=
l‘\\' .
5

es |n0|S|bIesPlus x& -

matter & dark energy physucs @

UNIVERSIEYQF . -

’“f‘\f\m )
Southzmion e u5|

¢ hoo! of P .1:\5-~-Q neutranS dar

'\"\f‘ '\ ronom

Neutrlno Physms
- a review

£/ EA

ﬂ/%paa/r‘ (nstitate faﬂ Serences and [ ferr ﬁ%&//oaf/&/m’

Cor'fu Sum r Institute

"'FT’"?"L s -andsBravi
T 2 .

e ST Y NS A \
| PN T ST T BT S




/VM) (
\“_ L

m?

Normal

Absolute neutrino mass scale?




PMNS Lepton mixing matrix
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e (/ 2R e (/
: - Sl ogeiints = CoaCis

12523 ~€12C93513€

x diag(1, e!@21/2 elas1/2)




The 6 parameters measurable In neutrino
oscillations (assuming 3 active neutrinos):

X The atmospheric mass squared difference Amgl
* The solar mass squared difference Am3, = m5 — m?
X The atmospheric angle 923

X The solar angle 6’12



Atmospheric Neutrino Oscillations (1998)

Discovering Mass

The farther neulrinos traved, the more time they have 1o oscllale, B

comparing the ratio of flavors of neutrninos coming "up” through the Eanh / 1

10 those coming from overhead, physicists determingd that neutrines
ogcillate, which neulrinos can only do if thay have mass
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Atmospheric neutrino oscillations show characteristic L/E variation




Brief History of Neutrino Physics post 1998

v/ Atmospheric v, disappear, large 623 (1998) ® SK

[V Solar v, disappear, large 812 (2002) ® SK, SNO
v Solar v, are converted to v, +tv, (2002) SNO

v/ Reactor anti-ve disappear/reappear (2004) Kamland
[V Accelerator v, disappear (2006) MIIN[ON

V[ Accelerator v, converted to v, (2010) OPERA
[ Accelerator v, converted to Ve, 813 hint (201 1) T2K
V[ Reactor anti-ve disapp 813 meas.(2012) DB, Reno,DC



Daya Bay
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Far detector

-

Near detector
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Electron Neutrlno Osallatlons -
P(Ve s Ve, B L) =Lt COS4 013 Sll’l2 2019 SlIl2 Aot Ay = Zlg .

— sin® 2613(cos” f12 sin® Asy + sin® 615 sin” Ass)

Oscillation probabilities for an initial electron neutrino Oscillation probabilities for an initial electron neutrino
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' T2K (Tokai to Kamioka)
Long Baseline v experiment

H B | Nuclear and Particle Physics Experimental Hall
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P(v, — v, E, L) = 1 — sin*(2023) sin” (

Oscillavon probabilities for an initial muon neutrino

V].()
Muon _ 'ﬁﬁ

disappearance

Probability

Electron
appearance

¥ | 1000 2000 3000 4000

L/E (km /GeV) A\ = Am%l / 28

Accelerator LBL Am$,L « 4 ;
(1st atm max) AR e = Amj5,/Amz; ~ 0.03




Electron Neutrino Appearance |
P v o bl —Fi P+ 0 (62) '
2

4 1 —(ra)AL
P1 — Sin2 (923 Sin2 (913 sin2 ( ( @) > ,

(1 —TA)2 2

By =8 o (O AL i (AL g (DAL

2 )
CP phase Matter effect

Electron appearance A = Am3, /2E
depends on CP phase e = Am2,/Am2, ~ 0.03

ra = 2v2GrN.E/Am3,

2 TA(I—TA

A, 0 change sign for antineutrinos
JT — COS (912 SIn (912 COS (923 Sin (923 S1n (913




Future LBL experiments

LBNF EO (\ NEUTRING
N
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A gigantic detector to confront
elementary particle unification theories
and the mysteries of the Universe’s evolufios

(and maybe Korea)




Highly complementary experiments:

DUNE T2HK

L = 1300km L = 295km

4T

A

Flux [10™"/GeV/m?/PoT]
Flux [10°/50 MeV/cm?/10%'PoT]

Wide Band Beam Narrow Band Beam (off-axis)
LAr detector Water detector




" Precision measurements

DUNE A =S BN B AT G ——

T S T ® T C T
P.Ballett, S.F.K., S.Pascoli, N.W.Prouse and T.Wang,1612.07275

1 sigma
contours
in future

0.45 0.9 0.99

2
Sin“0y4




Parameters

Neutrino Oscillation Experiments

2
AN

2
Amz,

KamLAND (v, — 7 )*

LS (=
MINOS (7, =V

V= VM>23

’u7

solar neutrinos (v, — v,)

Boresine: =sN@< -2

Super-Kamionkande I-IV?*
Daya Bay (v, — 17,)*®
RENO (7, —» 7,)®

atmospheric neutrinos

(el et =)

Super-Kamiokande I-IV?Y




NUFIT 4.1 (2019) | Normal Ordering (best fit)

bip £1lo 30 range
sin? 012 0.310% 5015 0.275 — 0.350
012/° 33.8210-78 31.61 — 36.27
sin® 03 0.558 0034 0.427 — 0.609
023 /° 48.311 40.8 — 51.3

sin® 013 0.022411 0 000 0.02046 — 0.02440

without SK atmospheric data
(2’9 = XV) Suliopi() pojieau]

013/° 8.6170 1% 8.22 — 8.99

6cp/° 222753 141 — 370
A 2

10_?2;2 7.3910:21 6.79 — 8.01
Ams,

+2.5237 050 +2.432 — +2.618

10—3 eV?




Open questions for
neutrino mixing Phill Litchfield

Octant degeneracy

Lower (8,5 < 45°) Upper (6,3 > 45°)

Mass Ordering (Hierarchy)

CP Violation ‘ . . ‘
Complex mixing of these 4

elements causes O O

P(va—>vﬁ)¢P(17a—>173) O O

Key parameter: 0.p Normal (NO) Inverted (10)



CKM vs Tri-bimaximal Mixing

Phill Litchfield

CKM Matrix Tri-bimaximal Mixing

?
[Uckm|* = “ = [Upuns|® = | @
: ®




P.F.Ha son, D.H.Perkins and W.G.Scott, hep-ph/0202074

Tri- BlmaX|maI Mlxmg
oe"

:
0

6

4
1

5/
1
% Sin (923 — E Sin (913 —~()
Allowed at Allowed at Excluded
3 sigma 3 sigma at many sigma

SIn (912 —




P.F.Harrison, D.H.Perkins and W.G.Scott, hep-ph/0202074

Tri- Bimaximal Mlxmg
oe"

:
0

6

5/
1
% Sin (923 — E Sin (913 —~()
Allowed at Allowed at Excluded
3 sigma 3 sigma at many sigma

4
1

SIn (912 —

NUFIT 4.1 (2019)

1 1
e g e = 57, = 0.02241 4 0.00065




SFK 0903.3199, 1205.0506

Tri-Bimaximal- Reactor "

1
V2
Allowed at Allowed at
3 sigma 3 sigma




Charged lepton corrections
Charged lepton rotation
Clo 5§12 0 %

UPMNS — —8613267’512 3 0
1

apiils

\/6
5
V6

jewixewliqg-1J |

 Third row unchanged
iImplies sum rules

Sum rules first derived and studied in: SFK hep-ph/0506297; S.Antusch, SFK hep-ph/0508044;
S.Antusch, P.Huber, S.F.K and T.Schwetz, hep-ph/0702286; S.Antusch, S.F.K., M.Malinsky,0711.4727
More recent detailed phenomenological analyses:

D.Marzocca, S.T.Petcov, A.Romanino and M.C.Sevilla,1302.0423; S.T.Petcov 1405.6006;

P.Ballett, S.F.King, C.Luhn, S.Pascoli and M.A.Schmidt, 1410.7573

I.Girardi, S.T.Petcov and A.V.Titov,1410.8056,1504.00658,1504.02402,1605.04172,...
For asymmetric texture without sum rule see: M.H.Rahat, P.Ramond, B.Xu, 1805.10684




Charged lepton corrections

Charged lepton rotation

— —
I I I -
L

o o i Ok H
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S e

__'56
cc e o ()
12 12
K&
Upnmns = —35’261512

1
V3
Sl
V3
Al
V3

jewixewliqg-1J |

Va
=
\V)

Cor i

1
2
C23C13 = —= =P Sy3 < 5

V2 Not best fit

U,o| &

This derivation: P.Ballett, S.F.King, C.Luhn, S.Pascoli and M.A.Schmidt, 1410.7573




Tr| maX|maI Mlxmg

C.H.Albright and W.Rodejohann, 0812.0436; C.H.Albright, A.Dueck and W.Rodejohann, 1004.2798

/‘\@ N

TM2 ;7 * Uz

lri-bl

\-




Tri-maximal Mixing

C.H.Albright and W.Rodejohann, 0812.0436; C.H.Albright, A.Dueck and W.Rodejohann, 1004.2798

1

%C |Uea| = s12€13 = \/7 — Gy 3
1
U 2| = |c12¢23 — 512513523€% \/;

1
= ﬁ U5 =1 — c12595 — 5125136086 3
2613 cot 2923 cot 2913

S Cos 0 =
V2= 3si;




Tri-maximal Mixing

C.H.Albright and W.Rodejohann, 0812.0436; C.H.Albright, A.Dueck and W.Rodejohann, 1004.2798
9 1
[Ue2| = s12¢13 = _’ S

= /5
3

| 1

’U72| o | GO 312313023€Z5’ =

e 2613 cot 2923 cot 2913

l
‘ =

1
Uui| = | — s12¢03 — €12513503€™° | = \/;

1
$ — — |U71\ = \812823 — C12513C23€ 5‘ 6

t 20535(1 — 5s?
— COSO = B 23 813)
2\/5813 \/1 R, 3813

U,2| = |c12c23 — 812513523€"

3

Uryvin &~




Traditionally used for TB
mixing, but these days can |

explain charged lepton
corrections, IMI|,TM2,./




Tetrahedron Hexahedron Octahedron Dodecahedron lcosahedron

solid A ices | Plato | Group |  Plato’s fire
etrahedron A4 can explain

octahedron Tri-bimaximal

Mixing
heXahedl“OIl E.Ma and G.Rajasekaran,
hep-ph/0106291;

K.S.Babu, E.Ma, J.W.F.Valle,
G.Altarelli and F.Feruglio,
hep-ph/0504165,hep-ph/0512103

1cosahedron




S.F.K., C.Luhn,
1301.1340

Az and S4 Group Theory

- |
&

Sy S U

1.1 1
01
10

0 10
i

2t 22 100
3,9 sl 2 -1 2 W g
2.2 1 010

Diagonalised by TB matrix




Tr| blmaX|maI mlxmg from S4

S.F.K., C.Luhn,

Famlly Generators 1301.1340
symmetry S, T,U

T preserved S,U preserved

¢ o

N p
Charged Neutrino

kLepton Sector J L Sector ,




Tr| blmaX|maI mlxmg from S4

S.F.K., C.Luhn,

Famlly Generators 1301.1340
symmetry S, T,U

T preserved S,U preserved

¢ o

p p
Charged Neutrino

\Lepton Sector , Sector ,

TB mixing
excluded

sO heed to
break S, T,U




Tr| blmaX|maI mlxmg from S4

Family Generators

symmetry S,T,U

break T M S,U preserved
% "
p

N p
Charged Neutrino

\Lepton Sector J L Sector ,




Tr| blmaX|maI mlxmg from S4

Family Generators

symmetry S,T,U

break T M S,U preserved
% "
p

N p
Charged Neutrino

\Lepton Sector J L Sector
l ; 5o e

€12
es e e

0 0 1
Charged lepton rotation

SINE
2512
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| | | |
i R

- e

i bi maX|maI mlxmg  from S4 '

Famlly Generators 1301.1340
Symmetry S T U Y.Shimizu, M.Tanimoto,

A.Watanabe, 1105.2929;
S.F.K.,C.Luhn,1107.5332

T pre?erved >(preserved break U
N\ ™
Charged Neutrino

\Lepton Sector J L Sector ,




Tr| blmaX|maI mlxmg from S4

Family
symmetry

T preserved

¢l

Charged

S.F.K., C.Luhn,

Generators 1301.1340
.Shimizu, M.Tanimoto,
S’T’U Y.S M.T t

A.Watanabe, 1105.2929;
S>( preserved
%

S.F.K.,C.Luhn,1107.5332

\Lepton Sector Y

break U
: 2
Neutrino

Sector

J

TM2 as A4
with just
Sand T




Tri-bimaximal mlxmg from S4

Famlly Generators 1301.1340

SU break S,U
T preserved /3,/ preserved separately

symmetry S, T,U

¢l " preserve SU

N p
Charged Neutrino

\Lepton Sector J L Sector ,




Family
symmetry

T pre?erved
Charged
Lepton Sector

.

Urnvin =~ —

\F
7

—m— S —— — 8

| | | | | |
L
- . - . - . - e |} - . 1

mg from S4

S.F.K., C.Luhn,

Generators 1301.1340
S, T,U

SU break S,U

/S,/ preserved separately

¢V

preserve SU

-

U

Neutrino
Sector

\

J

TMI with
SUand T

D.Hernandez and A.Y.Smirnov
1204.0445,1212.2149,1304.7738;
C.Luhn, 1306.2358
S.F.K.,C.Luhn,1607.05276




Why nu mass small?




Dirac or Majorana?

VT, VR

Dirac

_\gu- mplUr VR

VL Majorana
-'l 1 0
\@ mri, Uy, Vz
C
VR Majorana

ﬂ@ll- MRﬂ%VR



Roadmap of neutrino mass

DLrac

Yyes

MaJ orana
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Warped extra dimensions

Overlap
wavefunction of
fermions with
Higgs gives
exponentially
suppressed Dirac
masses,
depending on the
fermion profiles

Planck
brane




Loop Models of Neutrino Mass

X
I

H,(Hy),

Zee (one loop) Babu (two loop)

1406.4137

la (lb)c

Ny

Scotogenic model Cocktail moodel Effective theory




R-Parity Violating SUSY
O Majorana masses can be generated via RPV SUSY

O Scalar partwners of Lepton doublets (slepton doublets) have same
quantum numbers as Higos doublets

e R—parl’ca Ls violated then sneutrinos ma Y get (small) VEVs
induciing a mixing between neutrinos and neutralinos

\DE\D

\ \
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Vi




Experimental determination
of neutrino mass

(no signal if

Tritium beta decay Neutrinoless double beta decay Dirac)

Excluded at 90% confidence level | Guzowski

/////////////////////////////////////////////////////////////////////////Jﬁ 9 4/9 8}

NIIIIII

Combination (CUORICINO, EXO-200, GERDA, KamLAND-Zen, NEMO-3)

/////////////////////////////////////////////////////////////////////// (LLLLLLL

o

Inverted Hierarchy

Planck
95% limit

2 e"
E :|U€Z ' Normal Hierarchy

Present Mainz < 2.2 eV
KATRIN ~(0.3beV
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Is Majorana mass renormahsable"
Renormalisable where A is light Higgs triplet with [
AL =2 operator 7\\, LLA VEV < 8GeV from p parameter

Non-renormalisable 7\-V TLHH = 7\’\/ <HO> v v
el

AL =2 operator M M eL Weinberg

This is nice because it gives naturally small Majorana neutrino
masses m;, ~ <H>2/M where M is some high energy scale

The high mass scale can be associated with some heavy
particle of mass M being exchanged (can be singlet or triplet)

il H
See-saw

mechanisms
75




Type Ia see-saw mechanism Type Ib see-saw mechanism
P. Minkowski (1977), Gell-Mann, Glashow,

Mohapatra, Ramond, Senjanovic, Slanski, :
Yanagida (1979/1980), Schechter and Valle More details - see baCkUp
(1980)...

Hernandez-Garcia and SFK 1903.01474
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Type IT see-saw mechanism (SUSY) Type III see-saw mechanism
Foot, Lew, He, Joshi; Ma...

Supersymmetric adjoint SU(5)

Lazarides, Magg, Mohapatra, Senjanovic,

Shafi, Wetterich, Schechter and Valle...
Perez et al; Cooper, SFK, Luhn,...

7
L' U

X X

/7

Hg\\\ké’// H,O

.u‘

SU(2), fermion triplet




See-saw w/extra singlets S

Inverse see-saw Linear see-saw

Wyler, Wolferstein; Mohapatra, Valle
(e Mpelis

=2Vl pe <0 ]\/[g 0 M Malinsky,

lle
Mg N g e Romao, Va
= L
0 MT " M= TeV=>LHC

= RO —1\T 49 3
W= MDMT ,LLM_lMg M, A/[D(]\/[LM ) = (]\/[L]\/[ )]\/[D
LFV predictions
Minimal example - see backup




N = S = N - . - e

RHN masses in Type Ia Seesaw
2

TMDirac
= (0.1eV
Mg :

'
.
':r:r

steriles

. TeV sterlles
Nu-MSM,

- GeV s:éterlles MR (GGV)

keV. sterlles s

eVsterlles 10~ ~ 1 1()5 1()10 1015




Classm seesaw:
(GeVQ)

m
10° -

Dirac

\f/anilla
Leptogenesis
suggests
MR~31 010 GeV

MR(GGV)

10 10* 107 1010 1013 106

10_6§




Minimal Type la seesaw

Type la seesaw with two RHNs  s-raghepph/osizs:
Either one Dirac texture zero (NO)
Or two Dirac texture zeros (IQ)  Frameten,clashow,

Yanagida,hep-ph/0208157




SFK 1304.6264; 1512.07531
SFK, Molina Sedgwick,

LittIeSt Seesaw Rowley, 1808.01005

Dirac texture zero  From Type la with S4 (backup) Describes:

‘ 3 neutrino masses (m1=0),
0 bel™/3 3 mixing angles,

YY = | a 3bei™/3 Mp = (Matm 0 ) 1 Dirac CP phase,
a  bel™/3 0 Mo 2 Majorana phases (1 zero)

1 BAU parameter Ys
= 10 observables
of which 7 are constrained

4 real input parameters

‘5 Predictions 1o range
] zr 012/° 34.254 — 34.350
mg 015/° 8.370 — 8.803
g5 MC B3)° 45.405 — 45.834
= 1 Amis2 /105 7.030 — 7.673
Amg 2 /1073eV? 2.434 — 2.561

4.9
5 59 5 §5/° —88.284 — —86.568

Matm/101°GeV

Y5/10710 0.839 — 0.881

e Fit includes effects of RG corrections

e Determines the RHN masses! Also predicts NO and m ;=0



SFK 1304.6264; 1512.07531
SFK, Molina Sedgwick,

LittleSt Seesaw Rowley, 1808.01005

Seesaw formula M, = mpMyz'm} — M) vy = (M) vy

'

000 131 Fits neutrino
Case | : MIV:wma 01 1 |4+ms|] 3 9 3 .
01 1 1 3 1 data with
0 0 0 11 3 ma/mstO
Case II : MIVImea(O 1 1)+ms(1 1 3) w:6227r/3
0 1 1 339

Special case m/ms=1 1 gives Littlest mu-tau seesaw

1 3 1
Case . M, =m;|39+1lw3+1lw | , How can this be since

13+ 1lw 14+ 11w . . .
o it looks nothing like

Case Il: M, =m, | 11+11w? 3+ 11w? | . MU-tau symmetry !
33+ 11w? 9+ 11w?



Basic ldea:

—» Iwo rows have
—» equal magnitudes

Z.z.Xing and S.Zhou, 0804.3512

-90°




Basic ldea:

—» Iwo rows have
—» equal magnitudes

Z.z.Xing and S.Zhou, 0804.3512

Oon =457 Bg 100

‘VeQ| |V63| GIve]neraIlsa?Ion ?f:
V,u2 V,LLS u-tau reriection
symmetry

k

lL:Z lLZ} P.F.Harrison and W.G.Scott, hep-ph/0210197




Mu Tau Symmetry Uy 4 V]
Mu-tau reflection symmetric Majorana mass matrix:
DD’

o MM {7 C*

it

P.F.Harrison and W.G.Scott, hep-ph/0210197




Mu Tau Symmetry Uy 4 V]
Mu-tau reflection symmetric Majorana mass matrix:
DD’

O = MM - C*

P.F.Harrison and W.G.Scott, hep-ph/0210197

Can arise from:

M, =

W.Grimus and L.Lavoura,hep-ph/0305309

H.J.He, W.Rodejohann and X.J.Xu, 1507.03541
A.S.Joshipura and K.M.Patel,1507.01235

More general examples:




L|ttlest Mu Tau Seesaw V. ¢ V7

S.F.K. and C.C.Nishi, 1807.00023

e 6@277/3

unequal




Littlest Mu-Tau Seesaw v. < v;

S.F.K. and C.C.Nishi, 1807.00023

e 67,277/3

unequal

17— A5/ 3

=t =

s e =
)equal




L|ttlest Mu-Tau Seesaw V. < v;

S.F.K. and C.C.Nishi, 1807.00023

e 67,277/3

unequal

e e ) ]
17443 | gqual

et 3

Mu-tau reflection

symmetry
11

Ci\/liﬁ




— prediction - = Dbest-fit lo 3o

S.F.K. and Y.L.Zhou, 1901.06877

€

Littlest mu-tau seesaw

mi1 —
o+ o \
V6 V6
o ge- - 4 gt
N \/6+Z2

Renormalisation
Group Corrections
013 ~ 7.807° — 8.000%,
f1o ~ 34.50° — 12.30%,
fa3 ~ 45.00° — 31.64%,

0 ~ 270.00° + 3.23%¢,

Am3, /Am3, ~ 0.0247 — 0.0147¢




Concl usions
0 Most parameters well measured in oscillation

experiments...but...CP phase, octant, ordering?
Also: Dirac or Majorana” Absolute masses?

TB mixing explained by S4...excluded by reactor
angle...but...S4 violations allow: charged lepton
corrections, or TM1,TM2, with testable sum rules

Mu-tau symmetry predicts 093 = 45°,9 = —90°
Littlest mu-tau seesaw...one parameter...wow!

Origin of Plato’s symmetry? - see backup slides







Orlgln of Plato S symmetry7

Two possibilities:
v »I. From gauge
| Tetrahedron exa e,ron Octahe;iron DL;—;dron | cosa ;ron group e'g'

solid faces | vertices | Plato SU(3) OF

tetrahedron 4 4 fire 50(3)
6 - . From extra

all . ;
dimensions

octahedron 8

1cosahedron 20 12 water

hexahedron 0 8 earth €.8. stri ng
dodecahedron | 12 20 7 theo 'y




Orlgln of Plato S symmetry7

Y.Koide,0705.2275; T.Banks and N.Seiberg,1011.5120;
POSSIbIIIt I Y.L.Wu,1203.2382; A.Merle and R.Zwicky,1110.4891;
B.L.Rachlin and T.W.Kephart,1702.08073; C. Luhn, 1101.2417;

S.F.K. and Ye-Ling Zhou, 1809.10292

Break SO(3) using large Higgs reps

irrep ik 2 it
subgroups SO(3) Zy X Zy 1
SOy
SO(3) Zj
Dy
SO(2)
SO(3)




Orlgln of Plato S symmetry7

Y.Koide,0705.2275; T.Banks and N.Seiberg,1011.5120;
Y.L.Wu,1203.2382; A.Merle and R.Zwicky,1110.4891;

POSSIbIIIty I B.L.Rachlin and T.W.Kephart,1702.08073; C. Luhn, 1101.2417;

S.F.K. and Ye-Ling Zhou, 1809.10292

Break SO(3) using large Higgs reps E.g. 7-plet

Irrep 1
subgroups SO(3)

A4 preserving direction of@letVEV

. C i a = = o
(§123) = T (111} = (€n2) = (€113} = (E133) = (S233) = (&333)




Possibility 2: Extra dimensions (string theory)

G.Altarelli and F.Feruglio, hep-ph/0512103

R.de Adelhart Toorop, F.Ferudglio and C.Hagedorn, 1112.1340
F.Feruglio, 1706.08749; J.C.Criado and F.Feruglio, 1807.01125; J.T.Penedo and S.T.Petcov 1806.11040;

P.P.Novichkov, J.T.Penedo, S.T.Petcov and A.V.Titov, 1811.04933, 1812.02158;

T.Kobayashi, K.Tanaka and T.H.Tatsuishi,1803.10391; F.de Anda,S.F.K.,E.Perdomo,1812.05620
T.Kobayashi, N.Omoto, Y.Shimizu, K.Takagi, M.Tanimoto and T.H.Tatsuishi,1808.03012;
G.J.Ding, S.F.King and X.G.Liu, 1903.12588

The structure of a torus T4 =~ The structure of a lattice on C-plane

Tz Ys
With identification

vy

W1

T.H.Tatsuishi

two extra dimensions L5

compactified on torus . .
Us s complex extra dimension

Without loss of generality, T 25 = T + 1Y5

(wq, w,) = (1,2—?) = (1,71) Z< ; (Im(7) > 0)

> :1?5
modjlus O 1




Possibility 2: Extra dimensions (string theory)

There are two independent
lattice invariant transformations.

Modular Symmetry SL(2,2Z): W1
T — (a7 4+ b)/(cT + d)

S-transformation 7 — —1/7

()-C0 D 74///
T-transformation 7 — 7+1 ad infinitum

()=G DED= (0%, W/
where S2, (ST)3=I (infinite)

)

Flavour symmetries may be identified as finite subgroups
of the infinite modular group



F.Feruglio, 1706.08749

Modular Forms

Yukawa couplings involving twisted states whose modular
weights do not add up to zero are modular forms

/

Level 3 Weight 2 Y:(7) 1 +12q + 36¢2 + 12¢° + 84¢* + 72¢° + . ..
: Y=Y | = —6¢3(1+7q+8¢% +18¢> + 14¢* + ...)
acts as A4 triplet: Yi(r) I8P £ 2 1 5 LA 4 8g )
12T -
g =¢°" ~free modulus 7=—
W

. 2, =Y; =Y, )
Weinberg — 1y py. LL@)—» = ( Vo Y, ) ‘s
operator A A 3 3 Y, Y, 2Y,

4:



G.J.Ding, S.F.K. and X.-G.L1iu,

1907.11714

A4 Modular Symmetry

Models mass matrices assl)ing:lment Fme weight . .
Al W1, O1 111 3.5 1 —
A2 W1, C2 1.1, 1 1,3,5 1 -
A3 W1, C3 17,1717 1,3,5 1 _ .
weinberg | 41 ewes I 31 1 = Comprehenswe
A5 W1, Ch 1,117 1,3,1 1 _
operator A6 W1, C6 1,11 1,3,1 1 —
p 7 wicr | T I3 = study of 40
A8 W1, C8 17171 1,3,1 1 - .
A9 W1, C9 1.1,1" 1,31 1 _
A0 W1, C10 1,171 11,1 1 — SImPIeSt CasSeEs
BLCL)[D1] | S1(S2)[S3], C1 11,1 | 03)[1,205)3], 4[] [ 2=D[1] [ o(D)[1] -
BaC)[D2 | S1(52)[S3], C2 | 1.7 03, 20)BLAMB 2D [0 WlthOUt ﬂaVOnS
B3(C3)[D3] || S1(S2)[S3], C3 || 17,17,17 || 03)[1],2)3l,4(7)[5] | 2(—=D)[1] || 0(D)[1]
Type I | B4(CAH[D4] | SL(S2)[S3], C4 L1177 || 03)[I,26)BL03) ] [ 2=D] [0
B5(C5)[D5] || S1(S2)[S3. C5 | LL,17 | 03)[],205)[3L03)1] | 2(=1)[1] [ 0@)[1]
see-saw || B6(C6)[D6] || SL(S2)[S3], C6 | 1,1,1 | 03)[1],205)[303)1] | 2(=D)[1] [ o)1
BT(CT[D7] || S1(S2)[S3], C7 || 1,1,17 || 03)[1],2(5)[3],03)[1] | 2(=D)[1] || 0(D)[1]
L
Bt i | sisass. oo L e oieen zcom son] Minimal Models:
Ordering Ordering Ordering Ordering
Models NO | 10 Models NO | 10 Models NO | 10 Models NO 1 10
Al X | x B1 vV | v C1 X | x D1 vV | v 697 BlO? D5 ~ Dlo
A2 | x| X B2 | v |V C2 X | x D2 | v | V )
e e ety 8 inputs forl2 observables
A5 | X | X B5 X | X C5 X | X D5 |V | X
A6 | X | X B6 | X | v C6 X | X D6 X
Ao [x [ "m0 [x v co [x][xX x| (6 lepton masses, 6 PMNY)
A8 | x | X B X s X | X DS | vV | V L d I CP
A9 | x | X B9 | v C9 X | X D9 | vV | V
A0 | X | x W B0 | v | v Wcio | x | X 10 |V | ¢V arge nu maSS, eta’




A5 Modular Symmetry

G.J.Ding,

S.F.K.

and X.-G.Liu,

1903.12588

Comprehensive
study of simplest
cases with and
without flavons

Results very
dependent on
free modulus

Models mass matrices assignment welght
(pEC y PL s PN¢ ) kE1,2,3 kL ke
Al W1 (1,3,—) — 1 —
A2 W2 (1,3, ) — 1 =
A3 S1 (1,3,3) — 2 0
With A4 S2 (1,3,3) — —1 1
flavons | A5 S3 (1,3,3) — 2 0
A6 S4 (1,3,3) — 2 0
A7 SH (1,3,3) — 2 0
A8 S6 (1,3,3) — =1 1
B1 cl1, Wi 1,3,—) 1,3,5] 1 —
B2 c2 , W2 1,3 ,-) 1,3,5| 1 —
B3 c1, 51 (1,3,3) 0,2,4| 2 0
Without | B4 Cl, S2 (1,3,3) 3,5,7 ] —1 1
flavons | B5 c2 , 53 (1,3,3) 0,2,4| 2 0
B6 cl, 54 (1,3,3) 0,2,4| 2 0
B7 c2 , 55 (1,3,3) 0,2,4] 2 0
B8 C2 , 56 (1,3,3) 3,5,7 | —1 1
Models free input parametep# p; overall factors
Al, A2 {Rer, Im7} v2 /A
With A4, A5, A6, A8 {Rer, Im7} g vt /A
flavons A3, A7 {ReT, Im7, |g1/9o|, Arg(g1/92)} gavu/ A
817 B2 {RGT, ImT? 5/047 ’)/1/&7 ’72/Ck|, Arg(’h/Q)} Vg, Ui/A
Without || B4, B5, B6, B8 || {Ret, Im7, 5/, 71/, |y2/a|, Arg(va/a)} avg, g*v: /A
{Re T, Im T, 6/047 /}/1/(% 72/a‘7 2,,2
flavons | B3 BT Arg(3o/0). |91 /g2, Ara(g:/g2)} v B/

T

W,

W



F. De Anda, S.F.K., E.Perdomo, 1812.05620

Modular Symmetry and orbifolds

Consider a finite modular symmetry
Ty~ {S,T|8* = (ST)* =T" =T1}/{£1}

Represented by the modular transformations (level M>2)

0 1 e 2m/M ()
S — ( _1 O > 9 T(M) — ( 1 622'71'/]\4 >

We show that for the orbifold T7/Z,
the fixed points are only invariant for a particular

level M=3 and fixed modulus w = ¢?27/3

s =AswithT=worT=w+ 1.



G.J.Ding, S.F.K. and C.C.Li, 1807.07538, 1811.12340

Littlest Seesaw from S4

G

- Tri-direct CP with S4

(Gla Gatma Gsol)

Nl (ngzgazéSU)




P.T.Chen, G.J.Ding, S.F.K. and C.C.Li, 1906.11414

Littlest Seesaw from S4

Tri-direct CP with S4 gives the structure ™I

s ol 1 s o NO

My =Me |10 1 1] +me|2-z (z—2)7 (2-2z)z
0 —1 1 G A m ;=0

Original Littlest Seesaw
(337 77) o= (37 27T/3)7 (_17 _27T/3)

New Littlest Seesaw

(z,1) = (=1/2, —7/2)
0.593 < sin® 63 < 0.609 | JO
—0.358 < §op/m < —0.348




F.K. and

P:T.bheﬁ, é.j.Ding,
C.C.Li, 1906.11414




I e e e e B
P.T.Chen, G.J.Ding, S.F.K.
and C.C.Li, 1906.11414

New Littlest Seesaw
(z,m) = (=1/2,—m/2)

Leptogenesis

M; = 1.176x10"1 GeV
95%CL

-0.356 -0.354 -0.352
Ocp/T




A.E.Carcamo Hernadndez and S.F.King,1903.02565

Littlest Inverse Seesaw

Os3xs mp 0O3x2 -
Another v e cLFV, collider...

Poss|b|l|ty 0 MT 10 Talk by Antusch




Hernandez-Garcia and SFK 1903.01474

Minimal Type Ib seesaw

L

Field||SU(3). SU(2), U(1)y |U(1)
Qi 3 1/6 | 0
ué 3 —2/3| 0
ds 3 1/3 | 0
L; 1 —~1/2| 0
es 1 1 0
V© 1 0 1
Ve 1 0 —1
1) 1 0 1
H, 1 1/2 | -1
H, 1 —~1/2| —1

y;HuLWc+ N
RN Hd
af 000 couplings
I small
A4V::M3 0 0 0
vl yiv ysv ysv
175\6195%/ €1y5%/ €1y3

Light effective neutrino matrix

/
A El/U/U vV_U 14 1%
Mij = (yzy],+yz/yj)
Unitarity violation due to large y
1 2 Uk U 2 12 vix_ UVl UQ Uk U
Tij = 2MU2 ( Yi y] —|—€1’U Yi y]) 2M,/2yz y]



Hernandez-Garcia and SFK 1903.01474

Minimal Type Ib seesaw

200

g INHH Allowed by
150" unitarity

E.e.mutoe




