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stimulating time for
for models of neutrino masses
and mixing angles.
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- Flavour Symmetry a

One of the few tools we have, but with several obstacles <l

. high number of free parameters

\
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m(T)=m;+m; T, +m "T,Ts+..
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~ Thisproposal

. heutrino masses and mixings
depend on a small number of

fields » m,(T)
[ideally a single complex field T]

supersymmetric

- dependence of m;;on T is holomorphic model

- flavour symmetry acts non-linearly
[to determine all higher dimensional
operators ]

_ » the functional form of ml.j(z') is
completely determined

- the VEV T is selected by some unknown mechanism
[anarchy in vacuum selection]

. Here: a) + b) + ¢) from modular invariance as flavour symmetry
i
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_,,:4‘fr-f’§1'r'ing theory in d=10 need 6 compact dimensions
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simplest compactifi
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Leorr = Lepr(9(7),0)
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lattice left invariant by modular transformations:

y Leff modular invariant

Compactification
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“they form the (discrete, infinite) modular group T generat

S:'r~g—l , T:7T—=717+1
T
duality discr'e’:bnif’r symmetry . g

=1, (ST)’ =1

- can be thought of as a gauge symmetry
- with a "gauge choice” 7 can be restricted to a fundamental regi

most general tfransformation on a set of N=1 SUSY

at + b
cT 4+ d
o) — CT-I—dep

T — YT =

[Ferrara, Lust, S

the wcalghV/A unitary representati
a real number of the finite modulc



~ N=15USY modular iny

Yukawa interactions in /N=1 global SUSY  [extension to N=1 SUGRA ;

§ = f d*xd?0 w(t, @) + h.c + kinetic terms./-.

field-dependent
w(T, @) = zyll",'@p(h) w Yukawa couplings

invariance of w(®) guaranteed by an holomorphic Y, _;

n°

l ky(n)+k11 +"'+k1n =0
' pxphix ... xph o1

form a linear ¢
of finite dime

modular forms
of level N and weight ky




(Vu) - (ct+d) () (Vu)

kV — _1 ~
w(t,v) =myvY(t) v+ h.c.

modular form of Iév | d(M,(T3)) =3
k=4+2and p c3+1+ p =3

2, (1) —HE@) Y@
m@)=m| —¥s() 2h() V(D)

(1) K@) 2%,
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k >0 even integer

s

built in terms of
Dedekind eta function
Klein forms

Jacobi theta functions
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BT selection

. freedom in a bottom-up approach: FN’ ,0(1); k

[Dirac case explored

. Majorana neutrinos T. Kobayashi, N. Ome
M. Tanimotoand T.

. weight k = 2 in Y(7) of neutrino sector (too many p

number of free parameters p:
. p = Total - 3 (charged fermion masses)

number of observables in neutrino sector = 9
(3 angles + 3 masses + 3 phases)

» (9-p) predictions

p = 3 (always includes Re(t), Im(t) and one over
Here p > 5 not considered

. charged lepton sector either diagonal or y, (1)
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p=>5
NO
mq 40 mel/
Seesaw m, 40 meV
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Mg, | 22 meV
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[T. Kobayashi, N. Omoto, Y. Shimizu, K. Takagi,
M. Tanimoto and T. H. Tatsuishi, 1808.03012]
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T.Schwetz @ Neutrino Telescopes, Venice, |9 March 2019

[see caveatsin Lisi's talk]

m; =1.09(3) x107%eV ,  my = 1.39(2) x 10" %V |,

Mee| = 1.04(2) x 1072V

Re(7),Im(7), @3

charged lepton sector depending on additional flavon ¢ = (1,0,¢3) @3« 1 real

—0.2005 + ¢ 1.0578

¥3

F3 best value
r=|Am?,/Am?, | 0.0299(12)
ms/ms 3.68(5)
sin? 65 0.306(11)
sin” 63 0.0211(12)
sin? B3 0.459(5)
S/m 1.438(8)
Qg /T 1.704(5)
a3 /T 1.201(16)

0.117

ms = 5.11(4) x 10~%eV




10st of the solutions with NO prefer a nearly
m; > 10 meV and |m,,| on the high side of alloy
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most of the solutions with NO prefer a nearly degen"
m; > 10 meV and |m,,| on the high side of allowed rar

higher N -> more solutions

any preferred value of 7 ?

extrema of V(7) at the border of the
fundamental region and along the Im(t) axis ?

[Cvetic, Font, Ibanez, Lust and Quevedo,
Nucl.Phys.B 361(1991) 194]

7 at points with
residual symmetries?

T=1 Z,(5)

1 i3
r=—§+7\/_ Z4(ST)

I, solutions




~ Corrections fron

. unknown breaking mechanism. Here:

F-component of a chiral supermultiplet, gauge and modu

X=0%F messenger scale M

SUSY-breaking scale Meysy = —
M

. most general correction term to lepton masses and mixing a
, |

f(®, @) has dimension 3, determined by gauge invar
conservation (treating A as spurion with L=+2)

Mgys Tin . ifS
‘ OW/W ~ Y[y ~ I\L/; - msZSY anc



- Conclusions

neutrino data set a new standard in model building
- accurate predictions
- falsifiable models

modular invariance as flavour symmetry can determine the fun
dependence of Yukawa couplings on a modulus field

- no/less flavons,

Y(1) - less parameters
- no corrections from higher dimen
- stability against SUSY breaking cor

can be implemented in a bottom-up approach:
absolute masses, m.. and phases are predicted

Open questions:
- role of modular symmetry in quark Yukawa couplings
- in 6UTs :
- vacuum selection
- corrections from Kahler po

Okada anc

[de Anda, K
1812.056¢






odel 1 (I0)
- rand sin®9,, mostly affected, at large tanp

A =101 GeV
msysy ~ Quantity tanf =25 tanf =10 tanf =15
r 0.0302 0.0292 0.0288
10* GeV  gin24,, 0.304 0.345 0.418
X2 0.4 12.2 82.0
r 0.0302 0.0294 0.0286
105 GeV  &in24,, 0.303 0.335 0.389
X2 0.4 7.0 477

I Model 2 (NO)

negligible corrections for tanf up to 25 and t




Y modular

known since la.re 1980s S. Ferrara, D. Lust, A. D. Shapere and S. ’i‘heisen, Phys. Lett. B 225 (1989) 363.

S. Ferrara, .D. Lust and S. Theisen, Phys. Lett. B 233 (1989) 147.

focus on Yukawa interactions and N=1 global SUSY

S = [ dzd?0d6 K(®,8) + / dzd?0 w(®) + he L2 =(19)

Kahler plg?’rial, superpotential, holomorphic function of ®

kinetic terms Yukawa interactions
w(®) — w(P)
S invariant if { K(®,3) - K(®,8) + f(®) + f(3)

i

. invariance of the Kahler potential easy to achie

K(®,®) = —hlog(—ir +1i7) + Y (=it +i7) *[p")]?
1

. extension fo N=1 SUGRA straightforward: q

=



 Action of modular invaric

most general transformation on a set of N=1 SUSY chi '

ar + b

cT +d
P = (er +d) "3 P (7)™

T —

the weigh{/A unitary representation
a real number of the finite modular.

r,|T,|T,|T,
S, | A, | S, | Al

. [y are finite groups

. if all kr=0, the construction collapses to the wel
on linear, unitary flavor symmetries.



. invariance of w(®) guaranteed by an holomorphic Y such 1

invariance of the superpotential much less trivial. Ex l ‘
of the matter supermultiplets

el

w(®) =) Vi, e :

Vi 1. (y7) = (et + )™ ™p() Y1, .1.(T)

ky('n) = k]l T kln

The product p x p'* x ... x p/ contains an invariant singlet




1 Few facts about (e

. transformation property under the modular group

HYT) = d)k i T unitary represen
filyr) = (em +d)"p(7)i; £5(7) finite modular gr
B g-expansion ‘f

fr+N)=10) W 0= ad

=0
. k<0 f(T)=0
k=0 ‘ f(T)=| constant
finite-dimensional
k>0 i(:‘;/:gner') f(@) EM, ('FN ) linear space

. ring of modular forms generated by few eleme

MET(N)) = @) Mak(T(N))



N | g | duw(T(N)) | pv | Ty
2|0 k+1 6 | Sy
3|10 2k+1 12 | Ay
4 |0 4k+1 24 | Sy
50| 10k+1 | 60 | As
6 | 1 12k 72

7 13| 28k—2 | 168

Table 1: Some properties of modular forms: g is the genus of the space H/I'(N) after com-
pactification, day(I'(IV)) the dimension of the linear space My (T'(N)), py is the dimension
of the quotient group I'y = I'/T(N), which, for N < 5, is isomorphic to a permutation

group.




';énsion of linear space M, (F(3)) is (k+1) , k>

3 linearly independent modular forms of level 3 and inimal weight kr = 2

oo [T T () e can be
MO wm v TeED T n(fv)] the C
_=i[r @) () () | -
B(r) = — () T E) Y n(r)=¢/*[(1-q
b @), ), e ()
R T T G2 R =)

. they transform ina triplet 3 of I3
Y(=1/r)=7"p(S)Y(r)  Y(r+1)=p(T)Y(r)

10 0
-1 2 2 B
== 2 -1 2 P(T)—(Ow 0)
”()3(22_1) 0 0 w?
. they generate the whole ring M(I'(3))

1y modular form of level 3 and weight 2k can
nll nomial degree k

i




).




Yi(t) = 1+412¢+ 36¢* +12¢° + ...
Ya(7) —6q"/3(1 + 79+ 8¢* + ...)
Ya(r) = —18¢**(1 +2q+5¢* + ...

i
2
I

Y +2Y,Y;=0

(Yla Y21 Y3)|T=ioo = (11 03 0)

(Y1, Y3, Y3) |, = Yi(3) (1,1 — V3, -2+ V/3)

Y(_l/'r)l'r:i . —p(S)Y(TNT:i



Y:+2Y,Yy =0

As discussed explicitly in Appendix D, the constraint (30)) is essential to recover the correct
dimension of the linear space My, (I'(3)). On the one side from table 1 we see that this
space has dimension 2k + 1. On the other hand the number of independent homogeneous
polynomial Y}, Y;, - - - Y;, of degree k that we can form with Y; is (k + 1)(k + 2)/2. These
polynomials are modular forms of weight 2k and, to match the correct dimension, k(k—1)/2

among them should vanish. Indeed this happens as a consequence of eq.
the ring M(I'(3)) is generated by the modular forms Y;(7) (i = 1,2, 3).

30

). Therefore




Why '3 ? T3 is isomorphic to A4, smallest group of the Iy series possessing

a 3-dimensional irreducible representation [Ma, Rajasekaran

nt extensions fo M, and T, in Kobayashi, Tanaka, Tatsuishi, 180
2do, Petcov 1806.11040]

(EY, E5, E5) | N° L

SU@)L x Uy | (L,+1) | (1,0) | (2,-1/2) | (2,-1/2)

F3 = A4 (1,1”,].,) 3 3

kl (kE1 ) kEz ) kE3) kN kL

Table 1: Chiral supermultiplets, transformation properties and weights. Model 1 has no gauge

singlets N€.

kv | k| ka | k| R

Model 1| 2| — | =110 1] 0 | +3

Model 2| 4| —-1|+1 01| 0 | +3

Table 2: Weights of chiral multiplets. Model 1 has no gauge singlets N¢.



if we go
minimal

we get

w, = ~(H,H, LLY),

A

L H,
SUQ)xU) | 2,-1/2) | (2,+1/2)
I=A, 3 1
k, +1 0
2%, -Y; =Y,
m, = | —Y; 2Y, -V, K“
=Y, =Y, 2Y;

2
inn;;d sin’ 9, | sin”
Exp 0.0292 | 0.297 | 0.0215
lo 0.0008 | 0.017 | 0.0007
prediction | 0.0292 | 0.295 | 0.0447

2-parameter fit to 5 physical quantities

| 8 dimensionless physical
- quantities independent on
- any coupling constant!




vr»"/

i
)

' neutrino masses from see-saw mechanism 4
w, = g (N°H,L); + A(N°N°Y),

assignement

L N°¢ H,
SUQ2)xU1) | 2,-1/2) | 1,0) | (2,+1/2) | (1,0)
I'=A, 3 3 1 3
k, k, +1 k, +2
i

we get the best agreement at = —0.195 + 1.0636: (‘

Am’ : : .
—L | sin* 9, | sin® Yy, | sin® I,
Am

atm

6CP a21 a31

JT JU JU

Exp 0.0292 | 0.297 | 0.0215 0.5 14 | - —

lo 0.0008 | 0.017 | 0.0007 0.1 02 | - -
prediction | 0.0280 | 0.291 | 0.0486 | 0.331

t

Normal mass ordering is predicted

m; = 1.096 x 1072 eV my = 1.387 x 1072 eV
B )

ms = 5.231 x 1072 eV
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Status of neutrino oscillations 2018: 3
o hint for normal mass ordering and improved CP sensitivity

P.F. de Salas (Valencia U., IFIC), D.V. Forero (Campinas State U. & Virginia Tech.), C.A. Ternes, M. Tortola, J.W.F. Valle (Valencia U., IFIC). Aug 3, 2017. 8 pp.

Published in Phys.Lett. B782 (2018) 633-640
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[from pdg 2017]
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best value
r=|Am?2,/Am?, | 0.0302(11) +0.13
sin? 6, 0.304(17) +0.08
sin? 5 0.0217(8) | —0.13 | 001171409948
—0.086
sin? By 0.577(4) +0.67 |
3 2
- x2., =04
5/ 1.529(3) +0.07 o
a1 /7 0.135(6) B 8 dimensionless physical
2! ' quantities independent on
a31/7r 1.728(18) _ any coupling constant!
mi = 4.90(3) x 1072V my = 4.98(2) x 107 %eV | ms = 7.5(3) x 10~ %eV

« 10-20y by reproducing indiv

Mee| = 4.73(4
el I e and



b
)

acosf | 2.806923 x 1076 acosf | 2809569 x 107°

b

bcos B | 9.992488 x 1073 bcosB | 9.961316 x 102

ccos B | 5.899778 x 104 ccos B | 5.899455 x 1074

Ye(mz) 2.794745 x 107 | 0.0 2.794745 x 107°

Yu(myz) 5.899864 x 10~* | +0.05 Yu(mz) 5.899863 x 107* | 0.0

1.002950 x 102

y-(mz) 1.002950 x 1072 | 0.0




Intervals where x? < x2. + 1:

10 NO
Re(r) | [0.0113,0.0120] | [—0.2023, —0.1987]
Im(7) | [0.9944,0.9951] | [1.0522,1.0633]
Re(ps) | [—0.090, —0.082] 0.113,0.121]




2

; —

m2 [Aml‘? = {4 m?] A e

b

2 2 2 Normal ™= Y: | TInverted
- Am;, < ‘Am32 Am31‘

i.e. 1 and 2 are, by definition,
the closest levels

atmospheric
~2x1073eV?2

atmospheric
~2x1073eV?

solar~7x10-3¢V?2

two possibilities: NO and IO my

g
Lee = __Wu ¢,V UpynsVy

J2

standard parametrization

v, v,

Ve €2 Ci3 512 Gi3
Upyns =Y u =S12C3 = Cpp 81383 e’ CiaCo3 = 812 813 53 e’
- Ve —Ci 8130 e + S1283 T2 830y e’ - Cia 83



~ N=15USY modular iny

Yukawa interactions in /N=1 global SUSY

S = f d*xd?0d*0K(®, ®) + jd4xd29 w(d) + h.c.

B (k@) —>WK(EDCI;, f) W+( gq:) + F(3) emmerrll
W(CD) _ Zyll...ln(r)ga(ll)' -QD(In) Yll In( )

- ky(n)+k11 ++k1n =0
l pxplix ... xph o1

modular forms ‘ form a linear
of level N and weight ky of finite dime



- Flavour Symmetry app

One of the few tools we have, but with several obstacles Ishimori, Kobe

Okada, Tani e
. predictability

high number of free parameters

- lowest order Lagrangian parameters
- complicated SB sector

- EFT: higher dimensional operators

- SUSY breaking effects

- RGE corrections (Ayy.msysy ,tanB)

. choice of the vacuum

choice of direction {g"/ A

in flavour space of é?/é/" Gf }

K\
&

N




