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violation of individual lepton number

~ implied by neutrino oscillations
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-- zenith angular distributions
of atmospheric v

-- oscillation solution becomes
compelling

-- determination of (Am’, ,sin’213,;)#1 -> maximal mixing
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i 2002: solution of solar neutrino problem (started in 69!
by the joint effort of SK, SNO and KamLAND,

» . 2 g _ 2005 [Bahcall, Gonzalez-
. - sin® ¢, =032 o6 Pena-Garay 02121
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TBM is obtained 1 2 2
when X+ty=w+z sy 1 o
how m, invariant 3
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the flavour basis can be 1 0
guaranteed if (m,* m,) is T=10 w? 0
invariant under 0 "



(S,T) generate A, (U can arise as an accidental symmetry)
(5,T,U) generate S,

- geometrical picture of |
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9,5 # 0.15, not a small perturbation: how 1
-- add "large” corrections O(3,3) # 0.15 to TBM pattern |
-- change discrete group G¢ and try to fit lepton mixing

complete classification of |Upypnsl
[Fonseca, Grimus 1405.3678]

from any finite group available now!

-- change LO pattern e\ ;
Upyns =Upy =

-- include CP in the SB pattern

-- relax symmetry requirements

0.229 — 0.516 0.438 — 0.699 0.614 — 0.790

0.800 — 0.844 0.515 — 0.581 0.139 — 0.155 p
|U| = o
0.249 — 0.528 0.462 — 0.715 0.595 — 0.776

[Hall, Murayama, Weiner 1999
De Gouvea, Murayama 1204.1249]




o Thisproe

perhaps symmetry and anarchy are both needed
but anarchy operates only in the vacuum selection

heutrino masses and mixings :
F m () F,(7)

depend on a limited humber of
fields [ideally a single field T]

the functional form of m,(t) ¥,(T) is (almost) |
completely determined by a symmetry :\

. the VEV (7) is selected by some unknown mechanism
(anthropic, aynamical, statistical,...)

. -

. Here: first attempt, adopting modular invariance as flavour symmetry




modular transformations

at+b a,b,c,d infeger's Tisa comp‘l
cT+d ad-be=1 Im(t)>0

S:T 4&:% ; T:T 7\":" :
duality discrete shift symmetry

T =i left invariant by S (self-dual point)

T = (i =) left invariant by T



ular invarial

most general transformation on a set of N=1 SUSY chiral muls

oD (cr +d)k

the weigh,/ unitary representation
a real number of the finite modular group

. if all k;=0, the construction collapses to the well
on linear, unitary flavor symmetries.

. N=1 SUSY modular invariant theories known since
focus on Yukawa interactions and IN=1 globalmﬁ |

S = [ d*zd*0d*0 K(®,®) + /d4xd29 w(®) + h.c.

Kahler p‘é“rial, superpotential, holomorphic function of @
kinetic terms Yukawa interactions

S. Ferrara, D. Lust, A. D. Shapere and S. Theisen, Phys. Lett. B 225 (1989) 363. ‘
\r

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



invariant w(®) = w(P)
' K(®,®) —» K(®,®) + f(®) + f(®)

. invariance of the superpotential much less trivial. E
of the matter supermultiplets

w(®P) = ZY],_...In (1) ¥

invariance of w(®) guaranteed by an holomorphi

Y, .1,(y7) = (er + )" ™p(v) Y1,..1.(7)

ky(‘n) = kh 4+ ...+ kln

The product p X p’* x ... X p!* contains an invariant singlet

. extension o N=1 SUGRA straightforward:



" Few facts dbout

- I transformation property under the modular group |
() — D p(),: f. unitary represent
filyr) = (er +d)"p(7)i; £5(7) finite modular gi

. g-expansion |
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. k<0
k=0 ‘ f(r)= constant
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. ring of modular forms generated by few eleme

MET(N)) = @) Mak(T(N)) anf
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© Aminimal exan

Why I'5 ? T5 is isomorphic to A,, smallest group of the I series possessing
a 3-dimensional irreducible representation

focus on the neutrino sector, assuming neutrino masses
the operator *

', = %(HuHu LLY),

weights and representations under [;of matter multiplets '

L H, Y

SUR)xU1) | 2,-1/2) | 2,+1/2) | (1,0)
I'=A, 3 1 Jo,
k, k, k, k,

which are the modular forms Y(T) of level N=3 we ¢

dimension of linear space M, (F(3)) is (k+1),

3 linearly independent modular forms of level 3 and minimal weight k; = 2
\r



3 linearly independent modular forms of level 3 and minimal weight k; = 2
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. they transform in a triplet 3 of I'5
Y(=1/1) =7% p(S)Y (1) Y(r+1)=

1 0
12 2
2 1 2 p(T) = (0 w
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. they satisfy an algebraic constraint

Y: + 2V Y; =
. They generate the whole ring M(I'(3))

y r form of level 3 and weight 2k ca
g mial “degree k |
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if we go
minimal

we get

L H, Y
SUR)xU1) | 2,-1/2) | (2,+1/2) | (1,0)
I'=A, 3 1 3
k, +1 0 +2
2V, Yy =Y\ o
m, = | —Y; 2Y; Y, X“
-Y: -Y1 2Y;

2
% sin® @, | sin” 1, | sin’ 9.,
Exp 0.0292 | 0.297 | 0.0215 0.5
lo 0.0008 | 0.017 | 0.0007 0.1
prediction | 0.0292 | 0.295 | 0.0447 | 0.651

2-parameter fit to 5 physical quantities




. comme

. results hold under the assumption that, in the charged le

i.e. no contribution to the lepton m
m, = diag(me,mr,mﬂ) from a flip in the 2-3 sector; easy
an ad-hoc flavon @ is needed

1| absolute masses are also predicted, since A can be dete
Am?,; and Am2 . separately .w

m; = 4.998 x 1072 eV me = 5.071 x 1072 eV ms = T7.338 x 107% eV

‘ minimal model predicts Inverted mass

. best value of 7 =0.0111 +0.99467 is close to the self-dual point T = i

at T=i the neutrino mass matrix is CP conserving: non-tr
are entirely generated by T # i ‘

. couplings of T to matter multiplets are completely fixed by SUSY and

modular invariance to any order in the T power expansion



~ corrections (work

. choice of the vacuum (T,®)

small contribution from the charged lepton sector <->
to get a better agreement? -> under study |

. Kahler potential .

no contribution to mass/mixing parameters if K minima
hon-minimal K?
B suUSY breaking

om F
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Conclusions

accuracy

predictability

predictability in terms of a small set of parameters ca
by models enjoying strong symmetry properties

anarchy

Anarchy can still play a role in these models, but only
selection [otherwise 1. and 2. are spoiled] ‘

Modular invariance?

modular invariant SUSY models seem to naturally |
and might provide a new framework, still largely une






how to extend the SM in order to accommodate neutrino masses ?

why neutrino masses are so small, compared with the charged fermion masses ?
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=) can we predict mass/mixings (and match the present experimental accuracy) ?
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Symmetries

features of models based on DS

extension to
quark sector

inclusion in GUTs

relevance for
fermion masses

testable
predictions

G, = G,

P,

V(@o@or) = (@) (@, )om

n

Y 2 HI



assignement

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

L N°¢ H,
SU2)xUQ) | 2,-1/2) | 1,0) | (2,+1/2) | (1,0)
I';=A, 3 3 1 3
k, k, +1

we get the best agreement at

2
% sin® 9, | sin® 9,
Exp 0.0292 | 0.297 | 0.0215
lo 0.0008 | 0.017 | 0.0007
prediction | 0.0280 | 0.291 | 0.0486

e

Normal mass ordering is predicted

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

ma = 5.231 x 1072 eV



