity. The χ2 versus sin2 2θ13 is shown in the inset.

The observed νe spectrum in the far hall is compared to
a prediction based on the near hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence of
neutrino oscillation. The ratio of the spectra is consistent with
the best-fit oscillation solution of sin2 2θ13 = 0.092 obtained
from the rate-only analysis [31].
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FIG. 5. Top: Measured prompt energy spectrum of the far hall (sum
of three ADs) compared with the no-oscillation prediction from the
measurements of the two near halls. Spectra were background sub-
tracted. Uncertainties are statistical only. Bottom: The ratio of mea-
sured and predicted no-oscillation spectra. The red curve is the best-
fit solution with sin2 2θ13 = 0.092 obtained from the rate-only anal-
ysis. The dashed line is the no-oscillation prediction.

In summary, with a 43,000 ton-GWth-day livetime expo-
sure, 10,416 reactor antineutrinos were observed at the far
hall. Comparing with the prediction based on the near-hall
measurements, a deficit of 6.0% was found. A rate-only anal-
ysis yielded sin2 2θ13 = 0.092± 0.016(stat) ± 0.005(syst).
The neutrino mixing angle θ13 is non-zero with a significance
of 5.2 standard deviations.
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... one solution: leptogenesis
•Minimal type 1 Seesaw extension of the Standard Model:

Dx:=diag(X1, X2,X3)

(i = 1, 2, 3) (↵ = e, µ, ⌧)

L = LSM + iNRi@
µ�µNRi � h↵i`L↵NRi�̃� 1

2
N c

RiDMiNRj + H.c.

• 3 RH neutrinos with a Majorana mass term	

• Yukawa term for neutrinos  
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Sakharov’s conditions
•The baryon asymmetry of the Universe,                              , 
cannot be set by an initial condition because of inflation.

It must be the consequence of a dynamical mechanism

⌘B := (nB � nB̄)/n�
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•A successful dynamical mechanism requires:

2) C and CP violation:

✏i = ��(Ni ! `�)� �(Ni ! `�)
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A non-vanishing CP violation imposes complex couplings        and 
more than one heavy neutrino. 
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3) Out-of-equilibrium dynamics:                 
⇢ =

e�H/T

Z
–in thermal equilibrium: density matrix

hQ(t)i = Tr

Z

⇣
e�H/TQ(t)

⌘
=

Tr

Z

⇣
e�H/T e�iHtQ(t = 0)eiHt

⌘
= hQ(0)i

–deviations from equilibrium arise because of the  	

  expansion of the Universe: decoupling condition �/H . 1



A taste of Leptogenesis:
A simplified scenario: N1 Leptogenesis (no flavour effects).

•Given               , the N1 abundance per comoving volume is:z := M1/T
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•Decays produce a B-L asymmetry abundance:
dNB�L
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)�W1NB�L

Wi(zi) =
1

2
Di(zi)N

eq
N1

(zi) / KiDi(zi) :=
�Di(T ) + �D̄i

(T )

H zi
/ Ki

Ki :=
�Di(T = 0) + �D̄i

(T = 0)

H(zi = 1)

•The involved parameters

depend on the decay efficiency parameter



connection to low energy parameters

Ki ⌘
m̃i

m⇤

m̃i :=
(m†

DmD)ii
Mi

m⇤ :=
16⇡5/2pg⇤

3
p
5

v2

MP l
' 1.08 ⇥ 10�3 eV

•Focus on strong washout regime: K1>>1
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•Flavour effects complicate the picture

�↵ > �IDi
Leptogenesis is flavour sensitive if the charged 
lepton Yukawa interactions are fast enough!
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–Decoherence effects (an abstract depiction of):
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(
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`i

for T~Mi:

Leptogenesis is flavour sensitive if the charged 
lepton Yukawa interactions are fast enough!



• The model introduces 18 new parameters, can it be predictive?

15 + 3  → 6 + 3 + 6 + 3   	
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Remarkably, 10-9 is a natural value for       . However, we cannot neglect the 
impact of a possible preexisting B-L asymmetry (                      ? ) as it also 
would contribute into the measured baryon asymmetry:

Npreex,0
B�L
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⌘0
B

⇡ 10�2
⇣
N lept,f

B�L

+Npreex,f

B�L

⌘
� 10�9

But which initial conditions?



Remarkably, 10-9 is a natural value for       . However, we cannot neglect the 
impact of a possible preexisting B-L asymmetry (                      ? ) as it also 
would contribute into the measured baryon asymmetry:

Npreex,0
B�L

⇠ O(1)

⌘leptB

• An ‘ethical’ problem: unknown initial conditions

⌘0
B

⇡ 10�2
⇣
N lept,f

B�L

+Npreex,f

B�L

⌘
� 10�9

But which initial conditions?

how to safely impose                  and constrain the SO(10)-inspired model?⌘leptB ⇡ ⌘0B

• On a more practical level:  



Remarkably, 10-9 is a natural value for       . However, we cannot neglect the 
impact of a possible preexisting B-L asymmetry (                      ? ) as it also 
would contribute into the measured baryon asymmetry:

Npreex,0
B�L

⇠ O(1)

⌘leptB

• An ‘ethical’ problem: unknown initial conditions

⌘0
B

⇡ 10�2
⇣
N lept,f

B�L

+Npreex,f

B�L

⌘
� 10�9

Solution: require strong thermal leptogenesis

E. Bertuzzo, P. Di Bari, LM, 2011

⌘0
B

⇡ 10�2
⇣
N lept,f

B�L

+Npreex,f

B�L

⌘
⇡ 10�9 Strong thermal Leptogenesis

But which initial conditions?

how to safely impose                  and constrain the SO(10)-inspired model?⌘leptB ⇡ ⌘0B

• On a more practical level:  

as a result:

⌘leptB ⇡ ⌘0B

• leptogenesis is independent of its (unknown) initial conditions
• imposing                 indeed constrains the model



The evolution of Npreex
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No simple criterion ensures a complete washout. Importance of the heavy 
neutrinos mass spectrum which selects which regimes are encountered.
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K1⌧ . 1

The conditions on the decay efficiency parameter and the implied mass spectrum 
define the 𝜏-N2 dominated scenario.
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It is even more remarkable that adopting these strong 
thermal Leptogenesis solutions results in sharp predictions 
that the SO(10)-inspired model casts on all the low energy 
neutrino parameters



Predictions from:

SO(10)-inspired model
+

strong thermal leptogenesis



•Light (i.e. ordinary) neutrinos ordering:
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Strong SO(10)-inspired leptogenesis solutions exclude inverted 
ordering as no strong thermal solution is found in this setup

•Light (i.e. ordinary) neutrinos ordering:
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Npreex,0
B�L

= 10-3,10-2, 10-1 Npreex,f

B�L

< 10�8

• yellow regions represent successful Leptogenesis solutions:

⌘leptB ⇡ ⌘0BN lept,f
B�L ⇡ 10�7

In the following plots:

…and of course everything applies exclusively to normal ordering 

• other colours quantify the ‘strength’ of the strong thermal 
solutions:

(N.B: strong thermal solutions are also successful solutions)



Hierarchical mass spectrum of N2-dominated scenarios, as 
required by the strong thermal leptogenesis conditions

excluded by cosmology

Npreex,0
B�L

= 0, 10-3,10-2, 10-1

Npreex,f

B�L

< 10�8•Heavy neutrino mass spectrum:

reheating temperature 	

in gray

lightest neutrino mass

successful solutions

strong thermal solutions

Planck collaboration, 2013



•Reactor mixing angle
Npreex,0

B�L

= 0, 10-3,10-2, 10-1

Npreex,f

B�L

< 10�8

current 2σ range

𝜃13

excluded by 	

cosmology

Planck collaboration, 2013

The strong SO(10)-inspired solutions point to large values of the reactor 
mixing angle (lower bound 𝜃13>2o).

F. Capozzi et al. 2013
M.C. Gonzalez-Garcia et al, 2012
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𝜃23•Atmospheric mixing angle

Large values of the atmospheric mixing angle are excluded. 	

Sharp upper bound 𝜃23⪝45o gives a clear prediction on the octant. 
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Large values of the atmospheric mixing angle are excluded. 	

Sharp upper bound 𝜃23⪝45o gives a clear prediction on the octant. 
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• The Dirac phase and the Jarlskog invariant
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JCP δ/𝜋

Net preference for δ<0, favourite by 
recent global analyses for 𝜃23⪝45o 

F. Capozzi et al. 2013
M.C. Gonzalez-Garcia et al, 2012



• The Dirac phase and the Jarlskog invariant
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recent global analyses for 𝜃23⪝45o 
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•The signature: light neutrino mass scales

excluded by 	

cosmology

Planck collaboration, 2013

m1 ' 10�2 eV mee ' 10�2 eVSharp predictions:
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• Majorana phases
Npreex,0

B�L

= 0, 10-3,10-2, 10-1

Npreex,f

B�L

< 10�8

The Majorana phases are very constrained, explaining the trend	

mee ⇡ m1



Summary:
• Leptogenesis is an attractive scenario that potentially can explain 	

  the Baryon Asymmetry of the Universe and the origin of neutrino mass



Summary:

• What will happen if strong thermal SO(10)-inspired solutions are	

correct:

for Np,i
B�L = 10�1. Correspondingly one has that the Jarlskog invariant falls in the range

�0.04 . JCP . 0.02. There is also a sub-dominant region for |�|/⇡ ' 0.9 – 1. However,

this marginal region exists only for ✓23 . 36�. This can be seen from a plot � vs. ✓23 that

we are not showing in Fig. 1 but we are showing it in Fig. 4 (right panel) for an extended

range of ✓23 but, as discussed, for a reduced data set. As one can see, values � ' ⇡ are

found even only for ✓23 . 35�. This is interesting interplay between � and ✓23.

5.1.8 Summary

We summarise in Table 2 the main features of the solution sorted according to a possible

chronological order of their experimental test. The first line is the lower bound on the

reactor neutrino mixing angle that has been already successfully tested. 11

Np,i
B�L 10�1 10�2

✓13 & 2� & 0.5�

✓23 . 41� . 43�

ORDERING NORMAL NORMAL

� �⇡/2÷ ⇡/5 /2 [0.4 ⇡, 0.7 ⇡]

' ⇡ (marginal, only for ✓23 . 36�)

m1 (15÷ 25) meV (10÷ 30)meV

mee ' 0.8m1 ' (12÷ 20)meV (8÷ 24)meV

Table 2: Summary of the set of conditions on low energy neutrino data from SO(10)-

inspired strong thermal leptogenesis imposing the wash-out of a pre-existing asymmetry

as large as 10�1 and 10�2.

5.2 Constraints on flavour decay parameters

The natural parameter of leptogenesis are the nine flavoured asymmetries "i↵ and the

nine flavour decay parameters Ki↵. As we have seen these can be re-expressed in terms

of the nine parameters in the low energy neutrino matrix and of the nine theoretical

parameters, six to describe the VL and the three eigenvalues of the neutrino Dirac mass

matrix. In order to have a useful insight on the constraints on the low energy neutrino

parameters discussed in the previous subsection, we show in Fig. 5 plots of the flavour

decay parameters K1↵. In this way we can see what are the values of the relevant flavour

11Preliminary results on the lower bound on ✓
13

and on the upper bound on ✓
23

were presented in [50].
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• Leptogenesis is an attractive scenario that potentially can explain 	

  the Baryon Asymmetry of the Universe and the origin of neutrino mass



Summary:

• What will happen if strong thermal SO(10)-inspired solutions are	

correct:

• What happens if they are wrong:
we falsified a simple,  predictive and well-defined model of 	


Leptogenesis!
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nine flavour decay parameters Ki↵. As we have seen these can be re-expressed in terms

of the nine parameters in the low energy neutrino matrix and of the nine theoretical

parameters, six to describe the VL and the three eigenvalues of the neutrino Dirac mass

matrix. In order to have a useful insight on the constraints on the low energy neutrino

parameters discussed in the previous subsection, we show in Fig. 5 plots of the flavour

decay parameters K1↵. In this way we can see what are the values of the relevant flavour
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The Baryon asymmetry 
By analysing the Cosmic Microwave Background Radiation and the 
primordial abundances of elements we learn about the content of 
the Universe.

Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.

3

Planck collaboration, 2013

Fitting CMBR power spectrum:

• amount of baryons in the Universe:

⌦Bh
2 ⇡ 0.02



The Baryon asymmetry 
By analysing the Cosmic Microwave Background Radiation and the 
primordial abundances of elements we learn about the content of 
the Universe.

⌘B :=
nB � nB̄

n�
6= 0

Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.

3

Planck collaboration, 2013

Fitting CMBR power spectrum:

• No signs of primary antimatter on 	

  different scales imply              nB̄ = 0

(nX = # density of X)

There is an asymmetry between matter 
and antimatter in our Universe

• amount of baryons in the Universe:

⌦Bh
2 ⇡ 0.02



1. Big-Bang nucleosynthesis 3
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Figure 1.1: The abundances of 4He, D, 3He and 7Li as predicted by the standard
model of big-bang nucleosynthesis. Boxes indicate the observed light element
abundances (smaller boxes: 2σ statistical errors; larger boxes: ±2σ statistical and
systematic errors). The narrow vertical band indicates the CMB measure of the
cosmic baryon density. See full-color version on color pages at end of book.

are closer to primordial. For all of the light elements, systematic errors are an important
and often dominant limitation to the precision with which primordial abundances can be
inferred.

February 4, 2008 20:03

PDG, 2008

Solid lines: BBN predictions
Yellow boxes: measure 2σ range
Dotted boxes: 2σ range + sys.

⌘B =
⇢B

mpn�
=

⌦B⇢c
mpn�

Today:
n0
� ⇡ 410 cm�3

⇢0c ⇡ 10.5h2keV cm�3

H0 = 100h km s�1 Mpc�1

⌘0B ⇡ 2.7⇥ 10�8⌦0
Bh

2

The agreement between BBN & 
CMBR is a big achievement for the  
ᴧ-CDM Model:

t 2 {10�2, 102} s

t ⇡ 106yrs

BBN tests BAU for 
CMBR for



Neutrino oscillations
Neutrinos are elusive particles that take part only in weak 
interactions. Up to now 3 kinds (flavours) of neutrino are known, 
named after the associated charged leptons involved in the 
interaction:

W+ ↵+

⌫↵
↵ 2 {e, µ, ⌧}, charged (anti)leptons

Suppose ⌫↵ 6= ⌫i ⌫i,  with  being the neutrino fields of the mass eigenstates,

⌫↵ = U↵i ⌫i

i 2 {1, 2, 3}                  . Then flavour neutrinos can be regarded as (coherent) superpositions
of the latter:

U unitary matrix (PMNS mixing matrix),

and the Schrödinger equations for the corresponding 1-particle states allow 
for flavour oscillations:

P⌫↵!⌫� (t) := |h⌫� |⌫↵(t)i|2 =
3X

i,k=1

U�iU
⇤
↵iU

⇤
�kU↵ke

��m2
ikt

2E �m2
ik := m2

i �m2
k,

|⌫↵i = U⇤
↵i |⌫ii



• Within the Standard Model neutrinos are described as massless leptons

�m2
ik = 08 i, k 6= i 2 {1, 2, 3}

hence our theoretical description forbids neutrino flavour oscillations!



• Within the Standard Model neutrinos are described as massless leptons

�m2
ik = 08 i, k 6= i 2 {1, 2, 3}

hence our theoretical description forbids neutrino flavour oscillations!

Neutrino mass puzzle: unknown origin of 
neutrino masses and mixing
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Figure 3: Results of the global analysis in terms of Nσ bounds on
the six parameters governing 3ν oscillations. Blue (solid) and red
(dashed) curves refer to NH and IH, respectively.

ing marginalized away. We also show updated oscilla-
tion constraints on the main absolute mass observables
[43, 44], namely, the effective electron neutrino mass
mβ (probed in β decay), the effective Majorana mass
(probed in 0ν2β decay searches), and the sum of neu-
trino masses Σ, which can be probed by precision cos-
mology.

Figure 3 shows the Nσ bounds on the 3ν oscillation
parameters. Solid and dashed curves refer to NH and
IH, respectively. The curves are expected to be linear
and symmetric around the best fit only for gaussian un-
certainties. This is nearly the case for the squared mass
differences δm2 and ∆m2, and for the mixing parameters
sin2 θ12 and sin2 θ13. The bounds on sin2 θ23 are rather
skewed towards the first octant, which is preferred at
! 2σ in NH and ! 3σ in IH. Also the probability dis-
tribution of δ is highly non-gaussian, with some prefer-
ence for δ close to π, but no constraint above ∼ 2σ. As
expected, there are no visible differences between the
NH and IH curves for the parameters δm2 and sin2 θ12,
and only minor variations for the the parameters ∆m2

and sin2 θ13. More pronounced (but ! 1σ) differences
between NH and IH curves can be seen for sin2 θ23 and,
to some extent, for δ.

Except for δ, the oscillation parameters are con-

strained with significant accuracy. If we define the av-
erage 1σ fractional accuracy as 1/6th of the ±3σ varia-
tions around the best fit, then the parameters are globally
determined with the following relative precision (in per-
cent): δm2 (2.6%), ∆m2 (3.0%), sin2 θ12 (5.4%), sin2 θ13
(10%), and sin2 θ23 (14%).

A final remark is in order. As noted in Subsection 2.2,
two alternative choices were used in [4] for the absolute
reactor flux normalization, named as “old” and “new,”
the latter being motivated by revised flux calculations.
Constraints were shown in [4] for both old and new nor-
malization, resulting in somewhat different values of θ12
and θ13. The precise near/far data ratio constraints from
Daya Bay [5, 7] and RENO [6, 8] are largely indepen-
dent of such normalization issues, which persists only
for the reactor data without near detector (i.e., Kam-
LAND, CHOOZ and Double Chooz data in this work),
with very small effects on the global fit.

Let us now discuss the interplay of oscillation and
non-oscillation data. The constraints from oscillations
induce strong covariances among the three main ob-
servables which are sensitive to the absolute masses,
namely, mβ, mββ and Σ (see [43, 44] for notation). Fig-
ure 4 shows such covariances in terms of 2σ constraints
(bands) in the planes charted by any couple of the abso-
lute mass observables. As compared to previous results
[43, 44], the bands in the (mβ, Σ) plane of Fig. 4 are nar-
rower, due to the higher accuracy reached in the deter-
mination of all the oscillation parameters. Note that, in
principle, precise measurements of (mβ, Σ) in the sub-
eV range (where the bands for NH and IH branch out)
could determine the mass spectrum hierarchy. In the
two lower panels of Fig. 4, there remains a large verti-
cal spread in the allowed slanted bands, as a result of
the unknown Majorana phases in the mββ components,
which may interfere either constructively (upper part of
each band) or destructively (lower part of each band).
In principle, precise data in either the (mββ, mβ) plane
or the (mββ, Σ) plane might thus provide constraints on
the Majorana phases.

Progress in constraining the neutrino mass and mix-
ing parameters will hopefully lead to a deeper under-
standing of their origin. Theoretical options range from
“accidental” parameter values with no special signifi-
cance or structure [45] to “special” values pointing to-
wards underlying symmetries [46], just to name a few
possibilities in the vast literature on models. Precision
measurements of neutrinos masses, mixings and phases
will provide valuable information to narrow this wide
theoretical spectrum.

G.L. Fogli et al. / Nuclear Physics B (Proc. Suppl.) 235–236 (2013) 125–132130

G. I. Fogli et al., 2013
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uncertainties were not included in the analysis; the absolute
normalization ε was determined from the fit to the data. The
best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. All best estimates of pull parameters
are within its one standard deviation based on the correspond-
ing systematic uncertainties. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among
ADs. The fast-neutron and 9Li/8He backgrounds were site-
wide correlated. In the worst case where they were correlated
in the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic un-
certainty increased by 0.001.

Fig. 4 shows the measured numbers of events in each de-
tector, relative to those expected assuming no oscillation. The
6.0% rate deficit is obvious for EH3 in comparison with the
other EHs, providing clear evidence of a non-zero θ13. The
oscillation survival probability at the best-fit values is given
by the smooth curve. The χ2 versus sin22θ13 is shown in the
inset.
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FIG. 4. Ratio of measured versus expected signal in each detector,
assuming no oscillation. The error bar is the uncorrelated uncertainty
of each AD, including statistical, detector-related, and background-
related uncertainties. The expected signal is corrected with the best-
fit normalization parameter. Reactor and survey data were used to
compute the flux-weighted average baselines. The oscillation sur-
vival probability at the best-fit value is given by the smooth curve.
The AD4 and AD6 data points are displaced by -30 and +30 m for
visual clarity. The χ2 versus sin2 2θ13 is shown in the inset.

The observed νe spectrum in the far hall is compared to
a prediction based on the near hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence of
neutrino oscillation. The ratio of the spectra is consistent with
the best-fit oscillation solution of sin2 2θ13 = 0.092 obtained
from the rate-only analysis [31].

En
tri

es
 / 

0.
25

M
eV

0

200

400

600

800 Far hall

Near halls (weighted)

Prompt energy (MeV)
0 5 10

Fa
r /

 N
ea

r (
w

ei
gh

te
d)

0.8

1

1.2
No oscillation
Best Fit

FIG. 5. Top: Measured prompt energy spectrum of the far hall (sum
of three ADs) compared with the no-oscillation prediction from the
measurements of the two near halls. Spectra were background sub-
tracted. Uncertainties are statistical only. Bottom: The ratio of mea-
sured and predicted no-oscillation spectra. The red curve is the best-
fit solution with sin2 2θ13 = 0.092 obtained from the rate-only anal-
ysis. The dashed line is the no-oscillation prediction.

In summary, with a 43,000 ton-GWth-day livetime expo-
sure, 10,416 reactor antineutrinos were observed at the far
hall. Comparing with the prediction based on the near-hall
measurements, a deficit of 6.0% was found. A rate-only anal-
ysis yielded sin2 2θ13 = 0.092± 0.016(stat) ± 0.005(syst).
The neutrino mixing angle θ13 is non-zero with a significance
of 5.2 standard deviations.
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• Experimental status of neutrino oscillations:                !�m2
ik 6= 0

SM prediction

osc. prediction



• Neutrino masses in the type I Seesaw

–Electroweak symmetry breaking:

�h↵i`L↵NRi�̃ �! (mD)↵i⌫L↵NRi
h�i 6= 0�h↵i`L↵NRi�̃ �! (mD)↵i⌫L↵NRi mD :=

h�ip
2
h

–Seesaw mechanism: neutrinos must be Majorana particles!

L = LSM + iNRi@
µ�µNRi � h↵i`L↵NRi�̃� 1

2

3X
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RiDMiNRi + H.c.L �L⌫

m =

Seesaw limit: 
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The Seesaw mechanism



•Multiple-stage Boltzmann equations; vanishing initial abundance:

–T~M3>1012 GeV: heavy flavour regime   

✏3 ' 0 no B-L asymmetry producedN�3 = 0

...but CP asymmetry is negligible: O~(M2/M3)2

dN�3

dz
= ✏3D3(NN3 �N eq

N3
)�W3NB�L

N3 processes are active...

–T~M2<1012 GeV⋀ M2>109 GeV: two-flavour regime   

N2 processes generate a B-L asymmetry (� = ⌧, ⌧?2 )

dN�2

dz
=

X

�

dN��

dz

dN��

dz
= ✏2�D2(NN2 �N eq

N2
)� p2�W2NB�L

(2) (2)

N2-dominated leptogenesis:



therefore:
N�2(T < M2) = ✏2⌧(K2,K2⌧ ) + ✏2⌧?2 (K2,K2⌧?2

)

Ki ⌘
m̃i

m⇤

✏i = ��(Ni ! `�)� �(Ni ! `�)

�(Ni ! `�) + �(Ni ! `�)

Ki� := pi�Ki ✏i� := pi�✏i pi� :=
|(mD)�i|2⇣
m†

DmD

⌘

ii

–T~M1<109 GeV: three-flavour regime   

N1 processes are active; no B-L asymmetry generated as

M1 < 109GeV ✏1 ' 0 (Davidson - Ibarra bound)

N2 asymmetry is washed out: dN (1)
�↵

dz
= �p1↵W1p2↵N�2

(↵ = e, µ, ⌧)

N lep,f
B�L :=

X

↵

N (1)
�↵(T ⌧ M1) '

p2e
p2⌧?2

✏2⌧?2 (K2,K2⌧?2
)e�

3⇡
8 K1e+

+
p2µ
p2⌧?2

✏2⌧?2 (K2,K2⌧?2
)e�

3⇡
8 K1µ + ✏2⌧(K2,K2⌧ )e

� 3⇡
8 K1⌧

✏2 / M2 / ↵2
2



• About inverter ordering: no Strong Leptogenesis



• 𝜃12 in the SO(10)-inspired models: strong thermal 
solutions Npreex,0

B�L

= 0, 10-3,10-2, 10-1

Npreex,f

B�L

< 10�8



• Decay efficiency parameters:
Npreex,0

B�L

= 0, 10-3,10-2, 10-1 Npreex,f

B�L

< 10�8



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 –

• Status of neutrino parameters
M.C. Gonzalez-Garcia et al, 2012
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TABLE I: Results of the global 3ν oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3σ ranges for the 3ν
mass-mixing parameters. See also Fig. 3 for a graphical representation of the results. We remind that ∆m2 is defined herein as
m2

3− (m2
1 +m2

2)/2, with +∆m2 for NH and −∆m2 for IH. The CP violating phase is taken in the (cyclic) interval δ/π ∈ [0, 2].
The overall χ2 difference between IH and NH is insignificant (∆χ2

I−N = −0.3).

Parameter Best fit 1σ range 2σ range 3σ range

δm2/10−5 eV2 (NH or IH) 7.54 7.32 – 7.80 7.15 – 8.00 6.99 – 8.18

sin2 θ12/10
−1 (NH or IH) 3.08 2.91 – 3.25 2.75 – 3.42 2.59 – 3.59

∆m2/10−3 eV2 (NH) 2.43 2.37 – 2.49 2.30 – 2.55 2.23 – 2.61

∆m2/10−3 eV2 (IH) 2.38 2.32 – 2.44 2.25 – 2.50 2.19 – 2.56

sin2 θ13/10−2 (NH) 2.34 2.15 – 2.54 1.95 – 2.74 1.76 – 2.95

sin2 θ13/10
−2 (IH) 2.40 2.18 – 2.59 1.98 – 2.79 1.78 – 2.98

sin2 θ23/10
−1 (NH) 4.37 4.14 – 4.70 3.93 – 5.52 3.74 – 6.26

sin2 θ23/10−1 (IH) 4.55 4.24 – 5.94 4.00 – 6.20 3.80 – 6.41

δ/π (NH) 1.39 1.12 – 1.77 0.00 – 0.16 ⊕ 0.86 – 2.00 —

δ/π (IH) 1.31 0.98 – 1.60 0.00 – 0.02 ⊕ 0.70 – 2.00 —

IV. COVARIANCES OF OSCILLATION PARAMETERS

In this Section we show the allowed regions for selected couples of oscillation parameters, and discuss some interesting
correlations.
Figure 4 shows the global fit results in the plane charted by (sin2 θ23, ∆m2), in terms of regions allowed at 1, 2

and 3σ (∆χ2 = 1, 4 and 9). Best fits are marked by dots, and it is understood that all the other parameters are
marginalized away. From left to right, the panels refer to increasingly rich datasets, as previously discussed: LBL
accelerator + solar + KamLAND data (left), plus SBL reactor data (middle), plus SK atmospheric data (right). The
upper (lower) panels refer to normal (inverted) hierarchy. This figure shows the instability of the θ23 octant discussed
above, in a graphical format which is perhaps more familiar to most readers. It is worth noticing the increasing
(sin2 θ23, ∆m2) covariance for increasingly nonmaximal θ23 (both in first and in the second octant), which contributes
to the overall ∆m2 uncertainty. In this context, the measurement of ∆m2 at SBL reactor experiments (although
not yet competitive with accelerator and atmospheric experiments [15]) may become relevant in the future: being
θ23-independent, it will help to break the current correlation with θ23 and to improve the overall ∆m2 accuracy in
the global fit.
Figure 5 shows the allowed regions in the plane charted by (sin2 θ23, sin

2 θ13). Let us consider first the left panels,
where a slight negative correlation between these two parameters emerges from LBL appearance data, as discussed in
[4]. The contours extend towards relatively large values of θ13, especially in IH, in order to accommodate the relatively
strong T2K appearance signal [17]. However, solar + KL data provide independent (although weaker) constraints on
θ13 and, in particular, prefer sin2 θ13 ∼ 0.02 in our analysis. This value, being on the “low side” of the allowed regions
of θ13, leads (via anticorrelation) to a best-fit value of θ23 on the “high side” (i.e., in the second-octant) for both NH
and IH. However, when current SBL reactor data are included in the middle panels, a slightly higher value of θ13 is
preferred (sin2 θ13 ≃ 0.023) with very small uncertainties: this value is high enough to flip the θ23 best fit from the
second to the first octant in NH, but not in IH.
It is useful to compare the left and middle panels of Fig. 5 with the analogous ones of Fig. 1 from our previous

analysis [4]: the local minima in the two θ23 octants are now closer and more degenerate. This fact is mainly due to
the persisting preference of T2K disappearance data for nearly maximal mixing [19], which is gradually diluting the
MINOS preference for nonmaximal mixing [23]. Moreover, accelerator data are becoming increasingly competitive
with atmospheric data in constraining θ23 [19]. Therefore, although we still find (as in previous works [2, 4]) that
atmospheric data alone prefer θ23 < π/4, the overall combination with current non-atmospheric data (right panels
of Fig. 5) makes this indication less significant than in previous fits (compare, e.g., with Fig. 1 in [4]), especially in
IH where non-atmospheric data now prefer the opposite case θ23 > π/4. The fragility of the θ23 octant fit (with
and without atmospheric neutrinos) was also noted in the recent analysis [6]. In conclusion, the overall indication
for θ23 < π/4 in both NH and IH (right panels of Fig. 5) is currently weaker than in our previous analysis [4]; in
particular, its significance reaches only ∼ 1.6σ ( 90% C.L.) in NH, while it is < 1σ in IH. Further accelerator neutrino
data will become increasingly important in assessing the status of θ23 in the near future.

F. Capozzi et al. 2013


