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Flavor problem

• Fermions in the SM are massive

• Higgs is related to mass but does not explain the observed
"wild" mass patterns

• ... nor the measured mixing angles

• Neutrino masses?.
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• Experiments have shown that neutrinos oscillate → they have
mass

• Few oscillation parameters are well measured

• Only upper limits on the absolute mass scale

• We do not know the their nature
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Oscillation parameters

• Neutrinos oscillate (Super-K, SNO)

• Oscillations are governed by a 3× 3 unitary matrix and by
mass differences

• The mixing angles have been measured

• mass differences have been measured (although not the
hierarchy)

• CP violating phase is unknown.
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θ13

• Accelerator experiments:

P(νµ → νe) = F(θ13, δCP)

• A year ago T2K presented candidates for νe appearance - six
events (on an expected background of 1.5± 0.3)

• MINOS followed with 62 events (on a background of 49.6)

Abe K et al.. (T2K Collaboration) 2011 PRL 107 041801
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θ13

• Reactor experiments:

P(ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin2(1.267∆m2
13L/E )

• in march 2012

• Daya Bay excludes θ13 = 0 at 5.2σ

• RENO at 4.9σ

• Daya Bay: sin2 2θ13 = 0.089± 0.010(stat.)± 0.005(syst.)

• RENO: sin2 2θ13 = 0.113± 0.013(stat.)± 0.019(syst.)

−→ θ13 6= 0!
An F et al.. (DAYA-BAY Collaboration) 2012 PRL 108 171803
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θ13

Daya Bay (left): Best-fit solution with sin2 2θ13 = 0.089
RENO (right): Best-fit solution with sin2 2θ13 = 0.113
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21 and θ12

• Current values

∆m2
21 = 7.59+0.20

−0.18 × 10−5eV2

sin2 θ12 = 0.312+0.017
−0.015

Schwetz T, Tortola M and Valle J 2011 New J. Phys 13 063004
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Neutrino mass?

There are no right-handed neutrinos in the SM
If there are no right-handed neutrinos in nature → Lepton
number violation and neutrinos are Majorana
Mass: the simplest way (same particle content of the SM) is
through the Weinberg term

Mν ∼
LLHH

Λ

Λ → LARGE mass scale.
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Neutrino mass?
Next possible setup: Right-handed neutrinos

Dirac and Majorana mass terms are now possible

Mν =

(
mL mD
mD mR

)
mR must be large

mν ∼ m2
D /mR

P. Minkowsli, Mohapatra, Senjanovic, Yanagida,
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to explain: neutrino, charged lepton and quark masses, mixing
angles, hierarchy problem, dark matter, BAU, gravity, ...?
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Mass in the Standard Model

Electroweak theory: SU(2)W × U(1)Y

Gauge invariant terms:

L = −1
4
F a
µνF

aµν − iΨ̄aDµγµΨa

Mass terms

→ mΨ̄aΨa + M2

2 Aa
µA

aµ

Not invariant!
But massive particles do exist → Higgs mechanism
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and we obtain Ψ̄ΦΨ→ Ψ̄〈Φ〉Ψ→ Gauge symmetry has been
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Flavor symmetries

• A symmetry could explain the observed patterns.

• Consider the up-type quark mass terms (i , j = 1, 2):

Ψ̄iΦΨj + Ψ̄iΦΨ3

+ Ψ̄3ΦΨ3

• Impose a new symmetry such that only third generation fields
are invariant

• Add new scalar fields to generate the other terms through high
order operators

1
ΛF

Ψ̄iΦξ1Ψj + 1
Λ′

F
Ψ̄iΦξ2Ψ3+ Ψ̄3ΦΨ3



Flavor symmetries

• A symmetry could explain the observed patterns.

• Consider the up-type quark mass terms (i , j = 1, 2):

Ψ̄iΦΨj + Ψ̄iΦΨ3

+ Ψ̄3ΦΨ3

• Impose a new symmetry such that only third generation fields
are invariant

• Add new scalar fields to generate the other terms through high
order operators

1
ΛF

Ψ̄iΦξ1Ψj + 1
Λ′

F
Ψ̄iΦξ2Ψ3+ Ψ̄3ΦΨ3



Flavor symmetries

• A symmetry could explain the observed patterns.

• Consider the up-type quark mass terms (i , j = 1, 2):

Ψ̄iΦΨj + Ψ̄iΦΨ3

+ Ψ̄3ΦΨ3

• Impose a new symmetry such that only third generation fields
are invariant

• Add new scalar fields to generate the other terms through high
order operators

1
ΛF

Ψ̄iΦξ1Ψj + 1
Λ′

F
Ψ̄iΦξ2Ψ3+ Ψ̄3ΦΨ3



Flavor symmetries

• A symmetry could explain the observed patterns.

• Consider the up-type quark mass terms (i , j = 1, 2):

Ψ̄iΦΨj + Ψ̄iΦΨ3 + Ψ̄3ΦΨ3

• Impose a new symmetry such that only third generation fields
are invariant

• Add new scalar fields to generate the other terms through high
order operators

1
ΛF

Ψ̄iΦξ1Ψj + 1
Λ′

F
Ψ̄iΦξ2Ψ3+ Ψ̄3ΦΨ3



Flavor symmetries

• A symmetry could explain the observed patterns.

• Consider the up-type quark mass terms (i , j = 1, 2):

Ψ̄iΦΨj + Ψ̄iΦΨ3 + Ψ̄3ΦΨ3

• Impose a new symmetry such that only third generation fields
are invariant

• Add new scalar fields to generate the other terms through high
order operators

1
ΛF

Ψ̄iΦξ1Ψj + 1
Λ′

F
Ψ̄iΦξ2Ψ3+ Ψ̄3ΦΨ3



Flavor symmetries

• A symmetry could explain the observed patterns.

• Consider the up-type quark mass terms (i , j = 1, 2):

Ψ̄iΦΨj + Ψ̄iΦΨ3 + Ψ̄3ΦΨ3

• Impose a new symmetry such that only third generation fields
are invariant

• Add new scalar fields to generate the other terms through high
order operators

1
ΛF

Ψ̄iΦξ1Ψj + 1
Λ′

F
Ψ̄iΦξ2Ψ3+ Ψ̄3ΦΨ3



Flavor symmetries

• When the symmetry is respected

Yu =

 0 0 0
0 0 0
0 0 1





Flavor symmetries

• When the symmetry is broken by the second
generation field

Yu =

 0 0 0
0 0 0
0 0 1



→

 0 0 0
0 ε ε
0 ε 1

 ε ∼ 〈ξ2〉
Λ′F

• There is a remnant symmetry in the first generation.



Flavor symmetries

• When the symmetry is broken by the second
generation field

Yu =

 0 0 0
0 0 0
0 0 1

 →
 0 0 0

0 ε ε
0 ε 1

 ε ∼ 〈ξ2〉
Λ′F

• There is a remnant symmetry in the first generation.



Flavor symmetries

• When the symmetry is broken by the second
generation field

Yu =

 0 0 0
0 0 0
0 0 1

 →
 0 0 0

0 ε ε
0 ε 1

 ε ∼ 〈ξ2〉
Λ′F

• There is a remnant symmetry in the first generation.



Flavor symmetries

• When the symmetry is completely broken

Yu =

 0 0 0
0 0 0
0 0 1

→
 0 0 0

0 ε ε
0 ε 1



→

 ε′ ε′ 0
ε′ ε ε
0 ε 1


ε′ ∼ 〈ξ1〉

ΛF

• Could explain sizes and mixings

• Must find a symmetry (and model) that works!



Flavor symmetries

• When the symmetry is completely broken

Yu =

 0 0 0
0 0 0
0 0 1

→
 0 0 0

0 ε ε
0 ε 1

 →
 ε′ ε′ 0

ε′ ε ε
0 ε 1


ε′ ∼ 〈ξ1〉

ΛF

• Could explain sizes and mixings

• Must find a symmetry (and model) that works!



Flavor symmetries

• When the symmetry is completely broken

Yu =

 0 0 0
0 0 0
0 0 1

→
 0 0 0

0 ε ε
0 ε 1

 →
 ε′ ε′ 0

ε′ ε ε
0 ε 1


ε′ ∼ 〈ξ1〉

ΛF

• Could explain sizes and mixings

• Must find a symmetry (and model) that works!



Mixing angles?
The TBM structure suggests an underlying symmetry (?)

Abelian, non Abelian, continuous, Discrete, Global, Local

Recall that the mixing matrix is given by

UPMNS = U†l Uν ≈ UTB

If charged leptons are diagonal

UPMNS = Uν ≈ UTB

→ Mν is magical and 2− 3 symmetric
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a small step for Mν, a giant leap for ?

Consider the following series of simple questions:

Minimally extending the SM particle content, is it possible to
describe the mass patterns and mixings in both the quark and
lepton sector? What is the minimum price?
Imposing renormalizability and a non-abelian family group:
If νR are introduced, it usually requires the additional
introduction of SEVERAL scalar fields (doublets and
singlets)
minimizing the number of scalar fields leads to the possibility
of using the group Q4 with 4 SU(2) doublets and radiative
masses for the neutrinos (which costs an additional singlet charged scalar).

AA, Bonilla, Ramos, Rojas
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Particle content of the model:

Q ∼ 1++ ⊕ 1+− ⊕ 1−+ ≡ {Q1 ⊕ Q2 ⊕ Q3}
dR ∼ 2⊕ 1+− ≡ {(dR1 dR2)⊕ dR3}
uR ∼ 2⊕ 1+− ≡ {(uR2 uR1)⊕ uR3}
L ∼ 2⊕ 1+− ≡ {(L1 L2)⊕ L3}

eR ∼ 1++ ⊕ 1+− ⊕ 1−+ ≡ {eR1 ⊕ eR2 ⊕ eR3}
H ∼ 2⊕ 1++ ⊕ 1−− ≡ {HD ≡ (H1 H2)⊕ H3 ⊕ H4}
η ∼ 2 ≡ {ηD ≡ (η1 η2)}



The mass matrices (for quarks and charged leptons ) take the
form

Mu,d =

 0 Au,d 0
−Au,d 0 Bu,d

0 Du,d Cu,d

 .

=⇒

|V th
CKM | =

 0.974386 0.224853 0.00363
0.224723 0.973587 0.0403354
0.00844 0.0396092 0.99918


δthCKM = 1.19528
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Neutrino masses are obtained radiatively

mab = κab(m2
b −m2
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Mν =

 a b c
b 0 0
c 0 d



sin2(2θ12) = 0.087± 0.03
sin2(2θ23) > 0.92
sin2(2θ13) < 0.15

∆m2
21 = 7.59+0.19

−0.21 × 10−5 eV2

∆m2
32 = 2.43± 0.13× 10−3 eV2
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Only works for Inverted hierarchy





Majorana neutrinos → 0νββ−decay
Decay is characterized by the (1,1) element of the neutrino
mass matrix in the charged lepton mass basis:

mββ = e2iσ cos2 θ12 cos2 θ13m1 +

+ e2iρ sin2 θ12 cos2 θ13m2 + sin2 θ13m3

Current bounds:

|mββ | < (0.20− 0.32)eV (76Ge),

< (0.30− 0.71)eV (130Te),

< (0.50− 0.96)eV (130Mo), (1)

Bilenky et al.
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a small step for Mν, a giant leap for ?

• Even cheaper: It has been known that quark mixing angles and
masses can be obtained in a flavor scenario with 2 flavored
Higgses and a Z4 flavor symmetry. Branco, Grimus, et al.

• Introducing a charged singlet, it is possible to extend this to
the lepton sector (again with no νR).AA, Bonilla, Rojas

• A bit more expensive, but still interesting: What is the
smallest Abelian group that can be used such that it
reproduces both sectors using 3 flavored Higgses?

• Z5 AA, Bonilla, Diaz-Cruz

• Forgetting economy and consciously contributing to the
evidently catastrophic global warming, it is possible to embed
some of these economical models in more ambitious settings,
for example in a Randall-Sundrum scenario Alvarado, AA, Corradini,

Rojas, Santos
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... almost there!

• Neutrino physics has always played a decisive role in the
developments of particle physics.

• Most of the time they confuse us and lead to interesting and
unexpected results.

• It is currently a very active and promising area of investigation

• Finaly, they are my favorite particles!
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