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New frontiers

(SHIP proposal, 1504.04855)

Energy Frontier
SUSY, extra dim.

Composite Higgs
= LHC, FHC

ntensity Frontier
Hidden Sector
=> Fixed target facility
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Navigating the deep unknown
with neutrinos and cosmology
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Navigating the deep unknown
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Neutrino masses (m; < m» < ms)

atm

A Vo
LN
< 1741 V3 -

Mg, = (8.7 + 0.1) meV

= (50.0 + 0.2) meV

nger' bound on neutrino masses (NQ)

= z m; = 58meV (95%CL)

For IO it would be much more stringent:

Z m; = 98meV (95%CL)

Cosmological upper bound (Planck 2023, 2309.10034) 10

NO:m, =\/mf+m2 ,
sol

m =\/m2+m2
3 1 atm

z m; < 0.11 eV (95%CL) = for NO (10): my

m1 /ZVO m,,

< 26 (9)meV(95%CL)

X10°
< 0.45 eV (90% C.L.)
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Neutrino mixing parameters:
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Baryon asymmetry of the universe

(Hu, Dodelson, astro-ph/0110414 ) (Planck 2018, 1807.06209)

500 1000 1500 2000 2500

(CMB+BAO)
QBOh2 =0.02242+0.00014

T’BO — B0 B0 nBO ~ 2735 QBOhZ ><10—10 — (612i004)><10_10 — nl(;’?)JB

y0 ",

Consistent with (older) BBN determination but more precise and accurate

today the asymmetry coincides with the matter abundance since there is no evidence of
primordial antimatter

Even though all 3 Sakharov conditions are satisfied in the SM, any attempt to reproduce
the observed value fails by many orders of magnitude = it requires NEW PHYSICS!



Minimally extended SM

LY =R vpd = —LV

mass W mpUVgr

(m, 0 o0
diagonalisingmy: m,=V'D U, b= 0 m, O
’ 0 0 m,
neutrino masses. m; = Mp;

= L .
leptonic mixing matrix: U= VT

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?



Minimal seesaw mechanism (type I)

Dirac + (right-right) Majorana mass terms
(Minkowski '77; Gell-mann,Ramond,Slansky: Yanagida; Mohapatra,Senjanovic 79)

violates
v o lepton
_‘Cmass = V[ MpVR + nupmber'
In (M >> mp) the mass spectrum splits into 2 sefts:

3 light Majorana neutrinos
with masses (seesaw formula):

« 3(?) very heavy Majorana neutrinos Nr Nrr, Nrrr with Mirp>Mir>Mr >> my;

1 generation toy model :
mDNmTopt

m~Mgym~ D0 meV

— MNMGUT ~ 101663\/



3 generation seesaw models: two limits

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

oa=e,u,tT
— LV = AL My QR + VLa MDal VRI + — I/RI M;vgr + h.c.

mass 9 I — 1’2’3

bi-unitary parameterisation: 1M = VLJFD U D =diag(m
m, R

D1’ DZ'mDB

FIRST (EASY)LIMIT: ALL MIXING FROM THE LEFT—HANDED SECTOR

2
m:.
* Up=I = again U=V, and neutrino masses: m = 1\/;)1
lz I
If also mpi=mp,=mp3=A then simply: M, =
m; Typically RH

neutrino mass
spectrum emerging
in simple discrete
flavour symmetry
models
(....Bertuzzo, PDB,
Feruglio, Nardi
0908.0161;
Hagedorn,
Molinaro, Petcov
0908.0240; .....)

Exercise: A~100GeV
m ~10"eV =M, ~10"" GeV
m,=m_, ~10meV =M, ~10" GeV

— 14
m,=m__ ~50meV:>M1 ~107" GeV




SO(10)-inspired conditions

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

bi-unitary parameterisation: mD = VLTDmD UR D = dlag(mm, m,,,m.,,

Inspired by SO(10)-models:

* Vi=Vem=1
* Mpyg = A1Myp ; Mpz = A2Mcharm, Mp3 = A3Myop; &K = O0(1)
2 2

Mpy Mo~ Mpy Mee
) 2 —1 )
Mee myimymz |(My, ) ¢¢|

M3~ mDS |(m,, 1)rr

—

Barring fine-tuned solutions

(for m,.~0 and/or (m;1),,=0),

one obtains a very hierarchical
seesaw neutrino mass spectrum with
M, << 10° GeV




Neutrinos are predicted to be Majorana particles

Both light and heavy neutrinos are Majorana neutrinos:

v, = yiptvg= [U,L-TaVLa + (ULVLa)C] — I:VLVij’ qu/ VRI + (VLVij' fj/p VRI’)C] ’
R S S _

L

Nr = Nigr+ Nigp = [Urir vrr + (Urtr ver )] + [URII’ §¥;j/ vy + (Urtr 5,}:3" VLj’)C]

They are both AL = 2 processes



Minimal scenario of Iep'ro(?enesis

*Type I seesaw mechanism kugita,Yanagida '86)
* Thermal production of RH neutrinos: Tpy = Tiep= M;/ (2:10)

- T t r .,
heavy neutrinos decay NI %LI + ¢ NI — sSLi+ ¢

total CP r-r f ;
] £ =——— m _ actors
asymmetries ' 14T =N, 12243 & XW

« Sphaleron processes in equilibrium AB=AL=3 b, 5
L

= Tlep = -‘-(s):;'cmler'onsz 132 GeV

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

fin
lep asthB—L s O 01 N fin
= BO NTe I B-L
14

- efficiency



Seesaw parameter space

lep

Combining 7, =n;" =6x10"" with low energy neutrino data
can we test seesaw and leptogenesis?

I = Orthogonal
(Casas, Ibarra'01) m, = —mp L \m}) o [ EFEy e 9 . .
M F parameterisation
; /700 )\ V50 0 (in a basis where charged lepton
mp| =] ( 0 w30 H?( 0 /30 ) and Majorana mass matrices
0 0vmy OV are diagonal)
light neutrino heavy neutrino parameters
parameters escaping experimental information

A Low-scale seesaw models, potential direct discovery of RH
neutrinos in lab neutrino experiments (¢ not too small).

Q High-scale seesaw models are challenging to test (¢ is tiny) but there are
a few strategies able to reduce the number of parameters in order to
obtain testable predictions on low energy neutrino parameters



Vanilla leptogenesis = upper bound on v masses

(Buchmiiller PDB Pliimacher '04; Blanchet, PDB ‘07 Garbrecht et al 2025)

1) Lepton flavor composition is neglected B (g, M) > 1 ﬂ} MB

2) Hierarchical spectrum (M; = 2M;)

3) Strong lightest RH neutrino wash-out 1: ll'T\l' <Q._12 JV ],
Mo =0.01N§f21 = 0.0llef"(Kl,ml) 10" ] 10"
%‘- 0%, 10"

o E {

. _ I_N (T:O) EF -||:"'-.: .__.-"' d 10™
decay parameter: K; = zr—7 / ”
All the asymmetry is generated yd
by the lightest RH neutrino decays ! .iw =0 6o,
4) Barring fine-tuned cancellations TUN S—— = T “.f.,'1ln. oo 100
(Davidson, Ibarra '02) = - "‘hl (ev) =

~ 11—6 My Matm . .
e1 < el =~ 10 (1010 GeV) i +ma  Nodependence on the leptonic mixing

matrix U: it cancels out in &=
no sensitivity to mixing parameters.



SO(10)-inspired conditions

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

bi-unitary parameterisation: mD = VLTDmD UR D = dlag(mm, m,,,m.,,

Inspired by SO(10)-models:

* Vi=Vem=1
* Mpyg = A1Myp ; Mpz = A2Mcharm, Mp3 = A3Myop; &K = O0(1)

y) 2
1 mpa Mee 1
— = , M, = ~ M3—mD3|(m )
Mee , mymyms |(m, 1)1’1" , Voo

Barring very fine-tuned solutions,
one obtains a very hierarchical
RH neutrino mass spectrum with
M, << 10° GeV

Since M, « 10° GeV, one would conclude, within vanilla leptogenesis, that
the observed asymmetry cannot be reproduced



Important interplay with neutrino oscillation data
(Branco, Gonzalez-Felipe, Joaquim, Rebelo hep-ph 0202030)

2 2
- Mmpq My <<Mso] (almup)

M, =~ ~10°GeV

/
Mee Mgo1S12

With current data s,~ 0.3 and M<<109 GeV but with the old

(pre-SNO) small mixing angle solution sf, << 1and one could
have M;> 10° GeV.



Important interplay with Ovpp effective mass

m

Can't we just be in the region where m,, can be made arbitrarily small
allowing for some phase cancellation? This would also rise M; above 10° GeV



A random scan for V =I confirms that M, << 10° GeV

(PDB, Xubin Hu 2611.16604)
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Orthogonal matrix within SO(10)-inspired models (V =I)
(PDB, Marzola, Re Fiorentin 1411.5478)

V M1 |muee|
Myee Uel

mi |(m;1)'r'r|

ee

1{ m2 |muee| < -1 1 U

- Ue2 Uy, ) ——2—=— | Ds,
Muyee | ee

Vmz|(myt)er|

*
U33

V m3 |(m;1)'r'r|

For small m.. one gets large entries (|2];;>>1) in the orthogonal matrix that
signal strong fine-tuning in the seesaw relation: light neutrino masses
are not the result of the seesaw but of the strong cancellations.



Full analytical solution (valid for arbitrary V,) for

RH neutrino masses and orthogonal matrix
(PDB, Marzola, Re Fiorentin 1411.5478; PDB, Re Fiorentin 1705.01935)

light neutrino mass

A T
matrix in the Yukawa m, — m, = VLvaL
basis
2.2 ) ~
o m o-m m
RH neutrino masses M, =——""— M =—2-¢ [(m,),, |

M, =o’m’ |(m)., |
~ ) 2 ~— ’ 3 3 33
|(mv)11 | m1m2m3 |( 1)33 | t ’

Orthogonal matrix

(M W*)11 [ ma2 mg (mu Wx — Wx (mv )23 et (p+o+pr+or) _ws
V—mimy11 mMy11 21 31 (my 1)ss Vv mi (my a3
(my W*)12

Ay W )12 m1 m3 (My * (mu i o o W
o (S5 (v e T |

=1y,
(my W*)13 / M1 M2 (mu Wx — Wx (mu )23 i(p+o+pL+aL) Wis
vV—m3muy11 my11 23 33 (my a3 o

v/ m3 (g )33

where we defined W =V, U.

For small mixing angles in V__ it is clear that the same considerations apply
as in the case V =I and why the result M, <« 107 GeV still holds



A random scan for I<V <V still confirms M, << 10° GeV

1020
ISV < Vo 10
Qa = {1, 5, 5} :1018

NO f1017

1106
“1018
1014
31013

-10"

1011
%1010
10°

5108
=107
=108
10

3_104
e TIE

| 02
100

One could think to get successful leptogenesis in the vicinity of crossing
level solutions (Akmedov, Frigerio, Smirnov 0305322) ...but there is
another more attractive solution



N,-leptogenesis

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

A Unflavoured case: asymmetry produced from w

A two stage process:

N, - Asymmetry Production

N - RH neutrinos is typically washed-out * | inthe 1 flavour regime
37 g%’if}yw“ ey
lep(N,) . - fin . _?Kl CMB 66% or in the 2 flavour regime
s  =0.01-e x7(K,)e <<, !

&R ., ... ...
J Adding flavour effects: lighest RH neutrino wash-out w0 IN - washout in the 3 f1. regime

acts on individual flavour = much weaker: K +K;,+K;,=K; 1

Np_(N2) = Py, eak(Kp)e™ ¥ Kie t Py, €0 k(Ky) e=F Ky PO g9 k(Ky) e s Kir

> With flavor effects the domain of successful N, dominated leptogenesis greatly enlarges:
the probability that K;< 1 is less than 0.1% but the probability that either K, or Ky, or Ky,
is less than 1 is ~50% (taking into account experimental data)
(PDB, Michele Re Fiorentin, Rome Samanta 1812.07720)

» Existence of the heaviest RH neutrino Ns is necessary for the g,4's not to be negligible

» 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
Mee = 10 meV = m; = 10 meV (corresponding to Zm; = 80meV).

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

= important motivation for OvBpB experiments

» N,-leptogenesis rescues SO(10)-inspired leptogenesis



General analytical solution for the asymmetry

3 3n 3

Final B"L lep,f _? le _?Kl,u _?Klr
asymmetry Ny =€, x(K,,+K, )e +¢g, K(K,,+K,, )e +€, kK(K, )e

m V. V U. U

Zka Dl" Lko™ Lloc™ Rkl ™~ Rli
k,l

Flavoured decay K =k
ters
parameter I M m,

Fl d CP 3 | (7’7’2 ) | ;kale Im[VLkaVLlaUszUR13UR32UR33]
avoure e = o

. o = 2 ~ 1N 2 ~_1\N 2
asymmetries * 16mv° mmm, [ () | [ (7). |

« The RH neutrino mixing matrix can also be expressed in terms of low energy neutrino
parameters and Vi : Ug = Ug(m, V. a;). The dependence on a;and a3 cancels out in Ng_ 'ePf

= Successful SO(10)-inspired leptogenesis condition:

SO10/ep
nB (ml’msol’m 012’0

atm? 23?2

913959/390-; QVL):anS

S0O(10) inspired conditions also impose V ~Vm

In the approximation V| =I this would identify a hypersurface in the space of low
energy neutrino parameters yielding interesting constraints and predictions.
Turning small angles in V| at the level of the angles in V¢m gives some thickness
to the hypersurface but the constraints remain.



3-dim projection of the allowed region (NO)
(PDB, Xubin Hu 2507.06144)

a=5 NORMAL ORDERING I <V, <V

~ 100 solutions out of
~ 1019 tpials

. . . Strong-thermal
® tauonic muonic electronic leptogenesis (subset of

tauonic)
« Inverted ordering is not viable

« Lower bound m;= 1 meV

« There is a subset of solutions realizing STRONG THERMAL CONDITION



2-dim projection in the plane m, - 6,3
(PDB, Xubin Hu 2507.06144, 2611.16604)

;=5 NORMAL ORDERING I <V < Vim

. . . Strong-thermal
@® tauonic muonic electronic leptogenesis (subset of

tauonic)

In the range 10 meV < m; < 30 meV the atmospheric mixing
angle needs to be in the first octant

This is the same range where strong thermal solutions exist



Majorana phases and Ovpp effective mass
(PDB, Xubin Hu 2507.06144)

a=5 NORMAL ORDERING I <V, ¢ Ve

Strong-thermal leptogenesis

® tauonic muonic electronic (subset of tauonic)

Solutions cluster around particular values of Majorana phases

Strong thermal solutions will be fully tested by next
generation QvBp experiments (KamLAND2-ZEN, LEGEND 1000, CUPID,..)



RH neutrino mass spectrum
(PDB, Xubin Hu 2507.06144)

a=5 NORMAL ORDERING I <V, ¢ Ve

.Ih
Strong-thermal leptogenesis

. tauonic muonic electronic (subset of tauonic)




2-dim projection in the plane m, - 6,3
(PDB, Xubin Hu 2611.16604)

a5 INVERTED ORDERING I <V, ¢V

¥
H
5
{

® muonic

® tauonic



Leptogenesis in SO(10) with a minimal Yukawa sector

(Babu, Bajc, Saad, 1612.04329; K Babu, PDB, C.S. Fong, S. Saad 2409.03840)

« The most attractive models realizing SO(10)-inspired leptogenesis are.......
..... S0O(10) models |

« SO(10) unifies all fermions of a generation into a single spinorial 16-dimensional
representation that, in addition to SM fermions, contains 1 RH neutrino: it
naturally predicts 3 RH neutrino species

* 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

L‘.\:- = 16 I:).l(;l[);; -+ Y'_Q;_;lfﬁu -+ )’121:;1‘.2“” ) 16.

« After SO(10) SSB at Mgyt=2x101¢ GeV one obtains the masses:
Simplest case but clearly

Up-quark mass matrix N v o - e .
7= ' u = VipY10 - Viag Y126 + Ving Y120, non-realistic: it predncts
down-quark mass matrix My = v& Yo+ v Vi + v30 Vi , no mixing at all (both in
neutrino mass matrix Mp = vipY10 | 3vias Y126 + ving Y120 . qua:k ar;dFlep*on listi
R i v o.d v N sectors or realistic
charged lepton mass matrix BRI R STl et uT D 0 Tk AT ) SOIF '
9 P o ‘ models one has to add at

; : Mg =vR Yo . . .
RH neutrino mass matrix t= 1267126 least the 126 contribution




A recent realistic fit

(K Babu, PDB, C.S. Fong, S. Saad 2409.03840)

Observables Values at Mz scale

(AmZ; in eV?) Input ‘ Benchmark Fit: NO ‘ Benchmark Fit: 10
Yy /1076 6.65+2.25 7.30 10.0
oy 0 3.60+0.11 3.59 3.57

Yt 0.986£0.0086 0.986 0.986

ya/107° 1.64540.165 1.636 1.635
ys/107% 3.125+0.165 3.122 3.148
yp/1072 1.639+0.015 1.639 1.637
Ye/107C 2.7947+0.02794 2.7945 2.7906
T (0ne 5.8998+0.05899 5.9011 5.9080
102 1.0029+0.01002 1.0022 1.0023

22.735+0.072

22.729 (65FM =13.023°)

2273006 = =13023°)

g g2 4.2084-0.064 42061 (65 =2/101") 4.204 (OSEM =2.408°)
gesM 1 g=> 3.64+0.13 3.64 (057 M=01208°) 3.64 (KM =0.208°)
dcKM 1.208+0.054 1.209 (Scxm =69.322°) | 1.212 (Scxm =69.457°)
Am2,/107° 7.42540.205 7.413 7.506
Am%,/10~3 (NO) 2.51540.028 2.514 -
Am2,/1072 (10) -2.498+0.028 - -2.499
sin® 015 0.3045+0.0125 0.3041 (A1 = 33.46°) 0.3067 (612 = 33.63°)
sin? 653 (NO)* 0.5705+0.0205 0.4473 (023 = 41.98°) -
sin? fp3 (I0)* 0.576+0.019 . 0.5784 (fo3 = 49.51°)
sin? 413 (NO) 0.0222340.00065 | 0.02223 (6,3 = 8.57°) -
sin? 613 (I0) 0.0223940.00063 = 0.02238 (A3 = 8.60°)
6&p (NO) 207.5+38.5 240.49 .
6p (10) 284.54+29.5 - 263.49
| np/1071° | 6.1240.04F | 7.6 (7.6) | 9.6 (51) |
| xX° | - | 1.45 | 5.76 |

For NO:

light neutrino masses

m;= 0.038 meV

mo= 8.6 meV
ms= 50.1 meV
m..=3.7 meV

heavy neutrino masses
M;=6.6x10* GeV
M.=2.1x1012 GeV

M;=8.1x1014 GeV

Why is the lower bound on m; violated? Because 0,3-~45°= extended SO(10)-insp. lep



Extended SO(10)-inspired conditions

What happenes for an arbitrary V| ? This extends SO(10)-inspired leptogenesis to a very
broad class of models simply characterized by:

’—Vh-z—VeKMz—I

* Mpy = G1Myp ; Mpz = A2Mcharms Mp3 = A3Myiop; & = O0(1)

Even for arbitrary V| the heavy neutrino mass spectrum necessarily
requires N, -leptogenesis as the scenario to reproduce the observed
asymmetry: it is very general



A cross check
(PDB, Xubin Hu 2611.16604)

As a cross check set we set V =Ut

=> heavy neutrino mass spectrum reduces to the special limit we saw:

0w ———————————————10%

10 Ve = Ut “10"

10" a ={1,55} 108

1077 NO 11017

1076 M; EPT

2 1015* —__ 10"
m 101“‘L —-10™

g

1013F ;1013
“1012

M 3
I S 101 M “10"
S 107 10




Extended SO(10)-inspired leptogenesis

(PDB, Xubin Hu 2611.16604)

NORMAL ORDERING
ded
SO(10)-inspired so?fg?inzpired

leptogenesis

leptogenesis

~ 10% solutions
~ 10% trials

+ Solutions are found for any value of 8,3 and é for m; = 10 eV



Extended SO(10)-inspired leptogenesis

(PDB, Xubin Hu 2611.16604)

NORMAL ORDERING
ded
SO(10)-inspired 5000 inapires

leptogenesis

leptogenesis




Extended SO(10)-inspired leptogenesis

(PDB, Xubin Hu 2611.16604)

NORMAL ORDERING
. extended
S0(10)-inspired SO(10)-inspired
leptogenesis leptogenesis

« Even for arbitrary V| there is still a lower bound both on m;and m,,
(though relaxed by about 1 order of magnitude



Extended SO(10)-inspired leptogenesis

(PDB, Xubin Hu 2611.16604)

NORMAL ORDERING
. extended
SO(10)-inspired SO(10)-inspired
leptogenesis leptogenesis




Extended SO(10)-inspired leptogenesis

(PDB, Xubin Hu 2611.16604)

INVERTED ORDERING
. extended
SO(10)-inspired SO(10)-inspired

leptogenesis leptogenesis




How to depart from N, leptogenesis?

10% GeV

100 GeV

N, leptogenesis

0(1"‘1

10° GeV

100 GeV

10° GeV

100 GeV

N, leptogenesis

4 (XIZ].OO

2 RH neutrino scenario




Conclusions

[ Even extending SO(10)-inspired conditions allowing for arbitrary V|, the
conclusion M; << 10° GeV still holds, requiring N,-leptogenesis scenario to
reproduce the observed asymmetry

O The lower bounds on m;and m,, are still there, though relaxed

Q IO solutions appear

O If new data should support SO(10)-inspired leptogenesis with V ~ I, this
can be regarded as a sign in favour of GUTs. In particular NO should be
confirmed.

O Exciting times!



Turning on just 1 angle in V: 6%,5
(PDB, Xubin Hu 2611.16604)

NORMAL ORDERING

0« 9L23< 1°



Turning on just 1 angle in V: 6%,5
(PDB, Xubin Hu 2611.16604)

NORMAL ORDERING




Turning on just 1 angle in V: 6%,5
(PDB, Xubin Hu 2611.16604)

NORMAL ORDERING




Majorana mass from new physics:
effective theory approach

(Weinberg 1979)

Allowing for lepton number violation:

S - g B
LWeinber'g =(L° ¢") =2 ("L )+ h.c.
(04 A [)’
After EWSSB this generates a left-left neutrino Majorana mass term:

2
— gV m
v _ _ B o« D
= 'LMayor'ana B VLamvaﬂ LB with m v A A

(seesaw formula)



Density matrix and CTP formalism to

describe the transition regimes

(De Simone, Riotto '06; Beneke, Gabrecht, Fidler, Herranen, Schwaller '10)
.~:l}|:l [

12x1078

|Yi1+Y2|

1.x1078}
8.x107°}
6.x107°}
4.x107%¢

2.x107°¢

010 .. lOIll ll 10112 .. 1(;13 ‘. 10114
M;[GeV]

-

DY A 1o . .
D+ YAL 1(ﬁ ])’u.i len FYaL=1,} f,-n] [lTth‘I.\: 1 cT-_HI.l..\. ‘},.,,3

1 Fully two-flavoured

regime limit

Unflavoured regime limit



Charged lepton flavour effects

(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!

1) = Za(lall) lla)  (a=enm)

|l_,1> =2 o <loz|l_,1> |l_oz>

d M; <« 10'2 GeV = t-Yukawa interactions are fast enough break the
coherent evolution of |7,) and |I})

= incoherent mixture of a t and of a y+e components = 2-flavour regime

O M; <« 10° GeV then also t-Yukawas in equilibrium = 3-flavour regime

final __ fin
UNFLAVOURED N B-L 81K 1

| TRANSITION REGIME: DENSITY MATRIX NEEDED

fin fin
2 Flavour regime (t, e+p) gHKl (Klz' ) T 81e+uK1 (Kle+,u)

TRANSITION REGIME: DENSITY MATRIX NEEDED

fin fin /"
€K (Ku)_'_gluKl (Klu)+ &k (K,,)

3 Flavour regime (e, 1, 7 )




N.-leptogenesis rescues SO(10)-inspired leptogenesis

(PDB, Riotto 0809.2285;1012.2343)

 dependence on o and o3 cancels out =
the asymmetry depends only on a,= mpa/Mpgrm © NpX0tp?

=5 NORMAL ORDERING

----- 2.0 10°
50 T 1 o ;}ﬂ; .f:t:',:-;::l:%.‘ i
A . g 0! //’ /7
| | T s b v i
45 =it ‘ \s) '*-:}‘ .0 J &
@23 R SV < 1.0 ~ 107 74
40 l 0.5l 103
v Y . 3 i W im77}
104 p0° 102 10' 10° 80 05 10 15 20 10° 10° 10° 10" 10
m (eV) olm my (eV)
» Lower bound » Majorana phases .
m; = 103 eV constrained about iafz?l?t:re\ig;\/ '[éﬁ ’rmlz?jlsk
> ©,3 upper bound specific regions

of points above meV

» INVERTED ORDERING IS NOW INCOMPATIBLE
» Strong thermal leptogenesis is realised for a subset (blue regions)
» Muon-dominated solution appear for V| 2T



a5 NORMAL ORDERING V =TI I<V|<Vem
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Even turning of small mixing angles in V| does not change the result
that in SO(10)-inspired models M, <« 10° GeV
= N, leptogenesis is still unavoidable



3-dim projection of the allowed region (NO)
(PDB, Xubin Hu 2507.06144)

a=5 NORMAL ORDERING I <V, <V

thout fl i with flavour coupling (originating from
WIThouT Tavour coupling spectator processes, mainly Higgs asymmetry)

. . . Strong-thermal
@® tauonic muonic electronic leptogenesis (subset of

tauonic)

Including flavour coupling, new muonic solutions appear and even some very marginal

electronic solutions (red points)
Including radiative corrections or using density matrix equation have even smaller

impact on these constraints (coming soon),



