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Why nu mass small?




Type | seesaw

Minkowski,Yanagida,Gell-Mann,Slansky,Ramond,Mohapatra,Senjanovic,Schecter,Valle




Minimal Type | seesaw

Type | seesaw with two RHNs S.F oK hep_ph/9912492
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 Describes:

3 neutrino masses (m1=0),
0 pel™/3 Y, 0 3 mixing angles,
— in/3 _ atm 1 Dirac CP phase,
b Z gbbjw /3 Mr ( 0 Msol) 2 Majorana phases (1 zero)
1 BAU parameter Ys
= 10 observables
of which 7 are constrained

4 real input parameters

5'3r I:g Predictions 1o range
52 0 g,/ 34.254 — 34.350
m; . jzsz 013/° 8.370 — 8.803
3 15 g,/ 45.405 — 45.834
>0 I;O Ampp2/10-56V? 7.030 — 7.673
494 v Ry I Amg2/1073eV? 2.434 — 2.561
Yoo 107GV 5/° 88.284 — —86.568

- —10
Fit includes effects of RG corrections Yp/10 0.839 — 0.881




SFK 1304.6264; 1512.07531
SFK, Molina Sedgwick,

LittleSt Seesaw Rowley, 1808.01005

Seesaw formula M, = mpMz'm) —» M,)v; vy = (M7) v

l 0 0
I 1 | 4+ mq
1 1

Case I: M! =wm, (

o O O

1
3
1

—_ Y =

g ) Fits neutrino
3

’ data with

0 0 0 1 1 3 ma/mstO

Case II: M) =wm,| 0 1 1 |+mg|[ 1 1 3 w:6227r/3
0 1 1 33 9

Special case ma/ms=11 gives Littlest mu-tau seesaw

1 3 1

Case b My=m, | 39+ 1lw3+1lw [, Maximal atmospheric
13+1lw 1+ 11w

L ; Maximal CPV

Case II: M, =m, | 114+ 11w? 3+ 11w?
334+ 11w? 9+ 11w?



S.F.K. and C.C.Nishi, 1807.00023; S.F.K. and Y.L.Zhou,1901.06877

Littlest mu-tau Seesaw

ma/ms=1 | : ik ]
A — 1 3+ w
: 6 unequal




S.F.K. and C.C.Nishi, 1807.00023; S.F.K. and Y.L.Zhou,1901.06877

Littlest mu-tau Seesaw

e 6@277/3

unequal

17 + 4i/3

17 ~T6\/3

O I e o e
)equal




S.F.K. and C.C.Nishi, 1807.00023; S.F.K. and Y.L.Zhou,1901.06877

Littlest mu-tau Seesaw

e 6@277/3

unequal

1 e T
—1+2iv/3 17 4 4iv/3 equal
g e i o

Mu-tau reflection

symmetry
623 — 450, 5 — 71'/2




— 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¢




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

Littlest Seesaw from S4

Gl Talk by TseChun Wang

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




lType |Ib seesaw

Hernandez-Garcia and SFK 1903.01474

Effective Weinberg operators for 2HDM in J.F.Oliver,A.Santamaria,hep-ph/0108020




Hernandez-Garcia and SFK 1903.01474

Minimal Type Ib seesaw

MI/

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
Li 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, H, L;v° —|— Assume
1] V9 Hd
mf 000 couplings
w0000 small
— U3 0 0 0
vl yiv ysv o kv c.f. Antusch talk
275\€1yf%/ €15 V' €1Y5'V

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







F.Feruglio, 1706.08749
Also Ferruccio’s talk

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.
See also talk by Tanimoto

A4 Modular Symmetry

F.K. and X.-G.Liu, 19xx.XXXXX

Models mass matrices ass;jggjlment - welght 2 2
Al W1, O1 111 3.5 1 —
A2 W1, C2 1,171 1,3,5 1 —
A3 W1, C3 17,17, 1" 1,3,5 1 _ .
weinberg | 41 ewes I 31 1 = Comprehenswe
A5 W1, Ch 1.1,1" 1,3,1 1 _
operator A6 W1, C6 1,11 1,3,1 1 —
p 7 wicr | T I3 = study of 40
AR W1, C3 17,171 1,3,1 1 _ .
A9 W1, C9 1,117 1,3,1 1 _
A0 W1, C10 1,171 1,1,1 1 _ SImPIeSt CasSeEs
BLCL)[D1] | S1(S2)[S3], C1 11,1 [ 03[ 26)BL4ME] [ 2(=D[] [ o)[] -
BaC)[D2 | S1(52)[S3], C2 | 1.7 03, 20)BLAMB 2D [0 WlthOUt ﬂaVOnS
B3(C3)[D3] || S1(S2)[S3], €3 || 17,1717 || 0(3)[1],2(3)[3],4(7)[5] || 2(=1)[1] |[ 0(1)[L
Type I || B4(CA)[D4 | SL(S2)[S3], C4 LL,T | 03)[1],205)[3],03) ] | 2(=D)[1] [ o)1
B5(C5)[D5] || SL(S2)[S3], C5 || 1,1,17 | 0(3)[1],205)[3],03)[1] |[ 2(=)[1] | o(D)[1]
see-saw | BG6(C6)[D6] || S1(S2)[S3], C6 | 1,1,1 || 0(3)[1,2(3)[3,003)[1 || 2(=)[] | 0(1)[1]
BT(CT[D7] || S1(S2)[S3], C7 || 1,1,17 || 03)[1],2(5)[3],03)[1] | 2(=D)[1] || 0(D)[1]
e L ol a o) 2 Sl
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)
A3 | X | X B X s X | X DS | vV | V L d I CP
A9 | X [ X BY | 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,

See also talk by Titov

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, U u/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/




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.



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

i27 /3 /‘
, 2 =241, -«
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Orbifold [, 1 w l+w] Invariant under A4 modular
Fixed Points | 2" 2" 2 ] and A4 remnant symmetry:
xeﬂ Y 1 +y 24

A A4 remnant (linear):

S (21,22,23,24) — (Z47Z37227Z1)

T: (21722723724) — (227237Z17Z4)

§*=T°=(8T)’ =1

(A4 modular="passive”’, and A4 remnant="active’)



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

Brane fields have an enhanced Z; mu-tau reflection
symmetry (arising from remnant Sy ~ Ay X Zsy )

L6 4 L6 4
SU(5) GUT Model

W 1+ w
Brane fields
/ Representation

d > F 3 5 a+ 2c

Ts <1 I Ne 1 1 a
N¢ 1 1 4a
¢ 1 1 —2a

Bulk fields

A4 Representation Localization
1” 10 ¢+ 4a —y 41 +1 +1
1’ 10 c+ 2a — +1 +£1 #1
1 10 c —y +1 +£1 #1
1 5 —2c —« +1 +1 41
H: 1 5 b a+vy +1 +1  +1
01 3 1 —b—a—3c —Q +1 41 -1
03 3 1 —3a a—08 +1 -1 +1




F. De Anda,

S.F.K.,

E.Perdomo,1812.05620

The orbifold 7?/Z, with w = ¢?™/? and modular A, symmetry

P0:H3XH5,
P1/2—T1 ><d1ag

BC’s

P, AT, x diag(—1, —1,
1 1 0
0 0 0
0 0 —1 0 1
1 0
(pr)=v1 | 0 ], (g2)=02| 1
0 1
3
Wy =y SNCNC+ya§ NEN¢
1/&= C ¢€ C
+ Y  FH; N, + G%FH5N
e P e 1€
+ 3A1FHT++ 2A12FHT++ Y
291 291§
+ Y FHTy + v FHST, +y
56 1—7J
—|—ysz5T+T_

AGZJ

—1,-1,-1,1,1),
—1,1,1),

S = O

d¢1€2

Breaks A4 and SU(5) with

doublet-triplet splitting
Brane fields
__ Representation
=U Field
Vacuum 3. 5 at2
¢ 1 1 a
N N¢ 1 1 4a
alighment T
’
from bc’s
Bulk fields
Representation Localization
Field
A4 SU(5) U(l) Welght PO P1/2 Pw/2
2 T= 17 10 c+4a —y 41 £1 +1
¢1§ FH:T = 1 10 ¢+ 2a v 41 1 41
A 7 1 10 c —y  +1 £l £l
~ \H 1 5 —2c —a  +1 +1 41
1 A3 FHT Hz 1 5 b a+y +1 +1  +1
01 3 1 —b—a—3c —Q +1 41 -1
s 3 1 —3a a—F3 41 -1 +1




F. De Anda,

S.F.K.,

E.Perdomo,1812.05620

Yy 00
M®=vg | 0 ys& 0 |,
0 0 s

Y11 54 Yo 53 Y13 52
Ya1 53 Yoo 52 9235
Y31 52 Y39 f Y33

Vg,

gty

Majorana
ya €
M= (6 (%
Seesaw

2 2
v
m, = ( w

&S_ﬁf

Modular Forms

2 12
L) T=w=e
2
2:5) Select
—1
2w ) a = 6 — 6, Y = 7
2w?
5 o (92))3/v2
0
0 1
1
w* — 2w —w? —2w
2 Y1 <2w 2 | + e
4w — 2 2

—2w* 4+ w
2w? — 2

1
4 1w ! 0 | + 1y
[¢) (W
0 2 2w? — 2w
6 | yu| 1 | +y| 4w+1 | +ys 1
1)) (7

2w? + w
+ Y3 —2
2

mu-tau symmetry



4d models
] Littlest seesaw fit with RG corrections fixes Mr’s

0 Littlest mu-tau seesaw...one parameter...wow
0 New Littlest seesaw from tri-direct CP symmetry

0 Type 1b and Inverse seesaw possibilities
6d models
0 A4 and A5 results sensitive to free modulus tau

U Orbifold T2/Z2 suggests A4 with fixed tau = omega

0 Explicit AdxSU(5) model with mu-tau symmetry
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