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Littlest Seesaw



Littlest Seesaw
(disclaimers)

Left-Right Convention

Only b is complex

Type-lI Seesaw

(Effective) 2 RH Neutrino Framework
Basis: (a®b); = (a1br + a2b3 + azbz)

Bottom-Up



D,

Littlest Seesaw

[N

» Dirac Neutrino Mass Matrix » Diagonal Charged Leptons

0 b M, = diag (me, my, , mT)
MD:”UU a bn
—a b(2 —n)

* Diagonal RH Neutrinos

My, = diag (MA | MB)



Littlest Seesaw

Effective Neutrino Mass Matrix

(b v’n
Mp Mp
2 2,2
my, =Mp-Mg"-Mp=v, | . ;T—Fb—n
A
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Littlest Seesaw
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Littlest Seesaw &‘
(Numerical Results) N

1o without SK
n=1-v6 atmospheric data
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. A 3
Littlest Seesaw _&

n=1++v6
0 ; M, = diag (me, my , mT)
MDZUU a bn
—a b(2 —n)

Mp, = diag (MA | MB)

Works
(as expected)

N
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Modular Framework
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Modular Framework

* Modular Action

a b cT e aT + b
= s =
7 c d 7 cT +d

* Weighted Representations
P~ (l“z' ; kz)
» Transformation
i = (em +d) ™" pij (7) ¥

~
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Modular Framework

* Modular Action

(ab) at + b
v = el : 7=y =

c d

* Weighted Representations

Z

cT + d

@b““' (riaki

)—»

Modular Action

* Transformation

i =|(er +d) ™"

pij (1) ¥;

N
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Modular Framework

* Modular Action

(ab) aT + b
¥ = el r—gr=

c d

* Weighted Representations

)~ (s [l

* Transformation
V; — (eT + d)_ki

Z

ct + d

Select Iy

T

pij (V)

(0

N
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5
Modular Framework ‘é

* Superpotential

W(r,¢r) =) (Yfl...fn (T) %, - - -%n)

1
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5
Modular Framework ‘é

* Superpotential

W (r,¢p) =) (Yfl...fn (1)

N

1011---1,01”0

=

Invariant
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S
Modular Framework ‘é

* Superpotential

N

W (r,¢r) = (YII...IH (T -1, D

.

Trivial Invariant
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5
Modular Framework ‘é

* Superpotential

A

W (r,¢r) = (YII...IH (T -1, D

.

Trivial Invariant

(Business as usual)
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5
Modular Framework ‘é

* Superpotential

W (r,¢p) =) (YII...IH (1)

N

1011---1,01”0

=

Not-Invariant
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S
Modular Framework ‘é

* Superpotential

N

W (r,¢r) = (YII...IH (T -1, D

.

? Not-Invariant
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5
Modular Framework ‘é

* Cancels Out Transformation

Y, 1,(7) = Y1, (v7) = (er + )™ p(v) Yy, 1, (7)

c If ky=kp+---+k, & pRpn®---®p, D1

21



S
Modular Framework ‘&

* Cancels Out Transformation

Y, 1,(7) = Y1, (v7) = (er + )™ p(v) Yy, 1, (7)

e If ky=kp+---+k, & pQpp®---®pp, D1

Modular Forms!

N
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Modular Framework

Modular Forms (Yukawas):.
- “Weighted-representations” (-ish)

- Representations (and weights) constrained by 'y

- Specific functions of 1

k

- )= %P

n=1 r




Multiple Modular Symmetries
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| _ S
Multiple Modular Symmetries _&

« Ty T4 xTE x...

* Invariance Required Individually (Symmetry by Symmetry)

* W(n9r) =) (Yfl...fn (74) Yy .1, (7B) - . . ¥n --WL,,,)

1
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Multiple Modular Symmetries
Tap=—5 T % 5 54 s
Invariance Required Individually (Symmetry by Symmetry)

W (r,¢1) =) (Yh...fn (74) Yn,..1, (7B) - . Y1, ---%ﬂ,)

Nothing Changes

1
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| _ S
Multiple Modular Symmetries _&

* | (Spontaneously) Breaking the Multiple Modular Symmetries

* Introduce N-reps

l

VEVS

l

"Diagonal” Subgroup

Taken from 1906.02208

27



| _ S
Multiple Modular Symmetries _&

* Example:

V1 Y2 Y(1a) Y(7B)
- Forbidden (30,10) (19,14) (309, —) (—,14)

28



| _ S
Multiple Modular Symmetries _&

* Example:
Y1 Yy Y(7a) Y(7B)
- Forbiaden (30&10) (10114) (3{3':_) (_?14)
- Possible 1 ®ap v Y(TA) Y(TB)
(30,10) (30,30) (10,14) (19,—) (—,34)
_ \(/;ea\:gfully chosen <‘I’AB> ¢1 ¢2 Yl(o)(’TA) Y?E4)(TB)

N
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Multiple Modular Symmetries

* Example:

- Carefully chosen vevs:
* Mimics a single Modular Symmetry Exchanging the Representation
* In Practice: Change Value of 1

Un Yo Y(ra) Y(7B)

O e VB e A
(PaB) V1¢2Y; '(T4) Y3 ' (7B) (10,30) (1o,14) (10,—) (—,34)

30



(Fundamental) Domain
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(Fundamental) Domain

* No Flavons * Flavons
(Invariance under Full I'y) (BiI-Triplets w/ vevs)
- We Can Send tto - No Longer Have the Freedom

Fundamental Domain via a

. - We Can Take Advantage of
Modular Action J

the Full Domain of Ny
YI‘_[...IH (T) _> YI]_.--ITL (WT)

- Redefine Couplings:
Same Physical Theory!

*v——
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Fixed Points (I 4)

1.4}

1.2}

0.8}

(.6f

0 1 2
Taken from 2008.05329
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Fixed Points (I",)

Yy (r¢) = (0,1,0)
Y (re) = (0,0,1)
Yy (1) = (1,0,0)

YV (re) = (0,-1,1)

Y7 (7¢) = (1,1 - 6,1+ 6)
Y2 (r¢) = (1,1+ 6,1 - 6)



Fixed Points ()

T =y ¢

Y(Q)(TC) =(0,1,0)
Y (re) = (0,0,1)
Y P (r0) = (1,0,0)

Mg — diag (me y My, mT)
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Fixed Points (I",)

0 b
MDZ”Uu a bn n=1:
—a b(2—n)
_ 1. @y _
TA———I—— . Y3f (TC)_(Oj_lﬁl)
2 2
TB—g—l—;: Yé,z)(Tc):(l,l—\/g,1+\/g)
L
TB_Q—I_;: Y:?»(?)(TC):(131+‘/€’1_‘/€)

N
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Different Moduli

T =t !

_1
TA—Q
_ 3
B= 9

1
’TB:—§

Fixed Points (I",)

Yy (r¢) = (0,1,0)
Vi (r¢) = (0,0,1)
Yy (1) = (1,0,0)

YV (re) = (0,-1,1)

Y7 (7¢) = (1,1 - 6,1+ 6)
Y2 (r¢) = (1,1+ 6,1 - 6)
R EEEEEEESE—————————————————



Modular Littlest Seesaw
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Modular Littlest Seesaw

How?

39



Modular Littlest Seesaw
(Superpotential)

Field | S5 SP SY 2ka 2kp 2kc
L 1 1 3 0 0 0
e* 1 1 1’ 0 0 -6
TS 1 1 1’ 0 0 —4
T 1 1 1’ 0 0 —2
NG 1’ 1 1 -4 0 0
N§ 1 1 1 0 -2 0
DA 3 1 3 0 0 0
Ppco 1 3 3 0 0

Z

40



Modular Littlest Seesaw
(Superpotential)

we = { Y8 (7)Y O (1) Y9 () Le®
+ Y (o) YO (1) YO (r5) Lyt

+ Y2 (ro) O (ra) L () LTC}Hd

Field | S5 SP SY 2ka 2kp 2kc
L 1 1 3 0 0 0
e* 1 1 1’ 0 0 -6
TS 1 1 1’ 0 0 —4
T 1 1 1’ 0 0 —2
NG 1’ 1 1 -4 0 0
N§ 1 1 1 0 -2 0
DA 3 1 3 0 0 0
Ppco 1 3 3 0 0

Z
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Fixed Points

Y (re) = (0,1,0)
TC=w : Y (r0) = (0,0,1)

Yy (c) = (1,0,0)

Mg — diag (me y My, mT)
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Modular Littlest Seesaw
(Superpotential)

wr = { Y0¥ eV rm) Lt
+ Y () YO (1) YL (rg) Ly

+ Y2 (7o) YO (ra) VO (TB)LTC}HQ.

Z

Field | S5 SP SY 2ka 2kp 2kc
L 1 1 3 0 0 0
e* 1 1 1’ 0 0 -6
TS 1 1 1’ 0 0 —4
T 1 1 1’ 0 0 —2
NG 1’ 1 1 -4 0 0
N§ 1 1 1 0 -2 0
D40 3 1 3 0 0 0
Ppco 1 3 3 0 0

wp — { YO (ro) O (rg) Y (1) L (@ ac) NG

+ YO (o) VO (ra)YP(75) L (®5c) NB} Hy

A
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Fixed Points
0 b
MDZ”Uu a bn L 1-

—a b(2—n)

1 i

R Yy (7c) = (0,-1,1)

2+;: Y;_J,(fZ)(TC):(lal_\/grl_'_\/g)

y

2+;; Y2 (r0) = (1,1+ 6,1 —6)

———————————— e ——————
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Modular Littlest Seesaw &‘
(Superpotential) N

_ (6) (0) (0) c
Fild | 57 SF ST 2kx 2ks 2ha| v { Y8 o0y Le
L L1 8 0 0 0 + Y3 o) (ra) {0 (75) Ly
e’ 1 1 1’ 0 0 —6 2 0 0 2
e |1 1 v o o 4 + Y2 e e (rs) L L
TC 1 1 1’ 0 0 —2 { (0) (0) (4)
wp =3 Yy (7¢)Yy '(7B)Ys " (Ta) L (P N§
NG 1 1 4 0 0 D 1 (70)Yy "(7B)Y5, (Ta) L (Pac) Nj
c H,
Np 1 1 1 0 -2 0 + 1o ()3 (75) L (@5c) NE}T
D Ac 3 1 3 0 0 0 .
®5c | 1 S8 8 O 0 WMz{%%mn?%m%%muﬁma

+ YO () YO (1) Y (8) N5 NG

+ ¥ r0) Y ()2 (r5) NN |
N
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D,

Modular Littlest Seesaw

[N

» Dirac Neutrino Mass Matrix » Diagonal Charged Leptons

b M, = diag (mev My mT)
MD — Ty a bn
—a b(2—n) - Diagonal RH Neutrinos
Mp = diag (MA-,, MB)
n=1= \/6
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Littlest Seesaw &‘
(Numerical Results) N

B 1o with SK
n=1+6 n=1-V6  iospheric data

|b]>
Mp

0.20————— —r——r— Ir ...... O D

0.15 \ /’ 0.15!
« 0.10 v"_/ — 0.10

0.05+ - 0.05¢F
0.00 ! : ! 0.00 L A
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Blrt

6, m63 mb; mmiimi 0é
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Littlest Seesaw &‘
(Numerical Results) N

1o without SK
n=1-6 atmospheric data

]2
Mp

0.20 0.20——

0.15 0.15

~ 0.10 ~ 0.10

0.05¢ 0.05¢

0.0 0.5 1D 1.5 2.0 0.0 0.5 1.0 1.5 2.0
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if(time) then
keep talking
else
Thank you!
end if
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Charged-Lepton Mass Hierarchies

The Weighton

50



Weightons

* Modular Symmetries:

v ~ “Traditional” Flavour
Symmetry

Weights ~ U(1) Symmetry

(Yukawas need not be
singlets)

N
51



Weightons

* Modular Symmetries:

v ~ “Traditional” Flavour
Symmetry

Weights ~ U(1) Symmetry

— Extra Use?

(Yukawas need not be
singlets)

N
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Weightons
Modular Symmetries: * Weighton:
- 'n ~ “Traditional” Flavour - Singlet under Flavour
Symmetry - Non-trivial Weight
-| Weights ~ U(1) Symmetry -~ Acts as a FN-type U(1)
- (Yukawas need not be -~ U(1) not imposed

singlets)

53



Welightons

* Modular Symmetries:

v ~ “Traditional” Flavour
Symmetry

Weights ~ U(1) Symmetry

(Yukawas need not be
singlets)

* Weighton:

Singlet under Flavour
Non-trivial Weight
Acts as a FN-type U(1)
U(1) not imposed

Can lead to infinite
corrections?

54



Yr(k) Qpl--
Yo ) g apy
k+2k¢, 42 gl

Weightons
* Weighton:
- Singlet under Flavour
Pn - Non-trivial Weight
. Wy - Acts as a FN-type U(1)
W - U(1) not imposed
K Tn

Can lead to infinite
corrections?
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Weighton Model #1

* Change the Irrep

Field | '3 S'% S'Y 2ka 2k 2ke

7 1 1 3 0 0 o0 llYuk/Mass ]| 8] ST S 2ka 2kp 2ke
e 1 1 1’ 0 0 0 || Ye(me) 1 1 3’ 0 0 6
e 1’ 1’ 1’ 0 0 =2 || Yu(r0) 1 1 3’ 0 0 4
¢ 1 1 1’ 0 0 =2 || Y (7¢) 1 1 3’ 0 0 2
N§ 1’ 1 1 -4 0 0 Ya(ra) 3 1 1 4 0 0
Ng 1 1’ 1 0 -2 0 Yi(TB) 1 3’ 1 0 2 0
Dac 3 1 3 0 0 0 ﬂ/fA(TA) 1 1 1 8 0 0
dpc | 1 3 3 0 0 0 || Mp(rs) 1 1 1 0 4 0
o) i 1 1 0 0 -2

56



Weighton Model #1

* Why?
Su 53
(i@i)zl’ 1 1&11(_‘1:%~~
(1e1) =1 1’ | 1/ and Z}’
A 2 | 2and 2
~¢ (14) =1 3 | 3and3
d* Corrections 3" | 3" and 3

N
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Weighton Model #1

A
¢’ o' o ¢° ¢

Le° (10, 10, 30) (170,170, 3_2) (16,16,3-4) (10,10,3 _¢) (10,10,8"5)
Lu® (15,15,3-2) (1o,10,3",) (10,10,,3" ) (19,1%9,3_g) (15,15.3-10)
Lt° (10,10, 3 _2) (10,10,3",) (1'0,1%0,3-6) (15,15,3-5) (1o, 10,3 _10)
L®scNy (3"_4,10,10) (A’_4,io,i—2) (3-4,170,1"_y) (3—411’031’_6) (83"-4,10,1_5)
L®pcN§ (10,3 _2,10) (10,3 5,1_2) (1'0,8-2,1"4)  (16,3-2,1"5) (10,3 _2,1_5g)
N§N§ (1_s,10,10) (1-s,10,1-2) (1'-s,170,1" ) (1'4,16,1"6) (1_s,10,1_5)
NgN§ (1o,1_4,10) (10,1-4,1-2) (10,1 4,1 4)  (16,174,1%) (Lo,1-4,1_%)
NS N§ (1'_4,1 5,10) (174,07 5,15) (1o4,15,1y) (1.4,15,174) (V-4 1" 5, 15%)
NG®AacN§ (3_%,10,30) (3-s,10,3_2) (3'-s,170,83'—4)  (35,16,3 ) (3_8,10,3_3)
NE® AN (30,14, 30) (80,1-4,83-2)  (8'0,1'-4,3"_4) (30,1 4,3 ) (30,1-4,3_%)
Ni®acNg | (84,1 -2,80) (374,17 5,83.2) (3-4,1-2,34) (3-4,1.2,8"4) (3'-4,1"_2,3_5)
NS®scN§ (1_g, 30, 30) (1-8,30,3-2) (1'-5,80,3 1) (1'5,30,3 ) (1_8,30,3_3)
Ng®pceN§ (10,3 4, 30) (10,83-4,83-2) (10,3 4,34) (1(,3.4,3) (10,3 4,3 %)
Ni®poNg | (1'-4,8 2,80) (1°4,8°5,83 5) (14,8 9,8 4) (1-4,832,8°5) (1' 1.3 5.3 %)

N
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S
Weighton Model #2 ‘é

* Still, there are corrections...
- Mandatory?

959



Weighton Model #2

A
Field | 8’7 ST 95 2ka 2kp 2kc
I 1 1 3 0 0 0 Yuk/Mass | S'4  S'% ST 2ka 2ks 2ke
e° 1 i 1 0 0 —12 || Yo(r¢o) 1 1 3’ 0 0 6
TS 1’ 1’ 10 0 -6 || Y.(rc) 1 1 3’ 0 0 4
T° 1 1 1’ 0 0 -2 Yr(1c) 1 1 3 0 0 2
NG 1’ 1 1 -4 0 0 Ya(ta) 3 1 1 4 0 0
N§ 11 1 0 -2 0 || Ya(re) 13 1 0 2 0
P a0 3 1 3 0 0 0 Ma(7a) 1 1 1 8 0 0
“I’B(; 1 3 3 0 0 0 ﬂ,ifE[TB:l 1 1 1 0 4 0
2 1 1 1 0 0 42
f,l'f)ﬂ ('5')1 (ﬁﬂ (}ﬁl’i ¢?4

Le® | (10,10.83212) (10,1%0.8-10) (16,10.3-5) (10.10.3" ) (10.10.824)

Lp | (15,15, 3_5) (1g, 10,3 4) (1o, 1o, 3’_2) (1'0,19,3¢) (15, 1;},3+2)

L7 | (10,10,3"—2) (10,10, 30) (1'0,1%0,342)  (15,15,3+4)  (1o,10,3"+6)

N
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Weighton Model(s)

- Same Littlest Seesaw Structure
» Automatic Hierarchies for the Charged Fermions

" o’ B> P N
Le* (in,in,ﬁr_lg) {:l’n,lfr},S_m) (ia,ia,é_g) I:]..-..]_U.SJ 6) (i_n?in..g’_gi)
Lpc | (15,15.3_¢) (19,10,3" 4) (10,10.3°5)  (V0.1%,30)  (15,10.3.2)
Lt¢ | (10,10,3 -2) (10.10,3))  (10,1%0.342) (16.16.3+4) (L0.10.3"46)




What about the Quarks?
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What about the Quarks?

Trivial!

63



if(time) then
keep talking
else
Thank you!
end if
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What about the Quarks?

SU(5) Extension!
(Hopefully)

65



S
SU(5) Extension ‘é

* Work in Progress

- Goal:
A8 )9 )4 A0 0 A0 0
Yo~ | X5 X222, YE~ XX 0], Yi~|—=-X0
A2 )0 A7 A0 )8 —~ = gD
- Because: Ye ™~ AS-9 y Y~ A5-3 i Yy X33 3

8.2 6.2 3.4
‘yd et A . yS ot A ) yb o~ A ,
1 2 :
912“")\ &923’“"}‘ 3:913“”)\39*

N
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SU(5) Extension

* Work in Progress

- Goal:
A% 3o 4 A0 0 A0 0
Yo~ | X5 X222, YE~ XX 0], Yi~|—=-X0
A% 32 )0 S U B S, 1
- Two Welghtons gb% (}5} Qﬁ% (/»'535’ d)?ﬁ‘CbT ¢F¢%
Y, ~ b5 b1 Yo~ | 0 9% opor
1 0 0 OF

~
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SU(5) Extension

* Work in Progress

- Goal:
bl ol s X0 0
Yo~ | X5 X222, Y ~ [ AT X6 0
}\4 /\2 )\U /\T )\5 /\3

- “Automatic” Quark Masses and Mixings
( Order 1 coefficients)

Y ~

X0 0

68



SU(5) Extension

* Leptonic Sector:
- Lower-Triangular Yy =

- “Same” Neutrino Structure

0 b

Yp=¢r | a b(1+6)
—a b(1¥\/€)

Yee D 0
Yue ﬁb?? OT yﬁpﬂfb%:

0
0

yreﬂi’Fﬁb‘%“ yruﬁﬁFG{)T YrrOF

69



SU(5) Extension

Small Corrections to Results

L L L
'y = [Ta] =
— — Q =
= = [=] =
T

0.00

0.0

2.0

1.5

1.0

0.5

0.0
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