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Abstract: We confront recent experimental results on neutrino mixing parameters with

the requirements from strong thermal SO(10)-inspired leptogenesis, where the asymmetry

is produced from next-to-lightest right-handed neutrinos N2 independently of the initial

conditions. There is a nice agreement with latest global analyses supporting sin δ < 0 and

normal ordering at ∼ 95% C.L. On the other hand, the more stringent experimental lower

bound on the atmospheric mixing angle starts to corner strong thermal SO(10)-inspired

leptogenesis. Prompted and encouraged by this rapid experimental advance, we obtain a

precise determination of the allowed region in the plane δ versus θ23. We confirm that

for the benchmark case α2 ≡ mD2/mcharm = 5 , where mD2 is the intermediate neutrino

Dirac mass setting the N2 mass, and initial pre-existing asymmetry Np,i
B−L = 10−3, the

bulk of solutions lies in the first octant. Though most of the solutions are found outside

the 95% C.L. experimental region, there is still a big allowed fraction that does not require

a too fine-tuned choice of the Majorana phases so that the neutrinoless double beta decay

effective neutrino mass allowed range is still mee ' [10, 30] meV. We also show how the

constraints depend on Np,i
B−L and α2. In particular, we show that the current best fit,

(θ23, δ) ' (47◦,−130◦), can be reproduced for Np,i
B−L = 10−3 and α2 = 6. Such large values

for α2 have been recently obtained in a few realistic fits within SO(10)-inspired models.

Finally, we also obtain that current neutrino data rule out Np,i
B−L & 0.1 for α2 . 4.7.
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1 Introduction

In the absence of clear signs of new physics at the TeV scale or below, it is reasonable

that an explanation of neutrino masses and mixing is associated to the existence of higher

energy scales. In particular, a conventional high energy type I seesaw mechanism [1–6] can

also account for the matter-antimatter asymmetry of the Universe, via high energy scale

leptogenesis [7]. This is currently regarded as the most minimal and attractive possibility.

Latest global analyses from neutrino oscillation experiments also seem to rule out CP

conservation in left-handed (LH) neutrino mixing at 90% C.L. [8] (see also [9] and [10]

for previous analyses). This is not a sufficient condition for the existence of a source of

CP violation for successful leptogenesis but, if confirmed, it would be still an important

result because it would make reasonable to have CP violation also in heavy right-handed

(RH) neutrinos, the dominant source of CP violation for leptogenesis (excluding special

scenarios) while CP conservation in LH neutrino mixing could legitimately rise doubts on

it. Moreover, the exclusion of quasi-degenerate light neutrino masses is also a positive

experimental result for minimal leptogenesis scenarios, based on high scale type I seesaw

mechanism and thermal RH neutrino production, since these typically require values of

neutrino masses mi . O(0.1) eV [11–16], even taking into account charged lepton [17, 18]

and heavy neutrino [19] flavour effects. Therefore, the current phenomenological picture

encourages the investigation of high energy scale scenarios of leptogenesis.

The possibility to test leptogenesis in a statistically significant way relies on the identi-

fication of specific scenarios, possibly emerging from well motivated theoretical frameworks.

This should increase the predictive power to a level that the seesaw parameter space can be

over-constrained and that the probability that the predictions are just a mere coincidence

becomes very low. Though this strategy is certainly challenging, it received an important

support by the measurement of a value of the reactor mixing angle sufficiently large to
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allow a completion of the measurements of the unknown parameters in the leptonic mix-

ing matrix: CP violating Dirac phase, neutrino mass ordering and a determination of the

deviation of the atmospheric mixing angle from its maximal value.

The latest results from the NOνA [20] and T2K [21] long baseline neutrino experiments

seem to exclude a deviation of the atmospheric mixing angle from maximal mixing larger

than ∼ 5◦ and support negative values of sin δ. They also show an emerging preference

for normally ordered neutrino masses (NO) compared to inverted ordered neutrino masses

(IO). When all results are combined, a recent global analysis finds that NO is preferred at

∼ 2σ [8]. Moreover it is found that the best fit occurs for the atmospheric mixing angle in

the second octant, though first octant is disfavoured only very slightly, at less than ' 0.5σ,

an important point for our study.

This emerging experimental set of results for the unknown neutrino oscillation param-

eters is potentially in agreement with the expectations from the so-called strong thermal

SO(10)-inspired leptogenesis (STSO10) solution [22] requiring NO and approximately neg-

ative sin δ. However, for the wash-out of large values of an initial pre-existing asymmetry

Np,i
B−L & 10−3 and for α2 ≡ mD2/mcharm . 5, the STSO10 also requires the atmospheric

mixing angle θ23 to lie in the first octant, a result that we will further confirm in our anal-

ysis though with our improved numerical procedure we could find marginal solutions for

θ23 as large as 45.75◦. Therefore, a measurement of the atmospheric mixing angle in the

second octant would basically rule out the STSO10 solution for Np,i
B−L & 10−3 and α2 . 5.

The STSO10 is based on two independent conditions and it is non trivial that they can

be satisfied simultaneously. The first condition, from a model building perspective, is the

SO(10)-inspired condition [23–28]. It corresponds to assume that the Dirac neutrino mass

matrix is not too different from the up-quark mass matrix, a typical feature of different

grand-unified models (not only SO(10) models). The second condition, on the other hand,

is purely cosmological, requiring that the final asymmetry not only reproduces the observed

one (successful leptogenesis condition) but also, less trivially, that is independent of the

initial conditions (the strong thermal leptogenesis condition). In particular this implies

that a possible large pre-existing initial B − L asymmetry is efficiently washed-out.1 For

hierarchical RH neutrino mass patterns, the strong thermal condition is satisfied only for

a seemingly very special case: the tauon N2-dominated scenario [29]. It is then intriguing

that, imposing SO(10)-inspired conditions, one finds a subset of solutions also satisfying

independence of the initial conditions, thus realising the STSO10 solution.

The full allowed region in the plane δ versus θ23 requested by the STSO10 solution

has not been yet firmly determined. At the large values of θ23 allowed by latest exper-

imental results, the range of δ from the STSO10 gets much narrower than the current

experimental 2 σ interval given by δ ' [−190◦,−30◦] [8]. Therefore, a precise determina-

tion, both theoretical and experimental, of the region δ versus θ23 can provide a powerful

test of STSO10.

1This condition is well motivated by the fact that at the large required values of the reheat temperatures,

TRH & 1010 GeV, different mechanisms can produce asymmetries much larger than the observed ones. In

particular within GUT models, the decays of different particles heavier than the RH neutrinos, such as

heavy gauge bosons, can also produce a sizeable asymmetry (thermally or even non thermally).
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It should be clearly said that all constraints from the STSO10 solution depend on the

value of the initial pre-existing B − L asymmetry Np,i
B−L to be washed-out. The higher is

the value of Np,i
B−L, the most stringent the constraints are and there is a maximum value

of Np,i
B−L above which there is no allowed region.

The goal of this paper is to determine precisely, within the given set of assumptions

and approximations, the allowed window for δ as a function of θ23, and at the same time the

upper bound on θ23 for a given value of Np,i
B−L and α2. As in previous papers [22, 30, 31], we

use as benchmark values Np,i
B−L = 10−3 and α2 = 5. For this case we double check the con-

straints comparing results obtained numerically diagonalising the inverse Majorana mass

matrix in the Yukawa basis with those obtained using the analytical procedure presented

in [30] and extended in [31] taking into account the mismatch between the Yukawa basis

and the weak basis, since this helps enhancing the asymmetry and consequently enlarging

the allowed window on δ. This further supports the validity of the analytic procedure2

that is then used to derive, in a much more efficient way, the dependence of the constraints

not only on Np,i
B−L but also on the other theoretical parameter α2 ≡ mD2/mcharm. We

should stress that in this paper we manage for the first time to saturate the allowed region

on δ versus θ23 in the STSO10 solution thanks to the generation a much higher number

of solutions (O(106)), about three orders of magnitude more, compared to previous analy-

ses [22, 30, 31]. This has been possible by virtue mainly of two reasons: first, here we focus

just on the STSO10 solution, while in previous analyses this was extracted as a subset

from the more general set of SO(10)-inspired leptogenesis solutions; second, the use of the

analytical procedure found in [30, 31] avoids the lengthy diagonalisation of the inverse Ma-

jorana mass matrix in the Yukawa basis leading to a much faster generation of solutions.

As we said, however, for the benchmark case the constraints were crossed checked also

using the usual numerical procedure.

The paper is organised as follows. In section 2 we review the seesaw type I mechanism

and current neutrino oscillation data. In section 3 we review briefly the STSO10 leptoge-

nesis solution and the analytical procedure that we follow for the derivation of the results.

In section 4 we determine the allowed region in the plane δ versus θ23 for the benchmark

case Np,i
B−L = 10−3 and α2 = 5. In section 5 we show the dependence of the constraints

on Np,i
B−L and α2. For α2 = 6 the allowed region gets significantly enhanced in the plane

δ versus θ23, allowing the current best fit values θ23 ' 47◦ and δ ' −130◦ though at the

expense of a fine-tuning in the Majorana phases. In section 6 we draw conclusions.

2 Seesaw and low energy neutrino parameters

Augmenting the SM with three RH neutrinos NRi with Yukawa couplings h and a Majorana

mass term M, in the flavour basis where both the charged lepton mass matrix and M are

2Notice that in [30, 31] the comparison between analytical and numerical procedures has been done

comparing the calculation of CP asymmetries, baryon asymmetry and flavoured decay parameters versus

m1 for a selected set of benchmark solutions. However, the different constraints on low energy neutrino

parameters from SO(10)-inspired leptogenesis were still derived numerically for the general case I ≤ VL ≤
VCKM and the allowed region from STSO10 was obtained extracting, from the solutions satisfying successful

SO(10)-inspired leptogenesis, that subset also satisfying the strong thermal condition. This should make

clear the difference between the results obtained in this paper with those obtained in [30, 31].
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diagonal, one can write the leptonic mass terms generated after spontaneous symmetry

breaking by the Higgs expectation value v as (α = e, µ, τ and i = 1, 2, 3)

− LM = αLDm` αR + ναLmDαiNRi +
1

2
N c
RiDM NRi + h.c. , (2.1)

where Dm` ≡ diag(me,mµ,mτ ), DM ≡ diag(M1,M2,M3) and mD = h v is the neutrino

Dirac mass matrix. In the seesaw limit, for M � mD, the mass spectrum splits into two

sets of Majorana eigenstates, a light set with masses m1 ≤ m2 ≤ m3 given by the seesaw

formula [1–6]

Dm = U †mD
1

DM
mT
D U

? , (2.2)

with Dm = diag(m1,m2,m3), and a heavy set with masses basically coinciding with the

three Mi’s in DM . The matrix U , diagonalising the light neutrino mass matrix mν =

−mDM
−1mT

D in the weak basis, has then to be identified with the PMNS lepton mixing

matrix.

For NO, the PMNS matrix can be parameterised in terms of the usual mixing angles

θij , the Dirac phase δ and the Majorana phases ρ and σ, as

U =

 c12 c13 s12 c13 s13 e
−i δ

−s12 c23 − c12 s23 s13 e
i δ c12 c23 − s12 s23 s13 e

i δ s23 c13

s12 s23 − c12 c23 s13 e
i δ −c12 s23 − s12 c23 s13 e

i δ c23 c13

 diag
(
ei ρ, 1, ei σ

)
.

(2.3)

Since the STSO10 solution cannot be realised for IO, we can focus on NO. In this case

latest neutrino oscillation experiments global analyses find for the mixing angles and the

leptonic Dirac phase δ the following best fit values , 1σ errors and 3σ intervals [8]:

θ13 = 8.54◦ ± 0.15◦ ∈ [8.09◦, 8.98◦] , (2.4)

θ12 = 33.62◦ ± 0.77◦ ∈ [31.42◦, 36.05◦] ,

θ23 = 47.2◦+1.9◦

−3.9 ∈ [40.3◦, 51.5◦] ,

δ = −126◦+43◦

−31◦ ∈ [−216◦, 14◦] .

Interestingly there is already a 3σ exclusion interval, δ 3 [14◦, 144◦] and sin δ > 0 is ex-

cluded at about 2σ favouring sin δ < 0, while, on the other hand, there are no experimental

constraints on the Majorana phases so far. Neutrino oscillation experiments are also sen-

sitive to the differences of squared neutrino masses, finding for the solar neutrino mass

scale msol ≡
√
m 2

2 −m 2
1 = (8.6 ± 0.1) meV and for the atmospheric neutrino mass scale

matm ≡
√
m 2

3 −m 2
1 = (49.9± 0.3) meV.

No signal of neutrinoless double beta (0νββ) decays has been detected and, therefore,

experiments place an upper bound on the effective 0νββ neutrino mass mee ≡ |mνee|. The

most stringent one, so far, has been set by the KamLAND-Zen collaboration that found

mee ≤ (61—165) meV (90% C.L.) [32], where the range accounts for nuclear matrix element

uncertainties.

Finally, cosmological observations are sensitive to the sum of neutrino masses. The

Planck satellite collaboration placed a robust stringent upper bound
∑

imi . 170 meV at
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95%C.L. [33]. Once experimental values of the solar and atmospheric neutrino mass scales

are taken into account, this translates into an upper bound on the lightest neutrino mass

m1 . 50 meV.

3 Strong thermal SO(10)-inspired leptogenesis

Let us now briefly review strong thermal SO(10)-inspired leptogenesis. The neutrino Dirac

mass matrix can be diagonalised (singular value decomposition or bi-unitary parameteri-

sation) as

mD = V †L DmD UR , (3.1)

where DmD ≡ diag(mD1,mD2,mD3) and where VL and UR are two unitary matrices acting

respectively on the LH and RH neutrino fields and operating the transformation from the

weak basis (where m` is diagonal) to the Yukawa basis (where mD is diagonal).

If we parameterise the neutrino Dirac masses mDi in terms of the up quark masses,3

(mD1,mD2,mD3) = (α1mup, α2mcharm, α3mtop) , (3.2)

we impose SO(10)-inspired conditions [23–28, 34, 35] defined as

• αi = O(0.1–10) ;

• I ≤ VL . VCKM .

With the latter we imply that parameterising VL in the same way as the leptonic mixing

matrix U , the three mixing angles θL12, θL23 and θL13 do not have values much larger than

the three mixing angles in the CKM matrix and in particular θL12 . θc ' 13◦, where θc is

the Cabibbo angle.4

Rewriting the seesaw formula eq. (2.2) by means of the singular value decomposed

form eq. (3.1) for mD, one obtains

M−1 ≡ URDM UTR = −D−1
mD

m̃ν D
−1
mD

, (3.3)

where M ≡ U?RDM U †R and m̃ν ≡ VLmν V
T
L are respectively the Majorana mass matrix

and the light neutrino mass matrix in the Yukawa basis. Diagonalising the matrix on the

RH side of eq. (3.3), one can express the RH neutrino masses and the RH neutrino mixing

matrix UR in terms of mν , VL and the three αi’s.

From the analytical procedure discussed in [28, 30, 31], one finds simple expressions

for the three RH neutrino masses,

M1 '
α2

1m
2
up

|(m̃ν)11|
, M2 '

α2
2m

2
charm

m1m2m3

|(m̃ν)11|
|(m̃−1

ν )33|
, M3 ' α2

3m
2
top |(m̃−1

ν )33| , (3.4)

3For the values of the up-quark masses at the scale of leptogenesis, we adopt (mup,mcharm,mtop) =

(1 MeV, 400 MeV, 100 GeV) [36].
4More precisely we adopt: θL12 ≤ 13◦ ' θCKM

12 ≡ θc, θL23 ≤ 2.4◦ ' θCKM
23 , θL13 ≤ 0.2◦ ' θCKM

13 .
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and for the RH neutrino mixing matrix

UR '


1 −mD1

mD2

m̃?ν12
m̃?ν11

mD1
mD3

(m̃−1
ν )?13

(m̃−1
ν )?33

mD1
mD2

m̃ν12
m̃ν11

1 mD2
mD3

(m̃−1
ν )?23

(m̃−1
ν )?33

mD1
mD3

m̃ν13
m̃ν11

−mD2
mD3

(m̃−1
ν )23

(m̃−1
ν )33

1

 DΦ , (3.5)

with the three phases in Dφ ≡ diag(e−i
Φ1
2 , e−i

Φ2
2 , e−i

Φ3
2 ) given by [31]

Φ1 = Arg[−m̃?
ν11] , (3.6)

Φ2 = Arg

[
m̃ν11

(m̃−1
ν )33

]
− 2 (ρ+ σ)− 2 (ρL + σL) , (3.7)

Φ3 = Arg[−(m̃−1
ν )33] . (3.8)

One can also derive an expression for the orthogonal matrix starting from its definition

Ω = D
− 1

2
m U †mDD

− 1
2

M [37] that, using eq. (3.1), becomes [34, 35]

Ω = D
− 1

2
m U † V †L DmD URD

− 1
2

M , (3.9)

or in terms of its matrix elements

Ωij '
1√
miMj

∑
k

mDl U
?
ki V

?
L lk URkj , (3.10)

from which one finds [31]

Ω '


i (m̃νW ?)11√

m1 m̃ν11

√
m2 m3 (m̃−1

ν )33

m̃ν11

(
W ?

21 −W ?
31

(m̃−1
ν )23

(m̃−1
ν )33

)
W ?

31√
m1 (m̃−1

ν )33

i (m̃νW ?)12√
m2 m̃ν11

√
m1 m3 (m̃−1

ν )33

m̃ν11

(
W ?

22 −W ?
32

(m̃−1
ν )23

(m̃−1
ν )33

)
W ?

32√
m2 (m̃−1

ν )33

i (m̃νW ?)13√
m3 m̃ν11

√
m1 m2 (m̃−1

ν )33

m̃ν11

(
W ?

23 −W ?
33

(m̃−1
ν )23

(m̃−1
ν )33

)
W ?

33√
m3 (m̃−1

ν )33

 , (3.11)

where we introduced W ≡ VL U .

Let us now discuss the calculation of the matter-antimatter asymmetry of the universe

within leptogenesis. This can be expressed in terms of the baryon-to-photon number ratio,

whose measured value from Planck data (including lensing) combined with external data

sets [38], is found

ηexp
B = (6.10± 0.04) × 10−10 . (3.12)

We are interested in those solutions satisfying at the same time successful leptogenesis and

strong thermal condition. If in general we assume that the final asymmetry is given by the

sum of two terms,

N f
B−L = Np,f

B−L +N lep,f
B−L , (3.13)

where the first term is the relic value of a pre-existing asymmetry and the second is the

asymmetry generated from leptogenesis, the baryon-to-photon number ratio is then also

given by the sum of two contributions, ηp
B and ηlep

B , respectively. The typical assumption
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is that the initial pre-existing asymmetry, after inflation and prior to leptogenesis, is neg-

ligible. Suppose that some external mechanism has generated a large value of the initial

pre-existing asymmetry, Np,i
B−L, between the end of inflation and the onset of leptogenesis.

This would translate, in the absence of any wash-out, into a sizeable value of ηp
B compa-

rable or greater than ηexp
B . The strong thermal leptogenesis condition requires that this

initial value of the pre-existing asymmetry is efficiently washed out by the RH neutrinos

wash-out processes in a way that the final value of ηB is dominated by ηlep
B .5 The predicted

value of the baryon-to-photon number ratio is then dominated by the contribution from

leptogenesis, that can be calculated as [39]

ηlep
B = asph

N lep,f
B−L
N rec
γ

' 0.96× 10−2N lep,f
B−L , (3.14)

accounting for sphaleron conversion [40, 41] and photon dilution and where, in the last

numerical expression, we normalised the abundance NX of some generic quantity X in a

way that the ultra-relativistic equilibrium abundance of a RH neutrino N eq
Ni

(T �Mi) = 1.

Successful leptogenesis requires that ηlep
B reproduces the experimental value in eq. (3.12).

We can give analytical expressions for both two terms in eq. (3.13) valid for a hierarchi-

cal RH neutrinos mass spectrum as implied by the eqs. (3.4) that leads to a N2-dominated

scenario of leptogenesis.6 The relic value of the pre-existing asymmetry is the sum of three

contributions from each flavour Np,f
B−L =

∑
α N

p,f
∆α

, whose expressions are given by

Np,f
∆τ

= (p0
pτ + ∆ppτ ) e−

3π
8

(K1τ+K2τ )Np,i
B−L , (3.15)

Np,f
∆µ

=
{

(1− p0
pτ )

[
p0
µτ⊥2

p0
pτ⊥2

e−
3π
8

(K2e+K2µ) + (1− p0
µτ⊥2

) (1− p0
pτ⊥2

)
]

+ ∆ppµ

}
× e−

3π
8
K1µ Np,i

B−L, (3.16)

Np,f
∆e

=
{

(1− p0
pτ )

[
p0
eτ⊥2

p0
pτ⊥2

e−
3π
8

(K2e+K2µ) + (1− p0
eτ⊥2

) (1− p0
pτ⊥2

)
]

+ ∆ppe

}
× e−

3π
8
K1e Np,i

B−L . (3.17)

In this expression the Kiα are the flavoured decay parameters defined as

Kiα ≡
Γiα + Γiα
H(T = Mi)

=
|mDαi|2

Mim?
, (3.18)

where Γiα = Γ(Ni → φ† lα) and Γ̄iα = Γ(Ni → φ l̄α) are the zero temperature limit of

the flavoured decay rates into α leptons and anti-leptons in the three-flavoured regime,

m? ' 1.1× 10−3 eV is the equilibrium neutrino mass, H(T ) =
√
gSM? 8π3/90T 2/MP is the

5For definiteness we adopt a criterium ηp
B < 0.1 ηlep

B . In any case the constraints on low energy neutrino

parameters depend only logarithmically on the precise maximum allowed value for ηp
B/η

lep
B .

6As discussed in detail in [31], a compact spectrum solution [28, 42] with M1 ∼M2 ∼M3 ∼ 1010−12 GeV

is also possible if, as it can be seen from eqs. (3.4), O((m̃ν)11) � O(1–10 meV) and O(1/(m̃−1
ν )33) �

O(1−10 meV) while (m̃ν)11/(m̃
−1
ν )33 ∼ (1–100) meV2. In this case, however, it follows from eq. (3.11) and

from the meaning of orthogonal matrix [19], that the seesaw formula implies huge fine-tuned cancellations to

reproduce the measured solar and atmospheric neutrino mass scales, as discussed in [43]. However, recently

a (string D-brane) model has been proposed in [44] where a compact spectrum emerges naturally. This is

also an example of a SO(10)-inspired model that is not a SO(10) model.
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expansion rate and gSM? = 106.75 is the number of ultra-relativistic degrees of freedom in

the standard model. Using the bi-unitary parameterisation eq. (3.1) for mD, the flavoured

decay parameters can be expressed as

Kiα =

∑
k,l mDkmDl VLkα V

?
Llα U

?
Rki URli

Mim?
. (3.19)

In eq. (3.15) the quantities p0
pτ and p0

pτ⊥2
are the fractions of the initial pre-existing asym-

metry in the tauon flavour and in the flavour τ⊥2 , where τ⊥2 is the electron and muon

flavour superposition component in the leptons produced by N2-decays (or equivalently

the flavour component that is washed-out in the inverse processes producing N2) so that

p0
pτ + p0

pτ⊥2
= 1. The two quantities p0

ατ⊥2
≡ K2α/(K2e + K2µ) (α = e, µ) are then the

fractions of α pre-existing asymmetry in the τ⊥2 component, so that p0
eτ⊥2

+ p0
µτ⊥2

= 1.

The contribution from leptogenesis also has to be calculated as the sum of the three

contributions from each flavour, explicitly [16, 45–47]

N lep,f
B−L '

[
K2e

K2τ⊥2

ε2τ⊥2
κ(K2τ⊥2

) +

(
ε2e −

K2e

K2τ⊥2

ε2τ⊥2

)
κ(K2τ⊥2

/2)

]
e−

3π
8
K1e +

+

[
K2µ

K2τ⊥2

ε2τ⊥2
κ(K2τ⊥2

) +

(
ε2µ −

K2µ

K2τ⊥2

ε2τ⊥2

)
κ(K2τ⊥2

/2)

]
e−

3π
8
K1µ +

+ε2τ κ(K2τ ) e−
3π
8
K1τ , (3.20)

where ε2α ≡ −(Γ2α − Γ2α)/(Γ2 + Γ2) are the N2 flavoured CP asymmetries, with Γ2 ≡∑
α Γ2α and Γ2 ≡

∑
α Γ2α. Using the singular value decomposition eq. (3.1) for mD, the

flavoured CP asymmetries can be calculated using the approximate expression [31]

ε2α '
3

16π v2

|(m̃ν)11|
m1m2m3

∑
k,l mDkmDl Im[VLkα V

?
Llα U

?
Rk2 URl3 U

?
R32 UR33]

|(m̃−1
ν )33|2 + |(m̃−1

ν )23|2
. (3.21)

In the case of strong thermal leptogenesis, the final asymmetry has to be necessarily7 tauon

dominated [29] and the previous expression reduces simply to

N lep,f
B−L ' ε2τ κ(K2τ ) e−

3π
8
K1τ . (3.22)

The final asymmetry does not depend on α1 and α3 but only on α2.

4 The benchmark case: Np,i
B−L = 10−3 and α2 = 5

The set of analytical expressions given in the previous sections allows an efficient analytic

calculation of the asymmetry that avoids the lengthy numerical diagonalisation of the

Majorana mass matrix in the Yukawa basis (see eq. (3.3)). We have run a Montecarlo to

derive the allowed region in the space of parameters for the benchmark case Np,i
B−L = 10−3

and α2 = 5. The results, shown in figure 1, are projected on different planes: in the top

panel in the plane δ versus θ23, in the central panel in the plane ρ versus σ, in the bottom

panel in the plane mee versus m1.

7If `2 coincides with great precision with the electron or muon flavour, then it is possible in principle to

have very special electron or muon dominated solutions.
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Figure 1. STSO10 leptogenesis allowed region projected on three different low energy neutrino

parameters planes for the benchmark case α2 = 5 and Np,i
B−L = 10−3. The regions with different blue

graduation indicate the regions containing 68%, 95%, 99.7% and 100% of the solutions (respectively

from lightest to darkest blue) in the plane δ versus θ23. The green crosses correspond to special

muon-dominated solutions. In the top panel, the black lines represent the results of the latest global

neutrino analysis [8] with the best fit indicated by the star. The gray band in m1 is the excluded

region from the cosmological upper bound on m1 from Planck.

The plots in the figure have been obtained finding O(106) solutions out of O(1011) runs

where unknown (or poorly known) parameters log10[m1], ρ, σ, θ23, δ and the 6 parameters

in VL have been generated uniformly randomly except for the measured parameters matm,
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msol, θ12, θ13 that have been generated Gaussian randomly around their best fits. The

results confirm the gross features found in previous papers [22, 30, 31] but the much higher

number of solutions (about 3 orders of magnitude) we found has made possible to saturate8

the allowed regions, for example determining the upper bound on θ23 with much higher

accuracy. Just for the benchmark case we have double checked the constraints obtained by

using the analytical expression and the calculation of the asymmetry through a numerical

diagonalisation of M−1. This further confirms the validity of the general analytical solution

found in [30, 31].

We have also linked the projections of the solutions in the plane δ versus θ23 with those

in the plane ρ versus σ. This shows that the two disjoint allowed regions in the plane ρ

versus σ, a dominant one at low values of ρ (ρ ' [0.05π, 0.30π] + nπ with n integer) and a

sub-dominant one at high values of ρ (ρ ' [0.70π, 0.90π] + nπ with n integer), correspond

in the plane δ versus θ23 to partially overlapping regions upper bounded respectively by

θ23 . 45.75◦, with the upper bound saturated at δ ' −75◦, and by θ23 . 42◦ with the

upper bound saturated at δ ' −120◦. These two sets of solutions are indicated in the

panels respectively as region A and region B. The two regions can be further decomposed

into two subregions for low and high values of σ, that we indicate in the figure respectively

with A1, A2 and B1, B2, where A1 dominates over A2 and B1 over B2. The region A2 is

upper bounded by θ23 . 44◦ and the upper bound is saturated at δ ' 60◦. This region

is now ruled out at 99%C.L. by the new experimental constraints. The region B2 is ruled

out at much more than 99%C.L.. The region B1 is also ruled out at 95%C.L. Hence, with

the new results basically only the region A1 is allowed for δ = [−120◦,−30◦].

In the panels of figure 1 we have also indicated with 4 different blue graduations

the regions containing 68%, 95%, 99.7% and 100% of the solutions (respectively from

lightest to darkest blue) in the plane δ versus θ23. These regions of course depend on how

the parameters are randomly generated, in our case uniformly in the mixing angles and

phases.9 However, they provide a good indication of when solutions start to get fine-tuned

especially in the values of the Majorana phases as one can see from the central panel.

In particular, the asymmetry is suppressed approximately as ∝ sin θ−4
23 [30] and going at

larger values of θ23 all allowed ranges of parameters shrink around the values that maximise

the asymmetry up to a maximum value of θ23 that determines an upper bound (of course

depending on δ). Therefore, increasing values of θ23 implies a higher and higher fine-tuning

of all parameters to realise STSO10. As an example in figure 2 we plot the dependence

of ηlep
B on m1 for four different values of the angle θ23 (the color code of the four lines

in the plot refers to the different regions in the panel of figure 1), while the values of

all other parameters are fixed (see the figure caption). In particular, θ23 ' 45.75◦ is the

highest value we found in correspondence of δ ' −75◦. This plot provides a good idea

8This has been done by first running uniformly on all parameter space until the probabilities in each bin

with ∆δ = 10◦ and ∆θ23 = 0.25◦ became stable except in bins at the contour and then running additional

Montecarlo’s focussing on bins at the contour. If a new solution was found the procedure was repeated

until saturation. We have been extremely carefully in determining the bound in the region experimentally

allowed at large θ23 & 42◦ and δ . −30◦.
9One could have also used different ways, for example uniformly in sin θij or sin2 θij .
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Figure 2. Plot of the final asymmetry from leptogenesis as a function of the neutrino mass m1.

The different lines correspond to the four indicated values of θ23 each for one of the four regions in

figure 1. The other neutrino parameters are fixed to: δ ' −75◦, ρ ' 0.23π, σ ' 0.84π, ρL ' 0.06π,

σL ' 1.1π, δL ' −0.47π, θL13 ' 0.08◦, θL23 ' 2.2◦ and θL12 ' 12.1◦.

of the amount of fine-tuning implied by these marginal solutions. Analogously, a higher

and higher fine-tuning is also required for δ more and more outside the bulk region falling

mainly in the 4th quadrant solutions, especially at large values θ23 & 42◦, now favoured by

most recent experimental results.

Before concluding this section we just observe that we found few special muon-

dominated solutions living at very large values of m1. Hence, this muonic solution are

only marginally allowed by the current cosmological upper bound.10 These are indicated

by the green crosses in all panels of figure 1.

5 Dependence of the constraints on Np,i
B−L and α2

We have studied the dependence of the constraints on the two parameters Np,i
BL

and α2,

the first related to the history of the very early universe prior to leptogenesis, the second

to neutrino properties.

We have first studied the variation with Np,i
B−L for α2 = 5. The results are shown

in figure 3. One can see how the allowed regions shrink in all planes for increasing value

of Np,i
B−L. In particular, the case Np,i

B−L = 10−2 survives at 95%C.L. only for a very

marginal region while the case Np,i
B−L = 0.1 survives marginally only at 99% C.L. Then,

in figure 4, we provide the results for α2 = 6 and Np,i
B−L = 10−3 with the same colour

code of figure 1. As it can be seen the allowed region shifts toward higher values of θ23.

When one considers the bulk of the solutions (in lightest blue), one can see that the allowed

range of δ at 95% C.L. is δ ' [−70◦,−30◦] and θ23 . 46◦. If one considers slightly more

marginal solutions (next-to-lightest blue) then also solutions in the third quadrant for δ

are found and θ23 . 50◦. Therefore, even if θ23 will be found in the second octant, STSO10

10The existence of such special muonic solutions had been found in [22]. They are accidental and corre-

spond to the case when the flavour `2 is very precisely aligned along the muon flavour.
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Figure 3. Dependence of the allowed region on Np,i
B−L for α2 = 5 and three different values of

Np,i
B−L: 10−1 (yellow), 10−2 (red), 10−3 (blue).

leptogenesis can work if α2 is large enough. The important point is then how large α2 can

be realistically. Here we notice that the value of α2 obtained in realistic fits seems to allow

values α2 � 1. In a recent analysis [48] fits have indeed been obtained with a2 ' 6 and

α2 ' 8.11 This possibility requires further investigation.

11Other recent realistic fits have been recently presented in [49], but in this case α2 ' 1.5, and in [50, 51]

where interestingly α2 ' 6 but in this case this value is indeed determined by successful leptogenesis

condition.
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Figure 4. Allowed region for α2 = 6 and Np,i
B−L = 10−3, with same colour code as in figure 1.

It is interesting to notice that the lower bound on mee does not depend on α2 and

ultimately neutrinoless double beta decay provides a crucial test for STSO10 since the

range of allowed values is quite narrow, mee ' [10, 30] meV, independently of α2. Finally,

in figure 5 we have summarised the results reporting the dependence of the upper bound

on θ23 both on α2 and Np,i
B−L. In the left panel we have plotted the upper bound on θ23 for

α2 = 4, 5, 6 as a function of Np,i
B−L. One can see how the upper bound relaxes for smaller

values of Np,i
B−L. The grey band indicates the experimental lower bound (95% C.L.). In the

right panel we directly show the constraints in the plane α2 versus Np,i
B−L, indicating the
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Figure 5. Left panel: upper bound on θ23 as a function of Np,i
B−L, for three values of the parameter

α2. The gray band shows the current 2σ experimental constraints θ23 & 41.5◦ [8]. Right panel:

95% C.L. constraint in the plane α2 versus Np,i
BL

.

region excluded at 95% C.L.. We can see that the current experimental constraints rule

out a region α2 . 4.7 and Np,i
B−L & 0.1.

It is useful to give some analytical insight on the numerical results mainly based on the

analyses presented in [30, 31]. There are two conditions to be imposed: strong thermal lep-

togenesis and successful leptogenesis. The first condition translates straightforwardly into

a lower bound on mee, considering that K1e ' mee/m?,
12 and also that one has to impose

K1e & 8 + 0.85 ln(Np,i
B−L/10−3) translating into mee & 9 meV

(
1 + ln(Np,i

B−L/10−3)
)

[52].

This lower bound is well visible in the lowest panel of figure 3 where one can see how it is

independent of m1 and it increases logarithmically with Np,i
B−L. Notice that the Kiα’s do

not depend on the αi’s and in particular on α2, as it can be inferred easily from eq. (3.19).

This implies that the strong thermal condition places constraints independent of α2.

In STSO10 leptogenesis the final asymmetry is dominated by the tauonic contribution

(see eq. (3.22)). This is the product of three quantities: the CP asymmetry ε2τ , the

efficiency factor κ(K2τ ) at the production and the wash-out factor from the lightest RH

neutrino e−
3π
8
K1τ . We can say approximately that the suppression of the asymmetry on

sin θ23 is mainly contained in ε2τ that in the approximation VL ' I and for m1/msol � 1

is suppressed as sin θ−4
23 . In the case of STSO10 one has m1 ' msol and the suppression is

milder but still present. The dependence on the two Majorana phases and on the Dirac

phase δ comes from an interplay between maximising ε2τ and having K1τ . 1. The

existence of two very well defined sets of solutions for different values of ρ, the “A” region

for ρ ' 0.2π+nπ and the “B” region for ρ ' 0.8π+nπ, is also quite well understood since

in the limit m1/msol � 1 one has ρ→ nπ/2 while for m1/msol � 1 one has ρ→ nπ. For

m1 ' msol, two solutions at intermediate value of ρ are obtained below and above 0.5nπ,

respectively. At the same time, approximately, in order to minimise K1τ and maximise

mee, one has respectively 2 σ − δ ' 0 and σ − δ ' 0 for m1/msol � 1. For m1 ' msol

again these two conditions split into two solutions, one for 2σ − δ < 0 corresponding to

12This is strictly true in the approximation VL = I but it remains approximately valid also for VL . VCKM.
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ρ ' 0.2π + nπ and δ < 0 and one for 2σ − δ > 0 corresponding to ρ ' 0.8π + nπ and

δ > 0. The first solution is the dominant one since it allows to maximise the asymmetry

for K1τ . 1. This translates into a dominance of the solution with δ < 0. It should be

noticed that also the conditions on the phases do not depend on α2 and this explains why

the constraints on the phases do not change with α2. The dependence on α2 can be entirely

explained from the dependence ε2τ ∝ α2
2 that translates into ηlep

B ∝ α2
2. Therefore, a higher

value of α2 mainly relaxes the upper bound on θ23 but not for example the lower bound on

mee. This is why the range mee ' [10, 30] meV can be regarded as quite a robust feature

of STSO10 if one assumes Np,i
B−L & 10−3. This is interesting since even for NO one expects

a signal in future neutrinoless double beta decay experiments.

Before concluding this section it is useful to remind that there are some sources of

theoretical uncertainties that might be relevant in the light of the fact that, as we have

discussed, current experimental data seem to corner STSO10. First of all, we are neglecting

the running of parameters and this might be particularly important for the value of α2 that

is affected in particular by the running of mcharm. We used an approximated value from [36]

at a fiducial scale ∼ 1010 GeV but, since constraints are particularly sensitive to α2, a more

accurate determination of mcharm at the precise scale of leptogenesis production for each

solution might give some important effect. Of course the running of neutrino parameters

also should be taken into account, especially of the Dirac phase, since our constraints

originate either at the asymmetry production scale or at the lightest RH neutrino wash-

out scale. Other effects we are neglecting are flavour coupling [46] and a more precise

calculation of the asymmetry within a density matrix approach [47].

6 Conclusion

In this paper, we presented a precise determination of the constraints on neutrino param-

eters from STSO10 leptogenesis, comparing them with recent experimental results from

long baseline neutrino experiments. It is certainly encouraging that NO is favoured over

IO at ∼ 2σ since this is a strict requirement for STSO10 leptogenesis. On the other hand,

the new stringent experimental constraints in the plane δ versus θ23 seem to corner the

STSO10 and indeed a narrow range of values of δ is now requested. If the errors will shrink

around the current best fit value θ23 ' 47◦ and δ ' −130◦, STSO10 for a2 . 5 would

be ruled out. However, this could be accommodated by values α2 ' 6 (or even lower),

a possibility that should be explored within specific models. In any case, even for such

high values for α2, a favoured range δ ' [−120◦,−30◦] is confirmed. Therefore, future

data, expected from long-baseline neutrino experiments, will test the STSO10 solution in

quite a crucial way. In particular, the results from the anti-neutrino data expected from

NOνA and more results from T2K should help a more precise determination of θ23 and δ.

A measurement of the effective neutrinoless double beta decay neutrino mass in the range

' [10, 30] meV, and a consequent deviation from normal hierarchy, would still provide an

ultimate powerful test of the STSO10 solution.
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