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1. Introduction

* Baryon number density: determined from
- Big Bang Nucleosynthesis: primordial abundances
of light elements (D, 3He, “He, ’Li) mainly depend
on one parameter, ng/n,

— CMB anisotropies

V=28 "B _ (86640.01) x 1071
S S

Impressive consistency between both determinations,
completely independent !
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* Baryon asymmeftry
- Nucleons and antinucleons were in thermal
equilibrium up fo T¢, = 22 MeV, when [, < H
- If the Universe were locally baryon-
symmeftric:
Ygr, < 10-20 =»  there was a baryon
asymmeitry

« Sakharovs conditions to dinamically generate the
baryon asymmetry (BAU)

- Baryon number violation
- C and CP violation
- Departure from thermal equilibrium
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2. Leptogenesis via HNL decay

* BAU generated in the decay of heavy Majorana
neutrinos: Fukugita, Yanagida, 1986

- Out of equilibrium decay
- L and CP violating interactions =2 lepton
asymmetry, AL
- (B+L)-violating, but (B-L) conserving, non-
perturbative sphaleron interactions AL =» AB
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Non-equilibrium process =2 Boltzmann egs.

dYn YN
Lo (2% ) (D45
dz (YNl >( +5)
dYp_r, Yn
= (2 DYy W
dz E(YNl ) Bk

ZEMl/T

(N1 — boh) — (N — £,k
G_Zeal—z 1 ) —T'(Vy )
» D(Ny — £gh) + (N1 — gh)
E
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* Final baryon asymmetry:

Yp = —ken
28
k= ooV (17> My) ~ 10~°

N = efficiency: 0:<nz«<l
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* 1 maximum for

= = 0 5/2\/——”2 1073 eV
p— *: 7"' * ~U
! 35 VM,

Ty i

mx , defined by: —

determines the amount of departure from thermal
equilibrium and the strength of the washouts:

mi1 > m, = strong washout:
* independence of initial conditions, 7 o 1/m;

mi; < ms = weadk washout:
» depends on initial conditions, if Y\, =0 — 1 o 1
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2
* Hierarchical heavy neutfrinos: ¢ ~ 3 Aao M,

167 M2

* Connection to light neutrino masses (type I seesaw):
3 M,
16T v?
2> M, > 107 GeV
Detailed numerical analysis solving BEs:
2> M, > (4x)108GeV for fine-tuned regions
Hambye et al. 2004

=» bound on light neutrino masses, m, < 0.15 eV
Buchmuller, Di Bari, Plumacher, 2004

el < epr = (ms —myq)

Davidson, Ibarra, 2002
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Flavour effects

* At T < 10'2 GeV, the T Yukawa interaction is fast, and
there are (in general) 2 lepton flavour asymmetries

evolving almost independently

e At T < 10° GeV, both T and p Yukawa interactions are
in equilibrium =» 3 independent lepton flavour
Gsymmefrles, YA(B/3—LO()

Barbieri et al. 2000; Endoh et al. 2004; Abada et al. 2006;
Nardi et al. 2006
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Some consequences:

*Flavoured asymmetries €,depend on Upyns phases
although in general leptogenesis is “insensitive” to
them, even in SUSY Davidson, Garayoa, Palorini, NR, 2007

* Bound on light neutrino masses m, < 0.15 eV evaded

* N, leptogenesis can survive N; washouts more easily:
=> relevant for SO(10) models which predict
M, << 107 GeV
* Leptogenesis possible with ¢=) ca =0
= relevant for models with small B-L violation

O(s'enzxtgel};%gesisseesaw) N. Rius BLV 2024



F(NZ — gah) — F(NZ — ZaiL)
Z T(N; — £gh) + T'(N; — £gh)

B
where: Covi, Roulet, Vissani, 1996

Cai —

_ ¥ L
T eaz’ T eozz'

Zf a;)Im[AG ;A m()‘b‘)ji]
J7 a4 E]\ff/]\fz2

Zg GJJ Im )\* a@(AT)\)ij]

\ JF#i

related to L conserving d=6 operators =» escape the

DI bound because they are not linked to neutrino
masses (LNV d=5 Weinberg operator). M, > 10® GeV
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Resonant leptogenesis
* Enhancement of the CP asymmetry for degenerate
neutrinos, M, - M, = [,

1 Im[(ATA)34] <1
2 (ATA) 11 (ATA)22 ~ 2

€| ~
Covi, Roulet, 1997; Pilaftsis, 1997; Pilaftsis, Underwood 2004

> EW scale e-,Ju-,T- leptogenesis with observable
LFV Pilaftsis 2005; Deppisch, Pilaftsis 2011

* Approximate flavour symmetries + universal RHN
masses at the GUT scale = heavy neutrino mass
splitffings radiatively generated
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Non-equilibrium QFT:

Kadanoff-Baym equations for spectral functions and

statistical propagators of leptons and Majorana
neutrinos

Anisimov et al., 2011; Drewes et al. 2013
* Relevant in the weak washout regime

* Very important for resonant leptogenesis: supression
wrt classical Boltzmann result.
Garny et al., 2013
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« If M, = M; = I', = HNL oscillations

* Taken into account using “Flavour covariant transport
equations” =>» density matrix formalism

p = —ilH, p| Dev et al., 2014 (109 p.)

* Identify mixing contribution from diagonal py and
heavy neutrino oscillation contribution from off-

diagonal (pn)i2

* Also in the Kadanoff-Baym approach  Dev et al., 2015
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3. v electroweak baryogenesis

* Extra SM singlet scalar provides both: strongly first

order EW phase transition (SFOPT) and HNL (Dirac)
masses

* Inverse or linear seesaw =2 large neutrino Yukawa
couplings
L = —ZLF]YVNR — NLQﬂ/NNR + h.c. — V(¢*¢, HTH)

* Profiles of the vevs vy(z) and vy(z) along the bubble
wall must be different

P. Hernandez, NR, 1997
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5. Leptogenesis via HNL
oscillations

Akhmedov, Rubakov, Smirnov, 1998; Asaka,Shaposhnikov 2005; Hernandez et
al. 2016; Antusch et al. 2018; Drewes et al. 2018; Abada et al. 2019; Domcke
et al. 2020; etc

Sakharov conditions for baryogenesis:
* CP violating phases inY, M
* B violated by sphaleron processes at T > Ty

* At least one HNL does NOT equilibrate by T, , i.e. for some
rate

T (Tew) € Hy(Tew) = Tew? /Mp*

Fulfilled for M = O(GeV), Y ~ 10-¢ - 107/, in the correct range to
explain neutrino masses ! Freeze-in baryogenesis
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Schematic evolution of N, abundance

[ Equilibriam Cimit 77T /3 Deviation from
equilibrium at

Norm. N g abundance

CP violating oscillations of Ny

time

Initially O abundance == freeze-in
28

Courtesy of S. Sandner
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* Basic stages:

time

Y

La

1

>
> I

Y
@ H

YAL1 =0
Yar,,Yar, =0

%:YALQ =0

Out of equilibrium
HNL production

co}herent
oscillations
Ny Ly

o o o T >

A
@ H
YAL1 >0
Yar,, Yar, <0
%}YALQ =0

Asymmetries in
lepton flavours

Shuve, Yavin 2014

L, Ny

-
> I

Y
@ H’
YAL1 >0
Yar,, Yar, <0

> Yar, 70

Different washout
of flavoured
asymmeftries

 Inclusion of LNV (helicity conserving, HC) rates, suppressed by

(M/T)2
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Density matrix formalism(*)
Raffelt & Sigl, 1993

. 1 1
p=—ilH,p] = AT p} + SAL?, peq — p}

Hamiltonian term:

Annihilation and production rates of the Ns: [ [

For antineutrinos: p , H = H*

Diagonal density matrix for SM leptons, which are in thermal
equilibrium, with chemical potential
1

0y _
fa(k ) (KO —pa)/T + 1
For antileptons p, = - pn,

(*)Similar results in Closed-time-path formalism Drewes et al.
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Minimal type I seesaw model with 2 HNL
Hernandez, Lopez-Pavon, NR, Sandner, 2022
_ _ M; e
L = /:'SM -+ zNw“é’MNZ — (YaiLaNi(I) -+ N@Nz + hC)

2
* my,=VEY MIYT , v =<bd>
e one massless neutrino

* Low scale (testable at SHiP, FCC-ee):
M € [0.1 - 100] GeV

* Naive seesaw scaling of active neutrino-HNL mixing:
U=vYM=0m,/M)

Observable leptogenesis N. Rius BLV 2024 24



Time scales and slow modes

: . 1 1
P = _Z[Hv /0] o §{Pa7/0} + §{Fp7/0€q - /0}
Annihilation and production rates of the N's: at T >> M,
Ghiglieri, Laine, 2017
D(T) < Te[YYT T

T'o(T T(T = (Mo

Flavoured rates: a( ) X €q ( ) Ca = Tr[Y Y]
2

Oscillation rate: " (77) ~« Aé\?

LNV (HC) rate: ['ps oc (M/T)°T(T)

Asymmetry generated mostly at T, defined as:

r osc(Tosc) = Hu(Tosc)
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_8]F \ =

Naive seesaw ‘ \
scaling _

Excluded by light neutrino masses .

log10(|U|2)

—0.5 0.0 0.5 1. O 1.5
log0(M71/GeV) \l/

I (TEW) - Hu(TEW)
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Approximately conserved lepton number limit

* Inverse seesaw wyler, Wolfenstein 1983;Mohapatra, Valle 1986

Ye Yo iBe
M - Ml A . y — » y/ 7,5
A p Yr y’f e

y'a <S<VYg , K<< A

* Once neutrino masses and mixings are fixed, there are 6 free
parameters:

2,,2

2 _ 2 : Y“v
. = E , OF, lentl 2 ~
Y . or, equivalently  [72 ~ A3

* Three independent phases (1, = 1, = u can be chosen real)

* In ferms of physical HNL masses:
%servgole(Molger:ﬁsist)/z — M N. Rlu(MV ZMI)/Z AM/Z



Slow modes at Tg (3rd Sakharov condition):

* Weak washout: I',(Tew) < I'(Tew) < Hy(Tew)

* Overdamped regime: when at T 2 Teyw,

rov(TEW) X [ ]2 F(TEW) < Hu(TEW)
* Weak LNV (HC) regime:

Fw(Tew) < (M/Tew)? I'(Tew) < Hy(Tew)

Observable leptogenesis N. Rius BLV 2024
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Fast oscillations: I' o (T) >> I'(T)

_2 I I
AM/M; = 10710
%‘%
—4F b4 Overdamped
vp
—~ —6f f
N
=] al/O"fe
\é —8 ‘~-~ eak w,
af J fagp oo === “shoy,
o ast . -~
—10} ns | TSS=~___
—12F weak washout T ~I~=~o)
—1.0 —0.5 0.0 0.5 1.0 1.5 2.0
log,,(M;/GeV)
* Overdamped: =
o
l bound U2 g
ower obouna on =

. Weak washout (Flavoured, LNV): |

2
u(}b)sEr\gblI; Ie?tooggers]isd on U
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CP violating flavour basis invariants

All CP violating observables must be proportional to a
combination of CP weak basis invariants
Branco et al., 2001

LNC CP invariants: independent of HNL Majorana character

; Hernandez et al., 2015
I, = Im (Tr [YTYMTMYTW Y])

%Zyg S (M2 — M2)Im [Y* Yai (VTY), } Zyg

1<

LNV CP invariants: sensitive to Majorana character of HNLs,

only appear when LNV interactions are included
L=TIm(Tr [YIYM MM*Y"Y*M])

= DN (MF - M2) MiMIm | VoY (YY), } Z AM

o 1<
Observable leptogenesis N. Rius BLV 2024 30



Analytic approach

Identify the non-thermal modes and their characteristic time
scales

Solve the equations perturbatively, exploiting the weakly
coupled modes

Identify the CP-invariants that control Y,
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Overdamped regime: Slow flavour « :

1077 L
107°F
108k
1070k
_ 1079 —
o S 1077E
glm 10710k glﬂ 108k
ARTE N
B 1079
10712k 10-10
1071 . . 10-1E g. o L AT
1072 1071 100 10~ 1073 1072 107t 100
AM?/T _ Fa(Tew) < Hu(Tew) < I'(Tew)
€ X
I(T)

---- analytical solution:

Perturbing in y' and in (M/T)?

Linearized equations

numerical solution with same approximations
full numerical solution
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CP invariants in terms of neutrino masses
and Upuys
02

—(My) s = + (Yoz1Y52 + YooYs1 — Ya1Ys1 ,ug) = (U'm UT)

A A of3

* Yz, xy', and p, violate LN

* Parametrization equivalent to Casas-Ibarra in the symmetry
protected limit (y'/y = e-2Imlz, §=2Re[z]) Gavela et al. 2009

29/2

yal_ef (UssV/ T+ p+ Uia/T= p)

29/2 / AM NH

Ya2 \/7 (Uzg‘\/ 1 +p U;Q \/ ,0> + mYal

\/ — /A M / /
p= atm sol y/ _ Amgtm i Am2 e
atm + 2U2y -

sol

* Free parameters: M, AM, v, and 3 phases: 8, ¢ (Upmns), 0
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0% = 20l Ul ~ Vel

* For NH, a’r leading order in y'/y, AM/M and

/A 2
SOI N(913N‘(923—7T/4‘N10 !

T =
\/Amatm
A(IDX\IC ~ _ \/ A7natm g A(I)J\lf\IV ~ _ A7n§tm Sg
M2 — M? 8M3U4 " MMy (M2 — M?2) AMU2
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Numerical parameter scan

Antusch et al. 2018; Abada et al. 2019; Klaric” et al. 2020, 2021; Drewes et
al. 2022

* Nested sampling algorithm UltraNest

1 (Ye(Tew) = YSP\ o ox B
log(£)§< 5 Eavz) B ) Y = (8.66 4+ 0.05) x 101!
B

* Priors:
1Oglo(jwl) logm(AM/Ml) 10%10(9) 0 0 &

1, 2] 14, 1] -8, 4] [0,2q] [0,27] [0, 27]

* v'/y < 0.1, to ensure approximate LNC limit
* Restricted to region festable at SHIP, FCC-ee.
* Publicly available code amigs in GitHub (S. Sandner)
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Numerical scan

g4k Direct Searches in |U2| NH | 4k Direct Searches in |U2| IH

10g10(|U2|)
10810(|U2|)

—0.5 0.0 0.5 1.0 1.5 2.0
log,o(M1/GeV) logo(M1/GeV)

Absolute upper bound on U? from the overdamped regime:

* Weak LNV wLNV 1 GeV\™*?
: <4(17) x 1077 [ ——— NH(IH
M3 00 Gey) (o AT 0 M (IH)
+ Strong LNV : 1 28/13
>1rong LNVE 172y sINV < 169.3) 5 1077 ( L82Y NH(IH)
M = O(1 GeV ov M
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Relation to other observables

1. HNL flavour mixing
* Full scan: NH and IH

Uel?/1UI?

FCC

1.0/
0.0 0.2 0.4 0.6
Observable Leptogertslé/IUI? N. Rius BLV 2024 [Uel2/|UJ2

0.4 0.6



g, < 0.01 (6+¢p = m, 3m)

_ (YYNaa
T Tr[YYH]

Ca

Observable Leptogenesis
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2. Neutrinoless double beta decay: AM/M = 10-2
Effect of HNL only in SHIP range

SHiP FCC
//‘////
<=
§ -1 /—;> IH § —17 IH
L e L
F e S —
Q = I
£ s |remmm—— =
S -2 S R
g g
—————— :h"——& ———————————
-3 -3 NH
0 1 2 3 4 5 6 0 1 2 3 4 5 6
) )
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~0 case

1 _iB!
O A Ye yee. f

M = (A O) Y = (yu y&e“ﬁ)
! 38

yT yT €

* HNLs degenerate at T > Tg, except for small loop correction

Ap o yy' pM/(4m)* < yy'pT? /(8 M)

AMypg = |ms| — [ma| = \/Am?Ltm —\/Am,

At T=0:

AMyp = |ma| — [ma| = \/Am2,,, —\/Am2,,, — Am?,,

* Once active neutrino masses and mixings are fixed, only 4
free parameters: M, U2 (or y2), and PMNS phases, (5, ¢)
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CP violating flavour basis invariants

* All previous CP invariants vanish in the u=0 limit
* Higher order in the Yukawa couplings:

Iy = Im (Tr [YTYMEYTY*MRYT}QYJYD ="y A

with
Ao =Im [(YYTYMRY'Y*MrY'T) ] ) Ay=0

We find contribution from weak flavour:

1

Afw _
“ T (YY)

Ag
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NH], . N L H]"
\ S SHIP poc UL \
‘. A ‘.

: N :
r &> -9k I AN [y

i :9/ '%\ l'I \\\\ i

: i A, !
4 2 10k Fo N -
3/ . 1

See. SaW% 4/10 I

—11} Limig
2.0 0.0 0.5 1.0 1.5 2.0
logyo(M/GeV)

Observable at FCC only in sHC regime

GeV i 1 ’ 1 GeV 4
Yg = —1.5 x 1072° — H 2 > —6 [ 2V
B X M U2 fa U = 1 % 10 ( M )
2
r . r ,
ot = —\/7—913812 sin(d + @), fiH = = — g C12812 sin ¢
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Numerical likelihood inference in the case of measuring
HNL-active neutrino mixings

2w r T T
[an =1%, av2, = 1%, U2 = 10%] NH
///? IH
3m/2F % ]
/2 %‘
= 5 0 > 0 15 L 5 0 15
YB/10—11 YB/lofll
2w T r T T T
M =1%, AUZ, = 1% AUZ =10%| NH i
ié_lfl e _ i%ﬁ? IH ¢ determined by Y
3m/2F ]
AM >T
R ‘ HNL oscillations can not be
ol observed at FCC but LNV
4 processes can
>m

OB{gTVableTEPTogeERess : 55 N.Rius BLV 2024
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Extension to larger HNL masses:

unifying resonant leptogenesis and baryogenesis via
neutrino oscillations

— FCC-ee
— SHiP, [U,|?

— HL-LHC, |U,|* ]
— BAU limits E

104 . T T

10° |

10 |

o7L

108 | J
10° | J
1010 | 1
101t L i
11111 E E
102 E NH :
10_1;0‘1 160 ot 162 163

10
My, GeV

u*

— FCC-ee
— SHIP, [U,)2 ]
— HL-LHC, |U,|* 3
— BAU limits 1§

10 T T

10-5 L

106 |

0-7 L

108 [ ]

o
| Kl t al. 2020, 21
aric et al. ,
11111 L ]
10 | 4
1012 [ ]
11111 FoIH 3
10714 ! ! ! !
101 10° 102 10°

10t
My, GeV

Lok
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NH

10_4 T
10-6
S 108

10—10

T
Z
=)

1012

p—
S
—

N=3 HNL

Larger values of HNL mass splittings allowed

Lot 1P | | 1101l

IR
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-10 10—8
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5. Summary and outlook

* Thermal leptogenesis in generic type I seesaw: simple,
appealing ... but difficult fo test.

* Progress in leptogenesis via HNL oscillations

- Precise analytic understanding of numerical scan in the
minimal seesaw (2 HNL)

- Focus on parameter region testable at SHiP, FCC-ee and
correlations with other observables

- Importance of determining AM

- u=0 case: |leptogenesis only possible in FCC-ee mass
range, falsified if HNL oscillations were observed

* Future: extension of the analytic approach to 3 HNL

Observable Leptogenesis N. Rius BLV 2024



Backup slides
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* In the basis where My, Y, are diagonal:

Zyé Z Mz2) Im {Y; Yoi YTY } Zye

1<
ZAa =0

* Flavoured weak washout: weakly coupled flavour a at T,
ine = Aq

* Overdamped regime (new): oscillations cutoff by T,

Observable leptogenesis N. Rius BLV 2024 48



LNV CP invariants: sensitive to Majorana character of HNLs,
only appear when LNV interactions are included

L =Im{Tr[hHyyM*h*M |}

= O3 (MF = ME) MMy | Vo,V (V1Y) | = D0 Al
o 1<]J o
« Overdamped regime: INV = T YTY ZAM

* Flavoured weak washout regime:
AM

Aint ()
Tr (Y1Y)]?

LNV
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Time scales and regimes

Asymmetry generated mostly at T, defined as:

r osc(Tosc) = Hu(Tosc)

Fast oscillations: I, (T) >> I'(T)

at T =T,

Intermediate regime: I',((T) << I'(T) at T =Ty, but
I (T)>I(T) atT =Ty

Overdamped regime: [, (T) << I'(T) at T =T, Tew

Observable leptogenesis N. Rius BLV 2024
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107
Important effect of Helicit - yobs
10—10__ YB
Conserving rates o< (M/T)?, :
that grow near Tgy mm—“;
>~ f
—12L
Ghiglieri, Laine, 2017 0
_13] * analytic )
10 """ numeric approxg
Cul | (,f s . ngmelriclfullll | .-
10 0.01 0.1 1
r = TEW/T
1077 ] A
i obs 8 sHC |
10-0p 8" ;
10- 1L u=0 case
- F
" el
_ = = analytic
10 13? """ numeric approx. ;
gl T mmericfll ]
10 0.01 0.1 1
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Numerical likelihood inference in the case of

measuring HNL-active

neutrino mixings

2 | N 2 T T o
AM = 1%, AUZ, = 1%, AU? = 10%
?/ H
5T/ 3/2f %
s o s /:’/? (’é i
N 7 %
;m
075 L T p— 0 ' 10 15
Yp/1071
Mtrue/GeV (Ue2>true (U,g)true (Uz)true 5true/rad
NH 31.60 2.843 x 10712 1.087 x 10~ 1.234 x 10~ 1 5.396
H 20.731 3.291 x 10711 4.823 x 1072 3.465 x 10712 5.402
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OvBp decay in u=0 case

_obaM =% avz, =1%

—_10k AM = 1%, AUZ, = 1% AU? = 10%

Ad = 15°

10%10(7”[35 /eV)
o
(@n)

Observable leptogenesis —15 —10 —N. RiusV BLV 2024 10 15
Yp/10~1



