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Introduction

» Standard Model (SM) is very successful.
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Introduction

* Standard Model (SM) is very successful.
Nevertheless, several phenomena are not explained within SM.

* Replication of fermion generations
* Fermion masses
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Introduction

* Standard Model (SM) is very successful.
Nevertheless, several phenomena are not explained within SM.

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

q 14
W= W=
A L
[ 097 022 37-107%) [ 0.82 0.55 0.15
0.22 0.97 0.042 0.29 0.59 0.75
\ 9.0-1073 0.041 0999 | \ 0.49 059 0.64

NuFIT 5.1 ("21)
pDG (20) Cabibbo-Kobayashi-Maskawa Pontecorvo-Maki-Nakagawa-5akata
(CKM) mixing matrix (PMNS) mixing matrix
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Introduction

» Standard Model (SM) is very successful.
Nevertheless, several phenomena are not explained within SM.

* Replication of fermion generations

¢ Fermion masses

* Quark and lepton mixing

- Baryon asymmetry of the Universe (BAU)

Yp =" "B =875 10 Planck (‘18)

T
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Introduction

» Standard Model (SM) is very successful.
Nevertheless, several phenomena are not explained within SM.

* Replication of fermion generations
¢ Fermion masses

* Quark and lepton mixing
 Baryon asymmetry of the Universe (BAU)

* Additionally, beyond SM (BSM) theories can have a rich
phenomenology:.
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Introduction

» Standard Model (SM) is very successful.
Nevertheless, several phenomena are not explained within SM.

* Replication of fermion generations
¢ Fermion masses

* Quark and lepton mixing
 Baryon asymmetry of the Universe (BAU)

* Additionally, beyond SM (BSM) theories can have a rich
phenomenology:.

* Processes forbidden/highly suppressed in SM can be in reach

/ Current experimental limit

o BR(u — ey) < 4.2-10713

/ MEG at PSI ('16)
U > ery
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Introduction

» Standard Model (SM) is very successful.
Nevertheless, several phenomena are not explained within SM.

* Replication of fermion generations
¢ Fermion masses
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* Additionally, beyond SM (BSM) theories can have a rich
phenomenology:.
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Introduction

» Standard Model (SM) is very successful.
Nevertheless, several phenomena are not explained within SM.

* Replication of fermion generations

¢ Fermion masses

* Quark and lepton mixing

 Baryon asymmetry of the Universe (BAU)

* Additionally, beyond SM (BSM) theories can have a rich
phenomenology:.

* Processes forbidden/highly suppressed in SM can be in reach
» Flavour and CP violation needs to be kept under control
* Possible correlations among different signals

C. Hagedorn 6th Sydney meeting



Flavour and CP symmetries

* Let us be inspired by the success of gauge symmetries.
* Assume a new symmetry, acting on flavour space, e.g.

d1 \ q2
¢ 1 | g
q3 / di1

T — —

with g; being the ith quark generation.
This constrains the couplings in the flavour sector, i.e. the
quark masses and mixing.

Properties of this new symmetry G,?
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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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* ... spontaneously broken or explicitly
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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.

C. Hagedorn 6th Sydney meeting



Flavour and CP symmetries

There are many options ...

o 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

°

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, ...
Reviews

Ishimori et al. ("10), King/Luhn ("13), Feruglio/Romanino ("19); Grimus/Ludl ("11)
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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
¢« Example 1 & 2
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Flavour and CP symmetries

There are many options ...

 Dihedral symmetries D, as well as D, Example 3

« 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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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, "=e, d"=c¢ ,

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

g=a%"d’° with «a=0,1,2, 0<~,6<n-—1

A well-known member is the permutation group A4
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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:aabﬂc'7d5 with «=0,1,2, 8=0,1, 0<v,0<n-—1

A well-known member is the permutation group Sa

C. Hagedorn 6th Sydney meeting



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

 CP is involution and corresponds to automorphism of flavour

symmetry Feruglio/ CH/Ziegler ('12)
Holthausen/Lindner/Schmidt ("12), Chen et al. ("14)
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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, = Zy x CP
U, U, = Q,R(0)K,
N\ Ve

UPMNS = U;TQ,/R(H)KV

C. Hagedorn 6th Sydney meeting



Flavour and CP symmetries

Breaking of symmetries Feruglio/ CH/ Ziegler ("12)
Gy and CP
v N\
charged leptons neutrinos

Minimal Ge G, =22 xCP | Choice Z»

choice Z3 U, U, = QW R0O)K, and CP
3 different pY v Majorana

masses masses

Upvns = UIQ,R(O)K,

Free parameter

Size of masses not explained

CH /Meroni/Molinaro ("14)
Result: four different types of mixing patterns with different properties

Case1l) Case2) Case3a) Case3b.l)
C. Hagedorn 6th Sydney meeting



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

Flavour and CP symmetries
Case 2)

30

20
NUFIT: Ax?

lo

I 30 CL with Ay
I 30 CL without Ax3
1

-0.1 0.0 0.1 —0
u/n u/n

U=2s—t fixed by CP symmetry

V=231 relevant mainly for Majorana phase a
C. Hagedorn 6th Sydney meeting



Flavour and CP symmetries

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

Case 2) 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
L 0.0222 0.0222 0.0222
B (0.0224) | (0.0224) | (0.0224)
SiIl2 923 0.437 0.5 0.563
& 9.25 10.8 8.27
X (11.2) (12.5) (8.62)
sind = —1 for u =
sind ~ —0.811 (—0.813) for u = +1
C. Hagedorn several choices for v admitted

6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)]

e Consider a scenario of (3,3) ISS,
i.e. 3 generations of LH doublets,
3 generations of N; and S;, all of them gauge singlets

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

lus| < |mp| < |Mps]. Mohapatra/ Valle ('86),
- Mohapatra (“86),
my =Mmp ( ]\_/ng) pus M K/é m% Bernabeu et al. ("87),

T —

Gonzalez-Garcia/ Valle ("89)
C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)]

 We take

aRNl LaN3’]\le3’S]N3

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

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

 We take

|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 6th Sydney meeting



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

Example 1: Inver w mechanism
pl€ €IS€ seesa echiants A M. Teixeira ('21)]

 We take

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

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

Charged lepton mass matrix

me O 0
residual symmetry G, 0 m, O
0 0 m;

R —

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

 We take

|detail: use additional Zs irreducible, faithful, complex
to distinguish e, u, 7]
Reason:
Get mp and M, invariant,
encode flavour and CP
symmetry breaking in p

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

 We take

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

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

Neutrino mass matrix  residual symmetry G,

() mp () .
MMaj = m% 0 Mps with mp = yp E
0 Mys ps

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)]

 We take

aRNl LaN3,]\le3,S]N3

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

Neutrino mass matrix  residual symmetry G,

_ _ 1 _
—~(Up)ai Lo H Ni — (Mns)ij Ni S — 2 (us)k Sy, St + hoc.
No symmetry breaking
1 00 v
mp =Yy 0 1 0| —= with yo>0
(358) e
1 00
Mynys=Myg | O 1 O with My >0
C. Hagedorn 0 0 1 6th Sydney meeting




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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

 We take

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

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

Neutrino mass matrix  residual symmetry G,

_ _ 1 _
_(yD)ai LZ HNzC - (MNS)ij N; Sj - 5 (#S)kl SZ S; + h.c.
Symmetry breaking
pr 0 0
U psUs=| 0 pa O
0 0 pus

T — T

Us = Q(3) Ren(0s)
C. Hagedorn 6th Sydney meeting




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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

* We take
aRNl LaN3’]\IlN3’S]N3
|detail: use additional Z3
to distinguish e, u, 7]
Light neutrino mass matrix
2 12 2 12 pr 00
_ Y%Uv _ YU % t
my, =20 ug=2_Us| 0 p 0 | UL
2 M 2 M ( 0 0 us )
Neutrino masses Lepton mixing
yg 02 . ~
mi = oz for 1=1,2,3 Upmns = 2(3) R¢n(0s)

T —

at leading order

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)]

 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 4 =1,2.3.

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)]

 We take

aRNl LaN3’]\le3’S]N3

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

Back to light neutrinos

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

-[ZPLI\ENS = (1 —77) Uop

———

2 92
_ YoV

4 M

T — —

flavour-diagonal

]].E’l]()]].

and flavour-universal

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

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 — =

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

Effect on lepton mixing

Case 1)

1 0-
2 + cos 260

T — —

0 ~0.18

sin? 09 =

Asin® 615 / %

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

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)]

Charged lepton flavour violation
Relevant points

* 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 _
n A Mg 70

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,z-+3:M0+% with i =1,2.3.

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

Charged lepton flavour violation
Relevant points

* Lepton number and flavour breaking are -~

( g 0 0\ | OCQSSQS

Us psUs = 0 - ‘0\3““% ? e‘IS‘O“
" on Y

- a e@

Jdusiot ¢ nar®s £a= 3ta

pairs have a common mass scale

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

C. Hagedorn 6th Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale seesaw mechanism I. Klaric (22)]

* Consider a scenario of type I seesaw with 3 RH neutrinos,
i.e. 3 generations of LH doublets and
3 generations of gauge singlets v .

1 _
LD iﬁaI/R— §V%MRVR—ZLYD8H* VR + h.c.

* Light neutrino masses

my=—mpMg'mp iy, M =Yp(H)

— "— —

Minkowski ('77), Glashow ('80), Gell-Mann /Ramond /Slansky ('79),
Mohapatra/Senjanovic ('80), Yanagida ("80), Schechter/Valle ("80)

C. Hagedorn 6th Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale 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 6th Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale seesaw mechanism I. Klaric (22)]

 We take
ag ~ 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 6th Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale seesaw mechanism I. Klaric (22)]

* We take
aRNl lLaNg’DRiN3/

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

Charged lepton mass matrix

me 0 0
residual symmetry G, 0O m, 0
0 0 m-

—

C. Hagedorn 6th Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale 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,
breaking encoded

in Yy,

C. Hagedorn 6th Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale seesaw mechanism I. Klaric (22)]

* We take
aRNl lLaN3,I/RiN3,

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

Neutral lepton sector  residual symmetry G,

1 _
LD iﬁavR— iVjc:gMRVR_lLYDsH* vr + h.c.

No symmetry breaking

RH neutrino masses

Mrp=Mp =M
i e are degenerate

OO
O O
o = O

T

C. Hagedorn 6th Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale seesaw mechanism I. Klaric (22)]

* We take
aRNl lLaNg’VRiN3/

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

Neutral lepton sector  residual symmetry G,

1 _
LD iﬁaI/R— évlczMRVR—lLYDE-:H* vr + h.c.

Symmetry breaking

Yp = Q(3) Ri;(01) diag(y1, y2,y3) Py Ri(—0g) (3')T

CH /Molinaro ("16)

C. Hagedorn 6th Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale seesaw mechanism I. Klaric (22)]

eutral letn sector

Yp = Q(3)IR;;

(y17 Y2, y

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

Possible small symmetry breaking for RH neutrino masses

2 0 O
OMpr=rM 0O 0 -1
0 -1 0

T

M1=M(1-|-2Ii) and M2=M3=M(1—I€)

Often needed for generating correct amount of BAU.

C. Hagedorn 6th Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale seesaw mechanism I. Klaric (22)]

Case 1)

, — 10’
" Or =n/4 + 1073 Or NP —— 6r=mn/4+1073

M =1GeVp =1, me=0ev s Case 1), NO{M = 10 GeVp = 15, mo =0 eV

10-13 N 10-13| 7

1007 104 10-!

10—16 10—13

_ 15 /",,' /,”:-"::"j:// - \
10 10—20 10—16 10—13 ' 10 10—7 10—4 10—1 10

=T mo=0 eV

Case 1), E, S 10’

S,
AT Br=m/4+ 1073

= 100 ¢s=+5, Mo =0eV ' ‘ 10-5 Case 1), NOL
it 753N\ Or = 1/4 + 1073

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

10713 10-15 |
1020 10°16 10713 % 10 1077 1074 1071 1040 10-16 10°1 o 10 10~/ 1074 1071

- K K

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

C. Hagedorn 6th Sydney meeting




Example 2: Low-scale seesaw mechanism

Case 1) CDEG,« 1S zero.

—
10-5 Case 1), NO, M =1 GeV, ¢s = mo=0eV
Or Or=n/4 + 1073
-7/ — n/11
10 — 2n/11
— 3n/11

\
1077 1074 107!

6r=n/4 + 1073

(e) Vanishing initial conditions.

C. Hagedorn

[M. Drewes, Y. Georis, CH,

J. Klaric ("22)]

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

1073
Er /r ——— Og=mn/4+1073
—7] — m11 AT
107 n/ 7 S
— 2n/11 B, N B
o~

o T 3m/11 P
10770 — amma

TR N
R

L
.
U

.\‘
o

10°0  10-7  10°% 101
K

Case 1), NO, M =1 TeV, ¢s =15, mo=0 eV

Or =n/4 + 1073

Or

— m/1ll
— 2n/11
— 3n/11
— 4m/11
— 5n/11

10710 1077 1074 1071
K

(g) Vanishing initial conditions.

6th Sydney meeting



Example 2: Low-scale seesaw mechanism

Case 1)

Case 1), NO, M = 1 GeV, ¢s =7,

mo=0 eV

107>
Or Or=n/4+ 1073
10_7 — n/1l
— 2mr/11
o] T 3n/11
107 411
Ny - 5m/11
10—11
10713
10-15 e
10-20 10°16 10°13 10°10 10~/
K
n
-5 10’ Mo,

1077

1079

Ys

10—13

107117

0f=n/4 +1073

T,

e TI/l

— 3n/11
— 4n/11
— 5m/11

-15
10 10

=20

10—16

10—13

10—510
K

1077

1074

(e) Vanishing initial conditions.

C. Hagedorn

107!

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

6th Sydney meeting

(23) .
DEG,« 1S NON-Zero
. Casel),NO, M =10 GeV, ¢s=15, Mo=0 eV
Or — Br=1/4 + 10,
10-7 — mil S
—— 2m/11 y R
—— 3m/11 s
10° NN j
o — 4n/11 i 1/?{—
N —— 5m/11 s
1011 i I AN
10713 r
10715
1020 10-16 10" 10710 1077 102 107!
K
10-5 Case 1), NO,M =1TeV, ¢s=15, mg=0 eV,
- . 6R= /i
1077
10~°
@
>
10—11/ -
. 31 |
10 —— 411
. — 5n/11
10—15 5
10720 10-16 1071 10710 107 1074 1071
K
(g) Vanishing initial conditions.
T —




[M. Drewes, Y. Georis, CH,

Example 2: Low-scale seesaw mechanism I. Klaric (22)]

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

1 -5
Case 1) 6r —— Br=m/4+1073
10_7 — n/11
— 2n/11

5| 3n/11

1077 amma
N —— 5m/11 / , :

10—11 T,
10—13 --------------------------
10—15

10~40 10716 10713 10-10 10~/ 1074 1071

Case 1), NO, M = 10 GeV, ¢s=-%;

1075 107%

1073

1077 __

1079
N | e,

10—11

10713 10-15 i

Ve ' 10740 107 1072 107 10 10~* 1071
10-1547 i i K
10-%0 10°%  10-©* 10-® 107 10% 107! . .
K (b) Vanishing initial conditions.
(a) Vanishing initial conditions. —

—

C. Hagedorn 6th Sydney meeting



: M.D Y. Georis, CH,
Example 2: Low-scale seesaw mechanism [M. Drewes, ° ~eors
J. Klaric ("22)]

Casel) m2= yzj\/_, ) m; =0 and mz = 73 ]<\/I> { (strong NO)

— —8

o= N0 B TRG [0 = el g

. | 1072

Sl t RS e WS U el U i,

100 L5

10 G 10 p—
" . ‘t110®
| 108

/
/
n/4-6R

EY s - < 3 410"

1010}
1012] k=101

e
‘ 1012 | k=101 "'\.* T o
K=100° i K=100° v T
4 1 10-2

10'14| k=107 - 1024} k=107

107107 10T 107 10 107 N/ 171 10 107 100 107
M [GeV] M [GeV]

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

a tuning, but related to enhanced residual

symmetry, i.e. check Y ;)Y f
C. Hagedorn 6th Sydney meeting



: M. D Y. Georis, CH,
Example 2: Low-scale seesaw mechanism [M. Drewes, ° oeorts
J. Klaric ("22)]

Case 1)

Case 1), NO, M =10 GeV, 6 = 0=0eV Case 1), NO, M = 10 GeV, 6 =1—"1 S evxe'n mo =0 eV
1.0 . 1.0 |
= 0.5 . 0.5
> >
s 0.0 By S 0.0
= =
>\£° —+4 k=103 >\°_°
-0.5 k=10"° -0.5
-1.0 _Cbs(é"%), / -1.0
0.0 02 0.4 06 0 10 0.0 0.2 0.4 06
s/n sin
(a) Vanishing initial conditions. (b) Vanishing initial conditions.
. . . . (O7s
Majorana phase a fulfils |sina| = |sin |
n
. (b6ms 3as\ . [/3xs
[Remember sm( ) =2 cos( ) sm< )]
n n n

Majorana phase f# and CP phase ¢ are both trivial, sinf = 0 and siné = 0.

C. Hagedorn 6th Sydney meeting



Flavour and CP symmetries

Dihedral symmetries D,

* Have 1-dim and 2-dim irrep(s)
* Are subgroups of SO(3)
e (Generators and relations

n

a"=e, b>=e, aba=0>b

Well-known members are the dihedral group D, and the
permutation group S; =~ D;

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

* There are some experimental anomalies in certain flavour

* *
observables —- here looked at R(D), R(D™) R(DW) — I'(B — DWry)
. *
and anomalous magnetic moment of muon I'(B — DWv)
U L B WL LR B L BN B L LR
) B m Ax* =10 contours
s B Prelim. 2023 ] BNL g-2 + o*—
0.35 — Bellels BaBarl2 —
- . FNAL g-2 +4 —@
03 ' . ]
B LHCb23 \*L LHCb22 -
0.25 & Eelle19 - < =0 )
F o BelllT e World Average . ® =
02 [ HFLAVSM predction e 12y RDM <0284 20015, 1 Standard Mode! Experiment
- R(D¥)=0254 20005  pyc oo oo an by ;037 - Average
e b b ETROOPO y .(XI):Z.W.O T v v . . Y Y . Y
0.2 0.25 0.3 0.35 04 045 0.5 0.55 17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5
R(D)
a,x10° -1165900

* Consider an extension of the SM with a leptoquark (LQ)

C. Hagedorn 6th Sydney meeting




) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

* Consider an extension of the SM with a leptoquark (LQ)
1
¢ ~ (37 17 _§)

T — —

* It couples simultaneously to leptons and quarks, e.g.

For review on LQs see Dorsner et al. ('16)

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

» Take as aim” for textures of LQ couplings the following

0O O 0 0 O 0
X = 0 292 I23 and Yy = 0 0 Y23
0 x392 =33 0 y32 O

in particular use

00 0 0.0 0
x 0 Ay o Le o0 A~ 0.2
0 7 | 0L 0 — —

following the analysis in Cai et al. ('17)

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark

M.A. Schmidt ('22)]

* Note the assumed form of the charged fermion mass matrices is

)\4 0O O )\4 0 O

Me~| 0 X 0 | (HY, Mg~| 0 X2 0 | (HI)
0 0 1 0 0 1
A8 A5 < A3

My~ 0 X X | (H).

A~ (0.2
0O O 1 —

—

 No discussion of neutrino masses

C. Hagedorn

6th Sydney meeting



Example 3: Model with leptoquark

C. Hagedorn

[I. Bigaran, T. Felkl, CH,
M.A. Schmidt ("22)]

Field SU(3) SU(2) U(l) D17 Z17
Q=| @ 3 2 L2, 1
Q2
Q3 3 2 . 1;, 16
UR1 3 1 2 | 12 13
UR2 3 1 % 11 8
UR3 3 1 % 14 1
d
dr=| " 3 1 —Ll2y 1
dR2
dRg3 3 1 -5 | 11 7
L
L = ! 1 2 _% 2]_ 2
Lo
L3 1 2 -3 | 17 1
en=| "™ 1 1 -1 | 25 2
€R2
pth Syd ti
e ! 1 1 1 9 ydney meeting




Example 3: Model with leptoquark

C. Hagedorn

[I. Bigaran, T. Felkl, CH,

______M.A. Schmidt ('22)]
Field SUB) SUER) UQM) (D Zir)l  product of
Q= ( @1 ) 3 9 L2, 1 dihedral group
@2 and cyclic one
Qs3 3 2 t | 1, 16
, Reasons:
. oo 5 B dim & 2-dim
URD 3 1 s 11 8 | .
irreps; number
UR3 3 1 s 1 1 : :
3 of inequivalent
dp = ( 4RI 3 1 Ll 1 2-dim irreps;
2 residual
1
4r3 5 L =3 | 1+ T | subgroup to
I ( = ) ] 2 _1 |3 9 | protectform of
L LQ couplings
L3 1 2 -3 | 17 1
en=| "™ 1 1 -1 |25 2
CR2
ors . . a1 9 bth Sydney meeting




Example 3: Model with leptoquark

C. Hagedorn

[I. Bigaran, T. Felkl, CH,

M.A. Schmidt ('22)]

fleld SUB) SU@) U ‘ Div 2 | 941 structure
Q = ( @ ) 3 2 1 1 for most
v charged
l °
s ’ . 6 16 fermions
UR1 3 1 : 13
URo 3 1 2 |'1; 8 | Reasons:
URs 3 1 2 |1, 1 3rd generation
much more
dr=| 3 1 1 1 :
L ~3 massive;
R2 . 1
dp3 3 1 1 . Cabibbo angle
L
L=| " 1 2 -1 2
Lo
L3 1 2 —3 1
€R = o 1 1 —1 2
€R2
eR3 1 1 1 9 bth Sydney meeting




Example 3: Model with leptoquark

C. Hagedorn

[I. Bigaran, T. Felkl, CH,
M.A. Schmidt ("22)]

Hed SUB) SUR) UQ) | Dir 21 | 11141 structure
Q= ( 1 ) 3 2 L2, 1 for RH

“ up-type quarks
Q3 3 2 L 16
UR1 3 1 : 13
UR? 3 1 2 g | Reasons:
UR3 3 1 2 1 stronger mass

hierarchy
dr = 4RI 3 1 _1 24 1
R A 3 among up-type

dRr3 3 1 — % 14 7 qu a.r ks;

. achieve appro-

1 °

L= ( ) 1 2 -3 | 21 2 | priate form of

Lo g )

couplin

L3 1 2 _% 14 1 Q p g y
ER = o 1 1 -1 | 23 2

€R2

h .

eR3 1 1 11 9 bth Sydney meeting




) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

I
ek
(N
|
D[ =
-
e
ek
&y

N

W=

Reason: minimality

C. Hagedorn 6th Sydney meeting



[I. Bigaran, T. Felkl, CH,

Example 3: Model with leptoquark M.A. Schmidt (22)]
H, 1 2 — 15
H, 1 2 . 9
¢ 3 1 —3 0

Reason: simplicity

C. Hagedorn 6th Sydney meeting



Example 3: Model with leptoquark

C. Hagedorn

[I. Bigaran, T. Felkl, CH,
M.A. Schmidt ("22)]

_% 14

T

_% 14
Reason:

generate masses
of all 3rd generation
fermions at tree level

6th Sydney meeting



[I. Bigaran, T. Felkl, CH,

Example 3: Model with leptoquark M.A. Schmidt (22)]
'S = o1 1 0 | 2, 16
‘? Ty :
f \ 15 ;
U = i1 1 0 |25 8
? \ U2 !
W1
W = 1 1 0 25 12
W2

C. Hagedorn

Introduce spurions

to break Gf

Reason: easier than with multiple Higgs doublets;
simplification not to consider their potential, correc-
tions to 1t, etc.

6th Sydney meeting



[I. Bigaran, T. Felkl, CH,

Example 3: Model with leptoquark M.A. Schmidt (22)]
1 1 0 | 21 16
1 1 0 | 25 8
1 1 0 | 22 8
1 1 0 | 25 12

Introduce spurions

to break Gf
Role of S: A ~
ole o s ( ) A= 0.2

* spurion for LQ couplings 0 "

I —————

* preserves residual symmetry

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

Role of :
* spurion for LQ couplings

* preserves residual symmetry

2 )| Pield

Field

@1 €R1

Q2 €R2

Q3 €R3

UR1 H, 15 || 15 6
UR2 Hy 9 U; 10
UR3 0 0 Us 6

C. Hagedorn 6th Sydney meeting



[I. Bigaran, T. Felkl, CH,

Example 3: Model with leptoquark M.A. Schmidt (22)]
[ s,
S = 1 1 0 | 21 16
1 1 0 | 25 8
1 1 0 | 22 8
1 1 0 | 25 12

Introduce spurions

to break Gf
Role of T: ) </\2> _): ~ (.2

* spurion for mass of second generation 0 -

T— —

of down-type quarks and charged leptons

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt ('22)]

Role ot 7 @ AR 0 2
* spurion for mass of second generation

of down-type quarks and charged leptons

Lo = 05 Qs Hydps ’ ddr T +afQHydrU

Poucro =i LyHaers t o5 LHgerT 4 o§ LHgerU

Note VEV of T breaks residual symmetry

C. Hagedorn 6th Sydney meeting



Example 3: Model with leptoquark

1 1 0
1 1 0
1 1 0
1 1 0

[I. Bigaran, T. Felkl, CH,
M.A. Schmidt ("22)]

21

22

Introduce spurions

to break Gf

Role of U:
* spurion for mass of first generation

(U) =

0
)\4

16

—

) _):z0.2

T—

of down-type quarks and charged leptons
C. Hagedorn

—

6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt ('22)]

Role of U: @ A~ 0.2
* spurion for mass of first generation -

of down-type quarks and charged leptons

Lo = ol Qs Hydrs + o Q Hydn T { 0§ Q Hydr U]

Pyuro =i LyHyers + o5 LHger T+ o LHyerU |

Note VEV of U breaks residual symmetry

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt ('22)]

Role of U @ A~ 0.2
* spurion for mass of first generation -

of down-type quarks and charged leptons

Lo = ol Qs Hydrs + o Q Hydn T { 0§ Q Hydr U]

Pyukro =t L3 Hyeps + a3 LHyer T + o5 LHyerU |

Note VEV of U breaks residual symmetry

Why not just VEV for second component of 77

Reasons: .
e problem with order one factor between m; and m,

« with T'and U and their VEV structure higher-order
operators are better under control

C. Hagedorn 6th Sydney meeting



Example 3: Model with leptoquark

S—(Sl 1
)

r=| " 1
\ 7
[ v,

U = 1

1

[I. Bigaran, T. Felkl, CH,
M.A. Schmidt ("22)]

0 2; 16
0 29 8
0 29 8
0 2, 12

Introduce spurions

to break Gf

Role of W:

» spurion for mass of charm quark
* generation of Cabibbo angle

C. Hagedorn

<A5> A=~ 0.2

2 .

— —

6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

Role of W:
* spurion for mass of charm quark

 generation of Cabibbo angle

Pyuk Lo = a1 Q3 Hy ups

, oy Q Hy ugs (SJ’)2 +a¥%Q Hyur T? U.

Note VEV of W breaks residual symmetry

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt ('22)]

Role of W: @ \ ~ 0 9
* spurion for mass of charm quark

 generation of Cabibbo angle

Pyu,Lo = &1 Q3 Hy ups Q H, oy Q Hyurs (ST)? + o Q Hyur T? U.

Note VEV of W breaks residual symmetry

What is missing?

* mass for up quark
* smaller quark mixing angles

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

Role of W:
* spurion for mass of charm quark

 generation of Cabibbo angle

7

Hucro = of Qs Hu urs +o5 Q Hu ura W iHos Q Hy ups (S")}+103 Q@ Hyupi T2U

|

Note VEV of W breaks residual symmetry

What is missing?

* mass for up quark
* smaller quark mixing angles

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

Result for charged fermion mass matrices

f11 28 fiaX° fiz A®
My=| fa A0 fao Xt fo322 | (HY)
f31 M2 faa Xt fag

d11 )\4 d12 )\8 d13 )‘8
Mg=| dy A0 doa X2 do3A? | (HY)
d31 A2 dsa A\t dss

€11 )\4 €12 )\12 0()\12)
M, = €21 A8 €22 A2 €23 A <H2>
e31 A ez N’ €33

* Charged fermion masses are reproduced well
* Quark mixing is reproduced well apart from ...
C. Hagedorn 6th Sydney meeting



Example 3: Model with leptoquark

Result for charged fermion mass matrices

C. Hagedorn

1.

f11 A% f12 X 1

M,=| faa A0 foodt foz (Hy)
f3r M2 fao Xt fas
dii A dip X® di3 A8

My=| dyn MO dyp A2 do3A2 | (HY)
d31 A2 dsa A\t dss
€11 )\4 €12 )\12 0()\12)

M, = €21 A8 €22 A2 €23 A <H2>
e31 A ez N’ €33

Bigaran, T. Felkl, CH,
M.A. Schmidt ("22)]

... this element
should be en-
hanced

6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

Leading to LQ couplings x, y and z

X = LT f(Ld = asi )\8 »
Dominant entries a31 A®
of LQ couplings by A9
achieved y=RT§ Ry = | by A8

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

Leading to LQ couplings x, y and z

Efficient x=Lc%Lq=
suppression

of LQ couplings { 011 )%
to SM fermions Yy =Re § Ru= [\ b2 X/

of first generation

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

Leading to LQ couplings x, y and z

ail )\9 a9 )\11 ais )\9
T -
X = Le XLd = as )\8 an? )\3 ass A

9
az1 A% as A\ a33

Potentially relevant
LQ couplings

C. Hagedorn 6th Sydney meeting



[I. Bigaran, T. Felkl, CH,

C. Hagedorn

6th Sydney meeting

Example 3: Model with leptoquark M.A. Schmidt (22)]
LisT OF PRIMARY OBSERVABLES
Observable Hxperiment
Current constraint/measurement Future reach

™ 0.339+0.026+0.014 at 1o level  [19] +0.016 (0.008) for 5 (50)ab™!  [98]
| }0.205+0.010+0.010 at 1o level [19] +£0.009 (0.0045) for 5 (50) ab=!  [98
\Ag, A (251£0.59)x10° at lolevel [21; 57] +0.4 x 10~° 99)
FBR(r — 1) N 4.2 x 1078 at 90% C.L. [100) 6.9 x 10~° 101
BR(u—ey) A4  42x10713 at 90% C.L. [102 6 x 1014 103]
| BR(r — 34) | 2.1 x 108 at 90% C.L. [104 3.6 x 1010 101]
| BR(T — pee) 1.8 x 1078 at 90% C.L. [104] 2.9 x 10710 [101]
| BR(1—3¢) | 1.0 x 1012 at 90% C.L. [105] 20 (1) x 10~16 106
{ CR(u— e; Al) | 2.6(2.9) x 10~17 107; 108]
i R, " 2.7 at 90% C.L. [109] 1.0 +0.25 (0.1) for 5(50)ab="  [110]
N. 1.00154 +0.00128  at 1o level  [111; 112] +7.5(0.75) x 107° [112-114]
| b 0521018 b at 1o level  [115]

] Ibsa| < 2.6 (17 = 2) 116; 117]




Example 3: Model with leptoquark

[I. Bigaran, T. Felkl, CH,

M.A. Schmidt ('22)]

e Perform numerical scan in interaction basis for all observables,
also fitting charged fermion masses and quark mixing
Flavour anomalies

0.35

HFLAV’23

LHCH22 (10)

0.30 -
'S
<)
e
0.25
* 2 TeV
+  4TeV
x 6 TeV
0.20 - - . .
0.20 0.25 0.30 0.35 040 0.45
R(D)
5 — T ———
C. Hagedorn

0.32
0.30 -
0.8
:
Q
= 0.26-
0241 T,
HFLAV’23

elle II/HFLAV (30)

@ % 2TeV with Aa, at 3(2)o
© + 4 TeV with Aq, at 3(2)c
® X 6 TeV with Aq, at 3(2)c

0.22 , ' . : ,
0.28 0.30 0.32 0.34 0.36 0.38 0.40

R(D)

*

6th Sydney meeting



Example 3: Model with leptoquark

[I. Bigaran, T. Felkl, CH,
M.A. Schmidt ("22)]

* Perform numerical scan in interaction basis for all observables,
also fitting charged fermion masses and quark mixing

0.45 :
* 2 TeV :
4 TeV i 30
0.40 . X 6 TeV :
¢  Anomalies : 20

Current

/_\035 - Future
S
= 0,30 $oeerreerr o OB botnnhe e T R e

0.25 8

|
0.20 - ’
10710 1077 1078 1077
BR(T — 1)
C. Hagedorn

Strongest constraints

107°
* 2 TeV
4 TeV
x 6 TeV
¢ Anomalies
10_9-_ —— Current
1 ===+ Future
=
-]
<
10—10 X Xs%%
10—11 , S
10710 1079 1078 1077
BR(T — w)
T — —

1077
3
I
<
10—10
Anomalies
Current e 2
- Future § T T
1011 t i IR
10~1° 10~ 14 10-13 1012
. BR(p — e7)
—

6th Sydney meeting



Example 3: Model with leptoquark

[I. Bigaran, T. Felkl, CH,

M.A. Schmidt ('22)]

* Perform numerical scan in interaction basis for all observables,
also fitting charged fermion masses and quark mixing
Possible correlations

107°

*  2TeV
4 TeV
10764 x 6Tev
¢ Anomalies
—— Current

g 10_7-: -=-=- Future

Belle 11

42 -

T
=
= 1078 SR
M Belle 11
9] : !
i % |
% :
1010 A N N
1073107121071 10719 1072 1078 1077
BR(7 — 3u)
C. Hagedorn

10775
1078

< 10704
QO 1

=

T 10710
I~ ]

SN—"

~

10—12;

10—13 :
1071

o 10—11 _

- Future

2 TeV
4 TeV
6 TeV
Anomalies

Current

BR(7 — 3pu)

T —

T

10—17;

- Future

6 TeV
)
Anomalies * %

Current

-

X L
M\M 122 X

0—18 -

1071071210711 10719 107 10°% 107

BR(7 — 3u)

T —

T

6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

e Perform numerical scan in interaction basis for all observables,
also fitting charged fermion masses and quark mixing

Predictions for further observables

10729 4 1.04

10721
| 1.02

00
<
o
A
98-

o 2TeV
* 4 TeV Future
X * 2 TeV
o + 4 TeV
»x 6 TeV

0.96 -

6 TeV
Anomalies

x - Future

L | . 0.94 . .
00 05 1.0 15 20 25 3.0 0.94 0.96 0.93..

Aa,, (x107)

T —

Rie _ I'(B — Duv) o I'(B — D*ev)
D P
C. Hagedorn ‘ B F(_;B oAl 6th Sydney meeting




Summary and Outlook

* Flavour and CP symmetries are useful for understanding
fermion mixing and potentially also fermion masses

* They also have considerable effect on other observables in
extensions of the SM

 Three examples with interesting applications

« Example 1: Inverse seesaw mechanism with strong
suppression of charged lepton flavour violating processes

» Example 2: Low-scale seesaw mechanism with strongly
degenerate RH neutrino masses and generation of BAU
possibly correlated with low energy CP phases

« Example 3: Model with leptoquark for explanation of
R(D), R(D™) and the anomalous magnetic moment of the
muon, while passing all other experimental bounds and
making testable predictions

C. Hagedorn 6th Sydney meeting



Summary and Outlook

» Example 1: Explore other versions of symmetry breaking and
variants of the inverse seesaw mechanism

* Example 2: Explore phenomenology of heavy neutral leptons
and variants of the low-scale type I seesaw mechanism

» Example 3: Extend in order to include neutrino masses and
lepton mixing

* One can think about embedding the examples in larger frameworks
* And obviously flavour and CP symmetries can be applied to
many more extensions of the SM

Many thanks for your attention!

C. Hagedorn 6th Sydney meeting



Back-up slides
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|CH, J. Kriewald, ]J. Orloff,

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

Back to light neutrinos

... go beyond leading order

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

*

1 _1\7 _ 1\ [T _ 1\7T _
m;, = —5 ™MD (MNé’) [“S Mpysmpmp (MNI) T (MNI) m;) mp (MN}S) “S] Mygmp

4,4 4. 4 w 0 0
v (¥
M= apats= g V3| 0 m 0 ) U
0 0 0 0 us

Compare to

9 9 9 9 pr 00
YoV YU % t
m, = 5 hS = sUs | 0 pe O Ug

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

Back to light neutrinos

... go beyond leading order

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

~ 1 N\t .
UPMNs=(]l—77) Uo 77=§mf)(M };) Mysmp
2,2
v
= Z(}Vﬂ 1=n1 Universal effect
— 0 SE— in flavour o

Compare to and for different

~ tterns Case 1)
Upmns = 23) Rsn(0s pe
(3) By Q Case 2) Case 3 a)

Case 3 b.1)
6th Sydney meeting

C. Hagedorn



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

Effect on lepton mixing

Case 1)
1 V3 sin 26 0
.. 9
L a )
sin” 023 2( +2—|—cos20
0 ~0.18

Asin® O3 | %

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

C. Hagedorn 6th Sydney meeting



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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

Effect on lepton mixing

Case 1)

______________________________________ |
-

(1 + sin? 913) 1000 1

T — —

Sin2 912 ~

W=

n
I I
© ©
o0 ©
& S

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,

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

Effect on lepton mixing

Case 1)

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

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

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

Effect on lepton mixing
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|CH, J. Kriewald, ]J. Orloff,

Example 1: Inverse seesaw mechanism AM. Teixeira (21)

Effect on lepton mixing

———————————————————————————————————————
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Analysis also performed for Case 3 a) Case 3 b.1)
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Example 2: Low-scale seesaw mechanism

Case 1)

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

Case 1), NO, ¢s =75, k=10"%, mg=0 eV
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[M. Drewes, Y. Georis, CH,

Example 2: Low-scale seesaw mechanism I. 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 ™™ Bt Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale seesaw mechanism I. Klaric (22)]

CLFV,a = ’iTr( -M}%,?f; ?D- ?1]; P, f’D) ,
CINV,a = ’iTl”( M?z,?g YD i}gpaffﬁ),
CbEG,a = ’in( -f/g Y5, V), ?D] Y} P, ?5)

with
1 0 0 0 0 0 00 0
Pp=(ooo]|,rP=l010],P=[00o0
00 0 000 00 1

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

C. Hagedorn 6th Sydney meeting



: M. D Y. Georis, CH,
Example 2: Low-scale seesaw mechanism [M. Drewes, ° oeorts
J. 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 6th Sydney meeting



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

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

Example 2: Low-scale seesaw mechanism

- 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 6th Sydney meeting



: M.D Y. Georis, CH,
Example 2: Low-scale seesaw mechanism [M. Drewes, ° ~eors
J. 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 splitting
¢ Only possible at intermediate temperatures M/T ~ 1

* Only leads to lepton flavour asymmetry, since
Za C:DEG,(I — 0'

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

rate states. Define (}3-(23)) i = (}A’D)az’ for 1€ {2, 3}

For A = 0 we only need
(23) . ’ ey » > > S x
CDEG,a = ¢ Tr( [Y(52F3) Y(23)’ Y(];3) Y(23)] Y(:2r3) Po Y(23))

Clearly, (23) _
7 20 ODEGa =

———

C. Hagedorn 6th Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale seesaw mechanism I. Klaric (22)]

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

Flavoured washout parameter: T
(YDY aa

n (i)

C. Hagedorn 6th Sydney meeting



[M. Drewes, Y. Georis, CH,

Example 2: Low-scale 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

C. Hagedorn 6th Sydney meeting



. [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

Leading to charged fermion masses ... all consistent with data

my = |fu A+ 0\0)| (HY)
me = |fap A+ ( fio f23f32> A5+ 00| ()
2f22  f33
f223 4 8 0
me = |faz+ =2 X4 06(08)| (HY) .
t Jas 2 f33 ()] (Hu)
mg = |duA'+0(A?)| (HY) ,
My = |dyy A2 — d23(d22d23+2d32d33) +o(\)| (H2)
2 d2,
d2 4 8
= M%) (H
mp d33+2d33)\ +06(X\%)| (HY) ,
me = |ew )\4 + o()\lz)| ( HY) Potentially
JRS— -~ - ~— relevant
_ o e23(exzens + 2632633 A 6 re
S 2e35 A +@()‘) <Hd> contribution
m, = |es33+ 2623 )\2 +0 )\4) <Hc(i)> from LQ
33

C. Hagedorn =6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

Leading to quark mixing

Vexm = Li, Ly =

T TS ST > ) A
d22d33f13—d12d3j;3d}:32 6(\%) — (g—gg — 3%) M+ 0\ 1- (d?’”;z;;‘?z?’f 33)° M 4 G(\8) )
V., too small
Consequently, also J-p suppressed fio (dos  fa3\| .3
: |Vub| ~ - A° & |Vus| |V'cb|
Note also strong correlation fa2 \ds3s  fa3

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

Leading to quark mixing

Vexm = Li, Ly =

Y (3> 23—d23 f33)

/ L 3 ¥+ 00N G = ) A
(i o0 () o0t 1o TR Mot
V., too small
Consequently, also J-p suppressed fio (dos  fa3\| .3
: |Vub| ~ - A° & |Vus| |‘/cb|
Note also strong correlation fa2 \ds3s  fa3

Source of problem

fui X fi X if |
M,=| faa A0 foo Xt foz A
f31 M2 faa Xt fag

(Hp)) Scenario A

C. Hagedorn 6th Sydney meeting



) [I. Bigaran, T. Felkl, CH,
Example 3: Model with leptoquark M.A. Schmidt (22)]

Leading to quark mixing

Vexm = Li, Ly =

Y (3> 23—d23 f33)

d22d33f13—d12d1;32132 w' @()\9) . (%3 . }%) 22 4+ @()\6) 1 — (d33§3£f33)2 2\ 4+ @()\8) )
V., too small
Consequently, also J-p suppressed fio (dos  fa3\| .3
: |Vub| ~ - A° & |Vus| |‘/cb|
Note also strong correlation fa2 \ds3s  fa3

Cure — ad hoc contribution ... difficult to achieve alone here
fiiA® fia X% Lfi3 A3 |
My =] fa A9 faoXt fozX? | (HO) OScenario B

f31 A2 f3a At fs3

C. Hagedorn 6th Sydney meeting



Example 3: Model with leptoquark

Leading to quark mixing

Vexkv =

[I. Bigaran, T. Felkl, CH,
M.A. Schmidt ("22)]

(1-ggX+o()  —fEaso()  (Leiplehe - B ) x4 o) f)
Ao 1 N o(N) dia — o) N OO
e fas s ) "
| BN roon] - (42— ) M240(0) 11— Unhedll xai (00
V., OK, also J-p OK
Also the correlation is relaxed |y, |, |12
N fa2
Cure — ad hoc contribution ... difficult to achieve alone here
1A 12X Lfis A3
My, =\ fa1 A0 fao Xt fa3\? <H2
f31 A2 fao Xt fas
C. Hagedorn 6th Sydney meeting



