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Beyond the Standard Model
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Yiju,d,l are completely free parameters→masses and mixings are not
theoretically motivated
Neutrino are massless

FLAvour SYmmetry→ a more foundamental theory explaining these
patterns

Grand Unified Theory
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Neutrino masses point to a lepton number violating scale close to
MGUT where lepton number is naturally violated !!!
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The observed flavour structures (May ’11)

De Gouvea ’08
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Possible patterns for leptons

The observed lepton mixings can be well reproduced with special
and easy structures, including:

Tri-Bimaximal mixing

VTBM =


√

2
3

1√
3

0
− 1√

6
1√

3
− 1√

2
− 1√

6
1√

3
1√

2


In charged leptons diagonal basis

mTBM =

 f2 f1 f1

f1 f2 + f0 f1 − f0

f1 f1 − f0 f2 + f0


Usually O(θ2

C) corrections from
charged leptons

Bimaximal mixing
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In charged leptons diagonal basis

mBM =

 f2 f1 f1

f1 f0 f2 − f0

f1 f2 − f0 f0


Complementarity: θC + θ12 ∼ π/4

→ O(θC) corrections
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Descrete symmetries
mTB andmBM are symmetric under

mTB = AT23mTBA23, mTB = STTBmTBSTB, ml = T
T
TBmlTTB

A23 =

 1 0 0
0 0 1
0 1 0

 , STB =
1
3

 −1 2 2
2 −1 2
2 2 −1

 , TTB =

 1 0 0
0 ω 0
0 0 ω2


mBM = AT23mBMA23, mBM = STBMmBMSBM, ml = T

T
BMmlTBM

SBM =
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2

 , TBM =

 −1 0 0
0 −i 0
0 0 i


If TB or BM are relevants the neutrino sector points to a discrete
flavour symmetry, such as S3, A4, S4, T ′, ...

Then we have to spontaneously break the discrete group in the
subgroups A23, S in the neutrino sector and T in the lepton sector
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SO(10)

Flavour in SU(5)
Matter content

dc, e,νe ⊃ 5 u,uc,d, ec ⊃ 10 νce ⊃ 1 (3)

Mass terms: minimal version

5 10 5H + 10 10 5H (4)

next to minimal
5 10 45H + 10 10 45H (5)

Flavour relations atMGUT

Me
5 =MdT

5 Me
45 = −3MdT

45 (6)

How to obtain TB in SU(5)?

In general different discrete group representations for 5, 10 and 1

For example: (SU(5),A4) = (5, 3), (101, 1′′), (102, 1′), (103, 1), (1, 3)
Altarelli, Feruglio, Hagedron ’08
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Flavour in SO(10)
All the SM particle + νR for each family in one irreduceble
representation

16 ⊃ 5 + 10 + 1 (7)
Mass term in SO(10)

16× 16 = 10 + 126 + 120 (8)

(10 and 126 symmetric, 120 antisymmetric)

WY = hψψ10H + fψψ126H + h ′ψψ120H (9)

To avoid large Higgs representations one can consider the above
couplings as effective, ie coming from higher order operators as

10× 45 = 10 + 120 + 320 (10)
16H × 16H = 10 + 126 + 120 (11)

Neutrino masses are naturally generated (νR is not a singlet)
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See-saw 2 dominance

In a general renormalizable scheme, assuming two light Higgs
doublets

Yu = h+ r2f+ r3h
′ Ye = r1(h− 3f+ ceh′) (12)

Yd = r1(h+ f+ h′) YνD = h− 3r2f+ cνh
′ (13)

In the 126 both the SM singlet (vR) and the SU(2)L triplet (vL) can get
vev→ type-1 +type-2 see-saw (Dutta, Mimura, Mohapatra ’10)

mν = fvL −MD
1
fvR

MT
D ' fvL

vL: vev of triplet in 126H
vR: Majorana mass for νR

(14)
assuming type 2 see-saw dominance (... Melfo ’10)

In this way it possible to partially disentangle neutrino and quark
sectors
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Quarks, charged leptons and TB neutrinos

Taking f in the TB form, h dominantly 33 and hermitian matrices (see
below) we get

I quark sector:
I heavy third generation

masses from Y
I small first and second

generations masses and
small CKM from hij, f, h′

I lepton sector:
I mν TB from f
I corrections to TB from

charged leptons mixing

h =

 h11 h12 h13
h12 h22 h23
h13 h23 Y


f =

 f2 f1 f1
f1 f2 + f0 f1 − f0
f1 f1 − f0 f2 + f0


h′ = i

 0 σ12 σ13
−σ12 0 σ23
−σ13 −σ23 0


We assume an underlaying parity symmetry (Dutta ’04)
I hermitian matrices→ less parameters
I the fit is still very good
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TB, BM and general matrices

I Note that we can always go to a basis where f is TB

fTB = V∗TBf
′
diagV

†
TB = V∗TBV

T f ′VV†TB (15)

rotating the 16 of fermions

I In the same way also f BM or with other structures with three
free parameters inmν can be obtained by a rotation

I TB, BM, ... correspond to the same fit analysis

This analysis is general for SO(10) with 10H, 120H and 126H and type
2 see-saw dominance
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Fit results
We fitted the model on fermion masses and mixing angles evolved at
the high scaleMGUT
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Comparation with other models
Comparing with other realistic SO(10) models without TB, on the
same set of data

I DR: Dermisek, Raby ’06
I ABB: Albright, Babu, Barr ’01
I JLM: Ji, Li, Mohapatra ’05
I BSV: Bajc, Senjanovic, Vissani ’02
I JK2: Joshipura, Kodrani ’09
I GK: Grimus, Kuhbock ’06
I T-IID: this model

Degree of fine-tuning→ dFT =
∑

| pari
erri

|

Excellent fit of this model but large fine-tuning

Why the fine-tuning? f1/f0 ∼
√
r givesmIgen/mIIgen and δTB too

big without any cancellation
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Latest news (June ’11)

T2K and MINOS announced strong hints for θ13 , 0 in the neutrino
sector

T2K → 0.03(0.04) < sin22θ13 < 0.28(0.34) at 90% C.L.(16)
MINOS → 0 < 2sin22θ13sin

2θ23 < 0.12(0.19) at 90% C.L.(17)

New analysis performed on these new data
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New analysis

We fitted the model T-IID on the new T2K data

T-IID TB

Model d.o.f. χ2 χ2/d.o.f. dFT dData

T-IID 1 0.13 0.13 3.4 105 3.8 103

T-IID (old data) 1 0.13 0.13 4.7 105 3.8 103

→ very good fit again

We considered also the same model with f BM with the new data

T-IID BM

Model d.o.f. χ2 χ2/d.o.f. dFT dData

T-IID BM 1 0.13 0.13 3.1 105 3.8 103

→ consistency check (TB and BM differs by a 16 rotation→ same fit)
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Conclusions

I If TB (or BM ...) mixing is realized, the neutrino sector points to a
discrete flavour group

I Quark sector is gerarchic and with no indication of such a
discrete group

I Even if Grand Unified Theories connect the two sectors, it is
possible to explain the two different patterns in a unified theory
(SU(5)×A4 for example)

I The case of SO(10) is more difficult→ every particle of each
family must be in the same flavour group rapresentation

I SO(10) + type-2 see-saw offers a viable solution but more work
has to be done (ig Dutta, Mimura, Mohapatra ’09)

THANK YOU FOR THE ATTENTION
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backup

New analysis results for T-IID TB
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backup
New analysis results for T-IID BM

h =

 h11 h12 h13
h12 h22 h23
h13 h23 Y


f =

 f2 f1 f1
f1 f2 + f0 f1 − f0
f1 f1 − f0 f2 + f0


h′ = i

 0 σ12 σ13
−σ12 0 σ23
−σ13 −σ23 0
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backup
Some analytic approximate relations for leptons

mτ ≈ k[Y − 3(f0 + f2)] k =
r1vu

tanβ
(18)

mµ ≈ k[h22 − 3(f0 + f2)] −mτs
e2
23 (19)

se23e
iφe

2 ≈ k

mτ
[h23 + 3(f0 − f1) + iceσ23] (20)

se13e
i(δe+φe

1 +φe
2 ) ≈ k

mτ
[h13 − 3f1 + iceσ13] (21)

se12 ≈

√
k

mµ
(h11 − 3f2) −

mτ

mµ
se2

13 (22)

(mµs
e
12 +mτs

e
13s
e
23e

iδe)eiφ
e
1 ≈ k(h12 − 3f1 + iceσ12) (23)

U12 ≈ 1√
3
(1 − se12e

iφe
1 − se13e

i(δe+φe
1 +φe

2 )) (24)

U13 ≈ 1√
2
(se12 − s

e
13e

i(δe+φe
2 )) (25)

U23 ≈ −1√
2
(1 + se23e

iφe
2 ) (26)
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