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Neutrinos: 
interdiscipl

inary 
science  



Neutrinos come from natural sources 
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Neutrinos come from artificial sources 
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Two aspects of neutrino physics 

• core collapse SN  
explosion: cannot occur 
without neutrinos  

• Sun does not shine 
without neutrinos 

• BBN not OK without ν 
• Geo-neutrinos 
• Ex-high energy ν? 

• Pure chirality of ν leads 
to chiral picture of 
fundamental particles 

• Neutrino mass probes 
high-energy worlds 

• Through-ν discovered 
lepton flavor mixing shed 
light on quark-lepton 
relation  
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Understanding phenomena 
in nature through neutrinos  

Understanding nature 
using neutrinos as probe   
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Neutrinos 
arrived 
from 

outside our 
galaxy ! 
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超新星爆発=>突然銀河
より明るい星が出現！ 
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Stellar Collapse and Supernova Explosion 
Helium-burning star 

Helium 
Burning 

Hydrogen 
Burning 

Main-sequence star 

Hydrogen Burning 

Onion structure 

 
 

Degenerate iron core: 
  ρ     ≈ 109  g cm−3 

  T     ≈ 1010  K 
  MFe  ≈ 1.5 Msun 
  RFe   ≈ 8000 km 

Collapse (implosion) 
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Stellar Collapse and Supernova Explosion 

Collapse (implosion) Explosion Newborn Neutron Star 

~ 50 km 

Proto-Neutron Star 
ρ ≈ ρnuc = 3 × 1014  g cm−3  

T ≈ 30 MeV 

Neutrino 
Cooling 

if fail to explode it 
would collapse to BH 



• How big amount of energy is released ? 
•    simple to compute! 
• To form neutron star how much energy should 

be extracted? A = grav. binding energy = 1046 J 
• How can it be transported to outside star in 10 

s?                   Neutrinos! 
• 99% of 1046 J are carried away by ν 
• Only remaining 1% explodes outer progenitor 
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Neutrino IS the major player in core collapse suparnova ! 
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SN1054 now: crab 

Ejected material 
is expanding 
with velocity 〜
600km/s 
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Solar 
neutrino 
problem 
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Sun does not shine without neutrinos: 
Nuclear chain reaction in the Sun 



Net reaction: pppp -> 4He + 2e+ + 2νe + ~25 MeV 
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ppI: main engine of the Sun  
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Result of 37Cl experiment：37Ar production rate 
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1 SNU = 10−36 

events / (No. of 
target atom  sec) 

~1/3 of SSM 
prediction  
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2039m underground 
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The same 
physics was 

seen by 
reactor ν 
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Kashiwazaki-Kariwa 
(Japan) 

YongGwang(K
orea) 

Daya-Bay, Ling-
Ao (China) 
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Reactor neutrino energy spectrum 
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Cleanest signature of neutrino oscillation 
by KamLAND 
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Atmospheric 
neutrinos 



Atmospheric ν in a nutshell 

• µ-like events at medium-high 
energies have strong zenith 
angle dependence (not in MC)  

• µ-like events at low energies 
do not have strong zenith angle 
dependence  

•       consistent with ν oscillation 
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Neutrino 1998 @Takayama 
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We enjoy redundancy: Each of θ12 and θ23 is 
measured by two ways  

να=Uαi νi 

solar+KamLAND SK-atm+T2K+MINOS 



Anthropic principle? 

• Two neutrino mass2 difference turn out to be 
comparable to sizes in the solar system:  

• ∆m2
atm /E ~ (earth radius)-1 

• ∆m2
solar /E ~ solar density /GF 
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Nature’s kindness or something behind? 



October 3, 2012 Colloquium@Kavri-IPMU 

A year 
from June 
2011-June 

2012: 
Year of θ13 



θ13 before direct measurement (2010-
2011)  
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solar KamLAND 



June 2011: T2K 6 events: start of year of θ13 
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Auror @Saint 
Petersburg 



Reactor θ13 experiments 
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Daya Bay (Nu2012) 

RENO 
(Mar2012) 

Double Chooz 
(Jul.2012) 

7.7 σ evidence for nonzero θ13 ! 
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M.C.Gonzalez-Garcia et al. 2012 



What large θ13 means? 

• It is natural because UMNS=Ul
+Uν and θ12 and θ23  

are large it is unlikely that only θ13 is extremely 
small 

• This argument is invalidated if there is a 
symmetry which enforce θ13 =0 

• So my interpretation is: there is no such 
symmetry (sorry, negative statement) 

• Anarchy ? 
• I have my own favorite (see later)  
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HM in Nu2008 at Christchurch 

Director’s choice 
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We now know 
all the 3 

lepton mixing 
angles! 
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What we know 
να=Uαi νi 

Atmospheric mass2 
splitting = 2.4x10-3 eV2 

Solar mass2 splitting = 
7.5x10-5 eV2 

θ12 = 34o, θ23~ 45o, θ13= 9o  
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What we do not know 

Which mass pattern?  
(sometimes called 
“hierarchy”)   

Normal 
ordering 

inverted 
ordering 

Absolute 
ν masses 

Another CP phases: 
If Majorana  Lepton KM phase 
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Then what is 
remain to be 
understood? 



There are 2 aspects  

• We now know 3 mixing 
angles and ∆m2

solar, 
∆m2

atm  
• What’s remain to be 

explored experimentally?  
• Two “disjoint” frontier 

 

• We roughly know nu 
mass scale 

• What the mass scale 
means? 

• Lepton mixing pattern 
is quite different from 
quarks, what that 
means? 
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Experimentally  Theoretically  

1. Lepton KM phase, mass pattern 

2. Absolute ν mass, Majorana vs. Dirac, Majorana phase 
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Absolute ν 
mass, 

Majorana 
vs. Dirac 



August 6-7, 2006 若手夏の学校＠木島平 

KATRIN: endpoint of beta decay spectrum.. 

Sensitivity reach 
mν ~ 0.2 eV 



Cosmology: ν suppresses small scale 
structure 
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Yvone Wong, Neutrino summer school 2012 



Majorana vs. Dirac: double β decay 
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If inverted ! 
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With regard 
to mass 

hierarchy & 
CP we have 
clearer view  

 



Is large θ13 good news? Matter vs. CP 
• Pµe = Patm(matter) + Pinterfere(δ) + Psolar  

 
 
 

 

• IS a good news for mass hierarchy 
• Need not be a good news for CP because: 
• A= (Pµe – anti-Pµe ) / (Pµe + anti-Pµe ) ~ 1/θ13 
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(θ13)2 (θ13)1 θ13-indep 

Merit for mass hierarchy Merit / demerit for δ  

Sensitivity to δ is roughly 
independent of θ13 (HK-LOI) 
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Mass 
hierarchy 



Mass hierarchy resolution and CP: 
understanding  principle 
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bi-probability plot in Pµe – anti-Pµe space  HM-H.Nunokawa,JHEP01  

NOVA  



Mass hierarchy: a shopping list 
• NOVA, if lucky 
• NOVA+INO (up to 3 σ) 
• JPARC-HK, if lucky 
• LBNE (but ?? if on surface..) 
• T2KK (Tokai-Kamioka-Korea) 
• JPARC-Okinoshima 
• CERN-Pihasarmi 
• Atmospheric neutrinos (earth matter effect) 
• Reactor neutrinos (atm wiggle at solar scale 

oscillation) 
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CERN-Super-K (8870 km) 
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Agarwalla-Hernandez April 12 



Use of atmospheric ν for mass hierarchy 
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PA 

Akhmedov et al 
JHEP07 



Atmospheric ν @PINGU 
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Akhmedov-Razzaque-
Smirnov June 12 

σE=2 GeV 
σθ=11.25o 

MH resolution 4σ-
11σ in 5 years ! 



Use of atmospheric ν for mass hierarchy: 
SK & HK 
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e-like larger 
for normal 
hierarchy  



Hyper-K; Good MH sensitivity, depend on θ23 
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s23
2=0.6 

s23
2=0.5 

s23
2=0.4 



What is really good with large θ13:  
“All in one” approach:  

• With large θ13 there arises an exciting possibility that CP 
and Mass hierarchy can be determined in situ in a single 
apparatus (concrete example: Hyper-K) 

• With intense ν and ν-bar beam it can measure δ  
• With gigantic atmospheric ν events it could determine 

the mass hierarchy 
• ~ megaton scale water Cherenkov can do  
• ~100 kt scale Liquid Ar detector can do  
• It can do proton decay, interesting astrophysics ..  
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CP 
Violation: 

more 
difficult to 

see 



Need for dedicated machine for CP 
• Effect of δ (cosine and sine) has to be tiny 

because it is suppressed by two small numbers: 
∆m2

21/∆m2
31 ~ 0.031, Jr=c12s12c23s23s13 ~ 0.035 
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 Reactor- 
accelerator 
method for 

CP 



Reactor 3 years +T2K 5/10 years  
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T2K nu 5 yrs + 
anti-nu 5 yrs  

P.A.N.Machado, HM, H.Nunokawa, R.Zukanovich Funchal, in prep.   

T2K nu 5 yrs 



Why do you want to measure δ 
and mass hierarchy so much? 

• In SM quarks and leptons are related through 
anomaly (short distance phenomena) 

• It can be interpreted as indication of quark-
lepton relation in a much deeper level than the 
SM scale 

• Leptons and quarks have similarity (quark & 
charged lepton mass spectra..) and dissimilarity 
(small vs. large mixing angles..)  

• So we want to know every feature of quark and 
lepton correspondence 
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My prejudice ! 
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ν mass and 
large lepton 

mixing:  
what we are 

seeing 
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Fermi told us about the meaning of 
higher dimensional operators 

• HW=(1/vhiggs)2 ψψψψ 
• Lmass=(1/ MNP)<φ>2νν 
• MNP ~ 1015 GeV            what 

the scale means?  
• If GUT, LBV=(1/ MNP)2 uude  
• Simplest model for Lmass  

(seesaw) predict lepton# 
violation=>leptogenesis   



From where large mixing come?  

• It can come from 
neutrino sector 

• Example: Seesaw 
enhancement 

• L = Nc YνLH - Ec YνLH +  
 (1/2) NcMN 
• mν =Yν Τ(M)-1 Yν  
• Natural because there is 

no N sector in charged 
leptons 
 

• It can come from 
charged lepton sector 

• Example: lopsided mass 
matrix (see next sheet) 

• Interesting implications: 
large mixing can 
propagate to other 
lepton flavor violation 
(e.g., µ->eγ) 
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Since UMNS=Ul
+Uν 



Lopsided lepton mass matrix (explanatory sheet)  

• Consider SU(5) GUT 
 5* = [dc, (ν, e)L] 
 10 = [uc, (u, d)L, ec] 
• Quark mass 
 mLR

down = 10・ 5*<H1> 
• Charged lepton mass 
 mLR

lepton = 5*・10<H2> 
==> mlepton = (mdown)T 
==> lopsided structure; left-

handed mixing of mlepton 

= right-handed mixing of 
mdown  
 

• md, l md, l+ = S mi
2 S+ 

• UMNS=S(lepton) + S (ν)  

λ=0.2, x, y, z = O(1)==> Large lepton 
mixing arises from quark mass   
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Quark-
lepton 

complement
arity 

θCabibbo + θsolar = π / 4  
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QLC embedded into GUTs 

• Lepton-induced bimaximal 

• Neutrino-induced bimaximal 

UMNS=Ulepton
+  Un  ,  VCKM=Vup

+  Vdown 

<= Lopsided 

<= GUTs => 

Seesaw enhance? 

<= GUTs => 



Large θ13 in QLC context 
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Bi-maximal from neutrinos 

IN QLC context, large θ13 implies that 
large mixing comes from neutrino sector! 

HM-A.Smirnov 04 

Bi-maximal from charge leptons 



Conclusion  

• We know know all the three lepton mixing 
angles and after this our next goal is well 
defined: δ and ν mass hierarchy 

• We need “guaranteeing machine” to meet 
the goal but what is good with large θ13 is  
“all in one” approach becomes possible 

• Large θ13 triggers “hundred flowers” 
situation for method for determining MH 

• Absolute n mass, Majorana phase ..  
• How we can make solid step-by-step 

progress in understanding physics? 
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Supplementa
ry slides 
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KamLAND result 2011 
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Daya Bay II J.Cao@ NuTURN12 
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Phase advancement vs. retardation  
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Hierarchy sign 

HM, Nunokawa, Parke, Zukanovich-Finchal 07 



Mass hierarchy confusion 
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If accuracy of ∆m2
atm is not good enough 

complete confusion of mass hierarchy 

One need to watch over many wiggles  Fourier transform 



Then, energy resolution (absolute & relative) 
is the issue 
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See X.~Qian, et al. arXiv:1208.1551 [hep-ex] for experimental requirements 



Implication of large θ13 to the theory is 
NOT that clear.. 

Concha@ICHEP2012 
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