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Overview

¢ Introduction — Flavour and CP symmetries
« Example of flavour and CP symmetries

* Scenario with inverse seesaw mechanism

* Scenario with type I seesaw mechanism

* Summary and Outlook
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Introduction — Flavour and CP symmetries

* Replication of fermion generations

000
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generation

* No explanation of three generations in the Standard Model (SM)

* Anomaly freedom of SM gauge group does not depend on
number of generations

* Only first generation needed for "our world’

 Hints for more generations? ... maybe a sterile neutrino
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Introduction — Flavour and CP symmetries

 Replication of fermion generations
* Fermion masses
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* Strong hierarchy among charged fermion masses,
especially up-type quarks
* Neutrinos are much lighter and may have different hierarchy
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Introduction — Flavour and CP symmetries

 Replication of fermion generations
* Fermion masses

* Neutrinos are much lighter and may have different hierarchy

C. Hagedorn

Normal Ordering (NO)

Am3, =2.515-1077eV?

— R 1
Ams, =7.42-107°eV?
I 1|

Inverted Ordering (10)

[Fppe—— my
Am3 =7.42-107eV? o
V1 — mj

Am3, = —2.498 - 1077 eV?

Vg mg

NuFIT 5.1 ("21)
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Introduction — Flavour and CP symmetries

 Replication of fermion generations
¢ Fermion masses
* Quark and lepton mixing

q 174
W= W~

q !

[ 097 022 37.1073 ) ([ 0.82 0.55 0.15 )
0.22 0.97 0.042 0.29 0.59 0.75
\ 9.0-107% 0.041  0.999 | \ 049 059 0.64
PDG ("20) NuFIT 5.1 ("21)
Cabibbo-Kobayashi-Maskawa Pontecorvo-Maki-Nakagawa-Sakata
(CKM) mixing matrix (PMNS) mixing matrix
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Introduction — Flavour and CP symmetries

 Replication of fermion generations
¢ Fermion masses

* Quark and lepton mixing

* Features can be described in the SM,
but

* Number of free parameters in flavour sector is by far the
largest in the SM

* Yukawa couplings span several orders of magnitude
* Origin of neutrino masses is unclear

» Striking differences among quarks and leptons are not
understood
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Introduction — Flavour and CP symmetries

* Many ideas have been put forward in order to explain fermion
masses and mixing and also (some of) the flavour anomalies.

* One very interesting approach is to assume a new symmetry,
acting on flavour space, e.g.

q1 \ q2
¢ 1 | ¢
q3 / d1

T — —

with g; being the ith quark generation.
This constrains the couplings in the flavour sector.
* This approach is inspired by the success of gauge symmetries.

Properties of this new symmetry G,?
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Introduction — Flavour and CP symmetries

Properties of this new symmetry G;?
G, could be ...

* ... abelian or non-abelian

* ... continuous or discrete

* ... local or global

* ... spontaneously broken or explicitly

* ... broken arbitrarily or to non-trivial subgroups
* ... broken at low or high energies

[ts maximal possible size depends on the chosen gauge group.

C. Hagedorn NuTs 2022



Introduction — Flavour and CP symmetries

Properties of this new symmetry G;?
G, could be ...

* ... abelian or non-abelian

* ... continuous or discrete

* ... local or global

* ... spontaneously broken or explicitly

* ... broken arbitrarily or to non-trivial subgroups
* ... broken at low or high energies

[ts maximal possible size depends on the chosen gauge group.
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Introduction — Flavour and CP symmetries

Properties of this new symmetry G;?
G, could be ...

* ... abelian or non-abelian (three generations)

* ... continuous or discrete (preferred directions)

* ... local or global

* ... spontaneously broken or explicitly

* ... broken arbitrarily or to non-trivial subgroups (predictive)
* ... broken at low or high energies

[ts maximal possible size depends on the chosen gauge group.
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Introduction — Flavour and CP symmetries

There are many options ...

 Dihedral symmetries D, as well as D),

« Symmetric and alternating groups, S, and A,

* Discrete subgroups of modular group

« Groups 2(n @)

Adding CP symmetries

Series of groups A(3 n?) and A(6 n*) — also with CP
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Introduction — Flavour and CP symmetries

Much research has been performed in this direction,
see e.g. works by

Altarelli, Antusch, Branco, Calibbi, Centelles Chulia, Chen, Chu, Dasgupta,

de Medeiros Varzielas, Ding, Everett, Feruglio, Gavela, Gehrlein, Girardi, Gonzalez Felipe,
Grimus, CH, He, Hirsch, Joaquim, King, Lavoura, Luhn, Mahanthappa, Machado,
Medina, Melis, Meloni, Merlo, Meroni, Mohapatra, Neder, Nilles, Nishi, Pas, Pascoli,
Petcov, Rodejohann, Schumacher, Serodio, Shimizu, Smirnov, Spinrath, Srivastava, Stuart,

Tanimoto, Titov, Valle, Vicente, Vien, Vives, Xu, Yamamoto, Ziegler, ...
as well as the following reviews

Ishimori et al. ("10), King/Luhn ("13), Feruglio/Romanino ('19); Grimus/Ludl ("11)
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Introduction — Flavour and CP symmetries

There are many options ...

e Dihedral symmetries D, as well as D)

« Symmetric and alternating groups, S, and A,

* Discrete subgroups of modular group

« Groups 2(n @)

* Adding CP symmetries

» Series of groups A(3 n?) and A(6 n?) — also with CP
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Example of flavour and CP symmetries

Series of groups A(3 n?) and A(6 n?)

* Have 3-dim irrep(s)
 Can also offer 1-dim irreps and 2-dim irreps
* Are subgroups of SU(3)

A(3 nz) Luhn/Nasri/Ramond ("07)

d=e, c"=e, d"=¢ ,

cd=dc , acat=cld', adal=c

g:a067d5 With a:O,1,2, 037,53,’2_1

A well-known member is the permutation group A4

C. Hagedorn NuTs 2022



Example of flavour and CP symmetries

Series of groups A(3 n?) and A(6 n?)

* Have 3-dim irrep(s)
 Can also offer 1-dim irreps and 2-dim irreps
* Are subgroups of SU(3)

A(6 nz) Add to relations of A(3 I’lz) Escobar/Luhn ("08)

b>’=e , (ab)?=e, beb1=d !, bdbl=c"1

g=atPd® with a=0,1,2, $=0,1, 0<v,6<n—1

A well-known member is the permutation group Sa

C. Hagedorn NuTs 2022



Example of flavour and CP symmetries

Add CP as further symmetry Grimus/Rebelo ('95),

. , Ecker/Grimus/Neufeld ("84,’87,’88)
 Motivation:

For more than one generation of certain particle species,
define CP that also acts on generations of particles,
e.g.
D, (x) — X, (D;f (xp) with (xp) y = x"
with
XX'=XX*=1

» Phenomenological viewpoint: Feruglio/ CH/Ziegler ("12)

adding CP and exploring the interplay between flavour and CP
symmetries opens new avenues for description of mixing

(new patterns and constraints on Majorana phases)
Harrison/Scott ("02), Grimus/Lavoura (‘03)

* CP is involution and corresponds to automorphism of flavour
symmetry Holthausen/Lindner/Schmidt ("12), Chen et al. ("14)

C. Hagedorn NuTs 2022



Example of flavour and CP symmetries

Breaking of symmetries Feruglio/CH/Ziegler ('12)

Idea: Keep some residual symmetry among charged leptons
and neutrinos, G,and G, , with G, # G,
Mismatch of symmetries corresponds to lepton mixing

Gy and CP
v N\
charged leptons neutrinos
G, G, =7, xCP
U, U, = QR(0)K,
N\ Ve

Upnns = UIQLR(O)K,
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Example of flavour and CP symmetries

Breaking of symmetries Feruglio/CH/Ziegler ('12)

Idea: Keep some residual symmetry among charged leptons
and neutrinos, G,and G, , with G, # G,
Mismatch of symmetries corresponds to lepton mixing

Gy and CP
v N\

Minimal ¢charged leptons neutrinos Choice Z»
choice Z3 Ge G, =75 x CP and CP
3 different Ue Uy = QW RO)K, Majorana
masses pN 4 masses

Free parameter,
Upmns = Ul R(0)K, Majorana phases

Size of masses not explained

C. Hagedorn NuTs 2022



Example of flavour and CP symmetries

Gy and CP CH /Meroni/Molinaro ("14)
Ve N\
charged leptons neutrinos Generator Z
Generator Q . G, — 7, x CP
) ’ CP X
Ue U, =Q,R(OK,
N\ v -
X=0 Qf

Upuns = UIQ,RO)K,

[for concreteness K, = 1]
n from group

(Q=a,Z= cn/z,X — abcsdzngg) ,

'n,/2 s 1t X — gXO
(Q=a,Z=c""X=c’d"Pa3),
(Q@=a,Z=bc™d™, X =bc’d" °Py3), Xo = Py

m sandt  free
Four different types of mixing patterns with different properties

C Hagedorn o se 1) Case2) Case3a) Case3b.l) "o




[M. Drewes, Y. Georis, CH,
J. Klaric ("22)]

Example of flavour and CP symmetries

I 30 CL with Ay
I 30 CL without Ax3
1

-0.1 0.0 0.1 —0
u/n u/n

Case 2)

30

20

. Ay?2
lo NUFIT: Axs

u=2s—1
v = 3t relevant mainly for Majorana phase
C. Hagedorn NuTs 2022




Example of flavour and CP symmetries

Case 2)

[M. Drewes, Y. Georis, CH,
J. Klaric ("22)]

n=14
U u=-—1 u=0 u=+1
0.146 0.146
L (0.148) e (0.148)
sin® 61 0.341 0.341 0.341
iy 0.0222 0.0222 0.0222
B (0.0224) | (0.0224) | (0.0224)
SiIl2 923 0.437 0.5 0.563
S 9.25 10.8 8.27
X (11.2) (12.5) (8.62)
sind = —1 for u =

C. Hagedorn

T —

sind ~ —0.811 (—0.813) for u = +1

T

several choices for v admitted

NuTs 2022



|CH, J. Kriewald, ]J. Orloff,
A.M. Teixeira ("21)]

 Consider a scenario of (3,3) ISS, Mohapatra/Valle ("86), Mohapatra ("86),
i.e. 3 generations of LH doublets, = Bernabeu et al. ("87), Gonzalez-Garcia/
3 generations of Nj and S;, all of them gauge singlets Valle (‘89)

Scenario with inverse seesaw mechanism

e 1 .
—(YD)ai Lo H N; — (Mps)ij Ni S — 5 (1s)wr Sk S; + h.c.

Mass matrix of neutral states

() mp () ”
MMaj = mg 0 Mps with mp =yp E
O M%s HS

* Light neutrino masses
us| < |mp| < [Mys|

R — —

~1\T 1 T
= mo (3t58) s iz

T —

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism AM. Teixeira (21)]

 We take

aRNl LaN3’]\le3’S]N3

|detail: use additional Z3
to distinguish e, u, 7]

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism o
A.M. Teixeira ('21)]

* We take
aRNl LaN3’]\IlN3’S]N3
|detail: use additional Z3
to distinguish e, u, 7]
Charged lepton mass matrix
Gene_rator m. 0 0
Q=a
o 0 m, O
|detail: diagonal subgroup of 0 0 m
Z3 tfrom flavour symmetry and i
additional Z3]

[basis choice: Q=a diagonal]

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism s
A .M. Teixeira ('21)]

 We take
aRNl LaN3,]\IlN3,S]N3
|detail: use additional Z3

to distinguish e, u, 7]
Neutrino mass matrix

Generator Z 0 mp 0 v
Mnaj = mg ) Mpys with mp =yp E

CPX 0 M%s 1S

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism AM. Teixeira (21)]

Option 1
 We take

aRNl LaN3’]\le3’S]N3

|detail: use additional Z3
to distinguish e, u, 7]

Neutrino mass matrix

1

—(YD)ai Ly H Nf — (Mns)ij Ni Sj — 5 (1)K S7 Si + h.c.
No symmetry breaking
1 00 v
mp = Yo 0 1 0 — with yo >0
L
1 00
Mns=My | O 1 O with My > 0
C. Hagedorn 001 NuTs 2022




|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism AM. Teixeira (21)]

Option 1
 We take

aRNl LaN3’]\le3’S]N3

|detail: use additional Z3
to distinguish e, u, 7]

Neutrino mass matrix

_ _ 1 _
—(YD)ai Ly H Nf — (Mns)ij Ni Sj — 5 (1)K S7 Si + h.c.
Symmetry breaking
pr 0 0
U usUs=| 0 pa 0O
0 0 pus

T — —

Us = Q(3) th(es)

C. Hagedorn NuTs 2022




|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism s
A .M. Teixeira ('21)]

Option 1
 We take

ap ~ 1 L,~3,N;~3,8 ~3

|detail: use additional Z3
to distinguish e, u, 7]

Light neutrino mass matrix

2 12 2 12 pr 00
YoV Y v
my, = 2‘}\42 g = 2‘}\42 us| 0 w o | UL
0 0 0 0 pus
Neutrino masses Lepton mixing
Yo v° . =
mi = oz for 1=1,2,3 Upmns = 2(3) R¢n(0s)

T —

at leading order

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism AM. Teixeira (21)]

Option 1
 We take

aRNl LaN3,]\le3,S]N3

|detail: use additional Z3
to distinguish e, u, 7]

Heavy states

My; = Mo — % and Mh,i+3:M0+% with i =1,2,3.

Back to light neutrinos

... g0 beyond leading order Hettmansperger/Lindner/Rode-
johann ("11)
* potentially new contributions to m,,
* etfects of non-unitarity

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism s
A .M. Teixeira ('21)]

Option 1

Back to light neutrinos

.. go beyond leading order

* potentially new contributions to m,,
* effects of non-unitarity

1 A\ T B T 1\ * \T B
m;, = —5 ™MD (MN.IS) [“S My mpm} (MNé‘) T (MNé’) m}) mp (MN}S) ”S] Mysmp

4 4 4 pr 0 0
1 yov Y * T
ml = — _ U 0 0o | U
v 4 M} AME H2 S

0 0 s

Compare to

2 2.2 pr 00
y'U Y v
T = 23\42“ 23\42 Us | 0 2 0 | U;
0 0 s

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism AM. Teixeira (21)]

Option 1 Back to light neutrinos
... go beyond leading order
* potentially new contributions to m,,
* effects of non-unitarity
~ 1 N\T
UPMNS=(]l_77) Uo ﬂ=§mB(M 5) Mygmp
2 ,,2
YoV o _ .
4 M2 7o Universal effect

S S in flavour o
and for different
~ tterns Case 1)
Upmns = 2(3) Ren(fs pa
(3) Bn(0s) Case 2) Case 3 a)

Case 3 b.1)
C. Hagedorn NuTs 2022

Compare to




|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism AM. Teixeira (21)]

Option 1

Constraints from non-unitarity

10—t

Strongest bound comes from 77,

10~2

1.3-1072% 1.2-107° 1.4-1073
Mapl < | 1.2-107° 2.2-107* 6.0-10*
1.4-10~2% 6.0-10~% 2.8-1073

Fernandez-Martinez et al. (’16;

10!

1073

Noa

10_4?

10_53

100

10_6 1 1 1 1
0 1000 2000 3000 4000 5000

My ((}e\/) 107

Yo

10_23

10_3§

10_4 1 1 1 1 1
1000 2000 3000 4000 5000 6000

A4b ((}e\/)

T — T

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism s
A .M. Teixeira ('21)]

Option 1 Effect on lepton mixing
Case 1)
1 ;
. 9 - 0
St 2 + cos 260
0 ~0.18 -

Asin® 615 / %

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
M 0 / GeV

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism s
A .M. Teixeira ('21)]

Option 1 Effect on lepton mixing
Case 1)
1 v/3 sin 26 0-
T/ .
Sl 2 (1 25 2 —|—cos20)
0 ~0.18

Asin® O3 | %

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
.A4b / GeV

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism s
A .M. Teixeira ('21)]

Option 1
Case 1)

Effect on lepton mixing

______________________________________ |
-

(1 + sin? 913) 1000 1

T — —

Sin2 912 ~

Q| =

in
o o
Nej e
02¢] Ne
Ut (@)}

3 SiIl2 912/(1 + sl 2 913

0.975 1

0.970 I I I I I I I I I
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

M() / GeV
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|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism s
A .M. Teixeira ('21)]

Option 1
Case 1)

Effect on lepton mixing

sin? fg3 ~ (1 + /2 sin 913) R =

N |

0.990 -

2 sin’ 923/(1 + \/§Sin 013)

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
MO / GeV

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism s
A .M. Teixeira ('21)]

Option 1 Effect on lepton mixing
Case 1)
T ]  sina=-sin6g, d=—

1.0

0.5 - | ‘ s ]‘4&)::: ().fs f[¥3 / \

Asina /%

Sin o
o

0 500 1000 1500 2000 2500 3000 3500

A4b,/(}e\/ -0.5 1 \\\"// \\\.'// \\\.'//
\N</1\4Q)|:: ‘1 ?[¥3 \>./ | \./

-1.0

0.6 0.8 1.0

yo=1

0

S |w
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|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism s
A .M. Teixeira ('21)]

Option 1 .
P Effect on lepton mixing
Case 2)
0_
—1 -
-2
= 0-
g -3
—1 A
—4 -
=
- 0 560 1600 15b0 20b0 25b0 30b0 35b0 4600 4500 5000 'g
A4b / GeV <1 31
—4 -
-5

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
jv10 / GeV

Analysis also performed for Case 3 a) Case 3 b.1)

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism AM. Teixeira (21)]

Option 1

Relevant points

Charged lepton flavour violation

* Lepton number and flavour breaking are both encoded in the matrix

pr 0 0
UspsUs=| 0 py O Us = Q(3) Rsn(0s)
* Non-unitarity effects are flavour-diagonal and flavour-universal
2 ,,2
YoV o _
T

T — —

* Mass spectrum of heavy states is peculiar:
they form pseudo-Dirac pairs with very small mass splitting
and all three such pairs have a common mass scale

My; = M —% and Mh,i+3:M0+% with i =1,2.3.

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism AM. Teixeira (21)]

Option 1 Charged lepton flavour violation
Relevant points

* Lepton number and flavour breaking are both encoded in the matrix g
* Non-unitarity etfects are flavour-diagonal and flavour-universal
* Mass spectrum of heavy states is peculiar:

they form pseudo-Dirac pairs with very small mass splitting

and all three such pairs have a common mass scale

Conclusion
Rates of charged lepton flavour violating processes

Cp— Co¥ £y — 37, U — e conversion

are very suppressed!

for general formulae see Alonso et al. ("12), [lakovac/ Pilaftsis (‘95)

C. Hagedorn NuTs 2022



|CH, J. Kriewald, ]J. Orloff,

Scenario with inverse seesaw mechanism AM. Teixeira (21)]

Option 1

Some more comments

* Neutrinoless double beta decay Blennow et al. ('10)
* Effect of perturbations of symmetry breaking scenario
* Study other phenomenology, e.g. leptogenesis

* Scrutinise correlations between different observables

* Other interesting options

» Explore cases with different number of sterile states

* Building concrete model

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

* Consider a scenario of type I seesaw with 3 RH neutrinos,
i.e. 3 generations of LH doublets and Minkowski ('77), Glashow ("80),

3 generations of gauge singlets v . Gell-Mann/Ramond /Slansky ('79),
£ a l_cM TV el b Mohapatra /Senjanovic ("80),
DI1VRQPUR — =V VR — g VR + h.c.
REPR ™ PRTRIR T AD K Yanagida ("80), Schechter/
* Light neutrino masses Valle (80)
1 T —
my, = —mp Mpg"mp with mp = Yp (H)

"— —

* Heavy neutrino masses are (nearly) degenerate.
This is achieved with the help of a symmetry
and a suitable playground for low-scale leptogenesis

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

* We take
aRNl lLaN3’VRiN3,

|detail: use additional Z3
to distinguish e, u, 7]

see also Dev/CH /Molinaro (“18); Chauhan/Dev (22)
C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I Klaric (22)]

 We take
o ~ 1 \3 Jvri ~ 3’
|detail: use additional Zs irreducible, faithful, complex

to distinguish e, u, 7]
Reason:
Fully explore the predictive
power of flavour and CP
symmetry
CH /Meroni/Molinaro ("14)

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

* We take
|detail: use additional Z3 irreducible, in general
to distinguish e, u, 7] unfaithful, real

Reason:
(flavour-universal)
mass term for Ly, ;

w / o breaking flavour
and CP symmetry

Requires n to be even
l[important detail: in some
cases n not divisible by 4]

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

* We take
aRNl lLaNg’VRiN3/

|detail: use additional Z3
to distinguish e, u, 7]

Charged lepton mass matrix

Gene_rator m. 0 0
QO=a
o 0 m, O
|detail: diagonal subgroup of 0 0 m
Z3 tfrom flavour symmetry and i
additional Z3]

[basis choice: Q=a diagonal]

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

* We take
aRNl lLaN3,I/RiN3,

|detail: use additional Z3
to distinguish e, u, 7]

Neutral lepton sector

Generator Z

CP X

1 _
LD iﬁal/R— §V16{MRI/R—ZLYD€H* VR + h.c.

No symmetry breaking Symmetry breaking

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

* We take
aRNl lLaNg’DRiN3/

|detail: use additional Z3
to distinguish e, u, 7]

Neutral lepton sector

Generator Z

CP X
No symmetry breaking Symmetry breaking
100\ Z®B)'YpZ@B)=Yp
Ay —_— —
sl L X(3)*Yp X(3') = Yp

Yp = Q(3) Ri;(01) diag(y1, y2,y3) P Ry (—0r) (3T

C. Hagedorn CH/Molinaro ("16) NuTs 2022




[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Neutral lepton sector

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I Klaric (22)]

Neutral lepton sector

rotations in the (ij)- and (kl)-plane, i,7,k,0 = 1,2,3 with 4 < j and k < [,

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Neutral len sector

diag

rotations in the (ij)- and (kl)-plane, 7,7,k,0 = 1,2,3 with 4 < j and k < [,

three real parameters, namely the couplings yr, f = 1,2, 3.

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I Klaric (22)]

Neutral lepton sector

Yp = Q(3) Ry;(01) diag(y1, y2, y3 )k

X(3) = Q(3)3)T X(3)=0(3)@E)"

— — —

rotations in the (ij)- and (kl)-plane, 7,7,k,0 = 1,2,3 with 4 < j and k < [,

three real parameters, namely the couplings yr, f = 1,2, 3.

permutation matrix P,]

— T

Only needed in
certain instances

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Neutral lepton sector

Yp = Q(3) Ri;(61) diag(y1, y2,y3) P Ry (—0r) (3T

rotations in the (ij)- and (kl)-plane, 7,7,k,0 = 1,2,3 with 4 < j and k < [,

three real parameters, namely the couplings yr, f = 1,2, 3.

permutation matrix P,]

T — ——

In total five free real parameters corresponding to three light neutrino masses,
one free parameter for lepton mixing and
one free parameter related to RH neutrinos

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Briefly on lepton mixing

Charged leptons do not contribute to lepton mixing.

If is diagonal,

.. AT
diag (1,2, y3) Pt Riu(—0r) Q(3")T Mz Q(3")* Riu(0r) (P}i{ ) diag (y1, Y2, y3)

th
' Upmns = Q(3) Ri;(6L) K,

If not, replace 0; by EL .

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

|

Possible small symmetry breaking in order to generate small mass splitting between
RH neutrinos at Lagrangian level

Neutral lepton sector

OO =
O O
Co =D

Mg = Mg =M (

T

2 0 0 .
§Mp = 1 M ( 0 0 -1 ) due to residual symmetry o(3)7 6 Mg a(3)) = 6Mg
0 -1 0 among charged leptons

T

Then

M1=M(1—|-2K3) and M2=M3=M(1—K,)

Note: in most of the analysis we use this mass spectrum of RH
neutrinos, if splittings are induced at all.

C. Hagedorn NuTs 2022



. . . [M. Drewes, Y. Georis, CH,
Scenario with type I seesaw mechanism I. Klaric (22)]

Neutral lepton sector

Mg = Mg =M

OO =
O O
Co =D

Possible small symmetry breaking in order to generate small mass splitting between
RH neutrinos at Lagrangian level

2 0 0 .
§Mp = 1 M ( 0 0 -1 ) due to residual symmetry o(3)7 6 Mg a(3)) = 6Mg
0 -1 0 among charged leptons

T

Further splitting (example)

o O O

( 0 0 ) splits all RH neutrino masses
AMg =AM 1 0
0 1

M1=M(1—|—2K,), MQZM(].—H—I-)\) and M3=M(1—I€—)\)
NuTs 2022

C. Hagedorn



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Solve quantum kinetic equations numerically.

.dnAa o Ma dBk . d3k ~ _

t dt 22CZ-: (27_‘_)3Tr[ra’] fN(l_fN) +Z/(27T)3TI'[PQ(,ON—[)N)],
4PN _ 8 _ ey _ENTP [oMap g

g =] =5 {Topw =} =53 T[22 (1= )]

dﬁN — ? — e ( = 229"
ZW:—[HNHON]_§{F7PN_P]\?} +§za:Fa [z?fN(l_fN)] -

* py, Py — Mmomentum averaged density matrices for two helicities of N,
« H, — etfective Hamiltonian

e fy — Fermi-Dirac distribution for NV,

» u,— flavoured lepton chemical potentials

. I,T" , ' — different thermal interaction rates

» n, — comoving lepton number densities

(04

for review see Garbrecht ("18)

see also Ghiglieri/Laine ("17), Klaric/Shaposhnikov/Timiryasov ("21)
C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 1)

Case 1), NO, M =10 GeV, ¢ps =, my=0 eV Case 1), NO, M =10 GeV, ¢ps =", my=0 eV

105 10’ -5 10’
Br —— BGg=n/4+1073 Or —— BGg=n/4+1073
10-7 n/11 S 10-7 n/11
2n/11 2n/11
i 3n/11 £ 3n/11
10 an/ll 2 10 4n/11
> 5m/11 7 Ny 5m/11
10-11 S 1 g Y Eeerermmepemei SRR IS /i B\, (R W 1 S iR S SRR
10-13| joel s e NlEEEE ST e e
10712 5 7 10-15
10740 10716 10~4° 10710 10~ 1059 107! 10720 10716 10713 10-1° 10~/ 1074 1071
K K

(c) Vanishing initial conditions. (d) Thermal initial conditions.

C. Hagedorn NuTs 2022



Scenario with type I seesaw mechanism

Case 1)

1077

10

Ys

10—11

10-13{ 7
5
#
7
,

10_118—20

Case 1), NO, M = 10 GeV, ¢s =5, mo=0 eV

6r Or = n/4 + 1073
—— 2m/11 NS
— 3n/11 \‘

57
— 4n/11 ",ff:';f;;,,-
—— 51/11 ;'E;;,‘.
{‘:,:’/"4

4
,,,,,,,
««««

104

1071

[M. Drewes, Y. Georis, CH,
J. Klaric ("22)]

Case 1), NO, M = 10 GeV, ¢s =5, mo=0 eV

6r 6r=n/4+ 1073
10_7 — n/l11
— 2m/11
— 3n/11
107 4pm1
N —— 5m/11
10—11 _______________________________________________________
1018 e
10—15
1040 1016 10-10 1074 1071

10743 1077

(d)

1] ermal initial condition

We consider two types of initial abundances of N,
» Vanishing initial conditions are realised in e.g. YMSM

e Thermal initial conditions are realised in framework with additional inter-
actions of N, below reheating temperature

C. Hagedorn

NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 1)

Case 1), NO, M = 10 GeV, ¢ps =", mg=0 eV

Case 1), NO,M =1GeV, ¢ps=--, my=0 eV =5

10’ 1073
6r Or =n/4 + 1073 6r /r —— Bg=m/4+1073
107 il 07 A NN

— 211 n S Ny —

— 3m/ll -9 3wl \f'
10—9 /:::,:::":_‘_-:.;;‘-‘-:\_ 10 — 4n/11 ‘:‘:,ff;;;,.' [N //’—

107>

— 4m11 S o p -
.~ A e . # ly' BN T ———
> I P N N N > — Sl B Y
10—11 ' \3\ \ 10_11 ”,sff:::“" : A
s
S NN e P
/,’,’,:/:/, ‘-\\\_\::\::‘__\. _ ",f‘:,:‘,u
10-13 R S 10713)
TRl 5
~ :\(\: L #
-15
S 107 3=20

“10° 101 10 107  10-%  10-! 10 10-%6  10-13 10 107 104  10-!
K K

10_118-20

Ev

= ‘?\,\ 6r=n/4 + 103

Case 1), NO, M = 100 GeV, ¢s =2, mo=0 eV ' ‘ o5 Case1),NO,M=1TeV, g;=;, mo=0eV
i 7~ Or = /4 + 1073

1077

1079

6r f 6r
1 10-1/7 B — 11
— 2n/11 ; — 2mn/11
1013 | — 3m/11 Lo-13 —— 3nm/11
— 4n/11 § — 4n/11
| —— 5m/11 —— 5m/11

| -15 ,
10°16 10713 10710 107 1074 1071 10 10-20 10-16 10-1 1010 107/ 104 101

K K

Ys

107117

10_118-20

(e) Vanishing initial conditions. (g) Vanishing initial conditions.

C. Hagedorn NuTs 2022




Scenario with type I seesaw mechanism

Case 1)

10-5 Case 1), NO, M = 10 GeV, ¢« =1_’B, mo =0 eV
Or —— 6g=m4+1073
107 ™1 AN
—— 2m/11 R

—9 — 3n/11 b \\

1077 — 4mm1 2 R\
> — 5m/11 7%

10~ 11 :
10
10151

1020 10°* 1074 107 1077 1071

K
(c) Vanishing initial conditions.

C. Hagedorn

Case 1), 10, M = 10 GeV, ¢s =

[M. Drewes, Y. Georis, CH,

J. Klaric ("22)]

6r
m/11
2r/11
3r/11
4n/11

5114

10-7

10-1° : 1010 1074 101
K
(a) Vanishing initial conditions.
NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 1)

Case 1), NO, M =10 GeV, ¢ps =", mg=0 eV

Or

10-7| — w1 AR
W WO
2m/11 T
9 — 3n/11 m,fff::,,' ‘\
- £ IR
10 - 477/11 F N

YB
|

5m/11 7
10-11 P

5
13|
10 - ;"::'14"
s

10~'2550

10 106 10-13  10-° 107  10°° 10-1

K
. . « e e 10_5 Case 1)! NO, M = 10 Gev, ¢S -

(c) Vanishing initial conditions. =
— /11
— 2n/11
sl 3n/11
107% —— 4pm1

75 Mo =0.03 eV

1077

Ys

10—11

1013 ,.;:::::55:"

1025

10 10°16 10713 10710 10~ 10~4 1071

K

(b) Vanishing initial conditions.

C. Hagedorn NuTs 2022



. . . [M. Drewes, Y. Georis, CH,
Scenario with type I seesaw mechanism 1. Klaric (22)]

Case 1)

Impact of free angle 6,
For illustration consider light neutrino masses with strong NO,

i.e. my = 0 and normally ordered light neutrino masses.
This means
.. .\ T
diag (41,2, ys) Pl Rua(—0r) (8 Mz Q(3)* Ru(0r) (P diag (41, 12, 95)

becomes diagonal

and 5 9
H 2 (172
m2=y2]<v!> m1 =0 and m3:y3<H>

— — T —

| cos 2 0g)|

C. Hagedorn NuTs 2022



. . . [M. Drewes, Y. Georis, CH,
Scenario with type I seesaw mechanism 1. Klaric (22)]

Case 1)

Impact of free angle 6,
For illustration consider light neutrino masses with strong NO,
i.e. my = 0 and normally ordered light neutrino masses.

This means
.. AT
diag (y1, Y2, y3) Pyl Re(—0r) Q(3")T Mz Q(3)* Ry (0r) (Pzif ) diag (y1, y2, y3)

becomes diagonal

y3 (H)?
M

— — T —

and

m1 =0 and m3 =

mo =

For 0, ~ % or odd multiples

of it, cos 2 0, = 0 and y, large
for m; fixed.

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 1)

Impact of free angle 6,

For illustration consider light neutrino masses with strong NO,
i.e. my = 0 and normally ordered light neutrino masses.

This means

.. AT
diag (y1, Y2, y3) Pyl Re(—0r) Q(3")T Mz Q(3)* Ry (0r) (Péf ) diag (y1, y2,3)

becomes diagonal
and

2 H 2 2 2

m2=y2< ) m; =0 and m3:y3<H> | cos 2 0]

— M‘- | —
but then also check > (12 Works also for some

mg & Y3 ]<VI ) |k + cos 20R]| . combinations in
. Case 2) Case 3 a)
i.e. assume
Kk < | cos20p) Case 3 b.1)

C. Hagedorn NuTs 2022



Scenario with type I seesaw mechanism

Case 1)

102

——

104 L7
106 £
108 [ ¥
1020 |

1012 |
K=10°

10-14}L K= 1073

Case 1), NO, ¢s =1/10, mo =0 eV

—

10-12

10-10

16T 10 10
M [GeV]

. 1..03 104 —

107

10 ¢
10°©
108 N
1010}
1012 |

1024 |

K=10"°
K=1073

}..

Case 1), 10, s =1/10, mo =0 eV

I-.

M [GeV]

T T T T T

C. Hagedorn

1012

1010

10~

10°

10

10°2

[M. Drewes, Y. Georis, CH,
J. Klaric ("22)]

n/4—6R

NuTs 2022



Scenario with type I seesaw mechanism

Case 1)

102

104 |+t

10°

| k=101
K=10°
| k=103

e N0 I o= Je e

, 0-12

M [GeV]

167 107 10T 107

adaaal e
103

.104. .

107

10

106 :”f”
108 N
1010}
1012 |

1024 |

K=10"°
K=1073

}

M [GeV]

C. Hagedorn

101 10° 10' 102 10° 10%

[M. Drewes, Y. Georis, CH,
J. Klaric ("22)]

Sl t RS e WS U el U i,

Values of 8 so close to % are not (always)

a tuning, but related to enhanced residual
symmetry, i.e. check Y ;)Y f

NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I Klaric (22)]

Case 1)

Case 1), NO, ¢s =1/10, mg =0 eV

102 Case 1), 10, s =1/10, mo =0 eV

1072
10-6 ..

K=10°
| k=103

M [GeV]

101 109 10' 102 10° 10%

K=10"°
| k=103

M [GeV]

Shaded areas are due to condition for x and 6.

Vanishing and thermal initial conditions are displayed.
Line shapes reflect sign of BAU.

C. Hagedorn

101 10° 10' 102 10° 10%

NuTs 2022



Scenario with type I seesaw mechanism

Case 1)

[M. Drewes, Y. Georis, CH,
J. Klaric ("22)]

Case 1), NO, ¢s =75, k=10"%, mg=0 eV

1074

1Q'1 1Q“2 1073

10°°

10~ 108

/4 — Or

—— 100 MeV
—— 200 MeV
— 1 GeV

10 GeV
— 100 GeV
— 1 TeV

C. Hagedorn

NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Way towards capturing main dependencies analytically
» CP-violating combinations
« washout parameter

C. Hagedorn NuTs 2022



. . . [M. Drewes, Y. Georis, CH,
Scenario with type I seesaw mechanism 1. Klaric (22)]

Way towards capturing main dependencies analytically
* CP-violating combinations
« washout parameter

CP-ViOlating combinations: see for related work Hernandez et al. ("15)
Perturbatively solve quantum kinetic equations in Hy, and I

Leading term for lepton asymmetries

Tr [fa(ﬁN — PN)] o< Tr (fa [HN, P]) with €, Uy T.

L

Three types of CP-violating combinations are found

Cirva = z'Tr( M2,V Y| Vi P, YD) |

CINVa = ’iTI‘( 'Mé,l’g ?D- Y2 P, 3}5) ,
ChEGa = ’iTI‘( -f/g ?5,?1]; IA’D] Y2 P, ?5)

C. Hagedorn ™ T NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I Klaric (22)]

CLFva = i Tr( -Z\fo{, f’l]; f’D- f/}; P, }A’D) ,
CINV,a = 1 Tl”( -M}%, f’[S )}D- Y} P, 3}5) ,
CbEGa = ’in( -f/g Y, f/); ?D] Y2 P, ?5)

0 0
00|, P =
0 0

and in mass basis of heavy states, i.e.
Yp =YpUg

C. Hagedorn NuTs 2022



. . . [M. Drewes, Y. Georis, CH,
Scenario with type I seesaw mechanism 1. Klaric (22)]

CLFV,a = z’I‘r( [M}zz, i}lg }}DJ }A’l]; P, f/D
Note the following

- Dominant combination when N, are in relativistic regime
* Only leads to lepton flavour asymmetry, since

Ea CLFV,a = 0.

* Crucially depends on a flavoured washout

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

CLFV,a = z’I‘r( [M}zz, i}lg }}DJ }A’l]; P, f/D
Note the following

- Dominant combination when N, are in relativistic regime
* Only leads to lepton flavour asymmetry, since

Ea CLFV,a = 0.

* Crucially depends on a flavoured washout

CLNV,a — ZTI‘( {M%,?B ?DJ ?g 5 }A/B)

Note the following
» Sizeable for intermediate /larger masses of N,
» Directly violates lepton number with Crny — Z Ciny o # 0

—

compare to flavoured decay asymmetries ¢;, see Dev et al. ('17)

C. Hagedorn NuTs 2022



. . . [M. Drewes, Y. Georis, CH,
Scenario with type I seesaw mechanism 1. Klaric (22)]

CDEGa = z‘Tr( [f/g Y, Y, lA/D] YD Pa ?5)
Note the following

* Only this CP-violating combination could be non-zero for zero x and 4
¢ Only possible at intermediate temperatures M/T ~ 1
* Only leads to lepton flavour asymmetry, since

Za C:DEG,a =0

Furthermore, for the limit 4 < ¥ < 1 consider subset of two mass-dege-

rate states. Define (};-(23))“ _ (}A/'D)m- for i€ {2,3}

For 4 = 0 we only need

23 . ST Yx vt ¥ : o
CI()Ez} a ¢ Tr( [Y(fzre,) Y(23)’ Y(T23) Y(23)] Y(:2rs) Po Y(23))

Clearly, Z C I()Qéz} _
(8

———

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Way towards capturing main dependencies analytically
» CP-violating combinations
« washout parameter

Flavoured washout parameter: ’r
(YDY aa

n (i)

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 1)

Case 1), NO, M = 10 GeV, ¢s =5, mo=0 eV

Or=m/4 +1073

faatmmns s

10-3 10  10-7  10°% 102
K

(c) Vanishing initial conditions.

CDEG,o 1S zero._. -

T

C. Hagedorn NuTs 2022



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 1)

Case 1), NO, M = 10 GeV, ¢s =5, mo=0 eV

eR o eR = r[/4 + 10—3

A AR

— m/11 ﬁﬁgﬁaﬁﬁ;guh;*\\
—— 2n/11

1077

o — 3n/11 . TR /,
-
10 — 4mll o \V»/

W i NS B S
 — S 2t an _.| >
ESTT/]'I"‘”’ ! AWV ]
’ N
#0 : YN

Ys

1071

s
Sy
S
-13 e
10713} 7
WA
o
¥
‘f

0(23)

DEG,« 1S NoNn-zero

N —

1020 10-%6  10-13  10-1° 107  10°° 10~
K

10—15’

(c) Vanishing initial conditions.

4 .
C](Dzé’é, o = T Ayis (2 Ayiy — Ayss (1 +2cos20R)) (y1cosfy, o sinfp

—y3sinfr, 4 cosr) sin260g cos 3 ¢

2 2 4 TS

2 .
AyZJ — y'l o y] 6L’a =0L + Po ? with pe =0, Pu = +1, pr = —1 ¢S = —

T — ———————— T —

C. Hagedorn NuTs 2022



. . . [M. Drewes, Y. Georis, CH,
Scenario with type I seesaw mechanism 1. Klaric (22)]

Case 1)

Case 1), NO, M = 10 GeV, 6g =17, s even, mo =0 eV

Case 1), NO, M = 10 GeV, 6g =137, s odd, my =0 eV
1.0 —~— 1V 1.0
J \\\
= 0.5 . 0.5
> >
s 0.0 - g 00
s :
2 —~ k=103 2
-0.5 K=10"° -0.5
~1.0 ‘ _Fbs(jng.). I ~1.0
0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 0.4 0.6
s/n s/n
(a) Vanishing initial conditions. (b) Vanishing initial conditions.
C - M? yy A Aq2 0 0 K2 0 B,
LFV,a = g M y2 Ao1z (41 AYlp €080L,q oSOk — Y3 Ayss SindL o sinbp L Sin 3 o5
SR
C = éM2 A Ay2, — Ay? 20 6 6
LNV, = M yp2lonn (Ayyz — Ayjz cos20g) cosfr, o cosOr

—y3 (Ay?, + Ay?s cos26R) sinfy, o sinfr{ sin3 ¢8. 

S oo

Aois=Bk—AN)2+Kk+A) NuTs 2022

T

C. Hagedorn




. . . [M. Drewes, Y. Georis, CH,
Scenario with type I seesaw mechanism 1. Klaric (22)]

Case 1)

Case 1), NO, M = 10 GeV, 6g =17, s even, mo =0 eV

Case 1), NO, M = 10 GeV, 6g =137, s odd, my =0 eV
1.0 e QT o s ) 1.0
% AN
0.5 | 0.5
= =
< 0.40 <
s 0.0 s 0.0
2 e
2 —+4 k=103 2
-0.5 k=105 -0.5
: f_ll
~1.0 it il 0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6
s/n

s/n

(b) Vanishing initial conditions.

(a) Vanishing initial conditions.

1 Ay
P - (1 it Zy123 COSZHL,a) with Eyz — y% + y% + yg ‘

T —

C. Hagedorn NuTs 2022



Scenario with type I seesaw mechanism

Case 1)

[M. Drewes, Y. Georis, CH,
J. Klaric ("22)]

Case 1), NO, M = 10 GeV, 6g =17, s even, mo =0 eV

Case 1), NO, M = 10 GeV, 6g =137, s odd, my =0 eV
1.0 e ZEN 1.0
/ .
= 0.5 . 0.5
> >
s 0.0 o s 0.0
= =
>\£° —— k=103 >\°3
-0.5 K=10"° -0.5
: Tll
~1.0 —CostSm) | ~1.0
0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 0.4 0.6
s/n s/n
(a) Vanishing initial conditions. (b) Vanishing initial conditions.
. . . . (b7ms
Majorana phase a fulfils |sina| = |sin |
n

C. Hagedorn

NuTs 2022




[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 1)

Case 1), NO, M =1 GeV, ¢s =+, my=0 eV . Case 1), NO, M = 10 GeV, ¢s =15, mo =0 eV

(a) Vanishing initial conditions. (b) Vanishing initial conditions.
4 2 2 D Vot e, ©
CLFV,a = 9 M~ yy Ao = COSUR — Y3 Ayss sin by, o sin Orj sin3 ¢,
T —
4 2 2 2
CiNV,e = 9 M* yo Aoia AYsg= La COSUR

—Y3 (Ay%Q 4 Ayi?3 cos20R) sin 0L,

C. Hagedorn Ac1o =Bk —A) 2+ K+ ) NuTs 2022

T




[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 1)
Effect of switching on 4
Case 1), NO, M = 10 GeV, Case 1), NO, M = 10 GeV,
. Or =%, s =15, Mo =0 eV - 9R=%,¢5=1—’B,m0=0e\///
10~44---12.0 e ——A -12.0 104+ -
10-8{ 10
< <
10—12 10—12_
1016, 1016,
o o | A
o A Sy » gl R 3K=A_
100 e o0 = .. P
10 10° 10 - 10 10 '10 10 <210 °10 =10 ° 10 10 "
K K
(a) Vanishing initial conditions. (b) Vanishing initial conditions.
C. Hagedorn Aoiy =3k — A2 + K + A) NuTs 2022

T — —



[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 2), t odd
Focus on vanishing kx and 4 u=2s—1 V= 3 4

Gase 2). NO, M = 100 GeV. 9, = f;. 6, = ${ x = )¢

10°°
1077
AN VAS
- =109 Y \}
10-10
— A-ywyslyf —y3)? 10-11
....... B-Vmqo —A - sin(46g)
10-9 10~ 10-5 103 3-1072 1075 i 3 3 SR N
mo [eV] Or
(a) Vanishing initial conditions. (b) Vanishing initial conditions.

)% sin4 Op sin ¢y, q .

C. Hagedorn NuTs 2022



P : M. Drewes, Y. Georis, CH,
Scenario with type I seesaw mechanism IM. Drewes, Y. Georis

J. Klaric ("22)]
Case 2), t odd
Focus on vanishing kx and 4 u=2s—1 v=23t
- B Case 2), NO, M = 100 GeV, ¢, = 11, ¢ =3« ="O‘§mo ~0.03 eV
107
1078 :;:i""":"
= 100
10-10
10-12
1076 1679 16-7 10-5 163 3-10-2 1075

my [eV]

(a) Vanishing initial conditions.
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[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 3 b.1), m even and s odd
Focus on vanishing x and /1 and also my = 0

10C_gse 3b.1®\4 =1GeV, ¢, =21, ¢, =31 »
O ' .

Casse 3b.1), NO, M = 10 GeV, ¢, =2, s =7, mg =0 eV

10-7 /1l
— 2m/11

— 3n/11

107% _ 4pyma
> —— 5m/11

_ Rt -15 é i
107 1077 107" 107 10~ 10720 10716 10~ 10710 1077 1074 107!
K K

1‘6—16 10—13

(a) Vanishing initial conditions. (b) Vanishing initial conditions.
Cage 3b.1), NO, M = 100 GeV, ¢ =5, ¢s =3;, mo =0 eV ,Case 3b.1), NO, M = 1TeV, ¢ =37, ¢s =35, Mo =0 eV

o — 3n/11
10 — 4m/11 ~
— 5m/11
15 15
107 9=20 10-%  10-%  10-1° 107  10-%  10-! 107 9=20 10-%  10-% 10-° 107  10-%  10-!
K K
(c) Vanishing initial conditions. (d) Vanishing initial conditions.
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[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 3 b.1), m even and s odd
Focus on vanishing kx and 4 an also my = 0

10C_gse 3b.1®\4 =1GeV, ¢y = 10" , s =
N

n/1ll
— 2n/11
—— 3n/11
— 4n/11

Casse 3b.1), NO, M = 10 GeV, ¢, =2, s =7, mg =0 eV

10528 LOsss Lg=sy 1022 1058

10! 10 10-16  10-1* 1010 107  10-% 10!

2,)%3sin 405 coS .o Sin3 @s |

1 V7 #4

with  pe =0, pp,=+1, pr =—-1

m - :
T—
— 3n/11
104 — iR
— 5n/11 -
1013/

15] 5 |
107020 10% ao:® 10F a0l g a0 10-20 10 100 a0l aae aag g !
K K
(c) Vanishing initial conditions. (d) Vanishing initial conditions.
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[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 3 b.1), m even and s odd
Focus on vanishing x and 4 and also m, = 0

Case 3b.1), NO, M = 10 GeV, g = odd,)=0, my=0eV Case 3b.1), NO, M = 10 GeV, 6 = =24 < 0dd, K =0, mo =0 eV
10 11 20 1 10 117 0% ‘

S
s Y 4 \
/ \ / \
/ \ s \
/ /
/ \ / \
! \ S \
/ \ i \
/ \ /
| \ ! \
1 ! v ! !
10- " ! " |
\ \
| |
! \ / i
! \ | \
: \ ' \
i i / 4
] H ! 1
H { | ¥
H |
' \ | H
H [ ' H
1 |
; H | 1
H H : H
! [l .
H H
i
H
i
i
i

10-10
NS NS

10711 10-11

L A-sin6ns)

- - N |

10 1(2).0 0.2 0.4 0.6 0.8 1.0 40 1(2).0 0.2 0.4 0.6 0.8 =110

s/n s/n
(a) Vanishing initial conditions. (b) Vanishing initial conditions.

V2
3

2 2 .2
(1-|- (Ay13 ?33122 sin 9L) a2 V2 (

CDEG,a = Y1 Y2 (Ay%z)z sin4 g cos Om, o f

faz

QO | =
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[M. Drewes, Y. Georis, CH,
J. Klaric ("22)]

Scenario with type I seesaw mechanism

Case 3 b.1), m even and s odd
Focus on vanishing x and 4 and also m, = 0

Case 3b.1), NO, M = 10 GeV, 6s = i {¢m = 55 {5 0dd J =0, mo=0eV  Case 3b.1), NO, M = 10 GeV, 6r = f§, §

1010 10-10
NS NS

10711 10-11

L A-sin6ns)
- - S
10780 02 0.4 06 0.8 1.0 107850 02 0.4 06 X Rl N
s/n s/n
(a) Vanishing initial conditions. (b) Vanishing initial conditions.

Ay2,)3 ~,
If m = ﬁ ZC’DEG,Q fo=— (yl yz(Eygm) ) sin20;, sin4f0gr{sin6 ¢
» |
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Scenario with type I seesaw mechanism

Case 3 b.1), m even and s odd

[M. Drewes, Y. Georis, CH,
J. Klaric ("22)]

Focus on vanishing k and 4 and also m; = 0

Case 3b.1), NO, M = 10 GeV, ¢, =37, ¢ps =37, k=0, mg=0 eV
107°

1077

107°

m
> 10-11

10—13

-15
10 0 1 2

(a) Vanishing initial conditions.

Case 3b.1), NO, M = 100 GeV, ¢, =37, ¢ps =37, k=0, mg=0 eV
107°

10 7
v W,
\
’/’: \
i

PrL e N

> Pl
O 5 W,
W 5 M,
W s Y
\ i/ \
\ I A
\ L i VY
\ A o (!
i H \
\ \
\ . \
Y \
It Y \
H Y \
! |
HH !
HH
b
|
! H

1079

[44]
>~ 10-11

10—13

-15
10 0 1 2 3 4

Or

(b) Vanishing initial conditions.

V2

CDhEG,a = 3

= Y192 (Aytp)*G
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[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 3 b.1), m odd and s even

Focus on vanishing x and A and also m = 0

NA b _9 _4 _ v _9 _ 4 _
lg_qse 3b.1)¢ .NO,/, =10 GeV, ¢m =7, s =57, Mo =0 eV 10(;gse 3b. , 10, 1 = 1OGeV bm =55, Ps =55, Mo =0 eV

. S
AN
S, Y ~
v N
\ [} "\

' \
i \
' v
i \

\ i \
i \
i )
' |
i
i
i
i
i
1
1
1
i
1
i
1
1
1
1
1
i
|

10 10-16 10713 10-10 10-7 104 10! 10-20 10-16 10-13 10-10 10-7 1074 101!

"::::j,',":'g}//’;lll__::;:‘_\ N \\\::\‘\ ~

(a) Vanishing initial conditions. (b) Vanishing initial conditions.
Conaa = Y2 ) (Ayk)? sind6 in 3
DEG,a — 3 J(Ay1a)” sind0g cos pm,q sin 3 @s
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[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I. Klaric (22)

Case 3 b.1), m odd and s even

Focus on vanishing kx and 4 and also my =0
,Case 3b.1), NO, M = 10 GeV, ¢m =37, §s =35, Mo=0eV ~  Case 3b.1),10, M = 10 GeV, ¢m o, $s=351, mo=0eV

eR eR Rl e SN N
-7 /1l Y -7 nf11
10 — 2m11 » 10 — 2p11 ":::5::»"/12/ S . .
ol 311 y/ 4 | 3wl s
> - —— 5m/11 <X > —— 5m/11 #
10—11 { 10—11
10713 10713
107920 1076 108 10°° 107 10  10-! 107 =20 10-%  10°0  10°° 167 164  10-!
K K
(a) Vanishing initial conditions. (b) Vanishing initial conditions.
C =—‘/§y y2 (Ay2,)? sindOg cos pm o sin 3 ¢
DEG,« 1 Y2 12 R m,x S

3

7 Ay12 (2 Ay23 + Ay12 (145 cos 203))

- [y3(y1 sin 01, cos O + y2 cos 0, sinfg) sindp o — V2 y1 Y cos ¢m,a) sin 2 0r sin 3 ¢;.
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[M. Drewes, Y. Georis, CH,

Scenario with type I seesaw mechanism I Klaric (22)]

Overview over results

Type of mixing pattern BAU non-zero BAU non-zero | Large total mixing
for k =07 for large K7 angle U? possible?
Case 1) No, see Fig. @ Yes, see Fig. [Z‘ Yes, for cos260r ~ 0
B B see Fig. |9‘
Case 2), t even No, see Fig. 12 No, see Fig. 12 No
Case 2), t odd Yes, for mg # 0 Yes, see Fig. 16 | Yes, for sin260r ~ 0
see Fig. 17, plot (a) o see Fig. |19
Case 3 b.1), m and s even No, see Fig. 20 No, see Fig. 20 No
Case 3 b.1), m even, s odd Yes, see Fig. 22 No, see Fig. 22 | Yes, for cos20r ~ 0
except for strong 10 - see Fig. @
Case 3 b.1), m odd, s even Yes, see Fig. 26 Yes, see Fig. 26 | Yes, for cos260r ~ 0
except for strong 10 o
Case 3 b.1), m and s odd No No No
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Summary and Outlook

* Flavour and CP symmetries are useful for understanding
fermion mixing and potentially also fermion masses
* Interesting application to scenarios that are testable (directly)
« Two examples discussed — inverse seesaw mechanism
low-scale type I seesaw mechanism
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Summary and Outlook

* Flavour and CP symmetries are useful for understanding
fermion mixing and potentially also fermion masses
* Interesting application to scenarios that are testable (directly)
« Two examples discussed — inverse seesaw mechanism
low-scale type I seesaw mechanism

* More signals are to be explored
* More options/variants of such scenarios are to be considered
* Embedding in larger framework could be interesting

Many thanks for your attention!
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