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Plan of Lectures

I. Standard Neutrino Properties and Mass Terms (Beyond Standard)

II. Effects ofν Mass. Neutrino Oscillations in Vacuum and Matter

III. The Data and The Emerging Picture. Some Implications
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Summary I+II

• In theSM: ↔ mν ≡ 0

– neutrinos areleft andmν = 0 ⇒ chirality ≡ helicity⇒ spinorsu− or v+

– No distinction betweenMajoranaor Dirac Neutrinos

• mν 6= 0 → Need to extend SM to addmν

– breakingtotal lepton number (L = Le + Lµ + Lτ ) → Majorana ν: ν = νC

– conservingtotal lepton number→ Diracν: ν 6= νC

– Always Lepton Mixing≡ breaking ofLe × Lµ × Lτ

• From direct searches ofν-mass:mν ≤ O(eV )

• Neutrino masses and mixing⇒ Flavour oscillations

• Experiments observing oscillations⇒ measurement of∆m2
ij andθij

• ν traveling throughmatter⇒ Modification of oscillation pattern

• Mattereffect iscrucial to interpretation ofsolar data
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Plan of Lecture III

The Data and Its Interpretation

Atmospheric Neutrinos

Solar Neutrinos

Accelerator Neutrinos at Long Baselines
Reactor Neutrinos

Fitting all Together

Some Implications
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Atmospheric Neutrinos

Atmosphericνe,µ are produced by the interaction ofcosmic rays (p, He . . . )with the
atmosphere
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• Complete SKI+II+III+IV data:
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Some New Physics in ATM ν -Oscillations

• Oscillations are due to:
– Misalignment between CC-int and propagation states:Mixing ⇒ Amplitude

– Difference phases of propagation states⇒ Wavelength. For∆m2-OSCλ =
4πE

∆m2
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Some New Physics in ATM ν -Oscillations

• Oscillations are due to:
– Misalignment between CC-int and propagation states:Mixing ⇒ Amplitude

– Difference phases of propagation states⇒ Wavelength. For∆m2-OSCλ =
4πE

∆m2

• ν masses are not the only mechanism for oscillations

Violation of Equivalence Principle (VEP):Gasperini 88, Halprin,Leung 01

Non universal coupling of neutrinosγ1 6= γ2 to gravitational potentialφ

λ =
π

E|φ|δγ

Violation of Lorentz Invariance (VLI):Coleman, Glashow 97

Non universal asymptotic velocity of neutrinosc1 6= c2 ⇒ Ei =
m2

i

2p
+ cip

λ =
2π

E∆c

Interactions with space-time torsion:Sabbata, Gasperini 81

Non universal couplings of neutrinosk1 6= k2 to torsion strengthQ

λ =
2π

Q∆k

Violation of Lorentz Invariance (VLI)Colladay, Kostelecky 97; Coleman, Glashow 99

due to CPT violating terms:̄να
Lbαβ

µ γµνβ
L ⇒ Ei =

m2
i

2p ± bi λ = ± 2π

∆b

Non-standardν interactions in matter:Wolfenstein 78

GF εαβ(ναγµνβ)(fγµf) λ = 2π

2
√

2Gf Nf

q

ε2
αβ

+(εαα−εββ)2/4
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ATM ν’s: Subdominant NP Effects

• Using atmospheric neutrino data these effect can be constrained
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• Sun=Main sequence star4.6 × 109 yr old
• Solar Models describes the Sun based on:

Surface Luminosity: L⊙ = 3.9 × 1033 erg/sec

Surface Temperature: Ts⊙ = 5.8 × 103 K

Solar Mass: M⊙ = 2 × 1033 gr

Solar Radius: R⊙ = 7 × 105 km

• Basic assumptions:

The Sun is spherically symmetric

Hydrostatic and Thermal equilibrium

Equation of state of an ideal gas
• The total energy emitted per nucleon

(4.6 × 109 yr) × (3.86 × 1033 erg/sec)

(2 × 1033 gr) × NAV
≃ 3 × 105; eV

⇓
Energy is Produced by Nuclear Reactions

• Composition:∼70.5 % p, 27.5 %4He

and 2% heavier elements

• The Sun consists of 3 zones:

– Core: R . 0.3R⊙ where nuclear reactions

– Radiation Zone: 0.3R⊙ . R . 0.7R⊙

– Convective Zone: 0.7R⊙ . R

• Heavier elements in the core

Ne/Nn ≃ 2(core) − 6(surface)

• The Solar density distribution
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Solar Neutrinos: Fluxes

• The Sun shines converting protons intoα, e+ andν′s

4 p → 4He + 2 e+ + 2 νe + γ

4mp − m4He − 2me ≃ 26 MeV Thermal energy mostly inγ

• Two major chains of nuclear reactions
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Solar Neutrinos: Fluxes

• The Sun shines converting protons intoα, e+ andν′s

4 p → 4He + 2 e+ + 2 νe + γ

4mp − m4He − 2me ≃ 26 MeV Thermal energy mostly inγ

• Two major chains of nuclear reactions

pp chain: CNO cycle:

N13

C12 C13

N15 N14

O15

O16 O17

F17

<E >=0.707MeV

<E >=0.999MeV

<E >=0.997MeV

He4

p p

p p

p p

e+

e+

e+

He
4

•

Present Solar Model⇒ pp-chain dominates by 99%
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Solar Neutrinos: Fluxes

PP CHAIN Eν (MeV)

(pp)

p + p →2 H + e+ + νe ≤ 0.42

(pep)

p + e− + p →2 H + νe 1.552

(7Be)
7Be + e− →7 Li + νe 0.862(90%)

0.384 (10%)

(hep)
2He + p →4 He + e+ + νe ≤ 18.77

(8B)
8B →8 Be∗ + e+ + νe ≤ 15

CNO CHAIN Eν (MeV)

(13N)
13N →13 C + e+ + νe ≤ 1.199

(15O)
15O →15 N + e+ + νe ≤ 1.732

(17F)
17F →17 O + e+ + νe ≤ 1.74
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Solar Neutrinos: Data
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Experiment Detection Flavour Eth (MeV)

Homestake 37Cl(ν, e−)37Ar νe Eν > 0.81

Sage + 71Ga(ν, e−)71Ge νe Eν > 0.23
Gallex+GNO

Kam⇒ SK ES νxe− → νxe− νe, νµ/τ

“

σµτ

σe
≃ 1

6

”

Ee > 5

SNO CC νed → ppe− νe Te > 5

NC νxd → νxp n νe, νµ/τ Tγ > 5

ES νxe− → νxe− νe, νµ/τ Te > 5

Borexino νxe− → νxe− νe, νµ/τ Eν = 0.862

Experiments measuringνe observe a deficit

Deficit is energy dependent

Deficit disappears in NC
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• Real Time experiments can also give information on Energy and Direction ofν′s

and can search for Energy and Time variations of the effect

• From SK (also from SNO)
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Solar Neutrinos: LMA

Well described by adiabatic (MSW-LMA)
flavour transitionνe → νµ/τ in matter

∆m2 ∼ 7 × 10−5 eV2

θ ∼ π
6
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Terrestrial Test of LMA: KamLAND

• Search onνe atL∼ 180 km reactors,Eν ∼ few MeV: (E/L ∼ 10−5 eV2)

ν̄e + p → n + e+

2004-2010:Significant Energy Distortion
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How the Sun Shines? Present Answer
Results of Oscillation fit with solar flux normalizations free:

Present limit on CNO:
LCNO
L⊙

< 3.2 % (3σ)

Test of Lum Constraint:
L⊙(ν − inferred)

L⊙
= 1.0 ± 0.14 (1σ
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Solar Neutrinos:the Solar Composition Problem

– Newer determination of abundance of heavy

elements in solar surface give lower values

– Solar Models with these lower metalicities

fail in reproducing helioseismology data

– Two sets of SSM:
Starting from Bahcalletal05,now Serenellietal0909.2668

GS98 uses older metalicities

AGSXX uses newer metalicities

Flux GS98 AGSS09
cm−2 s−1

pp/1010 5.97(1 ± 0.006) 6.03(1 ± 0.005)

pep/108 1.41(1 ± 0.011) 1.44(1 ± 0.010)

hep/103 7.91(1 ± 0.15) 8.18(1 ± 0.15)

7Be/109 5.08(1 ± 0.06) 4.64(1 ± 0.06)

8B/106 5.88(1 ± 0.11) 4.85(1 ± 0.12)

13N/108 2.82(1 ± 0.14) 2.07(1+0.14
−0.13)

15O/108 2.09(1+0.16
−0.15) 1.47(1+0.16

−0.15)

17F/1016 5.65(1+0.17
−0.16) 3.48(1+0.17

−0.16)



Neutrinos Concha Gonzalez-Garcia

Solar Neutrinos:the Solar Composition Problem

Comparing the empirically determined fluxes with GS98 and AGSS09 Models

Both statistically

equally probable



Neutrinos Concha Gonzalez-Garcia

Long Baseline Experiments: νe Appearance

T2K νµ at KEK SK L=250 km

MINOS νµ at Fermilab Soundan L=735 km

• Observation ofνµ → νe transitions withE/L ∼ 10−3 eV2



Neutrinos Concha Gonzalez-Garcia

Long Baseline Experiments: νe Appearance

T2K νµ at KEK SK L=250 km

MINOS νµ at Fermilab Soundan L=735 km

• Observation ofνµ → νe transitions withE/L ∼ 10−3 eV2

MINOS

1.7σ effect



Neutrinos Concha Gonzalez-Garcia

Long Baseline Experiments: νe Appearance

T2K νµ at KEK SK L=250 km

MINOS νµ at Fermilab Soundan L=735 km

• Observation ofνµ → νe transitions withE/L ∼ 10−3 eV2

MINOS

1.7σ effect

T2K

3.2σ effect
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• Relative measurement: near and far detectors

Daya-Bay Reno
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• By 2013 we have observed with high (or good) precision:

∗ Solarνe convert toνµ/ντ (Cl, Ga,SK, SNO, Borexino)

∗ Reactorνe disappear atL ∼ 200 Km (KamLAND)

∗ Atmosphericνµ & ν̄µ disappear most likely toντ (SK,MINOS)

∗ Acceleratorνµ & ν̄µ disappear atL ∼ 250[700] Km (K2K,T2K, [MINOS])

∗ Some accelνµ appear asνe atL ∼ 250[700] Km (T2K (NEW 2013), [MINOS])

∗ Reactorνe disappear atL ∼ 1 Km (D-Chooz,Daya-Bay, Reno) (NEW 2012)
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∗ Solarνe convert toνµ/ντ (Cl, Ga,SK, SNO, Borexino)

∗ Reactorνe disappear atL ∼ 200 Km (KamLAND)

∗ Atmosphericνµ & ν̄µ disappear most likely toντ (SK,MINOS)

∗ Acceleratorνµ & ν̄µ disappear atL ∼ 250[700] Km (K2K,T2K, [MINOS])

∗ Some accelνµ appear asνe atL ∼ 250[700] Km (T2K (NEW 2013), [MINOS])

∗ Reactorνe disappear atL ∼ 1 Km (D-Chooz,Daya-Bay, Reno) (NEW 2012)

All this implies that neutrinos are massive

and There is Physics Beyond SM

• The importantquestion:

What is the BSM theory?

• Thedifficult path:

Detailed determination of the new low energy parametrization
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The New Minimal Standard Model
• Minimal Extensions to give Mass to the Neutrino:

∗ IntroduceνR AND imposeL conservation⇒ Diracν 6= νc:

L = LSM − MννLνR + h.c.

∗ NOT imposeL conservation⇒ Majoranaν = νc

L = LSM − 1
2MννLνC

L + h.c.
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The New Minimal Standard Model
• Minimal Extensions to give Mass to the Neutrino:

∗ IntroduceνR AND imposeL conservation⇒ Diracν 6= νc:

L = LSM − MννLνR + h.c.

∗ NOT imposeL conservation⇒ Majoranaν = νc

L = LSM − 1
2MννLνC

L + h.c.

• The charged current interactions of leptons are not diagonal (same as quarks)

g√
2
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µ

∑

ij

(
U ij

LEP ℓi γµ L νj + U ij
CKM U i γµ L Dj
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+ h.c.
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• For for 3 ν’s : 3 Mixing angles+ 1 Dirac Phase+ 2 Majorana Phases
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Experiment Dominant Dependence Important Dependence

SolarExperiments → θ12 ∆m2
21 , θ13

Reactor LBL(KamLAND) → ∆m2
21 θ12 , θ13

Reactor MBL(Daya-Bay, Reno, D-Chooz) → θ13 ∆m2
atm

AtmosphericExperiments → θ23 ∆m2
atm, θ13 ,δcp

Accelerator LBLνµ Disapp(Minos) → ∆m2
atm θ23

Accelerator LBLνe App (Minos,T2K) → θ13 δcp , θ23

×
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• Good progress but still precision very far from:

|V |CKM =




0.97427 ± 0.00015 0.22534 ± 0.0065 (3.51 ± 0.15) × 10−3

0.2252 ± 0.00065 0.97344 ± 0.00016 (41.2+1.1
−5 ) × 10−3

(8.67+0.29
−0.31) × 10−3 (40.4+1.1

−0.5) × 10−3 0.999146+0.000021
−0.000046
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Implications

The two arising questions

• Why are neutrinos so light?

The Origin of Neutrino Mass

• Why are lepton mixing so different from quark’s?

The Flavour Puzzle
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Implications: New Physics

A fermion masscan be seen as at aLeft-Right transition

mffLfR
(this is notSU(2)L gauge invariant)

If the SM isthe fundamental theory:

– All terms in lagrangian (including masses) must be

{
gauge invariant

renormalizable (dim ≤ 4 )

– A gauge invariant fermion mass is generated
by interaction with the Higgs fieldλffLφfR → mf = λfv

(v ≡ Higgs vacuum expectation value∼ 250 GeV)

– But there are no right-handed neutrinos
⇒ No renormalizable gauge-invariant operator for tree levelν mass

– SM gauge invariance also implies the accidental symmetry
Gglobal

SM = U(1)B × U(1)Le
× U(1)Lµ

× U(1)Lτ
⇒ mν = 0 to all orders

Thus the most striking implication ofν masses:

There is New Physics Beyond the SM

And it is also the only solid evidence! To go further one has to make assumptions. . .
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ν Mass Terms: Dirac Mass

• A fermion massis aLeft-Right operator :Lmf
= −mffLfR + h.c.

• One introducesνR which can couple to the lepton doublet by Yukawa interaction

L(ν)
Y = −λν

ijνRiLLj φ̃
† + h.c. (φ̃ = iτ2φ

∗)

• Under spontaneous symmetry-breakingL(ν)
Y ⇒ L(Dirac)

mass

L(Dirac)
mass = −νRMν

DνL + h.c. ≡ −
1

2
(νRMν

DνL+(νL)cMν
D

T (νR)c)+h.c. ≡ −
X

k

mkνD
k νD

k

Mν
D = 1√

2
λν v =Dirac mass for neutrinos V ν

R
†MDV ν = diag(m1, m2, m3)

⇒ The eigenstates ofMν
D are Dirac particles(same as quarks and charged leptons)

νD = V ν†νL + V ν
R

†νR

• L(Dirac)
mass involves the four chiral fieldsνL , νR , (νL)C , (νR)C

⇒ Total Lepton numberis conservedby construction(not accidentally)
⇒ lightness of neutrinos unexplaned
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ν Mass Terms: Majorana Mass

• Onedoes notintroduceνR but uses that the field(νL)c is right-handed, so that one

can write aLorentz-invariantmass term

L(Maj)
mass = −1

2
νc

LMν
MνL + h.c. ≡ −1

2

∑

k

mkνM
i νM

i

Mν
M =Majorana mass forν’s is symmetric V νT MMV ν = diag(m1, m2, m3)

⇒ The eigenstates ofMν
M are Majorana particles

νM = V ν†νL + (V ν†νL)c (verify νM c
i = νM

i )

⇒ But SU(2)L gauge inv is broken⇒L(Maj)
mass not possible at tree-level in the SM

• Moreover under anyU(1) symmetry withU(1) ν = eiα ν

U(1) νc = e−iα νc and U(1) ν = e−iα ν so U(1) νc = eiα νc

⇒L(Maj)
mass breaksU(1) (so it can only appear for particles without electric charge)

⇒ Breaks Total Lepton Number⇒L(Maj)
mass not generated at any loop level in the SM

• in SM B − L is non anomalous⇒L(Maj)
mass not generated non-perturbatively in SM
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Light Neutrino Mass: Type I See-Saw

• IntroduceνRi
(i = 1, m) and write all Lorentz andSU(2)L invariant mass term

L(ν)
Y = −λν

ijνR,iLL,j φ̃
† − 1

2
νR,iM

ν
N,ijν

c
R,j + h.c.
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Light Neutrino Mass: Type I See-Saw

• IntroduceνRi
(i = 1, m) and write all Lorentz andSU(2)L invariant mass term

L(ν)
Y = −λν

ijνR,iLL,j φ̃
† − 1

2
νR,iM

ν
N,ijν

c
R,j + h.c.

• After spontaneous symmetry-breaking

L(ν)
mass = −νRMDνL −

1

2
νRMNνc

R + h.c. ≡ −
1

2
~νcMν~ν + h.c.

with ~ν =

(
νL

νc
R

)
andMν =

(
0 MT

D

MD MN

)

• L(ν)
mass = −

∑

k

1

2
mkνM

k νM
k where V νT MνV ν = diag(m1, m2, . . . , m3+m)

• In general ifMN 6= 0 ⇒ 3+mMajorananeutrino states

νM = V ν†νL + (V ν†νL)c (verify νM c
i = νM

i )

⇒ Total Lepton Numberis not conserved
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Type I See-Saw

• Add m νRi
so

L(ν)
mass = −νRMDνL −

1

2
νRMNνc

R + h.c. ≡ −
1

2
~νcMν~ν + h.c.

with ~ν =

(
νL

νc
R

)
andMν =

(
0 MT

D

MD MN

)

• AssumeMN ≫ mD ⇒

– 3 light neutrinosν’s of mass mνl
≃ MT

DM−1
N MD

– m Heavyν’s of mass mνH
≃ MN

– The heavierνH the lighterνl ⇒ See-Saw Mechanism

– Naturalexplanation tomν ≪ ml, mq

– Arises in many extensions of the SM:SO(10) GUTS, Left-right...
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• One can build a Gauge Invariant Yukawa Coupling

−L = f∆ijLLi ∆LC
Lj + h.c.
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• One can build a Gauge Invariant Yukawa Coupling
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• The scalar potential:

V (φ, ∆) = λ |φ|4 − µ2 |φ|2 + M2
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2M2
∆



Neutrinos Concha Gonzalez-Garcia

Light Neutrino Mass: Type II See-Saw

• Add aSU(2) triplet Scalar∆ ≡ (1, 3)1
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Light Neutrino Mass: Type II See-Saw

• Add aSU(2) triplet Scalar∆ ≡ (1, 3)1

• One can build a Gauge Invariant Yukawa Coupling

−L = f∆ijLLi ∆LC
Lj + h.c.

• The scalar potential:

V (φ, ∆) = λ |φ|4 − µ2 |φ|2 + M2
∆ |∆|2 + (κ φT ∆† φ + h.c.)

it is minimum at 〈φ〉 = v√
2

=
µ√
2λ

and〈∆〉 = κ v2

2M2
∆

⇒ Mν = f∆
κ v2

M2
∆

The heavier∆ the lighterνL ⇒ See-Saw Mechanism

• If M2
∆/κ≫ v 〈∆〉≪ v ⇒ Naturalexplanation tomν ≪ ml, mq
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– But there can benon-renormalizable
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∑

n

1

Λn−4
NP

On



Neutrinos Concha Gonzalez-Garcia

ν Mass from Non-Renormalizable Operator

If SM is an effective low energy theory, for E ≪ ΛNP

– The same particle content as the SM and same pattern of symmetry breaking

– But there can benon-renormalizable

(dim> 4) operators
L = LSM+

∑

n

1

Λn−4
NP

On

First NP effect⇒ dim=5 operator

There is only one!
L5 =

Zν
ij

ΛNP

(
LL,iφ̃

)(
φ̃T LC

L,j

)



Neutrinos Concha Gonzalez-Garcia

ν Mass from Non-Renormalizable Operator

If SM is an effective low energy theory, for E ≪ ΛNP
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ν Mass from Non-Renormalizable Operator

If SM is an effective low energy theory, for E ≪ ΛNP

– The same particle content as the SM and same pattern of symmetry breaking

– But there can benon-renormalizable

(dim> 4) operators
L = LSM+

∑

n

1

Λn−4
NP

On

First NP effect⇒ dim=5 operator

There is only one!
L5 =

Zν
ij

ΛNP

(
LL,iφ̃

)(
φ̃T LC

L,j

)

which after symmetry breaking

induces aν Majorana mass
(Mν)ij = Zν

ij

v2

ΛNP

Implications:
– It is naturalthatν mass is the first evidence of NP

– Naturallymν ≪ other fermions masses∼ λfv if ΛNP >> v

– See-sawwith heavy fermions or scalar integrated out is a particularexample of this
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Implications: The Scale of New Physics

mν >
√

∆m2
atm ∼ 0.05eV⇒ 1010 < ΛNP < 1015GeV

New Physics Scale
close to Grand Uni-
fication scale

Also the generated neutrino mass term is Majorana:

⇒ It violates total lepton number
L5 =

Zν
ij

ΛNP

(
φ̃†LLj

) (
Lc

Liφ̃
∗
)
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O5 can be generated by tree-level exchange of singlet (Ni ≡ (1, 1)0) (Type-I) or triplet
fermions (Ni ≡ Σi ≡ (1, 3)0) (Type-III) or a scalar triplet∆ ≡ (1, 3)1 (Type-II)
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Mohapatra,Senjanovich; Foot,Lew,He,Joshi

O5 can be generated by tree-level exchange of singlet (Ni ≡ (1, 1)0) (Type-I) or triplet
fermions (Ni ≡ Σi ≡ (1, 3)0) (Type-III) or a scalar triplet∆ ≡ (1, 3)1 (Type-II)

•For fermionic see-saw

−LNP = −iNi/DNi + 1
2MNijN c

i Nj + λν
αjLαφ̃Nj [.τ ]

⇒ O5 =
(λνT λν)αβ

ΛNP

(
Lαφ̃

)(
φ̃T LC

β

)
with ΛNP = MN

• For scalar see-saw

−LNP = f∆αβLα ∆LC
β + M2

∆ |∆|2 + κ φT ∆† φ . . .

⇒ O5 =
f∆αβ

ΛNP

(
Lαφ̃

)(
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)
with ΛNP =
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ΛNP in See-Saw Models

Mohapatra,Senjanovich; Foot,Lew,He,Joshi

O5 can be generated by tree-level exchange of singlet (Ni ≡ (1, 1)0) (Type-I) or triplet
fermions (Ni ≡ Σi ≡ (1, 3)0) (Type-III) or a scalar triplet∆ ≡ (1, 3)1 (Type-II)

•For fermionic see-saw

−LNP = −iNi/DNi + 1
2MNijN c

i Nj + λν
αjLαφ̃Nj [.τ ]

⇒ O5 =
(λνT λν)αβ

ΛNP

(
Lαφ̃

)(
φ̃T LC

β

)
with ΛNP = MN

• For scalar see-saw

−LNP = f∆αβLα ∆LC
β + M2

∆ |∆|2 + κ φT ∆† φ . . .

⇒ O5 =
f∆αβ

ΛNP

(
Lαφ̃

)(
φ̃T LC

β

)
with ΛNP =

M2
∆

κ

Very different physics, but sameν parameters: How to proceed?
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ΛNP in See-Saw Models

Mohapatra,Senjanovich; Foot,Lew,He,Joshi

O5 can be generated by tree-level exchange of singlet (Ni ≡ (1, 1)0) (Type-I) or triplet

fermions (Ni ≡ Σi ≡ (1, 3)0) (Type-III) or a scalar triplet∆ ≡ (1, 3)1 (Type-II)

How to proceed?

– Top-down: Assume some specific model and work out the relations

– Still Bottom-up: Hope for additional information fromcharged LFV, collider signals. . .
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Implications: LFV & Collider Signatures

• ν oscillation⇒ Lepton Flavour is not conserved

If only O5 ⇒ Br(τ → µγ) ∼ 10−41 too small!

• But dim=6 operators areLN conservingbutLFV (f.e. O6 ∼ L̄αL̄βLγLρ).

So may be L = LSM +
c5αβ

ΛLN

(
Lαφ̃

)(
φ̃T LC

β

)
+

∑

i

c6,i

Λ2
LF

O6,i
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• In general to haveobservable LFVone needs todecouple:

New PhysicsscaleΛLN responsible for thesmallmν from

New PhysicsscaleΛLF (≪ ΛLN ) controlling ofLFV

• Collider signaturesif heavy state massM ∼ ΛLN ∼ TeV and/orM ∼ ΛLF ∼ TeV

If M ∼ ΛLF ∼ TeV (≪ ΛLN ) motivation of lightν OK

Furthermore ifc6,i ∝ c5
some power ⇒ LFV andcoll signalsdirectly related toMν
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If only O5 ⇒ Br(τ → µγ) ∼ 10−41 too small!

• But dim=6 operators areLN conservingbutLFV (f.e. O6 ∼ L̄αL̄βLγLρ).

So may be L = LSM +
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ΛLN

(
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+

∑
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• In general to haveobservable LFVone needs todecouple:

New PhysicsscaleΛLN responsible for thesmallmν from

New PhysicsscaleΛLF (≪ ΛLN ) controlling ofLFV

• Collider signaturesif heavy state massM ∼ ΛLN ∼ TeV and/orM ∼ ΛLF ∼ TeV

If M ∼ ΛLF ∼ TeV (≪ ΛLN ) motivation of lightν OK

Furthermore ifc6,i ∝ c5
some power ⇒ LFV andcoll signalsdirectly related toMν

Minimal Lepton Flavour Violation

Cirigliano, Grinstein, Isidori, Wise(05); Davidson, Palorini (06); Gavela, Hambye, Hernandez,Hernandez (09)
Alonso, Isidori, Merlo, Munoz, Nardi(11)
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vestrini,(01) d’Ambrosio, Giudice, Isidori, Strumia (02)

Yukawas are the only source of flavour violation in and beyondSM

Very predictiveandsuccessfulto explainquarkflavour data
For leptonsmoresubtlesince BSM fields are required to generatemajoranaMν
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• Minimal Flavour Violation Hypothesis:Chivukula, Georgi (87) Buras, Gambino, Gorbahn, Jager, Sil-

vestrini,(01) d’Ambrosio, Giudice, Isidori, Strumia (02)

Yukawas are the only source of flavour violation in and beyondSM

Very predictiveandsuccessfulto explainquarkflavour data
For leptonsmoresubtlesince BSM fields are required to generatemajoranaMν

• Scalar (Type-II) see-saw is MLFV

c5,αβ = f∆αβ
µ

M∆
c6,αβγρ = f†

∆αβf∆γρ

• If M∆ . TeV

⇒ Production of triplet scalars:H±± H±, A0, H0

Striking Signatures
pp → H++H−−

pp → H++H−

⇒ H±±l±i l±j , H± → l±i νj

predicted by neutrino parameters

Normal

Inverted
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Implications: We are here(Leptogenesis)

• Majoranamν ⇒ /L ⇒ Baryon asymmetry can be generated

• How? In the Early Universe viadecay of heavyN Fukugita and Yanagida

l

νR

φ

l̄

νR

φ̄

– If /CP :Γ(N → φ lL) 6= Γ(N → φ lL)

– And decay isout of equilibrium:

(ΓN ≪ Universe expansion rate)
}∆ L is generated

Sphaleron processes⇒ ∆ L is transformed in∆B ≃ −∆L
2
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Implications: We are here(Leptogenesis)

• Majoranamν ⇒ /L ⇒ Baryon asymmetry can be generated

• How? In the Early Universe viadecay of heavyN Fukugita and Yanagida

l

νR

φ

l̄

νR

φ̄

– If /CP :Γ(N → φ lL) 6= Γ(N → φ lL)

– And decay isout of equilibrium:

(ΓN ≪ Universe expansion rate)
}∆ L is generated

Sphaleron processes⇒ ∆ L is transformed in∆B ≃ −∆L
2

• Details are model dependent

In simplest scenarioM & 1010 GeV,
∑

mν . 0.5 eV

But also scenarios for leptogenesis withM ∼O(TeV)⇒ collider signals
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• Neutrino oscillationsearches have shown us
∆m2

21 = 7.44 × 10−5 eV2 (2.3%) |∆m2
32| = 2.44 × 10−3 eV2 (2.6%)

sin2 θ12 = 0.3 (4%) sin2 θ23 =
0.59 IO

0.44 NO
(8.2%) sin2 θ13 = 0.023 (9.6%)

⇒ ULEP Very different fromUCKM

• Still ignoreor not significantly determined
Majorana or Dirac? Absolute values ofν mass scale
CP violation in leptons? Normal or Inverted Ordering?

Other Standing Puzzles:
LSND-MiniBooNEνµ → νe and others signals at SBL
Cosmological hint of extra radiation:sterileν’s?

⇒ New experiments needed to answer these questions

• mν 6= 0 ⇒ Need to extend SM
NP breakingtotal L→ Majoranaν : ν = νC

NP conservingtotal L→ Diracν : ν 6= νC

• Majoranaν′s: genericif SM is LE effective theory and explainν lightness
ΛNP ∼ 1015 GeV Fits OK inGUT
Leptogenesismay explain the baryon asymmetry
Possiblescenarios withΛNP ∼ O(TeV)
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ν masses are BSM physicseffects to be put together withall other NP effects:

from charged LFV, Collider signals, Cosmo-astroparticle. . . to establish

the Next Standard Model


