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Outline

* different ideas to explain lepton mixing parameters and
neutrino masses

® possible connection to quark sector

® imprints beyond lepton mixing and neutrino masses



Experimental data

Summary of current knowledge about lepton mixing (NUFIT (°18))

0.82 0.55 0.15
| Upmns!l = | 029 0559 075 [NO]
0.49 0.59 0.64

and hint for CP violation: § = 217°, =7, =7



Experimental data

Summary of current knowledge about neutrino masses
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Different ideas: lepton mixing

Examples:

© flavor symmetry G and its breaking as explanation

* flavor symmetry G and CP and its breaking as explanation



Different ideas: lepton mixing

Flavor symmetry G+ and its breaking as explanation
(Lam (°07,08), Blum/H/Lindner (°07))

Gy
v N\
charged leptons neutrinos
Ge G,
Ue U,
N\ v

Upmns = UlU,

Note: Masses do not play a role in this approach.



Different ideas: lepton mixing

You expect to fix
® the 3 lepton mixing angles
® the Dirac phase ¢

up to permutations of rows and columns of the
PMNS mixing matrix, since masses are not fixed.

Example for Gy for 013 # 0, 023 # 7
(de Adelhart Toorop/Feruglio/H (°11))

Gy = A(384)
@ Ge — ZB
@ G,/ = Z2 X ZQ



Different ideas: lepton mixing

(de Adelhart Toorop/Feruglio/H (*11))

0.81 0.58 0.11
|Uppmns!l = | 0.31 0.58 0.75
0.50 0.58 0.65

and sind = 0
This result is generic.
Non-trivial values of §
from combination of flavor and CP symmetries.

With less stringent assumptions on flavor (and residual) symme-
tries non-trivial CP violation can also be achieved.
(see €.J. Hernandez/Smirnov ( ’12))



Different ideas: lepton mixing

Flavor symmetry GG and CP and its breaking as explanation
(Feruglio/H/Ziegler (’12))

Gy and CP
v N\
charged leptons neutrinos
G, G, =79 x CP
U, U, = QR(0)K,
N\ v

Upmns = UIQLR(0) K,

Note: Masses do not play a role in this approach.



Different ideas: lepton mixing

You expect to express
® the 3 lepton mixing angles
* all CP phases §, « and 3

In terms of one single real parameter # and up to permutations of
rows and columns of the PMNS mixing matrix, since one has one
Z5 only and masses are not fixed.

Example: study of series of G with CP
(H/Meroni/Molinaro (°14))

°* Gy =A(3n?),A(6n?) and CP
* G.=Z3
@ G,/ = ZQ x CP

4 different types of mixing patterns with different characteristics



Different ideas: lepton mixing

(H/Meroni/Molinaro (°14))

® fix 8 and choice of Z, to accommodate lepton mixing angles

® large ¢ follows
|sind| 2 0.71

® Majorana phases «, 8 depend on CP symmetry X (s) only

| sina| = |sin | = | sin6 ¢4 with gbszﬂ—s and s=0,...,n—1
n

for n=8:
S sin? 613  sin?60;o  sin? 03 sin 0 sina = sin
s=1| 0.0220 0.318  0.579 | 0.936 —1//2
0.0220  0.318  0.421 | —0.936 —1/v2
s=2| 0.0216 0319  0.645 | —0.739 1
s=4] 0.0220 0.318 0.5 1 0




Different ideas: neutrino masses
and lepton mixing

Examples:
¢ exact symmeitry
¢ flavor symmetry G (and CP) and its breaking

® modular invariance




Different ideas: neutrino masses
and lepton mixing

Unbroken flavor symmetry describes main features of leptons,

(Reyimuaji/Romanino (°18))
meaning in the symmetry limit ...

... at least the tau lepton mass is non-zero
... heutrino masses are anarchical, inversely/normally ordered

... the PMNS mixing matrix has maximal one vanishing entry

Assume in the following neutrinos are Majorana particles
(e.g. acquire masses from Weinberg operator).



Different ideas: neutrino masses
and lepton mixing

(Reyimuaji/Romanino (’18))
Consider transformation of lepton fields under flavor symmetry

® dimension of representation

® type of representation

® equivalence of representations



Different ideas: neutrino masses
and lepton mixing

(Reyimuaji/Romanino (’18))
Consider transformation of lepton fields under flavor symmetry

dimension of representation
type of representation
equivalence of representations

e.g. LH fields are in 1+1+1 and RH charged leptonsin (r 2 1,1)+1

0O 0 O 0 % %
mp = 0 0 =% and m, = * 0 0
0 0 «x * 0 0

leading to non-zero tau lepton mass and inverted ordering for neutrino
masses, mi; = mso, ms = 0.



Different ideas: neutrino masses
and lepton mixing

(Reyimuaji/Romanino (’18))
Consider transformation of lepton fields under flavor symmetry

dimension of representation
type of representation

equivalence of representations

e.g. LH fields are in 1+1+1 and RH charged leptonsin (r 2 1,1)+1
leads to
* x 7
UpmNs = | * x *

*x kK

Indeed, neutrino masses either follow inverted ordering or are anar-
chical in the symmetry limit.



Different ideas: neutrino masses
and lepton mixing

Use flavor symmetry GGy (and CP) and its breaking to also con-
strain neutrino mass spectrum,

either one massless neutrino (Joshipura/Patel ('13,14))

or a pair of degenerate neutrinos (Joshipura/Patel ('14,'15,'18))

Assume in the following neutrinos are Majorana particles.



Different ideas: neutrino masses
and lepton mixing

(Joshipura/Patel (°'13,'14))

| One massless neutrino
® requires that residual symmetry for neutrinos is larger than 72,

° leads thus to Gy being a subgroup of U (3) rather than SU(3)

® is, however, difficult to reconcile with acceptable lepton mixing

l.e. only for
* Gy =[[432,239]]
* G.= 24
° G,=274

a mixing pattern close to experimental data follows.



Different ideas: neutrino masses
and lepton mixing

(Joshipura/Patel (°'13,'14))
The mixing pattern is

0.77 0.61 0.18
| UppmNs || & 0.5 040 0.77
0.40 0.68 0.61

and ¢ is trivial.
Neutrinos are normally ordered with m; = 0.

Degenerate neutrinos always require some correction.



— Different ideas: neutrino masses
and lepton mixing

se modular invariance to explain neutrino masses and lepton mixing
(Feruglio (°17), Criado/Feruglio (’18))

® consider globally supersymmetric theory

® impose modular invariance on this theory, meaning

® the modulus 7 transforms as

aT+Db

with ad —bc =1
ct+d

T — YT =
* chiral superfields ¢! transform as

V) — (cT+d)" pl(y) oD

with k; being the weight, p!) the representation of
'y = [/T(N)



Different ideas: neutrino masses
and lepton mixing

(Feruglio (°17), Criado/Feruglio (°'18))
® the superpotential has weight zero and is invariant under I' i

® Yukawa couplings must be modular forms

(in a representation p¢, with certain (even) weight k¢
and of level N)

filyt) = (cT+d)™ pr(7)i f3(7)



Different ideas: neutrino masses
and lepton mixing

(Feruglio (°17), Criado/Feruglio (°'18))
the superpotential has weight zero and is invariant under I' i

Yukawa couplings must be modular forms
(in a representation p¢, with certain (even) weight k¢
and of level N)

filyr) = (eT+d)* pr(7)ij (1)
Choose
N,e.g. N =3, meaning I's ~ Ay
weights k; of different chiral superfields
representations p(!) of different chiral superfields

additional fields (flavons), if needed



Different ideas: neutrino masses
and lepton mixing

(Feruglio (°17), Criado/Feruglio (°'18))
Example:

® charged leptons: L ~ (3, —1), ¢ ~ ([1,1",1'], —2), hqg ~ (1,0)

® flavon ¢ ~ (3, 3) needed for charged lepton masses

® postulate: () x (1,0, ¢€)

® results: charged lepton masses adjusted by 3 couplings,
small contribution to Uppns



Different ideas: neutrino masses
and lepton mixing

(Feruglio (°17), Criado/Feruglio (°'18))
Example:

neutrinos get mass from Weinberg operator
neutrinos: L ~ (3,—1), hy, ~ (1,0)

couplings of Weinberg operator are modular forms with
weight 2 and of level 3,

l.e. 3 holomorphic functions Y; of 7 that fulfil constraint
Yo (7)2 +2Y1(7)Y3(7) =0

postulate: (7) ~ 0.0117 4+ ¢0.9948

results: neutrino masses are inversely ordered,
all mixing angles are in agreement with data,
0 as well and Majorana phases are also fixed



Connections to quark sector

Examples:
® same flavor symmetry G ; and CP for leptons and quarks

® impose modular invariance on lepton and quark sector

—



Connections to quark sector

Same flavor symmetry GGy and CP for leptons and quarks
(H/Kénig (’18))

[A(384) and CP]

[Gl = Zgj [Gy,l = Gy1 = Za X Zy X CP] [Gil — Zl6j




Connections to quark sector

Same flavor symmetry GGy and CP for leptons and quarks
(H/Kénig (’18))

[A(384) and CP]

TB mixing Oc =sinm/16

(Gi=25)  (Gui=Gur=2x 2 x CP) [Gf;l — Zlﬁ}




Connections to quark sector

Same flavor symmetry GGy and CP for leptons and quarks
(H/Kénig (’18))

[A(384) and CP]

TB mixing Oc =sinm/16

[Gl = Z3j [Gy’l = Gu71 = ZQ X Z2 X CP] [Gil = ZlGJ

RN

(Gua =22 x CP) (G2 = Z2 x CP)




Connections to quark sector

Same flavor symmetry GGy and CP for leptons and quarks

(H/Kénig (’18))
[A(384) and CP]
TB mixing Oc =sinm/16
[GZZZSJ ,/ = ul—ZQXZQXCP G;tl_ZlGJ

1 —
0y + (/ \ | = 0.22452

VQ—ZQXCP uQ—ZQXOP




Connections to quark sector

Same flavor symmetry GGy and CP for leptons and quarks
(H/Kénig (’18))

[A(384) and CP]

TB mixing Oc =sinm/16

[Gl = Z3j [Gy’l = Gu71 = Z2 X Z2 X CP] [Gil = ZlGJ

013 # (/ \Vusl = (.22452

(Gua =22 x CP) (G2 = Z2 x CP)

@ [no residual]




Connections to quark sector

Same flavor symmetry GGy and CP for leptons and quarks
(H/Kénig (’18))

[A(384) and CP]

TB mixing Oc =sinm/16

[Gl = Z3j [Gy’l = Gu71 = Z2 X Z2 X CP] [Gil = ZlGJ

013 # (/ \Vusl = (.22452

(Gua =22 x CP) (G2 = Z2 x CP)

0, # 0 09, # 0

@ [no residual]




Connections to quark sector

Same flavor symmetry GGy and CP for leptons and quarks

(H/Kénig (’18))
Interesting result:

CP violation among quarks is correlated with lepton sector

sin 09| & |sin (2 + 3225 T 4 ¢)443) |

where

® input from lepton sector
1) & = 0is needed for getting TB mixing after 1st step
i) s =T7Is selected by data on 653

* 7 refers to 2 choices G, = Zi;

* 413 arises as free parameter from breaking of G,



Connections to quark sector

Same flavor symmetry GGy and CP for leptons and quarks

(H/Kénig (’18))
Interesting result:

CP violation among quarks is correlated with lepton sector

sin 09| & |sin (2 + 3225 T 4 ¢)443) |

¢ fork=0,s="T7andy413 =0 we obtain
Jdp =329 x 107° for G,
Jip = 2.79 x 1072 for G,

which should be compared to (rpG ('18))
Jip = (3.18 £0.15) x 107°

* for small ¢4 13 best fit value of Jgp can be achieved



Connections to quark sector

Impose modular invariance on lepton and quark sector

(Okada/Tanimoto (°19))
® impose I's ~ A, modular invariance

* carefully choose modular weights for different chiral superfields,
in particular modular forms for up quarks have weight 6,
those for down quarks and charged leptons have weight 2

® neutrino masses arise from Weinberg operator
and modular forms with weight 4 are needed



Connections to quark sector

Impose modular invariance on lepton and quark sector

(Okada/Tanimoto (°19))

acceptable results for quark sector with 10 real parameters,
including 2 from the complex modulus 7

charged lepton masses are adjusted with 3 free couplings
neutrinos involve 2 free complex couplings

results: neutrino masses have normal ordering,
atmospheric mixing angle slightly smaller than 45°,
2 ranges for CP phase J — one close to best fit value,
013 and 05 also accommodated,
Majorana phases constrained



Beyond lepton mixing and neutrino
masses

Examples
® (unflavored) leptogenesis

® signals of charged lepton flavor violation



Beyond lepton mixing and neutrino
masses

Unflavored leptogenesis

(H/Molinaro (°16))

® consider scenario with flavor and CP symmetry
and 3 RH neutrinos N, forming 3

® baryon asymmetry of the Universe
Yp = (8.65 £+ 0.09) x 10~ (Pranck ('15))

IS generated through unflavored leptogenesis



Beyond lepton mixing and neutrino
masses

Unflavored leptogenesis
(H/Molinaro (°16))

® consider scenario with flavor and CP symmetry
and 3 RH neutrinos N, forming 3

® Yp is generated through unflavored leptogenesis

® we assume
* Dirac Yukawa coupling Y invariant under flavor and CP

®* RH neutrino mass matrix Mp invariant under residual
symmetry G,



Beyond lepton mixing and neutrino
masses

Unflavored leptogenesis

(H/Molinaro (°16))

® consider scenario with flavor and CP symmetry
and 3 RH neutrinos N, forming 3

® Yp is generated through unflavored leptogenesis

® we assume
* Dirac Yukawa coupling Y invariant under flavor and CP
®* RH neutrino mass matrix Mp invariant under residual
symmetry G,
® crucial ingredient: corrections 6Yp to Yp



Beyond lepton mixing and neutrino
masses

Unflavored leptogenesis
(H/Molinaro (°16))

consider scenario with flavor and CP symmetry
and 3 RH neutrinos N, forming 3

Y is generated through unflavored leptogenesis

we assume
Dirac Yukawa coupling Yp invariant under flavor and CP
RH neutrino mass matrix M invariant under residual
symmetry G,
crucial ingredient: corrections 6Yp to Yp
Why?
otherwise no CP asymmetry is achieved
always arise in explicit models



Beyond lepton mixing and neutrino
masses

Unflavored leptogenesis
(H/Molinaro (°16))

Y3-10'°

s=1
~1.55
1073

1072 107"
my=m1 (eV)

For further works on flavor and CP symmetries and leptogenesis
See €.(J. Mohapatra/Nishi ('15), Chen/Ding/King (’16).



Beyond lepton mixing and neutrino
masses

Signals of charged lepton flavor violation
(Lopez-lbanez et al. (°19))

® impose flavor symmetry Gy = A5 and CP on MSSM theory

¢ chosen symmetries can describe lepton mixing well
(Di lura/H/Meloni (°15))

® assume soft SUSY breaking terms are constrained by these
symmetries as well

¢ consider different (minimal) scenarios for neutrino masses



Beyond lepton mixing and neutrino
masses

Signals of charged lepton flavor violation
(Lopez-lbanez et al. (°19))
Results:
® charged lepton flavor violating signals can probe soft masses
larger than direct searches

¢ correlations between charged lepton flavor violating signals
and neutrino masses arise



Beyond lepton mixing and neutrino

masses

Signals of charged lepton flavor violation
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Beyond lepton mixing and neutrino
masses

Signals of charged lepton flavor violation
(Lopez-lbanez et al. (°19))
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Conclusions

* Different ideas to explain lepton mixing and/or neutrino
masses have been proposed

* Some of them have also been applied to quarks

® Many of them have further phenomenological imprints

Thank you for your attention.
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