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Takagi factorisation: 

(N.O.)

P. Di Bari, A. Riotto; 2008

Diagonalising                   gives:
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ηB(SO(10)-inspired + ν exp.)⋍ηBCMBR ??
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SO(10)-inspired leptogenesis 
With this setup the natural scenario is N2-dominated 

heavy neutrinos’ hierarchical mass spectrum:

B-L asymmetry produced in a 2-flavours regime for T~M2:

N3 does not contribute to the asymmetry. Furthermore:

no resonant enhancement to ϵ2

N1 does washout in three flavour regime. No B-L production:



Successful SO(10)-in. leptogenesis



Successful SO(10)-in. leptogenesis
define “Successful leptogenesis” by:

ηBSO(10)⩾(ηB-2σB)CMBR



Successful SO(10)-in. leptogenesis
define “Successful leptogenesis” by:
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scan the parameter space and calculate ηBSO(10): 

•1⩽VL⩽CKM, normal and inverted order 
•α2 ~ O(1) 
•2σ experimental ranges for 𝜃12, 𝜃23, 𝜃13

•U⊃σ,⍴,δ∈[0,360°]
•m1 <1eV, best fits for Δm2sol, Δm2atm
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An example: mee vs. m1 (eV); successful points, α2=5
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n.o. i.o.

The SO(10) inspired model allows for successful leptogenesis!
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α2 =5, 1⩽VL⩽CKM, n.o.  NB-L 0,preex=0,10-3,10-2, 10-1

𝜃13 vs m1 𝜃23 vs m1

⍴ vs σ (1/π) JCP vs 𝜃13 mee vs 𝜃13 

P. Di Bari, L.M. - Work in progress

Abstract

The T2K experiment observes indications of ⇤µ ⇤ ⇤e appearance in data accumulated with

1.43� 1020 protons on target. Six events pass all selection criteria at the far detector. In a three-

flavor neutrino oscillation scenario with |�m2
23| = 2.4� 10�3 eV2, sin2 2⇥23 = 1 and sin2 2⇥13 = 0,

the expected number of such events is 1.5±0.3(syst.). Under this hypothesis, the probability to

observe six or more candidate events is 7�10�3, equivalent to 2.5⌅ significance. At 90% C.L.,

the data are consistent with 0.03(0.04)< sin2 2⇥13 < 0.28(0.34) for �CP = 0 and normal (inverted)

hierarchy.

PACS numbers: 14.60.Pq,13.15.+g,25.30.Pt,95.55.Vj
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Abstract

The T2K experiment observes indications of ⇤µ ⇤ ⇤e appearance in data accumulated with

1.43� 1020 protons on target. Six events pass all selection criteria at the far detector. In a three-

flavor neutrino oscillation scenario with |�m2
23| = 2.4� 10�3 eV2, sin2 2⇥23 = 1 and sin2 2⇥13 = 0,

the expected number of such events is 1.5±0.3(syst.). Under this hypothesis, the probability to

observe six or more candidate events is 7�10�3, equivalent to 2.5⌅ significance. At 90% C.L.,

the data are consistent with 0.03(0.04)< sin2 2⇥13 < 0.28(0.34) for �CP = 0 and normal (inverted)
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André,14 P. de Perio,51 A.Delbart,8 C.Densham,47 F.Di Lodovico,39 S.Di Luise,15 P.Dinh

Tran,14 J.Dobson,21 U.Dore,25 O.Drapier,14 F.Dufour,16 J.Dumarchez,37 S.Dytman,38

M.Dziewiecki,55 M.Dziomba,57 S. Emery,8 A.Ereditato,3 J.E. Escallier,6 L.Escudero,20

L.S. Esposito,15 M.Fechner,13, 8 A.Ferrero,16 A.J. Finch,29 E.Frank,3 Y.Fujii,18, �

Y.Fukuda,33 V.Galymov,59 G.L.Ganetis,6 F.C.Gannaway,39 A.Gaudin,53 A.Gendotti,15

M.George,39 S.Gi⇥n,40 C.Giganti,19 K.Gilje,34 A.K.Ghosh,6 T.Golan,58 M.Goldhaber,6, †

J.J.Gomez-Cadenas,20 M.Gonin,14 N.Grant,29 A.Grant,46 P.Gumplinger,52 P.Guzowski,21

A.Haesler,16 M.D.Haigh,36 K.Hamano,52 C.Hansen,20, ‡ D.Hansen,38 T.Hara,27

P.F.Harrison,56 B.Hartfiel,31 M.Hartz,59, 51 T.Haruyama,18, � T.Hasegawa,18, �

N.C.Hastings,40 S.Hastings,5 A.Hatzikoutelis,29 K.Hayashi,18, � Y.Hayato,49 C.Hearty,5, §

R.L.Helmer,52 R.Henderson,52 N.Higashi,18, � J.Hignight,34 E.Hirose,18, � J.Holeczek,45

S.Horikawa,15 A.Hyndman,39 A.K. Ichikawa,28 K. Ieki,28 M. Ieva,19 M. Iida,18, �

M. Ikeda,28 J. Ilic,47 J. Imber,34 T. Ishida,18, � C. Ishihara,50 T. Ishii,18, � S.J. Ives,21

M. Iwasaki,48 K. Iyogi,49 A. Izmaylov,26 B. Jamieson,5 R.A. Johnson,10 K.K. Joo,9

G.V. Jover-Manas,19 C.K. Jung,34 H.Kaji,50 T.Kajita,50 H.Kakuno,48 J.Kameda,49

K.Kaneyuki,50, † D.Karlen,53, 52 K.Kasami,18, � I. Kato,52 E.Kearns,4 M.Khabibullin,26

1

ar
X

iv
:1

10
6.

28
22

v1
  [

he
p-

ex
]  

14
 Ju

n 
20

11

Y. Suzuki,49 T. Szeglowski,45 M.Szeptycka,2 R.Tacik,40, 52 M.Tada,18, � S.Takahashi,28

A.Takeda,49 Y.Takenaga,49 Y.Takeuchi,27 K.Tanaka,18, � H.A.Tanaka,5, § M.Tanaka,18, �

M.M.Tanaka,18, � N.Tanimoto,50 K.Tashiro,35 I. Taylor,34 A.Terashima,18, � D.Terhorst,42

R.Terri,39 L.F.Thompson,44 A.Thorley,30 W.Toki,11 T.Tomaru,18, � Y.Totsuka,18, †

C.Touramanis,30 T.Tsukamoto,18, � M.Tzanov,31, 10 Y.Uchida,21 K.Ueno,49 A.Vacheret,21

M.Vagins,7 G.Vasseur,8 T.Wachala,17 J.J.Walding,21 A.V.Waldron,36 C.W.Walter,13

P.J.Wanderer,6 J.Wang,48 M.A.Ward,44 G.P.Ward,44 D.Wark,47, 21 M.O.Wascko,21

A.Weber,36, 47 R.Wendell,13 N.West,36 L.H.Whitehead,56 G.Wikström,16 R.J.Wilkes,57

M.J.Wilking,52 J.R.Wilson,39 R.J.Wilson,11 T.Wongjirad,13 S.Yamada,49 Y.Yamada,18, �

A.Yamamoto,18, � K.Yamamoto,35 Y.Yamanoi,18, � H.Yamaoka,18, � C.Yanagisawa,34, ��

T.Yano,27 S.Yen,52 N.Yershov,26 M.Yokoyama,48 A.Zalewska,17 J. Zalipska,5

L. Zambelli,37 K.Zaremba,55 M.Ziembicki,55 E.D. Zimmerman,10 M.Zito,8 and J. Żmuda58
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FIG. 6. The 68% and 90% C.L. regions for sin2 2⇥13 for each value of �CP, consistent with

the observed number of events in the three-flavor oscillation case for normal (top) and inverted

(bottom) mass hierarchy. The other oscillation parameters are fixed (see text). The best fit values

are shown with solid lines.
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Strong SO(10)-inspired leptogenesis
α2 =5, 1⩽VL⩽CKM, n.o.  NB-L 0,preex=0,10-3,10-2, 10-1

𝜃13 vs m1 𝜃23 vs m1

⍴ vs σ (1/π) JCP vs 𝜃13 mee vs 𝜃13 

P. Di Bari, L.M. - Work in progress

Abstract

The T2K experiment observes indications of ⇤µ ⇤ ⇤e appearance in data accumulated with

1.43� 1020 protons on target. Six events pass all selection criteria at the far detector. In a three-

flavor neutrino oscillation scenario with |�m2
23| = 2.4� 10�3 eV2, sin2 2⇥23 = 1 and sin2 2⇥13 = 0,

the expected number of such events is 1.5±0.3(syst.). Under this hypothesis, the probability to

observe six or more candidate events is 7�10�3, equivalent to 2.5⌅ significance. At 90% C.L.,

the data are consistent with 0.03(0.04)< sin2 2⇥13 < 0.28(0.34) for �CP = 0 and normal (inverted)

hierarchy.

PACS numbers: 14.60.Pq,13.15.+g,25.30.Pt,95.55.Vj

6

P
reprin

t
subm

itted
to

P
R
L

In
d
ica

tio
n
o
f
E
le
ctro

n
N
e
u
trin

o
A
p
p
e
a
ra

n
ce

fro
m

a
n

A
cce

le
ra

to
r-p

ro
d
u
ce

d
O
↵
-a
x
is

M
u
o
n
N
e
u
trin

o
B
e
a
m

K
.A

b
e, 49

N
.A

b
grall, 16

Y
.A

jim
a, 18

,�
H
.A

ih
ara, 48

J.B
.A

lb
ert, 13

C
.A

n
d
reop

ou
los, 47

B
.A

n
d
rieu

, 37
M
.D

.A
n
erella, 6

S
.A

oki, 27
O
.A

raoka, 18
,�

J.A
rgyriad

es, 16
A
.A

riga, 3

T
.A

riga, 3
S
.A

ssylb
ekov, 11

D
.A

u
tiero, 32

A
.B

ad
ertsch

er, 15
M
.B

arb
i, 40

G
.J.B

arker, 56

G
.B

arr, 36
M
.B

ass, 11
F
.B

ay, 3
S
.B

enth
am

, 29
V
.B

erard
i, 22

B
.E
.B

erger, 11
I.B

ertram
, 29

M
.B

esn
ier, 14

J.B
eu
ch
er, 8

D
.B

ezn
osko, 34

S
.B

h
ad

ra, 59
F
.d
.M

.B
laszczyk, 8

A
.B

lon
d
el, 16

C
.B

o
jech

ko, 53
J.B

ou
ch
ez, 8

,†
S
.B
.B

oyd
, 56

A
.B

ravar, 16
C
.B

ron
n
er, 14

D
.G

.B
rook-R

ob
erge, 5

N
.B

u
ch
an

an
, 11

H
.B

u
d
d
, 41

D
.C

alvet, 8
S
.L
.C

artw
right, 44

A
.C

arver, 56
R
.C

astillo, 19

M
.G

.C
atan

esi, 22
A
.C

azes, 32
A
.C

ervera, 20
C
.C

h
avez, 30

S
.C

h
oi, 43

G
.C

h
ristod

ou
lou

, 30

J.C
olem

an
, 30

G
.C

ollazu
ol, 24

W
.C

olem
an

, 31
K
.C

on
n
olly, 57

A
.C

u
rion

i, 15
A
.D

ab
row

ska, 17

I.D
an

ko, 38
R
.D

as, 11
G
.S
.D

avies, 29
S
.D

avis, 57
M
.D

ay, 41
G
.D

e
R
osa, 23

J.P
.A

.M
.d
e

A
n
d
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Evidence of θ13 > 0 from global neutrino data analysis

G.L. Fogli,1, 2 E. Lisi,2 A. Marrone,1, 2 A. Palazzo,3 and A.M. Rotunno1
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The neutrino mixing angle θ13 is at the focus of current neutrino research. From a global analysis of
the available oscillation data in a 3ν framework, we previously reported [Phys. Rev. Lett. 101, 141801
(2008)] hints in favor of θ13 > 0 at the 90% C.L. Such hints are consistent with the recent indications
of νµ → νe appearance in the T2K and MINOS long-baseline accelerator experiments. Our global
analysis of all the available data currently provides > 3σ evidence for nonzero θ13, with 1σ ranges
sin2 θ13 = 0.021± 0.007 or 0.025 ± 0.007, depending on reactor neutrino flux systematics. Updated
ranges are also reported for the other 3ν oscillation parameters (δm2, sin2 θ12) and (∆m2, sin2 θ23).

I. INTRODUCTION

Neutrino oscillation experiments have established that neutrino flavor and mass states do mix [1]. In the simplest
framework, the three flavor states (νe, νµ, ντ ) are quantum superpositions of only three light mass states (ν1, ν3, ν3)
via a unitary mixing matrix U , parametrized in terms of three rotation angles (θ12, θ13, θ23) and one possible CP-
violating phase δ in standard notation [1]. The amplitudes and frequencies of flavor oscillation phenomena are
governed, respectively, by the θij angles and by two squared mass differences, namely,

δm2 = m2
2 −m2

1 > 0 (1)

and, in our convention [2],

∆m2 = m2
3 −

m2
2 +m2

1

2
, (2)

where ∆m2 > 0 (< 0) corresponds to normal (inverted) mass spectrum hierarchy. Typically, a single experiment is
mainly sensitive to only one of the above mass gaps and to one mixing parameter, although subleading effects driven
by the remaining parameters may become relevant in precision oscillation searches.
So far, solar and long-baseline reactor neutrino experiments have measured the mass-mixing parameters (δm2, θ12)

in the νe → νe channel, while atmospheric and long-baseline accelerator (LBL) experiments have measured (∆m2, θ23)
in the νµ → νµ channel. Conversely, short-baseline reactor experiments, mainly sensitive to (∆m2, θ13), have set
upper—but not lower—bounds on the mixing angle θ13; see [1] for an overview. However, we observed in [3, 4] that
the two data sets mainly sensitive to δm2 and to ∆m2 provided two separate hints in favor of θ13 > 0 which, in
combination, disfavored the null hypothesis θ13 = 0 at 90% C.L. [4].
The statistical significance of the hints, as well as their possible origin in subleading oscillation effects, have been

examined in detail and also debated in a number of analyses [5–17], often triggered by new input data and, more
recently, also by a new, critical evaluation of older inputs for the reactor neutrino fluxes [18] (see [19–21]). Within
the standard 3ν framework (with no extra sterile neutrinos νs), the overall statistical significance of θ13 > 0 has, so
far, not exceeded the level of ∼ 2σ, with a corresponding estimated range sin2 θ13 $ 0.02± 0.01, see e.g. [11, 21].
Very recently (June 2011), new relevant results have been announced by two long-baseline accelerator experiments

probing the νµ → νe appearance channel, which is governed by the (∆m2, θ13) parameters (although with an additional
dependence on θ23 and δ, absent in short-baseline reactor experiments). In particular, the Tokai-to-Kamioka (T2K)
experiment has observed 6 electron-like events with an estimated background of 1.5 events, rejecting θ13 = 0 at the
level of 2.5σ [22]. The low background level makes the T2K results particularly important and robust. Shortly after,
the Main Injector Neutrino Oscillation Search (MINOS) experiment has reported the observation of 62 electron-like
events with an estimated background of 49 events, disfavoring θ13 = 0 at 1.5σ [23]. Taken together, these data suggest
sin2 θ13 $ few %, in agreement with our previous hints [4] discussed above.
It makes then sense to update our previous global analyses of oscillation data [4, 6, 11] by including the latest T2K

and MINOS results, as well as other data which have been published in the last few years. Our main result is

sin2 θ13 =

{

0.021± 0.007 , old reactor fluxes

0.025± 0.007 , new reactor fluxes
(1σ) , (3)

corresponding to a > 3σ evidence in favor of nonzero θ13 (while previous hints did not exceed the ∼ 2σ level). We
discuss below some details of our current analysis, and a few relevant implications of θ13 > 0 for neutrino physics.
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Evidence of θ13 > 0 from global neutrino data analysis

G.L. Fogli,1, 2 E. Lisi,2 A. Marrone,1, 2 A. Palazzo,3 and A.M. Rotunno1

1 Dipartimento Interateneo di Fisica “Michelangelo Merlin,” Via Amendola 173, 70126 Bari, Italy
2 Istituto Nazionale di Fisica Nucleare, Sezione di Bari, Via Orabona 4, 70126 Bari, Italy

3 Cluster of Excellence, Origin and Structure of the Universe,
Technische Universität München, Boltzmannstraße 2, D-85748, Garching, Germany

The neutrino mixing angle θ13 is at the focus of current neutrino research. From a global analysis of
the available oscillation data in a 3ν framework, we previously reported [Phys. Rev. Lett. 101, 141801
(2008)] hints in favor of θ13 > 0 at the 90% C.L. Such hints are consistent with the recent indications
of νµ → νe appearance in the T2K and MINOS long-baseline accelerator experiments. Our global
analysis of all the available data currently provides > 3σ evidence for nonzero θ13, with 1σ ranges
sin2 θ13 = 0.021± 0.007 or 0.025 ± 0.007, depending on reactor neutrino flux systematics. Updated
ranges are also reported for the other 3ν oscillation parameters (δm2, sin2 θ12) and (∆m2, sin2 θ23).

I. INTRODUCTION

Neutrino oscillation experiments have established that neutrino flavor and mass states do mix [1]. In the simplest
framework, the three flavor states (νe, νµ, ντ ) are quantum superpositions of only three light mass states (ν1, ν3, ν3)
via a unitary mixing matrix U , parametrized in terms of three rotation angles (θ12, θ13, θ23) and one possible CP-
violating phase δ in standard notation [1]. The amplitudes and frequencies of flavor oscillation phenomena are
governed, respectively, by the θij angles and by two squared mass differences, namely,

δm2 = m2
2 −m2

1 > 0 (1)

and, in our convention [2],

∆m2 = m2
3 −

m2
2 +m2

1

2
, (2)

where ∆m2 > 0 (< 0) corresponds to normal (inverted) mass spectrum hierarchy. Typically, a single experiment is
mainly sensitive to only one of the above mass gaps and to one mixing parameter, although subleading effects driven
by the remaining parameters may become relevant in precision oscillation searches.
So far, solar and long-baseline reactor neutrino experiments have measured the mass-mixing parameters (δm2, θ12)

in the νe → νe channel, while atmospheric and long-baseline accelerator (LBL) experiments have measured (∆m2, θ23)
in the νµ → νµ channel. Conversely, short-baseline reactor experiments, mainly sensitive to (∆m2, θ13), have set
upper—but not lower—bounds on the mixing angle θ13; see [1] for an overview. However, we observed in [3, 4] that
the two data sets mainly sensitive to δm2 and to ∆m2 provided two separate hints in favor of θ13 > 0 which, in
combination, disfavored the null hypothesis θ13 = 0 at 90% C.L. [4].
The statistical significance of the hints, as well as their possible origin in subleading oscillation effects, have been

examined in detail and also debated in a number of analyses [5–17], often triggered by new input data and, more
recently, also by a new, critical evaluation of older inputs for the reactor neutrino fluxes [18] (see [19–21]). Within
the standard 3ν framework (with no extra sterile neutrinos νs), the overall statistical significance of θ13 > 0 has, so
far, not exceeded the level of ∼ 2σ, with a corresponding estimated range sin2 θ13 $ 0.02± 0.01, see e.g. [11, 21].
Very recently (June 2011), new relevant results have been announced by two long-baseline accelerator experiments

probing the νµ → νe appearance channel, which is governed by the (∆m2, θ13) parameters (although with an additional
dependence on θ23 and δ, absent in short-baseline reactor experiments). In particular, the Tokai-to-Kamioka (T2K)
experiment has observed 6 electron-like events with an estimated background of 1.5 events, rejecting θ13 = 0 at the
level of 2.5σ [22]. The low background level makes the T2K results particularly important and robust. Shortly after,
the Main Injector Neutrino Oscillation Search (MINOS) experiment has reported the observation of 62 electron-like
events with an estimated background of 49 events, disfavoring θ13 = 0 at 1.5σ [23]. Taken together, these data suggest
sin2 θ13 $ few %, in agreement with our previous hints [4] discussed above.
It makes then sense to update our previous global analyses of oscillation data [4, 6, 11] by including the latest T2K

and MINOS results, as well as other data which have been published in the last few years. Our main result is

sin2 θ13 =

{

0.021± 0.007 , old reactor fluxes

0.025± 0.007 , new reactor fluxes
(1σ) , (3)

corresponding to a > 3σ evidence in favor of nonzero θ13 (while previous hints did not exceed the ∼ 2σ level). We
discuss below some details of our current analysis, and a few relevant implications of θ13 > 0 for neutrino physics.
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Epilogue and future prospects:

Leptogenesis can explain the observed BAU and, via the seesaw 
mechanism, the neutrino mass scale in a natural way

The SO(10)-inspired model allows for successful strong 
leptogenesis proposing a tauon-N2 dominated scenario, n.o. 

Sharp predictions for n.o. requiring strong thermal leptogenesis! 

Statistical analyses appears in line with new results on θ13 and 
θ23

About leptogenesis and the SO(10)-inspired model:

Future prospects:

Complete set of one parameter PDFs for VL≠1, i.o. & n.o.

more on SO(10)-inspired: possible future scenarios.



Encore:

• N1 leptogenesis as an example

• Correlations between 𝜃13 and 𝜃23

• Inverted order in the SO(10) inspired 
model

• Details on the statistical analyses 

• Strong thermal leptogenesis in steps
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Connection to neutrino oscillation parameters!
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Correlations between θ23 & θ13



Correlations between θ23 & θ13

Figure 3: Case VL = I, NO, α2 = 4. Constraints on the mixing angles obtained without

imposing the current experimental information from neutrino oscillation experiments (blue

points) compared to those previously obtained (green points). Notice that the regions

exhibit a π periodicity and they are specular around π/2 so that all mixing angles can be

limited to the physical range [0, π/2]. This can be proven to hold on very general grounds

[24] and therefore this plot can be regarded as a consistency check as well.

In the bottom-right panel one can see how there is a precise relation between mee and m1,

given approximately by mee ! m1. It can be also noticed that there is quite a strict lower

bound mee ! 1.5 × 10−3 eV. Lowest values mee ! 2×10−3 eV are the most favoured ones

in this case. Though current planned experiments will not be able to test the full allowed

range, it is still interesting that they will test it partially, tightening the constraints on

the other parameters as well.

We have also made an interesting exercise. We determined the constraints without

making use of any experimental information on the mixing angles and letting them just

simply variate between 0◦ and 360◦. The results are shown in Fig. 3. First, notice that the

lower bound on m1 relaxes of a few orders of magnitude (see left panel). Then notice quite

interestingly that small values θ13 " 10◦ are well allowed for m1 ! 10−3 eV but values

30◦ ! θ13 ! 10◦ would have been very marginally consistent. Therefore, the current

bound θ13 " 10◦ seems to match quite well with successful SO(10)-inspired leptogenesis

On the other hand, values θ23 " 30◦ would have been more optimal for θ13 " 10◦ than

the current experimental large atmospheric values (see the central panel in the figure).

However, they are still allowed thanks to the observed range of values of the solar neutrino

mixing angle (see the right panel). For the solar neutrino mixing angle there is no real

favourite range of values for θ13 " 10◦.

13

P. Di Bari, A. Riotto, hep-ph: 1012.2343

For high values of θ13 Leptogenesis and 
the seesaw mechanism select increasing 

values of θ23

𝜃23 , 𝜃13 joint PDF
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Inverted order; α2=5, 1⩽VL⩽CKM

𝜃13 vs m1

Mi vs m1

𝜃23 vs 𝜃13

𝜃23 vs m1
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Details on the statistical analyses
Going a step further:

populate the sample space:

for every point compute         and apply weighted binning:

normal ordering only 

P. Di Bari, L. M., S. Huber, S. Peeters - work in progress

CMBR:

ν oscillations SO(10)-inspired
model

new constraints: 
model predictionsCMBR

Implementation: python code

new PDFs,
model  predictions

Low energy
ν experiments

CMBR: added 
phenomenology
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1) T~M3

The preexistent asymmetry (yellow) partially
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This is the only scenario allowing for strong thermal leptogenesis!
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