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Motivation
BSM hints:

Neutrino masses
« Baryon assymetry of the Universe (BAU)
Dark matter

Low scale Type I seesaw provides a minimal possible
connection between 1 and 2, via leptogenesis through sterile
neutfrino oscillations, with observable signals.

ARS leptogenesis, Drewes et al. 2017
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Outline

Minimal type I seesaw model with 2 HNL
Leptogenesis via HNL oscillations
- Time scales and slow modes

The importance of being CP violating flavour basis
invariants

u=0 case
Numerical parameter scan
Conclusions and outlook
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1. Minimal type I seesaw model with 2 HNL

_ _ M —e
L= Lag\ + ZNZ’Y’LLa,uNz — <YaiLQNZ‘(I) —+ 5 Nq,Nz -+ hC)

m,=veY MIYT | v =<d>

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=0(/m,/M)
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Approximately conserved lepton number limit

* Inverse seesSaw Wyler, Wolfenstein 1983;Mohapatra, Valle 1986

! ,iB.
M = A : Y =1y, y,e’»
2 Yr y;_ew;

y'a <S<VYg , K<< A
* Once neutrino masses and mixings are fixed, there are 6 free
parameters:

yQUQ

2A2

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

’ 92 = Zyi , or, equivalently  [72 ~
87

* In terms of physical HNL masses:
S)f&B= (Ml + Mz)/z - M / ‘u - I(MSZ-MI)/Z - AM/2 °



2. Leptogenesis via HNL oscillations
Akhmedov, Rubakov, Smirnov 1998, Asaka,Shaposhnikov 2005, etc
Sakharov conditions for baryogenesis:

* CP violating phases inY, M
* B violated by sphaleron processes at T > Tgy

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

T (Tew) € H(Tew) = Tew? /M*

Fulfilled for M = O(GeV), Y ~ 10-¢ - 1077, in the correct range to
explain neutrino masses ! Freeze-in baryogenesis
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Schematic evolution of N, abundance

[ Equilibriam Cimit 77T /) Deviation from
equilibrium at

Norm. N g abundance

CP violating oscillations of Ny

time

Initially O abundance == freeze-in
28
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* Basic stages:

time

Y

La

.
>

¥
®

Yar, =0
Yar,, YarL, =0

%YALJZO

Out of equilibrium
HNL production

coherent
oscillations

Ny Ly

o o o T >

A
@ H

YkL1>>O

Yar,, Yar, <0
§Ykglz()

Asymmeftries in
lepton flavours

Shuve, Yavin 2014

& H’

YkL1>()
YarL,, Yar, <0
%;YkLa7éO

Different washout
of flavoured
asymmeftries

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

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

- PR
P = —Z[H,/O] o §{F 7/0}_|_§{Fp710€q_p}

* Hamiltonian term:

* Annihilation and production rates of the N's: I'“ I
* For antineutrinos: p , H = H*

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

1
0y _
foz(k ) _ e(ko—ﬂa)/T N 1
For antileptons p, = - n,

(*)Similar results in Closed-time-path formalism Drewes et al.

&B



Time scales and slow modes

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

Annihilation and production rates of the N's: at T >> M,
N(T) < Tr[YYT T Ghiglieri, Laine, 2017

.l.
Flavoured rates: 1", (7") oc e,1'(T) [ = (YY) oo
Tr[YYT]
2
Oscillation rate: [ ..(7") < Af

Asymmetry generated mostly at T, defined as:

rosc(Tosc) = Hu(Tosc)
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Slow modes at Tg (3rd Sakharov condition):

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

* Overdamped regime: when at T 2 Tey

I ov(TEW) X [ ]2 I (TEW) < Hu(TEW)
* Weak LNV (HC) regime:

Fa(Tew) ® (M/Tew)? I'(Tew) < Hy(Tew)

SM&B N. Rius

12



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

_2 1 1
AM/M; = 10710
%‘%
—4F V4 Overdamped
Ve
—~ —6f f
o
=) Wourg
\é —8 ‘~-~ eak w,
& J fagg Lo === ?shoy,
o ast . -~
—10} ns | TSS=~___
—12F weak washout T SI~=o
—1.0 —0.5 0.0 0.5 1.0 1.5 2.0
log,,(M;/GeV)
* Overdamped: =
(=)
o0
lower bound on U? 2

. Weak washout (Flavoured, LNV): |

upper bound on U?
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at T =T,

Asymmetry exponentially
washed out in white regions
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3. The importance of being CP violating
flavour basis invariants

* All CP violating observables must be proportional o a
combination of CP weak basis invariants

Branco et al., 2001
* Change of weak basis:

Y > VIYW.Y, =5 VIV, U Mr — W MW
 Define Hermitian matrices:

h=YTY,h=Y'Y,YY,Hyy = M,Mp — W (h,h, Hy )W

* LNC CP invariants: independent of HNL Majorana character

. Hernandez et al., 2015
Iy =TIm (Tr |h Hyh )
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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 Ty,
INC = Aa

* Overdamped regime (new): oscillations cutoff by T,
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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) MM | Vo,V (V1Y) | =50 Al
o 1< (87
« Overdamped regime: NV = T YTY ZAM

* Flavoured weak washout regime:
AM

Aint ()
Tr (V1Y)

LNV
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CP invariants in terms of neutrino masses
and Upwys
1}2

—(My) s = + (Ya1YB2 + YooYs1 — Ya1Ys1 ,ug) = (U'm UT)

A A of3

* Yp, and p, violate LN
* Parametrization equivalent to Casas-Ibarra in the symmetry

protected limit (y'/y = e2Im, §=2Re[z]) Gavela et al. 2009
e z9/2
Yo1 = ( sV 1+ p+Uls/1 p)
V2
29/2 / NH

AM
Yor = —7% = (ViaV/T+ 0= Usa/T=p) + 3 Ve
V Amatm Y msol / /
P Bt /A, 2v2y< S Am?‘)l)'

sol

* Free parameters: M, AM, vy, and 3 phases: &8, ¢ (Upuns), O
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0% = 2 Wil Ul ~ Vel

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

/A 2
SOI N(913N‘(923—7T/4‘N10 !

<
]

\/Amatm
A(I)JXII\TC ~ — 2\/Amatm So
M2 — M2 SWEL
A(I)X\IV ~ \/Amgtm Sp
My My (M2 — M?2) AMU? 7%
AVENTe ~ U2 M3 vV Amatm S
M2 — M2 " v 12205

AﬁNC ~ _ A}:NC ~ U2M3 \/Amatm I C19 sin(@ o §b>
M2 — M2 MZ— M? 2 v
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4. u~0 case

Valid for
T2 I

< (P
B S PYY M 82

P‘ AMgim |

1 _iB!
0 A e v
M:<A 0> Y(”‘ yﬂem)
1 i8]

Yr  Yr€ 7

NH: » = O(1)
IH: p = O(‘Amsol‘/‘AmatmD

Sterile neutrinos degenerate at T > Ty, except for small loop

correction

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

My = |ms| —

At T=0:
AM[H — \m2| —

_ 2 2
m2| — \/ A777’&15177, o \/ A,rnsol

_ 2 2 2
m1| — \/Amatm o \/Amatm R A77)’sol

Once active neutrino masses and mixings are fixed, only 4
free parameters: M, U2 (or yzll,usand PMNS phases, (6, ¢) .

SM&B
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Slow modes

* Weak flavour o : I'y(Tew) < H(Tew) < T'(Tew)

¢ Weak HC . FN\(TEW) X (,\/\/TE\/\/)2 F(TEW) < Hu(TEW)

slow 2
. LNV interactions: LLx ocy™T

m

2

T

~ 1%
230202

= always out of equilibrium at T, for U% > 10-!

* Successful baryogenesis only in weak flavoured regime:

Direct searchesin U, 2

logyo(M/GeV)

T T T T ]
~ . .
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CP violating flavour basis invariants

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

Iy = Im (Tr [YTYMEYTY*MRYT}Q}QTYD ="y A
with o
Ao =Im [(YYTYMYTY*MpYY) ] ) Ay=0

(87
We find contribution from weak flavour:

1
SRAY
Tr (YTY)

fw
A =
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In terms of neutrino parameters, and at leading order in y'/y
and

/A 2
mSOl ~ (913 ~ ’(923 — 7T/4‘ ~ 10_1

VAT
NH
AV — M2§g;%;n\/; 013512 sin(d + @)
IH
Aiw — M24AUT;€152H1T2 C12S12 Sin ¢, AZW — AfTW — —%AS’V
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5. 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 ex B
log(£)§< 5 Eavz) B ) Y = (8.66 4+ 0.05) x 101!
B

* Priors:
10%10(M1) 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 ftestable at SHIP, FCC-ee.
* Publicly available code amigs in GitHub (S. Sandner)
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Direct Searches in |U2| IH

. . 2
4k Direct Searches in |UZ| NH 4t
1
1
1
1
—6F \
) )
E R
2 2
—10F
See-Saw Limit v
—12 - 1 1 1 1 1 - —]_2 - 1 1 1 1 1
—0.5 0.0 0.5 1.0 1.5 2.0 —0.5 0.0 0.5 1.0 1.5 2.0
log,o,(M1/GeV) log,0(M;/GeV)

Absolute upper bound on U? from the overdamped regime:

* Weak LNV (HC)
M < O(1 GeV)

1 GeV
M

ov

4/3
(U™ < 4(17) x 1077 ( ) NH(IH)

« Strong LNV(HC)
M > 0@ GeV)(U?) = <16(2.3) x 10"
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NH] S (m |
\ “S[ SHIP poc UL \
i’ &> -9k lll \\\\ i‘
: o \ | l
| \é .%\, / AN :
! o0 S AN !
o 2 —1of e : /!
S@e S(ZW%?./"]'O /
—11} Limig ‘
2.0 0.0 0.5 1.0 15 2.0
logyo(M/GeV)
Observable at FCC only in sHC regime
2 2 4
GeV 1 1 GeV

Yg=—1.5x10"2%°

- = fo U >1x107° Vi
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T . i ‘
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Relation to other observables

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

1.0
0.0 0.4 0.6
SM&B |Uel?/|U|?

0.0 . 0.4
Uel?/1UI?

FCC

1.0 NSNS NS N
0.0 0.2 0.4 0.6

N. Rius |Ue|2/|U|2 26



g, < 0.01 (6+¢p = m, 3m)

_ (YYNaa
T Tr[YYH]

€Ca

SM&B N. Rius
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u=0 case

NH and IH

2m fa, %0% T %% ™

-
-
S~

3r/2F e N2 3r/2F et =027 ">

% o o 06:" 2;

7 / 2r foo °® ° -
o° ® o A e,
° ° ., @ .

0 ]
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Numerical likelihood inference in the case of
measuring HNL-active neutrino mixings

2

3m/2F

Mtrue/GeV (Ue2>true (Ui)true (Uq?)true 5true/rad

NH 31.60 2.843 x 10712 1.087 x 10~ 1.234 x 10~ 1 5.396
IH 20.731 3.291 x 101 4.823 x 10712  3.465 x 10~12 5.402
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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 T+ Q///j ’; i
/2t /2 %‘
;ca
075 L T — 0 5 10 15
Yp/1071
Mtrue/GeV (Ue2>true (Ulg)true (Uz)true 5true/rad
NH 31.60 2.843 x 10712 1.087 x 1071 1234 x 101 5.396
H 20.731 3.291 x 10711 4.823 x 1072 3.465 x 10712 5.402
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Numerical likelihood inference in the case of

2T

AM = 1%, AUZ, = 1% Q4

3m/2r

NH

IH

measuring HNL-active

.l
/2F 2
0 1 A\ L 1 ;‘\\ 1
—15 —10 -5 0 5 10 15
YB/10*11
27T T T T
AM =1% AUZ, = 1%, AUZ=10%] NH
A5 = 15 IH
3m/2r
< ™
/2
s¥gm  —10 =5 0 5 10 15

YB/10‘”

neutrino mixings
a AM:II%, AUguzll%, AUEI:10% | E |

3m/2

-5 0 5 10 15
Yp/1071

—10

¢ determined by Yg

AM > T

HNL oscillations can not be
observed at FCC but LNV
processes can
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2. Neutrinoless double beta decay: AM/M = 10-2

Effect of HNL only in SHIP range
mé’VH - | Amgtm (C%QC%ST - G_Qi(6+¢)3%3)

0.9GeV
M

)

2
) (rsfg + 2\/77312313e—i(5+¢) i 3%36_2i(5+¢>>

it = |\ Aty (2~ e 4.0 ()

2
— eUPAMf(A) <O'9]\C;ev> (612 + szi(b)z (1+0(r?))

— 2¢"U2AM f(A) <

SHiP FCC
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Conclusions and outlook

Precise analytic understanding of numerical scan for
successful baryogenesis via heavy neutral lepton (HNL)
oscillations in the minimal seesaw (2 HNL)

Inclusion of LNV (HC) rates, suppressed by (M/T)?

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

Importance of determining AM

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

Future: extension to 3 HNL
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Time scales and regimes
Asymmetry generated mostly at T, defined as:

r osc(Tosc) = Hu(Tosc)

Fast oscillations: I'y(T) >> I'(T) at T =T,

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

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

SM&B N. Rius 35



Overdamped weak LNV

4. Analytical solutions

---- analytical solution:

SM&B

1072 1071 100

Intermediate slow flavour «

1T
(

i

\
NI

10~ 1073 102 107! 10°

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

numerical solution same approximations

full numerical solution
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NH, AM/M; =10"1° IH, AM/M,; =101

—4} —4r
A 6 ~ =6k T
4] — - ~ ~
S} =}
\é \é -8 & 3
%D —8r ED S5 F RN Za 29 ° i
—10f TN e 0 0,
2 A 0/
—10F T~ sl 4 [ T T
_12 L
10 —os 0.0 05 10 Tr 50 —10  —05 00 0.5 1.0 15 2.0

log,o(M;/GeV) log,o(M1/GeV)

AM M \°
[ ] 1 ° 2 9
Overdamped regime: (U”),, > 8 x 10 ( i 1GeV)
 For M < O(1 GeV), weak LNV(HC):

w LAM 1077\ 1GeV M \* 10~7
(Y)Y ~ 2 %107} 7 ( 72 ) A7 <<1GeV> JINV — (W) fSNC>

. IEINC /LNy are the angular part of the CP invariants:

IH (1 -+ 36¢ sin 2912)(698¢ sin 2912 -+ Sp COS 2(912)
LNC — 5 - 9
1 — ¢4 sin” 2045

b - 2 pIH
LNC — JLNV — 2/7“ LNV — 56
SM&B N. Rius 37

NH NH



logy0(1U?])

IH, AM/M; = 1075

NH, AM/M; =107°

r=-<~

\\\\\

10g10(|U2|)

__10 =

Lower bound For BAU - —Lower bound for BAU

10 —os 0.0 05 10 15 5.0 ~10  —05 0.0 0.5 1.0 1.5 2.0
logo(My/GeV) logyo(M1/GeV)

—12F

Fast oscillation/intermediate regime

YY) pa
EOé
One flavour a remains weak at Tgy, Tr[YYT]

1GeV)~ 1 1GeV)~ 1
1077 < (U <1077
! ( M ) Nbx@a)—-a])f'— ! ( M ) Min(eq )

NH:a=e(6+¢=~m),IH a=e urt, depending on (3,¢)

Min(e.)nu ~ Min(eq ) = 5 x 1077
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1 1 —2 1 I
NH, AM/M; = 102 IH, AM/M; = 102
4} —4F
~ —6[ —~ —6f
> ~)
S 8 o~ ™ .. N < -8
bD s‘\s 4 e, LT bo
g | T W, 2
—10F —10}|
12k Lower bound for B 1,/ Lower bound for BA
10 05 00 05 L0 15 20 ~10 _—05 00 05 10 15 20
log,o(M1/GeV) log,o(M1/GeV)

* Only fast oscillation, one slow flavour at Tgy:

; U2\ (AMN P 0 M\
— —12  ro
(YB)fW—osc = —4.3 x10 anH/IH <109> (M) <1G€V)

. 1
frog = TS%QSQ, = fIH/Q — —Z(sm 201254co + cos20125¢)

* Yg in weak LNV(HC) regime too small
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1077
Important effect of Helicit  1obs
10—10__ YB
Conserving rates « (M/T)?, ?
that grow near Tgy r:Qm—ﬂg-
P~ [
C e : 10~ 12
Ghiglieri, Laine, 2017
—130 *analytic )
10 """ numeric approxg
1 4: 5 numeric full
10 0.01 0.1 1
T = TEW/T
1077 —————
; obs 8 sHC E
10—10;_ YBI‘ |
10—11_
5
10—12_
_ = =+ analytic
10 135 """ numeric approx. 3
il T wmeriefull ] ]
10 0.01 0.1 1
40
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OvBp decay in u=0 case

[AM =1%, AU2, = 1%

—_10k AM = 1%, AUZ, = 1% AU? = 10%

SM&B

10%10(7”[35 /eV)

Ad = 15°
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