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Vacuum

MSW effects

Daya Bay, RENO, 
Double Chooz

 KamLAND: fixes the LMA-MSW 
solution to solar neutrino problem

 K2K&MINOS: confirm atmospheric 
neutrino oscillations

 Daya Bay, RENO & Double Chooz: 
discovery of the smallest angle



Current Status of Neutrino Mixing Parameters 

Important questions for future: neutrino mass ordering, CP violation, Majorana nature, 

Majorana CP phases, absolute neutrino masses, extra species, origin of masses and mixing, …   

Gonzalez-Garcia, 
Maltoni, Schwertz, 
1409.5439;  

Forero, Tortola, 
Valle, 1405.7540;  

Capozzi, Fogli, Lisi
et al., 1312.2878  

Quark Lepton

θ12 13o 33o

θ23 2o 45o

θ13 0.2o 8.5o

δ 65o 270o
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Constraints on absolute neutrino masses
 Tritium β decays (95% C.L.) 

𝒎𝜷 < 𝟐. 𝟑 𝐞𝐕 (Mainz) 

𝟐. 𝟏 𝐞𝐕 (Troitzk)
 Neutrinoless double-β decays (90% C.L.)

𝒎𝜷𝜷 < 𝟎. 𝟏𝟓~𝟎. 𝟓𝟐 𝐞𝐕 (KamLAND-Zen)

𝟎. 𝟐𝟐~𝟎. 𝟔𝟒 𝐞𝐕 (GERDA)
 Cosmological observations (95% probability)

𝚺 < 𝟎. 𝟐𝟑 𝐞𝐕 (Planck) 

Bilenky,Giunti, 15; Abazajian et al., 15
Current Status of Absolute Neutrino Masses 



Seesaw Models of Neutrino Masses

Charged Leptons

ℒ𝐦𝐚𝐬𝐬 ⊃ − ℓ𝐋𝒀𝒍𝜱𝑬𝐑 − ℓ𝑳𝒀𝝂𝜱𝑵𝑹
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Charged
leptons

Ordinary
neutrinos

Heavy right-handed
neutrinos

Minkowski 77; Yanagida 79; 
Glashow 79; Gell-Mann, 
Ramond, Slansky 79; 
Mohapatra, Senjanovic, 79

 Majorana neutrinos
light vs. heavy

 Leptogenesis
Baryon asymmetry

𝑴𝝂 = −𝒀
𝝂
𝑴−𝟏𝒀

𝑻
𝝂
𝜱 𝟐



Other mass models:
Mohapatra, Valle, 86; 
Zee, 80, 86; Babu, 88; 
Arkani-Hamed, Dimopoulos, 
Dvali, 02; Ma, 06; 

Seesaw Models of Neutrino Masses

Type-II: 
Magg, Wetterich 80; 
Schechter, Valle 80; 
Li, Cheng, 80;
Lazarides et al 80; 
Mohapatra, Senjanovic 80; 
Gelmini, Roncadelli 80

Type-III: 
Foot, Lew, He, Joshi 89

Type-I: 
Minkowski 77; 
Yanagida 79; 
Glashow 79; Gell-Mann, 
Ramond, Slansky 79; 
Mohapatra, Senjanovic 79



• Initial conditions: B = L = 0 after inflation
• Thermal freeze-out of heavy Majorana neutrinos
• Out-of-equilibrium CP-violating decay creates net L
• Shift L excess into B by sphaleron effects

Equilibrium
abundance of
heavy Majorana
neutrinos

Created
lepton-number
abundance

Real abundance
determined by decay rate

Seesaw Models and Matter-antimatter Asymmetry

𝜼𝐁 =
𝒏𝑩
𝒏𝛄

= 𝟔. 𝟎𝟔𝟓 ± 𝟎. 𝟎𝟗𝟎 × 𝟏𝟎−𝟏𝟎

Sakharov, 67;
Fukugita, Yanagida 86

a perfect solution to neutrino 
masses & baryon asymmetry



𝑌𝜈 =

𝑎1 𝑎2 𝑎3
𝑏1 𝑏2 𝑏3
𝑐1 𝑐2 𝑐3

Shaving Seesaw Models with Occam‘s Razor

𝑌𝜈 =

𝑎1 𝑎2 𝑎3
𝑏1 𝑏2 𝑏3
𝑐1 𝑐2 𝑐3
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Number of Free 
Parameters

18=15 from 

Yukawa couplings 

+ 3 masses

×
×
×

11=9 from 

Yukawa couplings 

+ 2 masses

Minimal seesaw model

William of Occam
(1287 - 1347)

“Entities must not 
be multiplied 

beyond necessity”

Frampton, Glashow, Yanagida, 02;
See Guo, Xing, Zhou 06, for a review

 2 RH heavy ν’s →
1 massless light ν:

m1 = 0 (NH)
m3 = 0 (IH)

 1 RH heavy ν →
2 massless light ν’s
no CP violation



Minimal Seesaw Models with the FGY Ansatz

Frampton, Glashow, Yanagida 02; Endoh et al 02; Raidal, 
Strumia 02; Raby 03; Dutta, Mohapatra 03; Barger, Dicus, He, 
Li 03; Guo, Xing 03; Ibarra, Ross 03; Mei, Xing 03; Turzynski 04; 
Chang, Kang, Siyeon 04; …

Weinberg, 77
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Observables Values

θ12 34o± 3o

θ23 45o ± 7o

θ13 8.5o ± 0.6o

Δ𝑚21
2 /10-5 eV2 +(7.5 ± 0.5)

Δ𝑚31
2 /10-3 eV2 ±(2.5 ± 0.2)
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Only 5 parameters, which can be fully determined from 5
observables: 3 mixing angles and 2 mass-squared differences

Seesaw 
formula

Predictions:

 CP-violating phase:    /2

 Inverted neutrino mass ordering: m3 < m1 < m2
 Effective neutrino mass in 0n: <m>=50 meVVery exciting predictions for experimentalists!

Yanagida @ Neutrino 2012

𝑴𝝂 = −𝒀𝝂𝑴
−𝟏𝒀

𝑻
𝝂
𝜱 𝟐



Confronting Models with Data

Casas-Ibarra parametrization for minimal seesaw models

),,,,U( 231312 

Casas, Ibarra, 01

Only 1 Majorana CP phase
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Minimal Seesaw Models with the FGY Ansatz

Systematic study of FGY ansatz in light of recent neutrino data Harigaya, Ibe, Yanagida, 12

B1 and B4 
(Normal)

B1(B2) and B4(B5): identical 
low-energy phenomenology

B1(B4) and B2(B5): related by 
a permutation symmetry

B1 and B4 
(Inverted)



Minimal Seesaw Models with the FGY Ansatz

Harigaya, Ibe, Yanagida, 12Systematic study of FGY ansatz in light of recent neutrino data

× × × ×
×
×

× × ×
× × × ×

B1 and B4 
(Inverted)

B1 and B4 
(Normal)

×

B1(B2) and B4(B5): identical 
low-energy phenomenology

B1(B4) and B2(B5): related by 
a permutation symmetry



Leptogenesis in Minimal Seesaw Models
CP asymmetries in Ni decays

Lepton flavor effects

Baryon number asymmetry
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Davidson, Nardi, Nir, 08

One-flavor

two-flavor

Charged-lepton Yukawa interactions



Two Problems: RG Running & Naturalness

Why is RG running important?

Predictions from 
high-energy theories

Measurements in 
low-energy experiments

RG running

Mei, Xing, 04;Zhang, Zhou, 15

 Below the seesaw scale
SM + dimension-5 operator 𝜿

 Radiative corrections 
ν mixing angles & masses

Chankowski, Pluciennik, 93; 
Babu, Leung, Pantaleone, 93;
Antusch et al., 01 

Seesaw induced hierarchy problem?

For type-I seesaw models:

𝑀𝑖 ≲ 107 GeV
0.2 eV

𝑚𝑖

1/3

for 𝜹𝑴𝑯
𝟐 ~ 𝟎. 𝟏 𝐓𝐞𝐕𝟐

Stable texture zeros

Stable ratios of elements

No zeros at all

Vissani, 99; Abada et al., 07; Xing, 09; Clarke, 
Foot, Volkas, 15; 

In type-I minimal seesaw models

𝑀𝑖 ≈ 6 × 1013 GeV

contradicts the naturalness bound! 



Minimal Seesaw: RG Running effects

Take B1 for example, RG 
running in the MSSM with 
tanβ = 30 (50)

tanβ = 50
tanβ = 30 input

Although low-energy 
predictions remain the 
same, the parameter 
space at high energies 
are indeed changed. 

Zhang, Zhou, 15



Zhang, Zhou, 15

𝜂B = 6.065 ± 0.090 × 10−10

The flavor structure leads to small CP 
asymmetries, so a large mass scale is 
required

The RG running effects and lepton flavor 
effects could help, but not much enough 

The only possibility to rescue this minimal 
model is to have a mass degeneracy 

Minimal Seesaw: Naturalness

Can we lower down the seesaw scale?

Δ ≡
𝑀2 −𝑀1

𝑀2
≈ 10−7

Pilaftsis, Underwood, 05; Xing, Zhou, 07



Thanks for your attention!


