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The Standard Model

Left-handed Right-handed

(Including three right-handed neutrinos)



The Flavour Problem







SM Yukawa couplings

Many undetermined
free parameters




SM Yukawa couplings
yinELinj




Neutrino mass
and mixing

O Neutrinos have tiny masses (much less than electron)

O Neutrinos mix a lot (unlike the quarks)
00 Up to 9 new params: 3 masses, 3 angles, 3 phases
O Origin of mass and mixing is unknown
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A
Normal Inverted |
4 2 2 2 solar7.5 x 10~° evg—mz
Am3zy = M3 — Mj _ 2
atmospheric , , ; I
2.5 x 1077 eV? Amzy = m3 —mj
atmospheric
My’ e —— 12.5 x 1077 eV*
solar 7.5 x 107° eV~
my > ; e — |71
1 3
Ay = m — m3
? ?
0 ¥ ¥ 0




S. Sakata Z. Maki M. Nakagawa
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Neutrino mass basis

Charged lepton mass basis
Vo (V) (Ve

€ )\ ) \T ),

m? m2

A -V,
v —

Normal ™= V. Inverted

U U U L — lar~7 105_v”"m22
solar~7x10™2eV?
Ve e ]. & 2 € 3 V]. atmospheric — -,

~2x103eV?2

atmospheric

1% ! — U,U/ 1 U/’l’ ) UMB I ) mzi: quz | ~2x1073eV?2 |

o K I I 714

Absolute neutrino mass scale?




PMNS mixing matrix

1 0 0 C13 0 8136_7;5 C19 S19 0 1 9 0
UPMNS: 0 C23 S93 0 1 0 —S12 C19 0 0 67’% 0
0 —S23 23 —s513€ 0 C13 0 0 1 0 0 el 5
Atmospheric Reactor

CP violating phase
C12C13 $12C13 S13€

05 05
—S512€23 — C12513523€ C12C23 — 8128138236 C13523
5
$19593 — €19513C23€%° —C12593 — S12513C23€"° €13C93

CP violating x diag(1 .c.

Majorana phases



5 = [0°, 44°]
0°7

CPC?

&

180°7

Global Fits

30 ranges

= [39.6°,51.9°] Octant?
= =7 45°? Max Mix?

f12 = [31.31°,35.74°]
SiIl2 6)12 - %7 352607 TBM?

108°, 360°]
270°7
Max CPV?

NUFIT 5.2 (2022)

Normal Ordering (best fit)

Inverted Ordering (Ax? = 2.3)

10-3 eV?

bfp 1o 30 range bfp 1o 30 range
sin? 015 0.3031 0013 0.270 — 0.341 0.3031 0013 0.270 — 0.341
av) . .
S| Oi2/° 33.417575 31.31 — 35.74 33.417575 31.31 — 35.74
)
E sin? 03 0.5727 0 055 0.406 — 0.620 0.578 0 05 0.412 — 0.623
% | 023/° 49.1719 39.6 — 51.9 49.570% 39.9 — 52.1
=
3 | sin? 63 0.0220277°9902% 11 0.02029 — 0.02391 || 0.0221979-09059  0.02047 — 0.02396
= | 6150 8.5410 15 8.19 — 8.89 8.571012 8.23 — 8.90
=
2 | dopt 197132 108 — 404 286127 192 — 360
= Am3
T Ziﬂ 7.411921 6.82 — 8.03 7.411921 6.82 — 8.03
Amge +0.028 +0.032
vz | P2OMIonyy 42428 5 42597 | 24981005 2581 — —2.408
Normal Ordering (best fit) Inverted Ordering (Ax? = 6.4)
bip 1o 30 range bip 1o 30 range
sin? 012 0.30310°015 0.270 — 0.341 0.30310017 0.270 — 0.341
g | 012/ 33.417975 31.31 — 35.74 33.417975 31.31 — 35.74
o)
2 | sin® 2 0.45175 016 0.408 — 0.603 0.5697 0 05 0.412 — 0.613
>
S | 023/° 422711 39.7 — 51.0 49.0719 39.9 — 51.5
AN
o
% sin? 613 0.0222510-00056  0.02052 — 0.02398 | 0.0222375:99058  (.02048 — 0.02416
x 013/° 8.5810 11 8.23 — 8.91 8.5710 1] 8.23 — 8.94
= | dep/° 2327130 144 — 350 276122 194 — 344
=
Am%l +0.21 +0.21
TR 7.4170:21 6.82 — 8.03 7.4170:21 6.82 — 8.03
Am%z 4+0.026 4+0.025
+2.50710926 19497 — +2.590 | —2.48612025 2,570 — —2.406
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0.803 — 0.845
U[/0SKAm 1 933 5 0.505
NUFit 5.2 0.262 — 0.525

Symmetry
cah enforce




® H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada, and M. Tanimoto, 1003.3552
® S.F.K.,A. Merle, S. Morisi, Y. Shimizu, and M. Tanimoto, 1402.4271

Non-Abelian Family Symmetry




As and S4 Group Theory

Ma-Rajarsakaran A4 basis Altarelli-Feruglio A4 basis
Ay SP=T3=(ST) =1

1 0 O 010
S=10-1 0 , I'=1001
0 0 -1 1 00

3x3=14+1"+1"4+34+3

a = (a1,asz,a3) and b = (b1, ba, b3)

1 a1b1 + a2b2 + asbs ;

CL1b1 T CUCLQbQ + w2a3b3 ;

a1b1 T CUQCLQbQ - wagbg ;
(&253,06351,@152); w3 =1
(a3bs, a1bs, azby),

1 preserves [ in Ma basis VEV (1) preserves S i.n Ma bas.is
VEV | preserves S,U in AF basis X preserves I in AF basis



Some Simple Symmetrical Examples

C12
S12
312
Tri- blmaX|maI BlmaX|maI Golden atlo
sin 912 — Sin 912 = —=
e F.Harrison, D. H. Perkin dWG\S/_hpph/0202074 J. Weiler dKW\/§hpph/98068a) tan 912 o 1‘|‘\/5
e Z.z.Xing, hep-ph/0204049. P e S.Davidson and S. F. K. hep-ph/9808296. b) COS 912 __ ¢/2

e Y. Kajiyama, M. R

Lo sl »\
All these patterns involve so they need to be corrected




Why is 0, predicted to be zero!

0 Group G
generators

VARG
oDiagonal O Klein

charged neutrino
lepton symmetry

Altarelli-
Feruglio basis



Why is 0, predicted to be zero!

S.F.K. and C.Luhn, 0908.1897, 1301.1340

a Diagonal charged lepton B Group G a Klein neutrino symmetry

1 = dlag(l w2, W) S = Upnins diag(—1,+1, —1) Upyng

() — 67/277/]\7 T / \S U U = UpnNs dlag —1,—1 -|-1) UE’MNS

oDiagonal 0 Klein
charged neutrino
lepton symmetry

Altarelli-
Feruglio basis

S4 generators S,U
enforce TB mixing



How to switch on 05!

O Group G
generators

VARG
oDiagonal O Klein

charged neutrino
lepton symmetry



How to switch on 05!

O Group G
generators

) ¢ / \S U
Charged Lepton

Corrections oDiagonal  OKilein
1270 Assume charged neutrino
fS, =0 055 = lepton symmetry
UPMNS — Ue Uy Leading Order * S.F. K., hep-ph/0506297; I. Masina, hep-ph/0508031
SOlar SUm rUIe e S. Antusch and S. F. K., hep-ph/0508044

S12
— ~ AV ® S. Antusch, P. Huber, S. F. K. and T. Schwetz, hep-ph/0702286
513 V2 6’12 -+ (913 COS(5 — 7T) ~ 912




How to switch on 05!

O Group G
generators

D ¢ / \SU
Charged Lepton

Corrections oDiagonal  OKilein
270 rccume charged neutrino
s # 0 05 = lepton symmetry

® D.Marzocca, S. T. Petcov, A. Romanino, M. C. Sevilla, 1302.0423];

UPMNS — UG UV More preCise SOIar Sum RUIe e [. Girardi, S.T. Petcov, A. V. Titov, 1410.8056

895 tan 6,3 sin 07, + sin 67 cos B2 / tan 6,3 — (sin 6),)° (tan 6,3 + sin 67, / tan 923)
513 = /2 COS 0 = . .
2 S11 2912 S111 913




P. Ballett, S. F. K, C. Luhn, S. Pascoli

H OW tO SWitC h O n 91 3 ? and M A. Schmidt, 1410.7573

Simple derivation
O Group G

generators

corrections (not 7 )
1. Break T T’S’U et rret pu L ,
X/ \S U U = UjpUgg Rog 115 17
,
Charged Lepton U =

0 Charged lepton

% v e v e 105
_ , . S12(S93C53 — C93853€"723),
Corrections aoDiagonal  aKlein L ids.
e : Ura = —¢5(853C53 — €53553¢"%)
lepton symmetry Unl _ |szss12 = susemscrac™| _
# 0 913 _ P Uro S23C12 + S13C23512€% /12

® D.Marzocca, S. T. Petcov, A. Romanino, M. C. Sevilla, 1302.0423];

UPMNS — Ue Ul/ More preCise SOIar Sum RUIe e [. Girardi, S.T. Petcov, A. V. Titov, 1410.8056

895 tan 6,3 sin 07, + sin 67 cos B2 / tan 6,3 — (sin 6),)° (tan 6,3 + sin 67, / tan 923)
513 = /2 COS 0 = . .
2 S11 2912 S111 913




e F.Costa and S.F.K., 2307.13895

Solar Sum Rule Predictions

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Sin2623 1 BM |
- M 0.405 SlIl (912 — |
O.5j M 0.5 \/§
Il 0.620
o) e [
3 g 007
O o
-05+
1o
10 e
0.27 0.28 0.29 0.30 0.31 0.32 0.33 0.34
Sin“(6:2)
1.0 """"""""""""""" ¢ |||||||||||
* S|n2623 |4 . GRb |
- [l 0.405 COS 912 — 9
0.55 B o5
Il 0.620
o) g o)
v 00" n
S 3
-05+
1o _ |
10— 1 ————

027 028 029 0. 031 032 033 034 027 028 029 030 031 032 033 034

Corrected s+ Solar angle Sin?(6..)



RG corrections to GRa solar sum rule

cos O

cos O

1.0

0.5

-1.0

1

-1.0 e
04 0.001 0.010 0.100

1

0.0

-0.5

1.0
0.5
0.0

-0.5

SM, NO
04+ 0001 0010  0.100
my [eV]
MSSM, tan =30, NO

my [eV]

SM, 10
1.0 .
0.5
0.0
-0.5
1.0
1074 0.001 0.010 0.100
ms [eV]
~ MSSM, tan =30,10

0% 0001 0010  0.100

ms [eV]

J.Gehrlein, S.T.Petcov,
M.Spinrath and

A.V.Titov, 1608.08409

1013 GeV — M
12 7 0
23 7 0



How to switch on 05!

O Group G
generators
T,5,U
oDiagonal O Klein
charged neutrino
lepton symmetry

e C. H. Albright and W. Rodejohann, 0812.0436
e C.Luhn, 1306.2358
e S.F. King and C. Luhn, 1107.5332

e P. Ballett, S. F. King, C. Luhn, S. Pascoli and
M. A. Schmidt, 1308.4314

2. Break U

First or second PMNS
column preserved
(2 - -\ (- % -

_\% . _ % _
e A

15 free parameter



How to switch on @5 ‘o

SU preserved

512 — )
3(1_‘9%3) 2\/55‘13\/1—35%3 S13) \/2—35%3

e S.F. King and C. Luhn, 1107.5332
e P. Ballett, S. F. King, C. Luhn, S. Pascoli and

O Group G M. A. Schmidt, 1308.4314
generators

A
T / \S’ First or second PMNS

aDiagonal 0 Klein column preserved
charged neutrino /_E ) :\ / % \
lepton symmetry N AR L G/

Atmospheric Sum Rules s13 free parameter

(1 —35%3)

( o 3 \
cot2653(1 — 5575) 1 o §  2€13€012623C0t 265

COSO =




F.Costa and S.F.K., 2307.13895

Atmospheric Sum Rule Predictions

_S.) —— —TM2 , , : 10 :

«) I GRb1 Q) NuGRaz ———

g 032 TM1 ‘ 8 05 TM2 :

i-c?: 0.30:— 1UJ::IO 30 in Sin“6; i e lcz 0.0 1

E% - Oy GRa2 Q"O ‘ ©

O 0.28 - Q. _05 o \\\

m 0.26_— | | GRa1 | U 0 |
0.0205 0.0215 0.0225 0.0235 0.45 0.50 0.55 0.60

Reactor anglesie:) Atmospheric angle sz,

Only
viable T'V”(

patterns

) vz ( v ) oz (

disfavoured




Gehrlein,

S.Petcov, M.Spinrath and A.Titov 2203.06219

Survey of symmetry predictions

50 . |
‘ y8
10; 4:: -
50 g
(\l>< i :I
<] 1 !
0.50 .
0.10. -
005 &
0.020  0.021  0.022  0.023  0.024
sin2913
s e
: - L v 3
v
10" "o i
5 o e
Q\ I A -72
3 I -
0.50 A gt
010 u igo
005 .t e
035 040 045 050 055 060 0.65

sin2023

50 £
e ® v :§ m v
10 e °c v T o3
Si i :Q ¢ A i
I ey A i
o O
, ¥ =
1 if:*
0.50 fd% .
om
0.10+ | &
O°05} I | I I | I I | I|¢(D I | I I | I
0.26 0.28 0.30 0.32 0.34
sin26’12
50 ¢ ? |
I L ® = ]
v L
0ay & o & o8 7 ;
5 g ) 0 T2 1
:' J - A : m A
1 E’
0.50 g, A
: 0 g
= O
0.10- - :
005 o o I A\ L ]
—1.0 -0.5 0.0 0.5 1.0
COS 0

e discrete symmetries w/ CP

m discrete symmetries w/o CP (NO)
discrete symmetries w/o CP (IO)

A modular symmetries (NO)

v modular symmetries (10)

e discrete symmetries w/ CP

m discrete symmetries w/o CP (NO)
discrete symmetries w/o CP (IO)

A modular symmetries (NO)

v modular symmetries (1O)



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

Future Prospects

DUNE —— T2HK —— DUNE+T1T2HK ——
< | —1 | -
T 1 1 Will put
T ) (@ (] - flavour
o0 T - symmetry
010 —— ® _ models to
50 the test!
=
w0 -
-150 _
| = | it — | il
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Consider type la seesaw models with a natural
neutrino mass hierarchy n;, > m, > m; ~ (




hep-ph/9806440

Single RHN model (1998)

Just add a single RHN to the SM

(Hy/vy)(dLe + €Ly + fLOVE™ 4+ MagmrE™ (vE™)€
To explain atmospheric neutrino oscillations assume
Assume charged lepton mass matrix is
d N f approximately diagonal (like the quarks)
Sothat |tanfas ~e/f ~ 1| |tanfi3 ~d/\/e? + f2 K 1

Maximal atmospheric
mixing

Small reactor mixing



hep—ph/9904210

Two RHN Model (1999) roomone

Add a second RHN to the SM to account for solar neutrino oscillations as well

(Hu/vu)(CLZQ_FbZIUJ—FCZ )y?gl_|_( u/vu)(dL _|_6Llu—|—fL ) atm

Solar Atmospheric
_|_ MSO VSOI SOI _I_ Matmy%gtm<y?{tm)
Assume charged lepton mass
Simpler matrix Sol MO ) matrix is approx diagonal
notation —=

Assume d|agonal Mg Single RHN Dominance

>>C”’C (4= 0]

atm sol

Seesaw matrix

Leads to natural hierarchy

sol
R
2a Solar mixing from eactor angle

— c subdominant RHN

Atmospheric mixing
from dominant RHN

zu19



hep—ph/0506297

Constrained Sequential Dominance (2005)

5o Z d Assume charged lepton mass
Recall e i ; matrix is exactly diagonal
We now add further constraints to enhance predictivity

d = (0 €:f tané’ggfve/fwl
a:b:—c taﬂelgN\/i&/(b—C)N]./\/i

It turns out that this gives 010 — 0 Tri- bimaximal
. . ] . 13 — 1
exact tri-bimaximal mixing with 7
11
Accidentally occurs due to ﬁl V2
orthogonality of two columns as in _I_ i TV V3
Form Dominance Excluded in 2012

M.C.Chen, S.F.K., 0903.0125



1304.6264

CS D(n) (n=real number) (201 3)

More generally assume the two columns of the Dirac matrix are proportional to

d 0 a 1 For n # 1 the two columns are no
e|lox 1] and 0] x| n longer orthogonal (violating FD)

f 1 ¢ n—2 so now expect 0; # (0
But still find approx TB mixing as before (since n cancels)
tan@os ~e/f ~ 1 V2 mo
23 /f B3 ~ (n _ 1)

tan@lgwﬂa/(b—c)ml/\/i 3 AR

The case n = 1 corresponds to the exact TBM case previously
with FD but for values of n # 1 find only approximate TBM



S.F.K., S.Molina Sedgwick and S.J.Rowley, 1808.01005

Flipped CSD(n)

Normal Flipped  (n= real number)

d 0 a 1 G 1
e | o |1 b | o n or b | x| n—2
f 1 C TL—Z C T

The two predictions only differ in atmospheric angle and CP
phase (solar angle, reactor angle and neutrino mass unchanged)

Octant flipped tan 6oz — cot ta3 0 — 0+

Alternatively we could use the following (only differs by unphysical phases):

d 0 a 1 G 1
e |l oc | 1 b | n or b))l x|2—n
f —1 c 2—n C n



Bjorkeroth, SFK 1412.6996

Results for CSD(n) (201 4)

Seesaw formula a d 0 a 1
v Dayr—1/.__ D\T x |1] and | b | n
m~ =m- M5 (m
0 0 0O TL — 2 Th . .
ree effective input
M) : 0 1 1f H{mpe|{ 7 ol =2 arameters (for inn n)
0 1 1 n—2 nn-2) (n—22, P &
vt I O N.B. TMI| mixing V n
SRHND m>> " | Charged leptons diagonal
2m2
- 012 013 O3 |ocp| Mo ms > _ 013 ~ (n —1 1
(meV)  (mev) H Hm O O mev my| X |T1=0 15 ms

1 | 248 289 314 1353 0  45.0 0 8.66  49.6 485 | CSD(1)=TBM
2 | 19.7  3.66 0 345 7.65 56.0 0 8.85  48.8 || 95.1 | CSD(2) Antusch et al 1108.4278 Find best ﬁt

4| 366 195 263 | 34.3 872 384 120 861 40.8 || 8.82 | CSD(4) 13054846 for n~3

Highly predlctlve 3 inputs for 9 observables (6 so far measured)



Littlest Seesaw CSD(~3) (2015)

020 |||||||||||||||||||||||||||||||||

™M, b 015R\\\/\///f

m a 0.101

0.05F

0.00

- S

F. Costa, SFK 2307.13895

................
0.20

0.15} -
0.10F \w/ 1o

0.05F

vvvvvvvvvvvvvvvvv

0.05F

20
0.15

0.10

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

1512.07531

n ~ 3.45
n=1+v6
+ + 0.15 Exp. range
2 40.004| 615 [ 34.3270-2) 34.3271027 31.31 — 35.74

normal || a3 [ 45.57 5% 45.575% 39.6 — 51.9
normal || &[] 272.2190, 87.97 550 0 — 44 & 108 — 360

flipped || 023 [°] 44.572 44.572 39.6 — 51.9
flipped || 6 [°] 92. 2+11 ) 267. 9+11 V| 0 — 44 & 108 — 360

Fit these

accurately
measured
parameters

Predict the less well

measured solar, and

atmospheric angles
and CP phase 0

N.B. not just cos o



G.J.Ding, S.F.K., X.G.Liu and J.N.Lu, 1910

Littlest Modular Seesaw (2019)

SiN“B3 + SiN“B1p ww sin0y3 wm mZIim?Z
020 NSRS S ——— S B (L N O N N S - ——
: h ]
m_lg).15:— ) [
Mag [
~ 0.10 N | i
: QL
0.05F — i
E G.J.Ding,S.F.K. 2311.09282
O T R TS S A TR N S N NN SRR SN NN N SR RN R S
0 0.5 1.0 1.5 2.0

n/m

CSD(n) n =1+ 6~ 3.45

. 03460

Flipped modular Littlest seesaw

bt allowed ranges
n/m 0.742 0.725,0.806]

r 0.0758 | [0.0683,0.0786
sin® 013 | 0.0231 | [0.0205,0.0240
sin® 015 | 0.318 0.317,0.319
sin @3 | 0.535 0.517,0.595
ocp/m | —0.452 | [—0.478, —0.354

B/m | —0.441 | [-0.562, —0.409
ms/m3 | 0.0283 | [0.0270,0.0321]

How doesn = 1 + \/6 originate?



De Anda, SFK 2304.05958

Littlest Modular Seesaw from Orbifold

6d SUSY orbifold S4in each 2d space
|0d model with 3 factorisable tori (T?)°/(Z4 x Z3) 83 x S§ x SY

2 IIﬂ.Zl
| Solar RHN lives here ] Atmospheric RHN b
S OF_ne L i
Orbifold fixes ?4 | por Al
— orbifold fixes
,I{e,zl _~ 11,2 — i-+-’1
| 1 Re 29 " < 3
FWX:TB tﬂ/ '
stability (W) Charged leptons live here Lattice vectors for
e 2 each torus are (1, 7;) o
4 7T

lei, 72:i+27 T3 — W=¢€ 3
S.F.K., X.Wang, Re 2

2310.10369 which define 3 fixed moduli



De Anda, SFK 2304.05958

Littlest Modular Seesaw from Orbifold

Fiold | S/ 5P SO 2k 2kp 2o | Loc de Medeiros Varzielas,S.F.K.,M.Levy 2211.00654 mpc‘)lzzlfteaelkal::tlzﬁﬂ:ce)u
7 T 1 3 0 0 0] T Yuk/Mass | St SB S¢ 2ka 2kp 2kc |
e 1 1 1 0 0 -6 T% Ye(73) 1 1 3 0 0 6 Yukawa couplings
e 1 1 1 0 0 —4| T2 Y, (73) 1 1 3 0 0 4 are modular forms
T 1 1 1 0 0 -2| T% Y (73) 1 1 3 0 0 2 evaluated at the
N¢ 1 1 1 0 -4 0 | T% Ya(72) 13 1 0 4 0 fixed points of the
Ne |1 1 1 =2 0 o0 | T4 | [Y() 3 1 1 2 0 O moduli fields (the
e | 1 3 3 0 0 0 |Buk| | Malm2) r 1 1 0 8 0 lattice vectors)
pee | 3 1 3 0 0 0 |Buk| | M) 1 1 1 4 0 0
1
. T Yy (7), Yar () Y (7). Yy () | A LOpcYalNg + LOacY: N | H,
FIxea Gl D (1,-4-Y) | +[LYee® + LY, u° + LY,7] H,
points i+1 | (L—2(1+iv2),-=(1+iv2) | (0,1, —w) 1 1 o
of S4 (1,3(=1+iv2), s (-1 4+iv2)) _ QMQNGNG’ QMSNSNS | F||pped
i+ 3 (1,w(1 4+ v6),w(l — 6)) (1, - —W—z)

ye 0 0 0 b CSD(n)
0 Yu 0 ab(l—\/é) TL:1‘|‘\/6

‘ 00 ¥ —a b (1 + \/6)
w2 (L= (eh=3) | (L= -%) | Diggonal Dirac ~ 549
wts | dw =) L, =5 (L, =2, —2%) Charged neutrino

leptons matrix



de Anda, SFK 2312.09010

Littlest Modular Seesaw from Orbifold GUTs

Field | SU(5) S SP S{ 2ka 2kp  2kc | Loc e 10d orbifold B.C.s break SU(5) with DT splitting
Fopso b8 00 0o e Triangular form of Mg, Me yields CKM mixing plus
1 Lo .
T, 0 1 1 1 0 0 1/2| T% very suppressed charged lepton corrections
T 10 1 1 1 0 0 0 T2 : : :
N |l 1 01 1 1 0 4 o T » Two weightons &y, & control the hierarchies
N¢ 1 1 1 1 -2 0 0 T ~ .
H, 5 1 1 1 0 0 0 3£l A/O | Uﬁf%ﬁFWMl Qﬁf% de Medeiros
H, 5 1 1 1 0 0 1/2|Buk| M.=| yplppe™  ynés  ypére™? [v,  Varzielas,S.F.K.,
Hus 45 1 1 1 0 0 1/2 | Buk YL E2 Yl Epeitu: Y, M.Levy 2309.15901
Hyx 45 1 1 1 0 0 0 | Bulk
P 1 1 3 3 0 0 0 Bulk = o X Al
cpjz 1 3 1 3 0 0 0 |Buk " yd%ﬁ% ydmf?gz& ydg? 522% <+ Upper/ lower LR
33 1 1 1 1 0 0 -—5/2| T2 d = Ya2olr  Ya2alrlTe€ ™™ | Vg :
. L0111 0 o 1w ) ) s triangular form
Yuk/Mass | S+ SB  S{ 2ka 2kp 2kc yellg% 0 0
m) o [L1 s M= | vafier  ymft 0 |w Flipped CSD(n)
YZ(Tz) 1 1 3 0 0 2 yeSlfFf% Yes32§PETe' P Yesslr / n=1-4+ \/6
Yo (7o) 1 3 1 0 4 0 . N
Y, (1) 3 1 1 9 0 0 Dirac 9 3 YsPac i 0
M, (72) 1 1 1 0 8 o0 |neutrinoMp=1| w®Psc ysPac(l- V6) | vy, My = O“ Y
M(m1) 1 1 1 4 0 0 matrix —4.®Ppc YsPac(1 4+ /6) ?




Summary

a Flavour problem motivates family/flavour symmetry

O Neutrino mass and mixing motivates non-Abelian

a A4, S4, A5 can enforce TBM, BM, GR patterns via ZTy and Z5,xZY,

O Reactor angle can be non-zero if only a subgroup is preserved

O Breaking ZTy leads to charged lepton corrections and solar sum rules
O Breaking ZY; preserves 1st or 2nd columns, atmospheric sum rules

O Such symmetry predictions will be tested in coming years

O Type 1la seesaw: 2RHN + SRHND for natural hierarchy

m, > m, > m; =~ 0 (large mixing with no tuning)
O Predictivity motivates CSD(n) with n~3 a.k.a. Littlest Seesaw

a Littlest Modular Seesaw yields excellent predictions
O Can arise from 10d orbifold and may be combined with SU(5) GUTSs



Back-up: our bottom-up Orbifola

For more detalls see:
De Anda, SFK 2304.05958



Consider Two Extra Dimensions compactified
on a torus, equivalent to a parallelogram

Surface area of torus =
area of parallelogram

identify two cycles

Adding the vectors together with arbitrary
integers generates a lattice of points.
Any two lattice points give a new torus.

Parallelogram is defined
by two vectors



Bottom-up Orbifolds

A

De Anda, SFK 2304.05958

Twisted torus

Cdl/ //
2 : o _
Two dimensional twisted torus T 2 = Ty + 1T Lattice
~ vectors
Identify I1=Z+tw, ZI=Z+wH W ,

‘ | | Modular
T symmetry

Define modulus field 7 = w;p/wo i Y

CT +

: S 1= SL(2,Z

Basis vectors become {17 7-} . L=5L2.2)
1 Preserves torus area

Then identify z~z+1, z2~z4T
N=2 1=2z2¢eC(C,
TQ/Z Orbifold 5 ~ 2™/, Fixest R N=3, 7=w, w=e/3
N condition N4 o

)



De Anda, SFK 2304.05958

Consider 6d space with 3 factorisable tori

Three twisted tori 2 ~ 2z +1, z;~ z; +7;. with three moduli fields

These are the complex structure moduli in string theory

SUSY preserving orbifolds (r ‘2)3 / (Z N X 2, M)

QN : (I721722723) ~ (56704]\[2176]\[2277/]\723)7

Onr (21, 20, 23) ~ (T, apr21, Buzo, Yarzs)

an., By, Ya.m are Nth, Mth roots of unity:.



Allowed SUSY preserving orbifolds (T%)°/(Zx x Zu)

M.Fischer, M.Ratz, J.Torrado,

(]\f7 M) (OCN, By, ”YN) (O{M7 Bar, ’YM) (7-17 To, 7-3) P.K.S.Vaudrevange 1209.3906
Fixes |

(3,1) (W, w, w) (1,1,1) (W, w,w) w = e2i/3

(4, 1) (2,2, —1) (1,1,1) (2,2, 2) /6

(67 1)1 (_w27 _w2, w2) (:-7 1, 1) ({w7 /0/\/3}7 {wv p/\/§}7 w) p = ¢

(67 1)11 (_w2’ W, _1) (:~> 1, 1) ({w7 p/\/g}, W, Z)

(2,2) | (1, —1, —L1-1)

( 72) (} } (;7 1 ) ( )

(67 2)1 (_w27 1 _w) (:-7 —1, = ) ({wa p/\/g\}/,_z, {UJ, p/ﬁ}) Now consider

(67 2)11 (w2 —w? _wz) (:~7 —1, = ) (wv {wv /0/ 3}7 {wv /0/ 3}) -

(3,3) (1, w,w?) (w, 1, w?) (W, w,w) this example

(67 3) (_w27 1, _w) (17 W, wz) ({wa /0/\/5}7 {wv p/\/g}, w)

(4,4) (1,4, —1) (2,1, —1) (2,2,17)

(67 6) (:-7 _w27 _w) (_w27 1, _w) ({w7 p/\/g}, {wv p/\/§}7 {wa p/\/g})
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Consider (N,M)= (4,2) example from table

(TQ)?’/(Z4 % ZQ) 6d SUSY orbifold
6)4 : (za L1y %2, 23) ~ (.I', iZl? _7;227 23) FixeS 71,2 — 1+ 1,2, | n1,2 < Z7
(92 : (Qf, <1y <2, ZB) ™ (:Cv K1y TR2; _ZB) Assume Ty — W (Stability)

Choose 6d invariant fixed branes

ri:(x 21,0,0), 74
Ty = (2,0, 22,0),  Zy
TZ = (,0,0, 23), 4o

which all overlap the 6d origin
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Littlest Modular Seesaw from Orbifold

; Im <1

, 1 Solar RHN lives here




