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q A common statement is that high scale leptogenesis is untestable.

q SO(10)-inspired leptogenesis provides a counter-example that clearly 
shows that, though challenging, it is possible, even just with standard 
low energy neutrino experiments, to have a high-scale leptogenesis 
scenario that is highly predictive, it is already getting tested now 
and has the potential for a high statistical significance support 

    (or to be relatively quickly ruled out).

q Moreover new phenomenological avenues toward tests of high scale 
scenarios are now available and intensively explored, mainly thanks to 
GW discovery.
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masses and recently the Planck collaboration found
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The mixing angles, respectively the reactor, the solar and the atmospheric one, are

now measured with the following best fit values and 1� (3�) ranges [23] for NO and IO

respectively,

✓13 = 8.8� ± 0.4� (7.6�–9.9�) and ✓13 = 8.9� ± 0.4� (7.7�–9.9�) , (13)
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�1.8� (38.1�–52.3�) .

It is interesting that current experimental data also start to put constraints on the Dirac

phase and the following best fit values and 1� errors are found for NO and IO respectively,

�/⇡ = �0.61+0.38
�0.27 and �/⇡ = �0.69+0.29
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while all values [�⇡,+⇡] are still allowed at 3�.
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Neutrino mixing parameters:

PDG :
α31 = 2(σ-ρ)
α21 = -2ρ 

!!cij ≡ cosθij , sij ≡ sinθij

NO favoured over IO:
 
Δ𝝌2 (IO-NO)=6.1

3σ ranges (NO)

θ12 = [31.27
!,35.86!]

θ13 = [8.20
! ,8.97!]

θ23 = [39.5
! ,52.0!]

δ = [105!,405!]
ρ,σ = [0,360!]

𝜃"#= 31.63°, 35.95°
  𝜃"$= 8.19°, 8.89°  

	𝜃#$= 41.3°, 49.9°
𝛿 = −236°, 4°
𝜌, 𝜎 = 0°, 360°



Minimally extended SM
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Dirac
Mass
 

leptonic mixing matrix:     U = VL
†
 

neutrino masses:              mi = mDi 

(((in a basis where charged lepton mass matrix is diagonal)
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But many unanswered questions: 

• Why neutrinos are much lighter than all other fermions?
• Why large mixing angles (differently from CKM angles)?
• Cosmological puzzles?
• Why not a Majorana mass term as well?



In the see-saw limit (M >> mD) the mass spectrum splits into 2 sets:

• 3 light Majorana neutrinos 
    with masses (seesaw formula):

• 3(?) very heavy Majorana  neutrinos NI, NII, NIII  with  MIII>MII>MI >> mD

Minimal seesaw mechanism (type I)
•Dirac + (right-right) Majorana mass terms 

m
n

M

SEE-SAW

m

mD

M

1 generation toy model :
        mD~mtop, 

        m~matm~ 50 meV 
        
⇒ M~MGUT ~ 1016GeV

(Minkowski ’77; Gell-mann,Ramond,Slansky; Yanagida; Mohapatra,Senjanovic ‘79)

violates
lepton 
number



3 generation seesaw models: two limits

1

L = LSM + L⌫
mass

�L⌫
mass = ⌫̄L h ⌫R ) �L⌫

mass = v ⌫̄L mD ⌫R

again  U = VL
†
 and neutrino masses: 

In the flavour basis (both charged lepton mass and Majorana mass matrices are diagonal):

!!
α = e,µ ,τ
I =1,2,3

bi-unitary parameterisation: 

⇒

!!DmD ≡ diag(mD1 ,mD2 ,mD3)
FIRST (EASY) LIMIT: ALL MIXING FROM THE LEFT-HANDED SECTOR 

• UR=I
		
mi =

mDi
2

MIIf also mD1=mD2=mD3=𝛌 then  simply:   
		
MI =

λ2

mi

!!mD =VL
†DmDUR

Typically RH 
neutrino  mass 
spectrum emerging
 in simple discrete 
flavour symmetry 
models

M3
M2
M1

Exercise:  
        

       

!!λ~100GeV

!!

m1 ~10−4eV ⇒M3 ~1017 GeV
m2 =msol ~10meV⇒M2 ~1015 GeV
m3 =matm~50meV⇒M1 ~1014 GeV
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mass = v ⌫̄L mD ⌫R

⇒• VL=I
		
M1 =

mD1
2

mββ

; M2 =
mD2

2

m1m2m3

mββ

|(mν
−1)ττ |

; M3 =mD3
2 |(mν

−1)ττ |

If one also imposes (SO(10)-inspired models)   

Barring very fine-tuned solutions, 
one obtains  a very hierarchical 
RH neutrino mass spectrum 

		mD1 =α1mup ; mD2 =α2mcharm; mD3 =α3mtop ; α i =Ο(1)

A SECOND  LIMIT: ALL MIXING FROM THE RH SECTOR 

Combining discrete flavour + grand 
unified symmetries one can obtain 
all mass spectra between 
these two limits

(Branco et al. ’02; Nezri, Orloff ’02; Akhmedov, Frigerio, Smirnov ’03; PDB, Riotto ‘08; PDB, Re Fiorentin ‘12)

How can we test the existence of these very heavy seesaw neutrinos
and their mass spectrum?



Minimal scenario of leptogenesis

• Sphaleron processes in equilibrium  
    ⇒  Tlep ≳ Tsphalerons≃ 132 GeV     

(Fukugita,Yanagida ’86)

total CP 
asymmetries

(Kuzmin,Rubakov,Shaposhnikov ’85
D’Onofrio, Rummukainen, Tranberg 1404.3565)

!!
NB−L

fin = ε I ×κ I
fin

I=1,2,3
∑⇒

!NI
Γ⎯→⎯ LI +φ!!NI

ΓI⎯→⎯ LI +φ
†heavy neutrinos decay 

!
ε I ≡ −

Γ−Γ
Γ+Γ

off

!! 
ηB0
lep =

asphNB−L
fin

Nγ
rec !0.01NB−L

fin

efficiency
factors 

⇒
sphaleron

𝜈e

𝜈µ

𝜈τ

uL
dL

dL

cL

sL

sL

tL

bL
bLΔB=ΔL=3

•Thermal production of RH neutrinos: TRH ≳ Tlep≃ Mi / (2÷10) 
•Type I seesaw mechanism
  



Seesaw parameter space 

q Popular solution: low-scale leptogenesis, potential direct discovery of RH
neutrinos in lab neutrino experiments (no signs so far).

q High-scale leptogenesis is challenging to test but there are a few
strategies able to reduce the number of parameters
in order to obtain testable predictions on low energy neutrino parameters

Orthogonal
parameterisation

  Combining  with low energy neutrino data 
can we test seesaw and leptogenesis? 

(Casas, Ibarra’01)

!! ηB0
lep !ηB0

CMB !6×10−10

(in a basis where charged lepton
and Majorana mass matrices
are diagonal)

light neutrino
parameters

heavy neutrino parameters
escaping experimental information



(Davidson, Ibarra ’02)

Vanilla leptogenesis ⇒ upper bound on ν masses

1) Lepton flavor composition is neglected

3) Strong lightest RH neutrino wash-out

4) Barring fine-tuned cancellations

decay parameter:

(Buchmüller,PDB,Plümacher ’04; Blanchet, PDB ’07,Garbrecht et al 2025)

No dependence on the leptonic mixing 
matrix U: it cancels out!

2) Hierarchical spectrum (M2 ≳ 2M1)

‘

!! ηB0 !0.01NB−L
final !0.01ε1κ1

fin(K1 ,m1)

All the asymmetry is generated
by the lightest  RH neutrino decays!

m1<0.12eV

IS SO(10)-INSPIRED LEPTOGENESIS RULED OUT ? 



Independence of the initial conditions                                         
,                (strong thermal leptogenesis)     

decay parameter:

(Buchmüller,PDB,Plümacher ’04)
wash-out of a pre-existing asymmetry NB-L

Independence of the
initial N1  abundance

p

equilibrium neutrino mass:

Just a 
coincidence?



(Barbieri et al ‘98; Abada et al ’06; Nardi et al. ’06; Blanchet, PDB, Raffelt ‘06; Riotto, De Simone ‘06) 

Flavor composition of lepton quantum states matters!  

q T << 1012 GeV ⇒ τ-Yukawa interactions are fast enough break the 
     coherent evolution of         and 

Charged lepton flavour effects

q  T << 109 GeV then also µ-Yukawas in equilibrium      ⇒ 3-flavour regime 

⇒ incoherent mixture of a τ and of a µ+e components ⇒ 2-flavour regime 

3 Flavour regime (e, µ, t )

2 Flavour regime (t, e+µ)

~ 109 GeV

M
i

~ 1012 GeV

UNFLAVOURED
M1

!!NB−L
final = ε1κ1

fin

!!ε1τκ1
fin(K1τ )+ ε1e+µκ1

fin(K1e+µ )

!!ε1τκ1
fin(K1τ )+ ε1µκ1

fin(K1µ )+ ε1eκ1
fin(K1e )

TRANSITION REGIME: DENSITY MATRIX APPROACH NEEDED

TRANSITION REGIME: DENSITY MATRIX APPROACH NEEDED



Heavy neutrino 
flavored scenario        

2 RH neutrino
scenario

N2 –dominated scenario: 
☛N1 produces negligible asymmetry;

Heavy neutrino lepton flavour effects: 10 scenarios

Typically
rising in
discrete 
flavour 
symmetry
models

Mi

Low scale 
leptogenesis

Examples: Resonant+
ARS leptogenesis



(PDB hep-ph/0502082, Vives hep-ph/0512160; Blanchet,PDB 0807.0743)

Ø With flavor effects the domain of successful N2 dominated leptogenesis greatly enlarges: 
the probability that K1 < 1 is less than 0.1% but the probability that either K1e or K1𝜇 or
K1𝜏is less than 1 is ~23%

   

N2-leptogenesis 

q Unflavoured case: asymmetry produced from 
N2 - RH neutrinos is typically washed-out

q Adding flavour effects: lighest RH neutrino wash-out 
acts on individual flavour ⇒ much weaker  

!! ηB0
lep(N2 ) !0.01⋅ε2 ⋅κ fin(K2)⋅e

−3π8 K1 <<ηB0
CMB

Ø It is the only hierarchical scenario that can realise strong thermal leptogenesis
(independence of the initial conditions) if the asymmetry is tauon-dominated and if
m1 ≳ 10 meV (corresponding to 𝞢imi ≳ 80meV)

(PDB, Michele Re Fiorentin, Rome Samanta )

Ø Existence of the heaviest RH neutrino N3 is necessary for the ε2α‘s not to be negligible

(PDB, Michele Re Fiorentin, Sophie King arXiv 1401.6185)

Ø N2-leptogenesis rescues SO(10)-inspired models!     



α2=5 NORMAL ORDERING I ≤ VL ≤VCKM      VL = I

N2-leptogenesis rescues SO(10)-inspired leptogenesis
(PDB, Riotto 0809.2285;1012.2343;He,Lew,Volkas 0810.1104 )

Ø Lower bound
m1 ≳ 10-3 eV

Ø Majorana phases
constrained about
specific regions

Ø INVERTED ORDERING IS NOW EXCLUDED (it requires too large sum of 
neutrino masses + too large θ23)

Ø Tauon + muon-dominated solutions
Ø Strong thermal leptogenesis is realised for a subset of tauon solutions (blue points) 

Ø ϴ23 upper bound

• dependence on α1 and α3 cancels out ⇒
the asymmetry depends only on α2≡ mD2/mcharm : ηB∝α2

2

m1(eV)10-4

Θ23

Ø Effective 0𝜈𝛽𝛽 mass
 can still vanish but bulk
of points above meV



Imposing SO(10)-inspired conditions

mass is constrained within a narrow range and a lower bound on the reactor mixing angle.

In Section 7 we show how the case of IO is simply excluded. In Section 8 we make some

final remarks on the di↵erent approximations and assumptions behind the results and on

the testability of the solution in next years.

2 Set of conditions: the general picture

The ST SO(10)-inspired leptogenesis solution is obtained imposing the following set of

conditions on the see-saw parameter space:

(i) SO(10)-inspired conditions on the neutrino Dirac mass matrix;

(ii) successful leptogenesis;

(iii) strong thermal leptogenesis.

Let us briefly discuss these conditions in general, showing how the first two both inde-

pendently select the N2-dominated scenario [24] and how the third one specifies that the

asymmetry has to be necessarily tauon dominated [10].

2.1 SO(10)-inspired conditions

In the minimal see-saw mechanism the SM Lagrangian is augmented introducing RH

neutrinos with Yukawa couplings h and a Majorana mass term M . In the (flavour) basis,

where both charged leptons and Majorana mass matrices are diagonal, the leptonic mass

terms after spontaneous symmetry breaking, can be written as (↵ = e, µ, ⌧ and i = 1, 2, 3)

�LM = ↵L Dm`
↵R + ⌫↵L mD↵i NiR +

1

2
N c

iR DM NiR + h.c. , (2)

where Dm`
⌘ diag(me,mµ,m⌧ ) and DM ⌘ diag(M1,M2,M3), with M1  M2  M3. The

neutrino Dirac mass matrix mD in the flavour basis can then be written in the bi-unitary

parameterisation as

mD = V †
L DmD UR , (3)

where DmD ⌘ diag(mD1,mD2,mD3) is the neutrino Dirac mass matrix in the Yukawa

basis, that (by definition of Yukawa basis) is diagonal, and VL and UR are the unitary

matrices acting respectively on the LH and RH neutrino fields in the transformation from

the flavour basis to the Yukawa basis.

5

From these expressions, either from M�1 or from M , one can derive the RH neutrino

mass spectrum and the RH neutrino mixing matrix UR, as a function of the 9 low energy

neutrino parameters in m⌫ (6 mixing parameters in U and 3 light neutrino masses mi),

the 6 parameters in the unitary matrix VL and the 3 Dirac neutrino masses mDi.

This can be done diagonalising the hermitian matrix M † M = UR D2
M U †

R (or equiva-

lently M�1 (M�1)† = UR D�2
M U †

R). For a given UR, any matrix eUR = UR D�1
� , where

D� ⌘ (e�i
�1
2 , e�i

�2
2 , e�i

�3
2 ) (17)

is a generic diagonal unitary matrix, also diagonalises M and M�1. However, going back

to the (Takagi) diagonalisation M = U?
R DM U †

R and given a eUR, one can unambiguously

fix [17]

D� =
q
DM

eU †
R M�1 eU?

R . (18)

If one is not in the vicinity of crossing level solutions, where at least two RH neutrino

masses become equal, the RH neutrino mass spectrum is strongly hierarchical and analyt-

ical expressions can be easily found [13, 14]. Here we adopt a slightly di↵erent procedure

that yields simplified expressions. If we start from the eq. (16) forM , in the approximation

VL ' I, we can write

U?
R DM U †

R ' DmD U? D�1
m U † DmD . (19)

Considering that from the definition of U (cf. eq. (6)) one easily finds

m�1
⌫ = �U? D�1

m U † , (20)

the eq. (19) can be also written more compactly as

M = U?
R DM U †

R ' �DmD m�1
⌫ DmD . (21)

This equation shows thatMi3/M33 = M3i/M33 / mDi/mD3 and, therefore, in first approx-

imation the LH side is in a block diagonal form and, neglecting termsO(mD1/mD3,mD2/mD3)

one finds

M3 ' m2
D3 |(m

�1
⌫ )⌧⌧ | = m2

D3

����
(U?

⌧1)
2

m1
+

(U?
⌧2)

2

m2
+

(U?
⌧3)

2

m3

���� / ↵2
3 m

2
t . (22)

At the same time the phase �3 is also specified and one simply has

�3 = Arg[�(m�1
⌫ )⌧⌧ ] . (23)

The same procedure can be adopted for M�1, rewriting the eq. (15) in the approximation

VL ' I and imposing the Takagi diagonalization

M�1 = UR D�1
M UT

R ' D�1
mD

U Dm UT D�1
mD

= �D�1
mD

m⌫ D
�1
mD

. (24)
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If we parametrize the three eigenvalues in the Dirac mass matrix in terms of the up

quark masses, such that

mD1 = ↵1 mu , mD2 = ↵2 mc , mD3 = ↵3 mt , (4)

we define SO(10)-inspired models those respecting the following conditions:

i) I  VL . VCKM ,

ii) ↵i = O(0.1–10) .

With the condition i) we mean that the values of the three mixing angles in VL, that

we indicate with ✓L12, ✓
L
13, ✓

L
23 in the usual PDG parametrisation, are not larger than the

corresponding mixing angles in the CKM matrix and in particular ✓L12 . ✓CKM
12 ⌘ ✓C '

13�. In the see-saw limit, for M � mD, the spectrum of neutrino mass eigenstates splits

into a very heavy set, Ni ' NiR +N c
iR, with masses almost coinciding with the Majorana

masses Mi, and into a light set ⌫i ' ⌫iL + ⌫c
iL, with a symmetric mass matrix m⌫ given

by the see-saw formula

m⌫ = �mD
1

DM
mT

D . (5)

This is diagonalised by a unitary matrix U ,

U † m⌫ U
? = �Dm , (6)

where Dm ⌘ diag(m1,m2,m3) with m1  m2  m3, corresponding to the PMNS leptonic

mixing matrix, in a way that we can write

Dm = U † mD
1

DM
mT

D U? . (7)

When the current experimental information from neutrino oscillation experiments on the

leptonic mixing matrix and on the neutrino masses is taken into account, the RH neutrino

mass spectrum, barring special crossing level solutions, turns out to be highly hierarchical

with approximately M1 : M2 : M3 = ↵2
1 m

2
u : ↵2

2 m
2
c : ↵2

3 m
2
t , implying M1 ⌧ 109 GeV,

109 GeV . M2 . 1012 GeV and M3 � 1012 GeV. In this way the lightest RH neutrino

is too light to contribute significantly to the final asymmetry when successful leptogenesis

is imposed. The heaviest RH neutrino also gives vanishing or in any case negligible

contribution, since either it is not thermalised at all or, even if it is thermalised, its total

CP asymmetry is strongly suppressed. In this situation the only RH neutrino species that

can give a sizeable asymmetry able to explain the observed one is N2 and in this way, the

SO(10)-inspired conditions naturally realise the N2-dominated scenario [24].
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From these expressions, either from M�1 or from M , one can derive the RH neutrino

mass spectrum and the RH neutrino mixing matrix UR, as a function of the 9 low energy

neutrino parameters in m⌫ (6 mixing parameters in U and 3 light neutrino masses mi),

the 6 parameters in the unitary matrix VL and the 3 Dirac neutrino masses mDi.

This can be done diagonalising the hermitian matrix M † M = UR D2
M U †

R (or equiva-

lently M�1 (M�1)† = UR D�2
M U †

R). For a given UR, any matrix eUR = UR D�1
� , where

D� ⌘ (e�i
�1
2 , e�i

�2
2 , e�i

�3
2 ) (17)

is a generic diagonal unitary matrix, also diagonalises M and M�1. However, going back

to the (Takagi) diagonalisation M = U?
R DM U †

R and given a eUR, one can unambiguously

fix [17]

D� =
q
DM

eU †
R M�1 eU?

R . (18)

If one is not in the vicinity of crossing level solutions, where at least two RH neutrino

masses become equal, the RH neutrino mass spectrum is strongly hierarchical and analyt-

ical expressions can be easily found [13, 14]. Here we adopt a slightly di↵erent procedure

that yields simplified expressions. If we start from the eq. (16) forM , in the approximation

VL ' I, we can write

U?
R DM U †

R ' DmD U? D�1
m U † DmD . (19)

Considering that from the definition of U (cf. eq. (6)) one easily finds

m�1
⌫ = �U? D�1

m U † , (20)

the eq. (19) can be also written more compactly as

M = U?
R DM U †

R ' �DmD m�1
⌫ DmD . (21)

This equation shows thatMi3/M33 = M3i/M33 / mDi/mD3 and, therefore, in first approx-

imation the LH side is in a block diagonal form and, neglecting termsO(mD1/mD3,mD2/mD3)

one finds

M3 ' m2
D3 |(m

�1
⌫ )⌧⌧ | = m2

D3

����
(U?

⌧1)
2

m1
+

(U?
⌧2)

2

m2
+

(U?
⌧3)

2

m3

���� / ↵2
3 m

2
t . (22)

At the same time the phase �3 is also specified and one simply has

�3 = Arg[�(m�1
⌫ )⌧⌧ ] . (23)

The same procedure can be adopted for M�1, rewriting the eq. (15) in the approximation

VL ' I and imposing the Takagi diagonalization

M�1 = UR D�1
M UT

R ' D�1
mD

U Dm UT D�1
mD

= �D�1
mD

m⌫ D
�1
mD

. (24)
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At the same time the phase �3 is also specified and one simply has
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The mixing angles, respectively the reactor, the solar and the atmospheric one, are

now measured with the following best fit values and 1� (3�) ranges [21] for NO and IO

respectively,

✓13 = 8.8� ± 0.4� (7.6�–9.9�) and ✓13 = 8.9� ± 0.4� (7.7�–9.9�) , (13)

✓12 = 33.7� ± 1.1� (30.6�–36.8�) and ✓12 = 33.7� ± 1.1� (30.6�–36.8�) ,

✓23 = 41.4�+1.9�

�1.4� (37.7�–52.3�) and ✓23 = 42.4�+8.0�

�1.8� (38.1�–52.3�) .

It is interesting that current experimental data also start to put constraints on the Dirac

phase and the following best fit values and 1� errors are found for NO and IO respectively,

�/⇡ = �0.61+0.38
�0.27 and �/⇡ = �0.69+0.29

�0.33 , (14)

while all values [�⇡,+⇡] are still allowed at 3�.

4 SO(10)-inspired conditions: RH neutrino masses

and CP flavoured asymmetries

In this section we show how the SO(10)-inspired conditions typically imply aN2-dominated

RH neutrino mass spectrum [13], while only for particular conditions on the low energy

neutrino parameters, there exist crossing level solutions, where the RH neutrino mass

spectrum can be totally or partially quasi-degenerate [14]. We derive compact analytic

expressions both for the RH neutrino masses and for their CP asymmetries and compare

them with the numerical results for some selected examples.

4.1 RH neutrino masses

Inserting the bi-unitary parameterisation eq. (3) into the diagonalised seesaw formula

eq. (7) one obtains an expression for the (symmetric) inverse Majorana mass matrix in

the Yukawa basis, M�1 = UR D�1
M UT

R , in terms of the unitary matrix VL, the low energy

neutrino mass matrix m⌫ = �U Dm UT and the three neutrino Yukawa eigenvalues mDi,

M�1 = D�1
mD

VL U Dm UT V T
L D�1

mD
. (15)

This can be also easily inverted obtaining for the Majorana mass matrix in the Yukawa

basis, M = U?
R DM U †

R,

M = DmD V ?
L U? D�1

m U † V †
L DmD . (16)
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Figure 2: Comparison of the analytical expressions for the RH neutrino masses (cf.

eqs.(22), (28), 25) with the numerical solutions versus m1 for the three following

sets of parameters: VL = I, (↵1,↵2,↵3) = (1, 5, 1), ✓13 = (7.55�, 8.14�, 9.5�), ✓12 =

(35.2�, 34.75�, 35.5�), ✓23 = (46.2�, 42.1�, 40.0�), �/⇡ = (0.275, 0.067,�0.25), ⇢/⇡ =

(0.54, 1.080, 1.25), �/⇡ = (1.14, 0.94, 0.80). These three solutions are examples respec-

tively of a ⌧A, ⌧B and strong thermal solutions respectively and realise successful leptoge-

nesis for m1 ' (2.5, 300, 10)meV. All three cases are for NO.
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CCA D�, (31)

equivalent to the expression in [14] but where we identified neutrino mass matrices com-

binations with entries of the inverse neutrino mass matrix. Details can be found in the

Appendix. It should be noticed that in this way we chose the phase �i in a way that
e�R ' 0 so that the eq. (29) for �2 specialises into

�2 = Arg


m⌫ee

(m�1
⌫ )⌧⌧

�
� 2 (⇢+ �) . (32)

It can be also useful to calculate the orthogonal matrix ⌦ within SO(10)-inspired models.

Starting from the orthogonal parameterisation for the neutrino Dirac mass matrix in the

charged lepton basis [29], mD = U
p
Dm ⌦

p
DM where ⌦⌦T = I, and comparing with

the bi-unitary parameterisation eq. (3), one finds straightforwardly an expression for the

orthogonal parameterisation [16] ⌦ = D
� 1

2
m U † V †

L DmD UR D
� 1

2
M , that in the approximation

VL ' I simplifies into ⌦ ' D
� 1

2
m U † DmD UR D

� 1
2

M , that for the entries is equivalent to

⌦ij '
1p

mi Mj

X

k

mDk U
?
ki URkj . (33)
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From these expressions, either from M�1 or from M , one can derive the RH neutrino

mass spectrum and the RH neutrino mixing matrix UR, as a function of the 9 low energy

neutrino parameters in m⌫ (6 mixing parameters in U and 3 light neutrino masses mi),

the 6 parameters in the unitary matrix VL and the 3 Dirac neutrino masses mDi.

This can be done diagonalising the hermitian matrix M † M = UR D2
M U †

R (or equiva-

lently M�1 (M�1)† = UR D�2
M U †

R). For a given UR, any matrix eUR = UR D�1
� , where

D� ⌘ (e�i
�1
2 , e�i

�2
2 , e�i

�3
2 ) (17)

is a generic diagonal unitary matrix, also diagonalises M and M�1. However, going back

to the (Takagi) diagonalisation M = U?
R DM U †

R and given a eUR, one can unambiguously

fix [17]

D� =
q
DM

eU †
R M�1 eU?

R . (18)

If one is not in the vicinity of crossing level solutions, where at least two RH neutrino

masses become equal, the RH neutrino mass spectrum is strongly hierarchical and analyt-

ical expressions can be easily found [13, 14]. Here we adopt a slightly di↵erent procedure

that yields simplified expressions. If we start from the eq. (16) forM , in the approximation

VL ' I, we can write

U?
R DM U †

R ' DmD U? D�1
m U † DmD . (19)

Considering that from the definition of U (cf. eq. (6)) one easily finds

m�1
⌫ = �U? D�1

m U † , (20)

the eq. (19) can be also written more compactly as

M = U?
R DM U †

R ' �DmD m�1
⌫ DmD . (21)

This equation shows thatMi3/M33 = M3i/M33 / mDi/mD3 and, therefore, in first approx-

imation the LH side is in a block diagonal form and, neglecting termsO(mD1/mD3,mD2/mD3)

one finds

M3 ' m2
D3 |(m

�1
⌫ )⌧⌧ | = m2

D3

����
(U?

⌧1)
2

m1
+

(U?
⌧2)

2

m2
+

(U?
⌧3)

2

m3

���� / ↵2
3 m

2
t . (22)

At the same time the phase �3 is also specified and one simply has

�3 = Arg[�(m�1
⌫ )⌧⌧ ] . (23)

The same procedure can be adopted for M�1, rewriting the eq. (15) in the approximation

VL ' I and imposing the Takagi diagonalization

M�1 = UR D�1
M UT

R ' D�1
mD

U Dm UT D�1
mD

= �D�1
mD

m⌫ D
�1
mD

. (24)
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m1
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(U?
⌧2)

2

m2
+

(U?
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���� / ↵2
3 m
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At the same time the phase �3 is also specified and one simply has

�3 = Arg[�(m�1
⌫ )⌧⌧ ] . (23)

The same procedure can be adopted for M�1, rewriting the eq. (15) in the approximation

VL ' I and imposing the Takagi diagonalization

M�1 = UR D�1
M UT

R ' D�1
mD

U Dm UT D�1
mD

= �D�1
mD

m⌫ D
�1
mD

. (24)
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This time the RH side is approximately in a block-diagonal form with M�1
i1 /M�1

11 =

M�1
1i /M

�1
11 / mD1/mmDi , so that the largest M�1 eigenvalue, 1/M1, can be written as

1/M1 ' |m⌫ee|/m2
D11 and, therefore,

M1 '
m2

D1

|m⌫ee|
=

m2
D1

|m1 U2
e1 +m2 U2

e2 +m3 U2
e3|

/ ↵2
1 m

2
u . (25)

Also in this case the procedure allows to specify the phase �1,

�1 = Arg[�m?
⌫ee] . (26)

Finally, from the approximate expressions eq. (22) for M3 and eq. (25) for M1, one can

also easily find an approximate expression for M2. From the see-saw formula eq. (7) one

has

m1 m2 m3 =
m2

D1 m
2
D2 m

2
D3

M1 M2 M3
ei (2

e�R�2�U�
P

i �i), (27)

where e�R ⌘ Arg[det(eUR)] and �U ⌘ Arg[det(U)], implying
P

i �i = 2 (e�R ��U). In this

way we can write

M2 '
m2

D2

m1 m2 m3

|m⌫ee|

|(m�1
⌫ )⌧⌧ |

= m2
D2

|m1 U2
e1 +m2 U2

e2 +m3 U2
e3|

|m2 m3 U? 2
⌧1 +m1 m3 U? 2

⌧2 +m1 m2 U? 2
⌧3 |

/ ↵ 2
2 m

2
c ,

(28)

and for the phase �2 = 2 (e�R � �U)� �3 � �1 one finds

�2 = Arg


m⌫ee

(m�1
⌫ )⌧⌧

�
+ 2 e�R � 2 (⇢+ �) , (29)

where we have taken into account that �U = �2 (⇢+ �). It is easy to see from the above

general expressions, that in the hierarchical limit, m1 ⌧ msol (remember that we are

assuming NO), the RH neutrino masses tend to the following simple expressions [13, 14]

M1 '
m2

D1

msol s212
, M2 '

m2
D2

matm s223
, M3 '

m2
D3

m1
s212 s

2
23 . (30)

In Fig. 1 we compare the found approximated analytic expressions for the RH neutrino

masses (cf. eqs. (22), (25) and (28)) with the numerical solutions for the simple four sets

of parameters yielding level crossings for special values of m1 as discussed in [14] (note

that for simplicity ✓13 = 0 and ✓23 = ⇡/4). For the up quark masses at the leptogenesis

scale, 5 we adopted the values (mu,mc,mt) = (1MeV, 400MeV, 100GeV) [28]. It can

be noticed how the analytic solutions (dashed black lines) very well track the numerical

ones (solid coloured lines) except for those values of m1 the RH neutrino masses become

12

0νββ neutrino mass

Figure 2: Comparison of the analytical expressions for the RH neutrino masses (cf.

eqs.(22), (28), 25) with the numerical solutions versus m1 for the three following

sets of parameters: VL = I, (↵1,↵2,↵3) = (1, 5, 1), ✓13 = (7.55�, 8.14�, 9.5�), ✓12 =

(35.2�, 34.75�, 35.5�), ✓23 = (46.2�, 42.1�, 40.0�), �/⇡ = (0.275, 0.067,�0.25), ⇢/⇡ =

(0.54, 1.080, 1.25), �/⇡ = (1.14, 0.94, 0.80). These three solutions are examples respec-

tively of a ⌧A, ⌧B and strong thermal solutions respectively and realise successful leptoge-

nesis for m1 ' (2.5, 300, 10)meV. All three cases are for NO.

j > i in a way that UR is well approximated by

UR '

0

BB@

1 �
mD1
mD2

m?
⌫eµ

m?
⌫ee

mD1
mD3

(m�1
⌫ )?e⌧

(m�1
⌫ )?⌧⌧

mD1
mD2

m⌫eµ

m⌫ee
1 mD2

mD3

(m�1
⌫ )?µ⌧

(m�1
⌫ )?⌧⌧

mD1
mD3

m⌫e⌧
m⌫ee

�
mD2
mD3

(m�1
⌫ )µ⌧

(m�1
⌫ )⌧⌧

1

1

CCA D�, (31)

equivalent to the expression in [14] but where we identified neutrino mass matrices com-

binations with entries of the inverse neutrino mass matrix. Details can be found in the

Appendix. It should be noticed that in this way we chose the phase �i in a way that
e�R ' 0 so that the eq. (29) for �2 specialises into

�2 = Arg


m⌫ee
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It can be also useful to calculate the orthogonal matrix ⌦ within SO(10)-inspired models.

Starting from the orthogonal parameterisation for the neutrino Dirac mass matrix in the

charged lepton basis [29], mD = U
p
Dm ⌦

p
DM where ⌦⌦T = I, and comparing with

the bi-unitary parameterisation eq. (3), one finds straightforwardly an expression for the

orthogonal parameterisation [16] ⌦ = D
� 1

2
m U † V †

L DmD UR D
� 1

2
M , that in the approximation

VL ' I simplifies into ⌦ ' D
� 1

2
m U † DmD UR D

� 1
2

M , that for the entries is equivalent to

⌦ij '
1p

mi Mj

X

k

mDk U
?
ki URkj . (33)
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(Akhmedov,Frigerio,Smirnov, 2005; PDB, Re Fiorentin, Marzola,1411.5478)



Decrypting SO(10)-inspired leptogenesis (VL=I)

From this we can then an explicit expression in terms of mixing angles and low energy

phases that will prove useful,

K1⌧ '
|c13 c12 s12 s23 (m1 e2 i ⇢ �m2) + s13 c13 c23 (m3 ei (2���)

�m2 s212 e
i �
�m1 c212 e

i (2 ⇢+�))|

m? |m1 c212 c
2
13 e

2 i ⇢ +m2 s212 c
2
13 +m3 s213 e

2 i (���)|
.

(51)

We can then finally put together all the results finding, from the eq. (43), an expression

in terms of the low energy neutrino parameters,

N lep,f
B�L '

3

16 ⇡

↵2
2 m

2
c

v2
|m⌫ee| (|m�1

⌫⌧⌧ |
2 + |m�1

⌫µ⌧ |
2)�1

m1 m2 m3

|m�1
⌫⌧⌧ |

2

|m�1
⌫µ⌧ |

2
sin↵L (52)

⇥ 

✓
m1 m2 m3

m?

|(m�1
⌫ )µ⌧ |2

|m⌫ee| |(m�1
⌫ )⌧⌧ |

◆
(53)

⇥ e�
3⇡
8

|m⌫e⌧ |2
m? |m⌫ee| . (54)

It is interesting to notice that:

• The asymmetry does not depend on a1 and on ↵3 [16]. This is a very important

point since the only left non-observable parameter is ↵2 on which however one can

place a lower bound and, within SO(10)-inspired models cannot be in any case too

large.

• The e↵ective neutrino less double beta decay mass mee ⌘ |m⌫ee| plays a direct role

and it can be noticed that successful leptogenesis implies the existence of a lower

bound.

We can now impose the successful leptogenesis condition and derive some of the constraints

of the scenario on the low energy neutrino parameters. First of all we have again made

a comparison between the constraints that derive from the analytical expression eq. (52)

and the numerical constraints (for VL = I). In Fig. 3 we show, with orange points, the

results of a scatter plot for VL = I imposing successful SO(10)-inspired leptogenesis for

↵2 = 5. The asymmetry is calculated from the eq. (43) where RH neutrino masses and

mixing matrix UR are calculated numerically. The mixing angles are uniformly random

generated within the same ranges also employed in [16],

0  ✓13  11.5� , 35�  ✓23  52� , 31.3�  ✓12  36.3� , (55)

with the only exception of ✓23 that is allowed to be slightly lower as in [15]. The results

confirm those obtained in [16, 17], simply here a much higher (about thousands more)

amount of points has been obtained and the constraints are much sharper. We have

19

Finally, putting all together, one arrives to an expression for the final asymmetry:

SO(10)-inspired
leptogenesis phase

successful
leptogenesis
condition

(PDB, Re Fiorentin, Marzola,1411.5478)

All numerical results are accurately reproduced for VL=I

ηB
SO10lep (m1,msol ,matm ,θ12 ,θ23,θ13,δ ,ρ,σ ;α 2 ) =ηB

obs

In particular, one has a 
strong tau-dominance:

This condition identifies an hypersurface in the space of low energy neutrino parameters

K1𝝉



Some insight into 𝝉 solutions
They split into two (bordering) regions. Both of course realise the crucial condition
K1𝝉 ≲ 1 but in a different way:

𝝉A solutions: 

• 1 meV ≲ m1 ≲ 30 meV

• K2𝝉≳20 (strong washout at the production)

• 2𝜎-𝛿≃2n𝜋 (n integer) for m1<<msol

• They can realise strong thermal leptogenesis for m1 ≳10 meV

𝝉B solutions: 

• 30 meV ≲ m1 ≲ 70 meV

• 1 ≤K2𝝉≲10 (mild washout at the production)

• 𝜌≃2n𝜋 (n integer)

• They cannot realise strong thermal leptogenesis since K1𝜇≲ 4 (they cannot wash-
out efficiently a  large pre-existing muonic asymmetry)



Turning on a mismatch between neutrino Yukawa and 
weak basis (VL≠1)

VL =

c
12

Lc
13

L s
12

Lc
13

L s
13

Le− iδ L

−s
12

Lc
23

L − c
12

L s
23

L s
13

Leiδ L c
12

Lc
23

L − s
12

L s
23

L s
13

Leiδ L s
23

L c
13

L

s
12

L s
23

L − c
12

Lc
23

L s
13

Leiδ L −c
12

L s
23

L − s
12

Lc
23

L s
13

Leiδ L c
23

L c
13

L

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

eiρL 0 0
0 1 0
0 0 eiσ L

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

sij
L ≡ sinθ

ij

L , cij
L ≡ cosθ

ij

L

By definition in SO(10)-inspired leptogenesis: 0≤𝜃L
ij≲ 𝜃CKM

ij (⟺I≤VL ≲VCKM)

The upper bounds are not strictly determined, as far as the RH neutrino mass 
spectrum is such that one can assume N2-dominated leptogenesis.



Full analytical solution (relaxing VL=I): 
RH neutrino mass spectrum and mixing matrix

mν → !mν =VLmνVL
Tlight neutrino mass 

matrix in the Yukawa 
basis

RH neutrino masses 

RH neutrino phases 

M1 !
α1
2mu

2

| ( !mν )11 |
, M2 !

α 2
2mc

2

m1m2m3

| ( !mν )11 |
| ( !m

ν

−1)33 |
, M3 !α3

2mt
2 | ( !m

ν

−1)33 |

Φ1 ! −Arg[−( !mν )11
* ] , Φ2 ! Arg

( !mν )11
( !m

ν

−1)33

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
− 2(ρ +σ )− 2(ρL +σ L ) , Φ3 ! Arg[( !mν

−1)33]

UR !

1 −
mD1
mD2

( !mν )12
*

( !mν )11
*

mD1
mD3

( !m
ν

−1)13
*

( !m
ν

−1)33
*

mD1
mD2

( !mν )12
( !mν )11

1
mD2
mD3

( !m
ν

−1)23
*
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ν

−1)33
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mD1
mD3
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−1)13
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−1)33
−
mD2
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⎜
⎜
⎜
⎜
⎜
⎜
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2 ,e

− i
Φ2
2 ,e
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⎞
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RH neutrino 
mixing matrix 



Full analytical solution for the asymmetry (I≤VL≲VCKM)

KIα =
mDkmDlVLkαVLlα

*

k ,l
∑ URkI

* URli

MIm*

Flavoured decay
parameters

Flavoured CP
asymmetries ε2α = 3

16πv2
| ( !mν )11 |
m1m2m3

mDkmDl Im[VLkαVLlα
*

k ,l
∑ URk 2

* URl3UR32
* UR33]

| ( !m
ν

−1)33 |
2 + | ( !m

ν

−1)23 |
2

Final B-L 
asymmetry NB−L

lep,f = ε2eκ (K2e + K2µ ) e
−3π
8
K1e + ε2µκ (K2e + K2µ ) e

−3π
8
K1µ + ε2τκ (K2τ ) e

−3π
8
K1τ

Also notice that now: ε
2e

max :ε
2µ

max :ε
2τ

max ! 1:|VL23 |:|VL21VL31 |

This explains why tauon solutions are still favoured but this time also muon solutions 
appear and in the supersymmetric case even very marginal electron solutions

ηB
SO10lep (m1,msol ,matm ,θ12 ,θ23,θ13,δ ,ρ,σ ;α 2 ,VL ) =ηB

obs
This time one has:

The dependence on the 6 parameters in VL give some thickness to the hypersurface that 
becomes a layer but the smallness of the 𝜃L

ij however still make in a way that constraints 
do relax but in general do not evaporate.     



SO(10)-inspired leptogenesis confronting
long baseline and absolute neutrino mass experiments

Projecting the allowed region (an hypersurface in the space of neutrino parameters) on 
planes can hide a more complex structure corresponding potentially to stronger predictions.

𝜇

𝜇

𝝉A 𝝉B

α2=5

𝜇
𝝉A 𝝉B



SO(10)-inspired leptogenesis confronting long baseline and
absolute neutrino mass experiments…..in 3D
(PDB, R. Samanta 2005.03057)

For certain values of 𝛿 and 𝜃23 the lower bound on the absolute neutrino mass scale is much
more stringent: m1,mee ≳ 30 meV

α2=5



SO(10)-inspired leptogenesis: lower bound on the absolute
neutrino mass scale as a function of 𝛿 and 𝜃23
(PDB, R. Samanta 2005.03057)

α2=5

Future precise measurements of 𝛿 and 𝜃23 will have an important impact on SO(10)-inspired
leptogenesis, in particular a precise determination of 𝛿 might be crucial. Ultimately if 
measured neutrino mixing parameters will lie on the hypersurface (implying 0𝜈𝛽𝛽 discovery) 
a strong case for discovery can be made (this has to take into account also 𝜃13, 𝜃12,msol,matm) 

Notice that CP conserving values of 𝛿 are possible since CP violation comes from 
high energy phases (they can be identified with those in the orthogonal matrix)



Strong thermal  SO(10)-inspired leptogenesis
(PDB, Marzola 09/2011, DESY workshop and 1308.1107; PDB, Re Fiorentin, Marzola 1411.5478)

α2=5

Ø Strong thermal leptogenesis condition can be satisfied for a subset of the 
solutions only for NORMAL ORDERING 

q blue regions:    (I≤VL≤VCKM,; VL=I) !!NB−L
pre−ex =10−3

Ø Absolute neutrino mass scale: 8 ≲ m1/meV≲ 30 ⇔ 70 ≲ ∑i mi/meV≲ 120

Ø Non-vanishing Θ13 (first results presented before Daya Bay discovery)

Ø Θ23 preferably in the first octant;



(PDB, Marzola, Re Fiorentin, 1411.5478)

α2=5 q blue regions:    (I≤VL≤VCKM,; VL=I) !!NB−L
pre−ex =10−3

Why do we live in a matter (and not antimatter) dominated universe?

Matter dominated universe
(𝜂B~ + 6x10-10)

Antimatter dominated universe
(𝜂B~ - 6x10-10)

For sufficiently large 𝜃23 one has sign(𝜂B)=-sign(sin 𝛿) 

                    ⇒ We would live in a matter dominated universe because sin 𝛿 < 0 



Strong SO(10)-inspired leptogenesis confronting long baseline experiments
(PDB, Marco Chianese 1802.07690)

		NB−L
p ,i =10−3Pre-existing initial asymmetry:  

		α2 =mD2 /mcharm =5

δ = −75!

”The more stringent experimental lower bound on atmospheric mixing 
angle starts to corner STSO10-leptogenesis”

𝜈fit 2018



Strong SO(10)-inspired leptogenesis, Majorana phases and 0𝜈𝛽𝛽 decay
(PDB, Marco Chianese 1802.07690)

B

A determination of 𝜹 and 𝜃23 would correspondingly determine the 
Majorana phases. 



The new SK atmospheric data seem to favour first octant when 
combined in global analysis (𝜈fit September 2024) and moreover 
Δ𝝌2 (IO-NO)=6.1: there is a potential interesting overlap now 

New atmospheric neutrino data seem to remove the tension
(PDB, Xubin Hu, in preparation)

		NB−L
p ,i =10−3Pre-existing initial asymmetry:  

		α2 =mD2 /mcharm =5

new solutions
found including
flavour coupling 
effects

“old” solutions
confirmed (no
flavour coupling 
effects)



Is the asymmetry correctly calculated?

The are 4 main effects that are neglected in the calculation of the 
asymmetry:

• Flavour coupling effects from spectator processes

• Radiative corrections and running of the parameters

• Full density matrix calculation

• Momentum dependence

Each of this effect is expected to give corrections without changing the 
main features. At the same time they slow down the calculation and 
scatter plots with millions of points are hard to obtain including all of 
them. 



Including flavour coupling effects
(Antusch, PDB, Jones and King 2010; PDB, Xubin Hu, in preparation)



How significantly can the STSO10 solution be supported by data?

(PDB, Marzola ’13)

(Np
B-L= 0, 0.001, 0.01, 0.1)

If 𝜃23 is found in the first octant then p≲10%
If NO is confirmed then p≲5%
If 𝜹 is measured in the fourth quadrant p≲1%

This would sum up to the  coincidence msol,matm ~ 10 m*
If also absolute neutrino mass scales (m1 and mee) will fall within the 
expected range (implying 0𝜈𝛽𝛽 signal) then strong case for discovery
(notice also that Majorana phases impose non arbitrary mee/m1 )
What about if one gives up strong thermal leptogenesis?



A popular class of SO(10) models 
(Fritzsch, Minkowski, Annals Phys. 93 (1975) 193-266; R.Slansky, Phys.Rept. 79 (1981) 
1-128; G.G. Ross, GUTs, 1985;  Dutta, Mimura, Mohapatra, hep-ph/0507319; 
G. Senjanovic hep-ph/0612312)
In SO(10) models each SM particles generation + 1 RH neutrino are assigned to a 
single 16-dim representation. Masses of fermions arise from Yukawa interactions of 
two 16s with vevs of suitable Higgs fields. Since: 

The Higgs fields of renormalizable SO(10) models can belong to 10-, 126-,120-dim 
representations yielding Yukawa part of the Lagrangian

After SSB of the fermions at MGUT=2x1016 GeV one obtains the  masses:
   up-quark mass matrix

down-quark mass matrix
neutrino mass matrix

charged lepton mass matrix

RH neutrino mass matrix
LH neutrino mass matrix

Simplest case but clearly
non-realistic: it predicts
no mixing at all (both in 
quark and lepton
Sectors). For realistic
models one has to add at
least the 126 contribution

NOTE: these models do respect SO(10)-inspired conditions
   



A recent realistic fit
(K  Babu, PDB,  C.S. Fong, S. Saad 2409.03840)

For NO:

light neutrino masses

m1= 0.038 meV
m2= 8.6 meV
m3= 50.1 meV
mee=3.7 meV

heavy neutrino masses

M1=6.6x104 GeV

M2=2.1x1012 GeV

M3=8.1x1014 GeV



m

M

Conclusions
q The matter-antimatter asymmetry puzzle might be related to an 

explanation of neutrino masses, this seems today the most attractive 
scenario. Discovery of 0𝜈𝛽𝛽 would provide a very strong support.

q SO(10)-inspired leptogenesis provide a well motivated class of scenarios 
relying on N2-leptogenesis. They lead to interesting predictions, in 
particular there is a lower bound on the absolute neutrino mass scale 
and we are now starting to probe the bulk of the solutions with absolute 
neutrino mass scale experiments. NO should be confirmed.

q A subset of the solutions realizes strong thermal leptogenesis, this is 
highly non-trivial. In this case the atmospheric neutrino mixing angle 
should be strictly in the first octant and CP Dirac phase in the 4th 
quadrant. 0𝜈𝛽𝛽 signal is not arbitrarily low and a discovery should be 
within reach in next generation experiments.

q SO(10)-inspired leptogenesis can be realized within a realistic minimal 
SO(10) model. In this case the θ23, L ~ 45∘: this might signal the 
presence of an additional discrete symmetry.


