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Open Questions - Theoretical “®

== Smallness of neutrino mass: == Flavor structure:
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Non-Abelian Discrete Flavor Symmetries

.
e Large neutrino mixing motivates discrete flavor . t

symmeftries p

) . > GUT Symmetry
e A, (tetrahedron) ol ) SU(5), SO(10), ...
e T° (double tetrahedron) ve| V|| |w.
\ J J
® S3 (equilateral triangle) ’

<— family symmetry —>

e S, (octahedron, cube) (T SU). )

e As (icosahedron, dodecahedron)
® Aoy

® (U

[Eligio Lisi for NOW2008 ]



Neutrino Mass Matrix from A4

e Imposing A4 flavor
symmetry on the
Lagrangian

® A4 spontaneously broken by

flavon fields
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Neutrino Mass Matrix from A4

Ma, Rajasekaran (2001); Babu, Ma,Valle (2003);
Altarelli, Feruglio (2005)

¢ Imposing A4 flavor symmetry on the Lagrangian

¢ A4 spontaneously broken by flavon fields

(%b+u & =& \
My, = — & 26 u-—%&

' relative strengths |
\ ~& u—£% 2% ) |

¢ always diagonalized by TBM matrix, independent of the two free

parameters

\ Neutrino Mixing
Angles from Group
Theory

[ V23 1/V3 0
Urm = | —/1/6 1/v/3 —1//2

\ —v/1/6 1/v3 1/v2 )




Experimental Precision

Mixing parameter
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Flavor Model Structure: A,

4 p
Gr e.g. A4
. y
(De) (D)
4 p 4 p
Ge Gv
- J - y
charged lepton neutrino
sector sector

( q)e) X (1 ,0,0)

( Dy) « (1,1,1)

e interplay between the symmetry breaking
patterns in two sectors lead to lepton mixing
(BM, TBM, ...)

e symmetry breaking achieved through flavon VEVs

e each sector preserves different residual
symmetry

e full Lagrangian does not have these residual
symmeftries

e general approach: include high order terms in
holomorphic superpotential

® possible to construct models where higher order
holomorphic superpotential terms vanish to ALL
orders



Corrections to Kinetic Terms

e Corrections to the kinetic terms induced by family

symmetry breaking generically are present, should be
Properly included Leurer, Nir, Seiberg (1993); Dudas, Pokorski, Savoy (1995); Dreiner, Thomeier (2003)

e can be along different directions than RG corrections

e dominate over RG corrections (no loop suppression,
copious heavy states)

e could be sizable for neutrino mass models based on
discrete Famlly symme‘l'ries, e.g. A4 M.-C.C, M. Fallbacher, M. Ratz, C. Staudt (2012)

e nontrivial flavor structure can be induced
® non-zero CP phase can be induced

® Presence of additional undetermined parameters



Kahler Corrections

e Superpotential: holomorphic

— Wet =

1
Wleading — _(q)e)gf LY Rf Hd +

A AA,

1

e Kahler potential: non-holomorphic

e Canonical Kahler potential

(Yo)ys LY R Hy + THior LY H, L’ H,

M.-C.C., Fallbacher, Ratz, Staudt (2012)

(®,)y LY H, L' H,

order parameter
<flavon vev> / A ~ 0Oc

K = Kcanonical + AK

Kcanonical D) (Lf)Jr 5]"9 L7 -+ (ll:if)Jr (ng R?

e Correction

AK

(Lf)T (AKL)fg L7 + (Rf)T (AKR)fg R

- can be induced by flavon VEVs
- important for order parameter ~ 6c
- can lead to non-trivial mixing



Kahler Corrections

M.-C.C., Fallbacher, Ratz, Staudt (2012)

e Consider infinitesimal change, X :
K = Kenonical + AK = L'(1-2¢P)L

e rotate to canonically normalized L: L - I = (1—2P)L

= corrections to neutrino mass matrix

1
W, = §(L'Hu)T/<;,,(L°Hu)
1
1 e |
~ (L' H)'k, L Hy +5 (L Hy) ' (PT6, + 6, P)L - Hy
Wlth ................................
K-v2 = 2m,
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Kahler Corrections

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

e Consider infinitesimal change, X :
K = Kanonical -+ AK = L' (1 -2z P)L

e rotate to canonically normalized L:
L - L =(1-2P)L

= corrections to neutrino mass matrix

m,(z) ~ m, +xP'm, +xm, P
= differential equation
dm,,
dx
e same structure as the RG evolutions for neutrino mass operator

— P'm,+m, P

esize of Kahler corrections can be substantially larger (no loop suppression)



Back to A; Example

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

e Kahler corrections due to flavon field:

e linear in flavon:

(4)

(4)

_ Rg, (4) Ro, (2) fog

AKiinear = E: (A AKLT (L<§z><1>u)3iJr A AKLT (L®c1>e)3i>+AAK£LTL+h-C-
i e{a,s}

e possible to forbid these terms with additional symmetries
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Back to A; Example

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

e Kahler corrections due to flavon field:

» quadratic in flavon

6
drati 1 N ,
AK;I(%a e > F ZKg’),quadratic (L¢( ))X (L¢( ))X +h.c.
X

T

(LCI)V)T(L(I)V) and (L@G)T(L(De)
»such terms cannot be forbidden by any (conventional) symmetry

» Kahler corrections once flavon fields attain VEVs

» additional parameters /\)g,) diminish predictivity of the scheme
¢

» possible to forbid all contributions from RH sector as well as (L®,)'(L®,)
with additional symmetries in the particular A; model considered
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Back to A; Example

eKahler corrections due to flavon field y :

» SIX possible non-trivial contractions:

(1) _
AK (L)L (L)1 (
AK® =
(Lx) (LX) 1/ (
AK®) —
(LX)]_// (LX)l” (
AK®Y =
(Lx)§, (LX), (
+ (LI + o LI +wLixd
+ (L;X;er L1X3+wL3X1
5
AK((L)X)3 (LX) — (L1X1+wL2X3+w2L3X2
2
+ (LIl +wL £+w2L2x1
+ (L;X;—FwLJ{X?,—Hu
6
AKD e = Lixd +e” Lixd + w L]
1
+ (L;E,X?, +W2L1X2 +WL2X1
T (Lng ‘|‘W2L1 iJ;—l_wLSXl

D
)
)
)
y
y
)
)

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

AK D ZKJ AKY + h.c.

1=1

(LX) (LX) x

LJ{ X1 "‘L2 X3 "‘L?, Xz)(Ll X1+ Lo xs + Ls X2) ;
L;r% X3 +Ll X2 +Lz X1)(L3 X3+ L1 x2+ Laxi) ,
L; Xg +LJ{ Xg +L3 X1)(L2 X2 + L1 xs+ Lsxi) ,

LIX1‘|‘W2L2X3‘|‘WL3X2)(L1X1 —I-WL2X3—|—W L3 X2

L3X3-|—WL1X2-|—W Lo x1

Lix1+w® Lyxs +w L3 X2

Lo X2+ w?® Ly xs+wLs x1
Lix1+w® Ly xs +w L3 x2

L33+ w? Ly x2 +w Lo x1

)
)
)
)
L3X3+w Lix2+wLsx1)
)
)
)
Lo X2+ w?” Ly xs+wLsx1)

/N 77/ N /N N /N /N 7N N
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Back to A; Example

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

e Contributions from Flavon VEVs (1,0,0) and (1,1,1)

o five independent “basis” matrices

T
|
o O =
o O O

o O O
e
|
7

0 1 1 0 i -—i
Pv = 101, P = |- 0 i
1 1 0 i —i 0

®RG correction: essentially along P11 = diag(0,0,1) direction due to v,
dominance

15



An Example: Enhanced 6;3 in A4

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

3 [ et ‘-
- Py |
6 - Correction to TBM |-
. ! predic’rion of 03 =0
= 4
S - ky 02 /A = (0.2)? 5 = 1/2
< ] :
2__ — A@lg all. |
: - AHB NnuiIn.
O [ | | | I | | | I | | | I | | | I | | | | ]
0.00 0.02 0.04 0.06 0.08 0.10

my [eV]
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Corresponding Change in 0,2

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

0.4 i
Py
03" —
' Correction to TBM
o prediction of 612 = 35.3°
N 0.2 .
S
<]
0.1 _
_ Ky V2 /A = (0.2)2
O O [ T N S S A SO Y SR N R S S

0.00 0.02 004 0.06 0.08 0.10
my [eV]
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Corresponding Change in 623

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

~1.6 |

Correction _’ro TBM
prediction of 023 = 45°

~1.8+
N ~20¢
£ _
<

—2.2¢

—24 ¢

ky 02 /A% = (0.2)*

Bl 26 __| T T T [ S S O EO S N S
0.00 0.02 0.04 0.06 0.08 0.10
T [GV]




Modular Flavor Symmetries

Artwork by Shreya Shukla



Modular Symmetries

S \

0 e

edges = lattice basis vectors

&)

A -

points in plane identified if
differ by a lattice translation

Equivalent TORI related
by Modular Symmetries

20



Modular Symmetries

e TORI: fundamental domain not unique

e Volume of fundamental domain the same =

a.b,c,deZ

dety = |

21



Modular Symmeitries

o Finite Modular Group (quotient group): ['n:=T/I(N) where
principal congruence group I(N) is

r(N):{(‘C’ Z)GSL(Q,Z)/ZQ;(g Z):(é ?) mod N}

e Generators of the quotient group I satisfy

S2=1, (ST)3 =1, TN=1

® Some examples

I =S3, I3=As I4,=S4 Is=A~As



Modular Symmeitries

Feruglio (2017)

e Imposing modular symmetry I'on the Lagrangian.

"Z/DZKI 19, viuee In

T YT =

B; —» ((:T+d)'

D, D,

aT +b

Ki:

integers

ct+d’

k ..................... ( A/)q)) | here Y ( a Z)

C

*  representation matrix of Iy

e Yukawa Couplings = Modular Forms at level "N” w/ weight “k”

fi(yT)

K = Ki; + Ki, + ... +Kj,

representation matrix of Iy

23



A Toy Modular A; Model

Feruglio (2017)

1
e Weinberg Operator ¥y = 7 1(Hu- 1) Y (Hu- L)),

e Traditional A4 Flavor Symmetry
e Yukawa Coupling Y — Flavon VEVs (A; triplet, 6 real parameters)

| a V2 (70 —-C -=-b)
Y = (¢) = b = m, = /(l -Cc 2b -a
C -b -a 2c¢,

® Modular A4 Flavor Symmetry
e Yukawa Coupling Y — Modular Forms (A4 triplet, 2 real parameters)
y2 (2Y(1)  =Ya(r) —Ya(7)

u

Yl(’T)
Y — ( Yo(T) ) —> m, = N -Ya(r) 2Ya(r) —Yi(7)
—Yao(r) -Yi(r) 2Y3(7))




Modular Forms

<
3
)
Mo
5 c
- 0
S _
"
m = |~
S
n(
.m ~ | & ))_.)).
Q o N N N [N
o _ H3H3 H3T3
c S |
H o™ ~ /n = /n =
Q +|2| +{
o = - 3 N
Q S| |_| 3
) = = =
QU b .ﬂl/l |~
» N~ X |+ .**,.3 ™
n& —_| n gl BRS
+ =l s 3 3
= o+ o+
A/al AN~ T NS TN~
el NI el IS E- R bl EN
T S S N |
—~ In = SIS &I
V4 I L ] .
~ . .
nl_m fe nM _ = _ =
D
m | | |
— —~ I
N =
o = & =
[ NG N o~
—~
Z
~
Y
>
Q
-
o

— 27T
q=6

n(r)=¢"*]]1-q"
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A Toy Modular A; Model

Feruglio (2017)
e Input Parameters:
T = 0.0111 + 0.9946; v /A
e Predictions:
Am?
22— = 0.0292
|Amc21tm| O
SiIl2 912 = 0.295 Sin2 913 = (0.0447 sin2 923 = 0.651
) .
CP _ 1.55 2 .22 %L _ 1.80
s s T

m1 = 4.998 x 1072 eV ms = 5.071 x 1072 eV ms = 7.338 x 107 eV
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Kahler Corrections in Modular A4 Model

Feruglio (2017)

e Particle Content

(ES,ES,ES) | L | Hy | H, || ¢

SU(Z)L X U(].)Y ].1 2_1/2 2_1/2 21/2 10
T, (1,17,17) 3 1 1 || 3

k (kElykEzakEg) kL kHd, kHu k(p

® Weinberg Operator
1
W, = K [(Hu ' L) Y (Hu ' L)]l

e Superpotential for Charged Leptons: couple to ¢ =

diagonal mass matrix

27



Kahler Corrections in Modular A4 Model

e Minimal Kahler Potential for charged leptons
K;, = (—it+i7) ' LTL
e Additional terms allowed in Kahler Potential MCC, Ramos-Sénchez, Ratz (2019)

K = ao (-it+i7)" (LL) —I—Zak —iT+1i7) YL?Z)lk—I—....

AK = oy (YI)!y (Y L)goy + 02 (YI) L (Y L)g

+ o3 [(YL 3(1) (Y L)ge) + (?L)3<2> Y L)3(1)] T

e “Leading terms” vs "corrections” on equal footing

28



Kahler Corrections in Modular A4 Model

e Additional terms induced by flavon VEV MCC, Ramos Sanchez, Racz (2019)

AK = Y Bi(—iT+i7) " (o LpL), ,

7

e Modifying Kahler metric N 2K
K

Y AL 0L;

® Back fo Canonical Basis =¥ sizable corrections to mixing
parameters

29



Kahler Corrections in Modular A4 Model

M.-C.C., Ramos-Sanchez, Ratz (2019)

20+ .

10" :
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Quasi-Eclectic Modular Symmetry

MCC, Knapp-Pérez, Ramos-Hamud,

e QQuasi-eclectic Se'l'UPI Ramos-Sanchez, Ratz, Shukla (2021)

unasi—eclectic — Gtraditional X Gmodular = A4 X [ 3

e Field Content:

(E$,ES,ES) L Hy H, x ¢ S, S, Y

SU2)., x U(1)y 1, 2 1, 2.4, 2y, 1p 15 15 15 1
Atraditional (1g,12,14) 3 1, 1, 3 3 1, 1, 1,
7. 0 0 0 1 1 0 1 0 0

7% 1 0 1 0 0 1 0 1
Iy 1, i, 1, 1, 3 1, 1, 1, 3
k (kg,, kg, kg,) ki  ku, k@, ky k, ks ks ky

modular weights (1,1,1) —1 0 o 0 0 0 0 2
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Quasi-Eclectic Modular Symmetry

e Symmetry Breaking Ramos-Sincher, Ract, Shukd (2021)
canonical e VEVs pattern resulting
kinetic terms modular forms from vacuum alignment
G E ™

<X? > = v 13
(x) = X diag

|

modul:jlf forms <sz> = V9 0

canonical kinetic terms O

32



Quasi-Eclectic Modular Symmetry

MCC, Knapp-Pérez, Ramos-Hamud,

o After Symmetry Breaking: diagonal I3 Ramos-Sénchez, Ratz, Shukla (2021)

e Neutrino Sector: #,=—|[H,-L)x (H,-L) Y],

1
A2

o2e, [2Yi(r)  —Ya(r) —Ya(r)
m, = — —Y3(7) 2Yy(r) —Yi(7)

—Ya(r) —Yi(7) 2Y3(7)
® Charged lepton sector:

Y, — Zj\eHd(LngC)lo + ZXHd(LQOEQC )1, + nyd(LSOEg )14

Uy .. ~ o~ o~
Me = Vg n diag (Ye, Yr, Yp)
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Quasi-Eclectic Modular Symmetry

MCC, Knapp-Pérez, Ramos-Hamud,

o After Symmetry Breaking: diagonal I3 Ramos-Sénchez, Ratz, Shukla (2021)

e Kahler Corrections:
K;, = L'L+ O(e}) + O(&3)

e Corrections involving only Y: absent to all orders, due fo
traditional A4 symmetry

e Corrections involving flavon {(;): suppressed

20,
3

. 2C5 . )
diag (2,—1,—1) + —diag (0,1, —1
£(2,-1,-1) + 2 diag (0,1,-)

AKL = 8% (01]].3 |

ez =03/ 2 y;
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Quasi-Eclectic Modular Symmetry

MCC, Knapp-Pérez, Ramos-Hamud,

o After Symmetry Breaking: diagonal I3 Ramos-Sénchez, Ratz, Shukla (2021)

e Kahler Corrections:
K;, = L'L+ O(e}) + O(&3)

e Corrections involving only Y: absent to all orders, due fo
traditional A4 symmetry

e Corrections involving flavon {(;): suppressed
e; =v3/A° 2y . 0, ife=1,
12 0.03 0.05 , 1fz 2,
001, if:=3.
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Conclusion

® Modular Flavor Symmetries: Significant

reduction of the number of parameters

canonical

e Kahler Corrections: worse compared to the kinetic terms modular forms

. .- ) l A“"d‘!'! X illi l

case with traditional discrete flavor — )
symmetries

e In quasi-eclectic setup: corrections can be

greatly reduced to the level compatible modular forms
° ° ° +
with experiment uncertainty canonical kinetic terms

e Ultimate goal: more economical scheme for
realistic predictions, with highly suppressed/
calculable Kahler corrections
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