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2015 was  
“Year of Neutrinos” 

2016 Fundamental Physics Breakthrough Prize 
 - Koichiro Nishikawa (K2K and T2K) 
 - Atsuto Suzuki (KamLAND) 
 - Kam-Biu Luk (Daya Bay) 
 - Yifang Wang (Daya Bay) 
 - Art McDonald (SNO) 
 - Yoichiro Suzuki (Super-Kamiokande) 
 - Takaaki Kajita (Super-Kamiokande)  

Teppei	Katori	
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Teppei Katori 
Queen Mary University of London 

Univ. Catholique de Louvain, Louvain-la-Neuve, Belgium, January 20, 2016 
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discovery of muon neutrino 
(not covered today)	

first detection of neutrino 
(not covered today)	

discovery of solar 
neutrino problem	

KamLAND	

Super-Kamiokande	

discovery of 
neutrino oscillations	

K2K and T2K	

Daya Bay	
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25 of prominent physicists made a list of recommendations for the future 
directionality of US particle physics 
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25 of prominent physicists made a list of recommendations for the future 
directionality of US particle physics 

CERN à LHC 
Fermilab à Neutrinos 
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Political pacts are made to strengthen large collaborations… 

CERN - USA 

KEK - ICRR 
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SM describes 6 quarks and 6 leptons and 3 forces and Higgs boson.   

νµ	 µ	

d	 u	

W	

νµ	 νµ	

u	 u	

Z	

Charged Current  
(CC) interaction 

“W-boson exchange” 

Neutral Current  
(NC) interaction 

“Z-boson exchange” 

Neutrinos are special because,  
 
 1. they only interact with weak nuclear force.  
 
 
 
 
 
 
 
  
2. interaction eigenstate is not Hamiltonian 
eigenstate (propagation eigenstate). Thus 
propagation of neutrinos changes their species, 
called neutrino oscillation. 
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Neutrino oscillation is an interference experiment (cf. double slit experiment)  

For double slit experiment, if path ν1 and path ν2 have different length, they have 
different phase rotations and it causes interference. 

interference pattern	
light source 

ν1 

ν2 

slits screen 
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νµ	

νµ	

Neutrino oscillation is an interference experiment (cf. double slit experiment)  

If 2 neutrino Hamiltonian eigenstates, ν1 and ν2, have different phase rotation, 
they cause quantum interference.  
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νµ	 ν1 

ν2 

Uµ1	 Ue1
*	

ν1 ν2 νµ	

Neutrino oscillation is an interference experiment (cf. double slit experiment)  

If 2 neutrino Hamiltonian eigenstates, ν1 and ν2, have different phase rotation, 
they cause quantum interference. 
 
If ν1 and ν2, have different mass, they have different velocity, so thus different 
phase rotation. 
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νµ	
νe 
 
νe 
 
νe 

ν1 

ν2 

Uµ1	 Ue1
*	

νe νµ	

Neutrino oscillation is an interference experiment (cf. double slit experiment)  

If 2 neutrino Hamiltonian eigenstates, ν1 and ν2, have different phase rotation, 
they cause quantum interference.  
 
If ν1 and ν2, have different mass, they have different velocity, so thus different 
phase rotation. 
 
The detection may be different flavor (neutrino oscillations). 
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2 neutrino mixing 
The neutrino weak eigenstate is described by neutrino Hamiltonian 
eigenstates, ν1 and ν2, and their mixing matrix elements.  
 
 
 
The time evolution of neutrino weak eigenstate is written by Hamiltonian 
mixing matrix elements and eigenvalues of ν1 and ν2 . 
 
 
 
Then the transition probability from weak eigenstate νµ to νe  is, 

| ν
µ
=U

µ1 | ν1 +U
µ2 | ν2

| ν
µ
(t) =U

µ1e
−iλ1t | ν1 +U

µ2e
−iλ2t | ν2

P
µ→e(t) = νe | νµ(t)

2
= −4Ue1Ue2Uµ1Uµ2 sin
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In the vacuum, 2 neutrino effective Hamiltonian has a mass term, 
 
 
 
 
 
 
Therefore, 2 massive neutrino oscillation model is (Δm2=|m1

2-m2
2|) 

 
 
 
 
After adjusting the unit, 2 neutrino oscillation formula 
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 2. Neutrino oscillations 

Teppei	Katori	

Wave packet formalism 
 - real formulation of neutrino oscillations 
 
Neutrino oscillation 
 
 
 
 
 
 
 
Neutrino mixing (time averaged neutrino oscillation)  

ν1 

ν2 

νe νe 
cosθ 

sinθ -sinθ	

cosθ	

14/01/2014	 19	

ν1 ν2 

P=|A1
+A2|2 	

P=|A1|2+|A2|2 = cos4θ+sin4θ =	1− sin2 2θ ⋅ 1
2
=1− sin2 2θsin2 Δm2
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Beuthe,Phys.Rept.375(2003)105 
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 2. Neutrino Standard Model (νSM) 
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Through series of neutrino oscillation results, 3 massive neutrinos with the Standard 
Model (νSM) is well established.  

Free parameters 
 - 3 neutrino masses 
 - 3 mixing angles 
 - 1 Dirac phase (δCP) 
 - Dirac or Majorana 
 - 2 Majorana phases  

1. Δm2
atm and Δm2

sol  
2. mass ordering of them 
3. absolute neutrino mass	
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Solar neutrino problem 
Atmospheric neutrino anomaly 
MSW effect 
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 3.1 Solar neutrino problem 
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Cleveland et al.,Astrophys.J.496(1998)505 
Pontecorvo,Phys.Lett.28B(1969)493 

Homestake experiment 
νe + 37Cl à e- + 37Ar 

(proposed by Pontecorvo)  
 - mainly sensitive to 8B neutrino (~10 MeV) 
 - Measured rate was consistently lower 
than SSM (standard solar model) prediction 

(Neutrino oscillation was speculated from 
very early days by Pontecovo, even before 
Davis observed the first solar neutrino!) 

SSM	

~0.35	
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3 major discoveries 
 - Solar neutrino problem 
 - Atmospheric neutrino anomaly 
 - MSW effect 

νe + 71Ga à e- + 71Ge 
 - Sensitive to pp-neutrino (0.42 MeV), 90% 
of total solar neutrino flux.  
 - Both experiments observed deficit, but 
weaker than Homostake 

GALLEX, PLB490(2000)16 
SAGE, J.Expt.Theor.Phys.95(2002)181  

GALLEX	

SSM	

~0.6	

SAGE	

SSM	

~0.6	
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 3.1 Kamiokande II 
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3 major discoveries 
 - Solar neutrino problem 
 - Atmospheric neutrino anomaly 
 - MSW effect 

Atmospheric neutrino 
νe + X à e + X’ 
νµ + X à µ + X’ 

 - electron neutrino is consistent 
with MC, but muon neutrino 
shows deficit 
 
Solar neutrino 

νe + e à νe + e 
 - Direction of recoil electron 
(~direction of neutrino) is 
consistent from the Sun.  
 

νe	 νµ	

atmospheric neutrinos	

e	
νe	

By the way they also observed 12 events 
from Type II Supernova (and got Nobel prize) 

solar-ν angular distribution	

Kamiokande II, PRD44(1991)2241, PLB205(1988)416, PRL58(1987)1490 
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3 major discoveries 
 - Solar neutrino problem 
 - Atmospheric neutrino anomaly 
 - MSW effect 

Wolfenstein,PRD17(1978)2369 
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913 
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3 major discoveries 
 - Solar neutrino problem 
 - Atmospheric neutrino anomaly 
 - MSW effect 

Wolfenstein,PRD17(1978)2369 
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913 
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3 major discoveries 
 - Solar neutrino problem 
 - Atmospheric neutrino anomaly 
 - MSW effect 

Wolfenstein,PRD17(1978)2369 
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913 

Heff →

mee
2

2E
+ 2GFne

meµ
2

2E
meµ
2

2E
m

µµ
2

2E

"

#

$
$
$
$
$

%

&

'
'
'
'
'

=
cosθm −sinθm
sinθm cosθm

"

#

$
$

%

&

'
'

(m1
2) '
2E

0

0
(m2

2) '
2E

"

#

$
$
$
$$

%

&

'
'
'
''

cosθm sinθm
−sinθm cosθm

"

#

$
$

%

&

'
'

Wolfenstein term	

νe	

νe	e 

e 

W 

ν1 

ν2 

νe νe 
cosθm=0.34 

sinθm=0.94 -sinθ=0.55 

cosθ=0.84 

P=|A1|2+|A2|2 = cos2θm·cos2θ+sin2θm·sin2θ < cos4θ+sin4θ	

core of Sun 
(high density) 	
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No matter effect If density and/or energy is too low 
 - the Sun happens to have right density ne~150 cm-3 and E(8B-ν)~10 MeV 



 1. Neutrinos 
 2. Oscillations 
 3. νSM 
 4. Beyond νSM 
 5. Conclusions 

2016/01/20	

 3.1 Before 1998 
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There are 3 major discoveries 
 
 - Solar neutrino problem 
 
 - Atmospheric neutrino anomaly 
 
 - MSW effect   
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Solar neutrino problem 
Atmospheric neutrino anomaly 
MSW effect 

Atmospheric neutrino anomaly is solved 
Solar neutrino problem is solved 
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 3.2 1998-2004 
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2 major problems are solved 
 
 - Super-Kamiokande solved atmospheric neutrino anomaly 
 
 - SNO solved solar neutrino problem 
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 3.2 Super-Kamiokande  
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50 kton water Cherenkov detector 
 - ~40m height, ~40m diameter 
 - ~11000 20-inch PMTs (40% photo-cathode coverage) 
 - ~120 collaborators, 23 institutions 
 - ~$100M project 
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 3.2 Super-Kamiokande  
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Atmospheric neutrino anomaly is solved  

Super-kamiokande, PRL81(1998)1562 

Up-Down asymmetry 
Atmospheric neutrino anomaly 
is function of distance 
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 3.2 Super-Kamiokande  
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Super-kamiokande, PRL81(1998)1562, PRL93(2004)101801 

L/E dependence 
Strong evidence of neutrino 
oscillation by mass term 

massive neutrino 
oscillation	

decoherence 

neutrino 
decay	

Atmospheric neutrino anomaly is solved  
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νe + d à p + p + e 
 - charged current (CC) 
 - only sensitive to νe 
	
νx + d à p + n + νx  
 - neutral current (NC) 
 - sensitive to all flavors 
 
νe + e à νe + e  
 - elastic scattering (ES) 
 - sensitive to all flavors 

D2O in acrylic vessel 
Simultaneously measure 3 channels 
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 3.2 SNO  

Teppei	Katori	 40	

νe + d à p + p + e 
 - charged current (CC) 
 - only sensitive to νe 
	
νx + d à p + n + νx  
 - neutral current (NC) 
 - sensitive to all flavors 
 
νe + e à νe + e  
 - elastic scattering (ES) 
 - sensitive to all flavors 

SNO, PRC75(2007)045502 

SSM	

D2O in acrylic vessel 
Simultaneously measure 3 channels 
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 3.2 KamLAND 
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Liquid scintillator detector 
 - Measure reactor electron anti-neutrinos from reactors from all over Japan 

anti-νe + p à e+ + n , n + p à d + γ (2.2 MeV) 
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Liquid scintillator detector 
 - Measure reactor electron anti-neutrinos from reactors from all over Japan 

anti-νe + p à e+ + n , n + p à d + γ (2.2 MeV) 
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KamLAND, PRL90(2003)021802;94(2005)081801; PRD83(2011)052002 

Liquid scintillator detector 
 - Measure reactor electron anti-neutrinos from reactors from all over Japan 

anti-νe + p à e+ + n , n + p à d + γ (2.2 MeV) 
 
 - Solar neutrino parameters are fixed 
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 3.2 KamLAND 
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KamLAND, PRL90(2003)021802;94(2005)081801; PRD83(2011)052002 
Fogli et al,PRL101(2008)141801 

Liquid scintillator detector 
 - Measure reactor electron anti-neutrinos from reactors from all over Japan 

anti-νe + p à e+ + n , n + p à d + γ (2.2 MeV) 
 
 - Solar neutrino parameters are fixed 
 - Nonzero θ13 makes agreement with solar data better...   
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 3.2 1998-2004 

Teppei	Katori	 45	

2 major problems are solved 
 - Super-Kamiokande solved atmospheric neutrino anomaly 
 - SNO solved solar neutrino problem 
 
KamLAND nailed down there was only 1 oscillation parameter set to 
explain solar neutrino oscillation in 2 massive neutrino oscillation model  
   
A lot of exotic models are killed 
 - exotic models for atmospheric neutrino anomaly (neutrino decay, 
neutrino decoherence, etc) 
 - exotic models for solar neutrino problem (large neutrino magnetic 
moment, etc) 



 1. Neutrinos 
 2. Oscillations 
 3. νSM 
 4. Beyond νSM 
 5. Conclusions 

2016/01/20	Teppei	Katori	 46	

 1. Neutrino physics, the future of particle physics 

 2. Neutrino in Standard Model (SM) 

 3. Neutrino Standard Model (νSM) 

   3.1 Before 1998 

   3.2 1998 – 2004 

   3.3 2005 – 2011 

   3.4 2012 

   3.5 Current issues 

 4. Beyond νSM 

 5. Conclusions 

Solar neutrino problem 
Atmospheric neutrino anomaly 
MSW effect 

Atmospheric neutrino anomaly is solved 
Solar neutrino problem is solved 

Precision measurement era 



 1. Neutrinos 
 2. Oscillations 
 3. νSM 
 4. Beyond νSM 
 5. Conclusions 

2014/06/23	

 3.3 2005-2011 
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Precision neutrino oscillation measurement era 
 - K2K 
 - MINOS 
 - Borexino 
 - ... 
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 3.3 K2K experiment 
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First long baseline neutrino oscillation experiment 
 - ~1.3GeV muon neutrinos over 250km 

K2K, PRD74(2006)072003 
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 3.3 MINOS 
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Magnetized detector 
 - ~3GeV muon neutrinos and muon anti-neutrinos over 735km 
 - Due to B-field, neutrino and anti-neutrino interactions are separated 
 - Oscillation parameters from neutrinos and anti-neutrinos are consistent 

MINOS, PRL107(2011)021801;110(2013)251801 
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 3.3 Borexino 
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7Be solar neutrino  
 - high pure liquid scintillator detector to detector low energy (=7Be solar neutrino) 
 - Pre-Borexino à MSW was about right, but not quite right 

pre-Borexino world solar-ν data      	

Barger et al, PLB617(2008)78 
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 3.3 Borexino 
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7Be solar neutrino  
 - high pure liquid scintillator detector to detector low energy (=7Be solar neutrino) 
 - Pre-Borexino à MSW was about right, but not quite right 

pre-Borexino world solar-ν data      	

Lorentz violation 
motivated model	

MSW effect	

Barger et al, PLB617(2008)78 
TK,Kostelecky,Tayloe,PRD74(2006)105009 
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 3.3 Borexino 
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7Be solar neutrino  
 - high pure liquid scintillator detector to detector low energy (=7Be solar neutrino) 
 - Pre-Borexino à MSW was about right, but not quite right 
 - Borexino 7Be, and pep measurement agree with MSW prediction 

Borexino, PRL101(2008)091302;108(2012)051302 
Haxton et al, ArXiv:1303.1681  

pre-Borexino world solar-ν data     à      post-Borexino world solar-ν data      	
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 3.3 Borexino 
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7Be solar neutrino  
 - high pure liquid scintillator detector to detector low energy (=7Be solar neutrino) 
 - Pre-Borexino à MSW was about right, but not quite right 
 - Borexino 7Be, and pep measurement agree with MSW prediction 
 - one remained problem, no experiments measure 8B neutrino “upturn”  

Borexino, PRL101(2008)091302;108(2012)051302 
Haxton et al, ArXiv:1303.1681  

pre-Borexino world solar-ν data     à      post-Borexino world solar-ν data      	
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 3.3 2005-2011 
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Neutrino oscillation physics is getting into precision era 
 - neutrino and anti-neutrino oscillation parameters are tested 
 - 2 massive neutrino oscillation models are established (θsolar, Δm2

solar, θatm, Δm2
atm) 

 
 
 
 
 
Unknown parameter, θ13 
θ13 is interesting because nonzero θ13 implies leptonic CP violation 
(cf., 3 generations are required to have CP violation in quark sector) 
 
Almost all exotic models are killed, neutrino oscillations are due to neutrino masses, 
and all exotic effects are sub-dominant (even if exists) 
 - non-standard interaction 
 - sterile neutrino mixing 
 - Lorentz violation 
 - neutrino decay, decoherence, extra-dimension, etc 

Pα→β(L / E) = sin
2 2θsin2 1.27Δm2(eV2) L(km)

E(GeV)
⎛

⎝
⎜

⎞

⎠
⎟
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 1. Neutrino physics, the future of particle physics 

 2. Neutrino in Standard Model (SM) 

 3. Neutrino Standard Model (νSM) 

   3.1 Before 1998 

   3.2 1998 – 2004 

   3.3 2005 – 2011 

   3.4 2012 

   3.5 Current issues 

 4. Beyond νSM 

 5. Conclusions 

Solar neutrino problem 
Atmospheric neutrino anomaly 
MSW effect 

Atmospheric neutrino anomaly is solved 
Solar neutrino problem is solved 

Precision measurement era 

Boom of θ13 

Future long-baseline  
neutrino oscillation experiments 
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 3.4 Boom of θ13 
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 

Limit of θ13 (2009)	

Albright, ArXiv:0905.0146 
Fogli et al,PRL101(2008)141801  
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 3.4 Boom of θ13 
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 
 - Mother Nature was kind again!  
   - anti-νe reactor disappearance 

Double Chooz,PRL108(2012)131801 

DoubleChooz	
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 3.4 Boom of θ13 
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 
 - Mother Nature was kind again!  
   - anti-νe reactor disappearance 

 1. Oscillations 
 2. Before 1998 
 3. 1998-2004 
 4. 2005-2011 
 5. 2012-2013 
 6. Current issues 
 7. Conclusions 

Double Chooz,PRL108(2012)131801   

The	Big	Bang	Theory	(CBS)	
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 3.4 Boom of θ13 
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 
 - Mother Nature was kind again!  
   - anti-νe reactor disappearance 

Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,PRL108(2012)191802 

The	Big	Bang	Theory	(CBS)	

DayaBay	
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 3.4 Boom of θ13 
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 
 - Mother Nature was kind again!  
   - anti-νe reactor disappearance 
   - νµàνe long baseline neutrino oscillation 

Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,PRL108(2012)191802 
T2K, PRL112(2014)061802 

DayaBay	

T2K	
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 3.4 Boom of θ13 
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 
 - Mother Nature was kind again!  
   - anti-νe reactor disappearance 
   - νµàνe long baseline neutrino oscillation 
 - nonzero θ13 à leptonic CP violation 

Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,PRL108(2012)191802 
T2K, PRL112(2014)061802 

DayaBay	

T2K	
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 3.4 2012 
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 
 - Mother Nature was kind again!  
   - anti-νe reactor disappearance  
   - νµàνe long baseline neutrino oscillation 
 - nonzero θ13 à leptonic CP violation 
 
It is no longer adequate to use 2 neutrino oscillation model, it must be 3 neutrinos  

Parke, ArXiv:1310.5992 
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 3.4 2012 
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Neutrino Standard Model (νSM) 
 - SM + 3 active massive neutrino is established 
 
Unknown parameters of νSM 
 - Dirac CP phase 
 - θ23 (θ23=40o and 50o are same for sin2θ23, but not for sinθ23) 
 - order of mass (normal hierarchy m1<m2<m3 or inverted hierarchy m3<m1<m2)  
 - Dirac or Majorana 
 - Majorana phase                   not relevant to neutrino oscillation experiment? 
 - absolute neutrino mass 

Parke, ArXiv:1310.5992 
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 3.4 Astrophysical very high energy (VHE) neutrinos 
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IceCube observed the first astrophysical PeV neutrinos 
 - Inconsistent with atmospheric neutrino 
 - Inconsistent with GZK ultra high energy (UHE) neutrinos 
 - Inconsistent (so far) with Glashow resonance UHE neutrinos (6.3 PeV) 

IceCube,Science342(2013)1242856,PRL111(2013)021103;113(2014)101101 
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 1. Neutrino physics, the future of particle physics 

 2. Neutrino in Standard Model (SM) 

 3. Neutrino Standard Model (νSM) 

   3.1 Before 1998 

   3.2 1998 – 2004 

   3.3 2005 – 2011 

   3.4 2012 

   3.5 Current issues 

 4. Beyond νSM 

 5. Conclusions 

Solar neutrino problem 
Atmospheric neutrino anomaly 
MSW effect 

Atmospheric neutrino anomaly is solved 
Solar neutrino problem is solved 

Precision measurement era 

Boom of θ13 

Future long-baseline  
neutrino oscillation experiments 
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 3.5 Current issues 
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Unknown parameters of νSM  
  δCP: Dirac CP phase 
  θ23: θ23=40o and ５0o are same how sin2θ23, but not for sinθ23 
 MO: mass ordering, normal m1<m2<m3 or inverted m3<m1<m2 
 
Long baseline neutrino oscillations 
 - T2K (running)  
 - NOvA (running)  
 - PINGU/ORCA/INO (planned) 
 - JUNO/RENO50 (planned) 
 - Hyper-Kamiokande (planned) 
 - DUNE (planned) 
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 3.5 T2K 
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T2K,PRL112(2014)061802 

The first δCP limit Joint νµ+νe fit 
 - data prefer normal hierarchy with δCP~ -π/2. 
 - first time some region of δCP is excluded. 
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 3.5 NOvA 
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Massive plastic tubes with liquid scintillator 
 - 14 kton total, 810 km from Fermilab (E~2GeV) 
 - NOvA has a chance to solve degeneracy and find all (δCP, θ23, MH) 

Norman (NOvA), Neutrino2014 
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 3.5 NOvA 
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Massive plastic tubes with liquid scintillator 
 - 14 kton total, 810 km from Fermilab (E~2GeV) 
 - NOvA has a chance to solve degeneracy and find all (δCP, θ23, MH) 

Patterson (NOvA), Fermilab wine and cheese seminar 2015  1. Neutrinos 
 2. Oscillations 
 3. νSM 
 4. Beyond νSM 
 5. Conclusions 

The first result (2015) 
 - Analysis I, 6 νeCC candidates 
 - Analysis II, 11νeCC candidates 
(background ~1 event) 
Prediction at δ=-π/2, θ23=π/4 
 - Normal, 5.91 ± 0.65 
 - Inverted, 2.34 ± 0.26 
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 3.5. PINGU 
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More strings in IceCube 
 - Known technology 
 - more strings in central area of IceCube à reduce threshold down to ~few GeV  
 - It can find mass ordering from νµ matter oscillation 

Grant (PINGU), Neutrino2014  effective 2-ν 
matter oscillation	 interference of 

propagation states	
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Yangjiang	
NPP 

Taishan	
NPP 

Daya Bay 
NPP 

Huizhou 
NPP 

Lufeng 
NPP 

53 km 
53 km 

Hong Kong 

Macau 

Guang Zhou 

Shen Zhen 

Zhu Hai 700	m	
underground 

2.5	h	drive 
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 3.5. JUNO 
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 1. Oscillations 
 2. Before 1998 
 3. 1998-2004 
 4. 2005-2011 
 5. 2012-2013 
 6. Current issues 
 7. Conclusions 

Wen (JUNO), Neutrino2014 

Significant sensitivity improvement is 
required, It can find mass hierarchy in 
few years 
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 3.5. Hyper-Kamiokande 
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Hyper-Kamiokande with upgraded J-PARC beam 
 - known technology 
 - 560 kton water Cherenkov x 2 (each tank can contain more than 10 Godzillas!) 
 - δCP from νe appearance, θ23 from νµ disappearance, MO from atmospheric ν	
 - All kind of other physics (p-decay, solar/atmospheric/supernova neutrinos, etc) 
 - Expected to operate from ~2025 

Yokoyama (HyperKamiokande), NuPhys2015 

Godzilla 
(<1970’s)	

50cm	
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 3.5. DUNE 
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New beamline and new detector 
 - There are intensive R&D at every levels (Fermilab, CERN, universities) 
 - 10 kton Liquid argon time projection chamber x 4 
 - New beamline to South Dakota 
 - Measure all of 3 (δCP, θ23, MO) 
 
The first cryostat will be ready ~2024 

Szelc (DUNE), NuPhys2015 
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 3.5. Summary of νSM 
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Land scape of νSM in Δm2-tan2θ space 
 - World data are nailed down all 
parameters in tiny regions, and all others 
are “excluded”. 
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4. Neutrino oscillation as a probe of new physics 

Neutrino oscillation is an interference experiment (cf. double slit experiment)  

If 2 neutrino Hamiltonian eigenstates, ν1 and ν2, have different phase rotation, 
they cause quantum interference.  

2016/01/20	Teppei	Katori	 76	

Kostelecký and Mewes, PRD69(2004)016005 
Diaz, Kostelecký and Mewes, PRD80(2009)076007 
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4. Neutrino oscillation as a probe of new physics 

Neutrino oscillation is an interference experiment (cf. double slit experiment)  
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If 2 neutrino Hamiltonian eigenstates, ν1 and ν2, have different phase rotation, 
they cause quantum interference.  
 
If ν1 and ν2, have different coupling with new physics field, neutrinos also 
oscillate. The sensitivity of “neutrino interferometer” is comparable with precise 
atomic/optical interferometers. 

Kostelecký and Mewes, PRD69(2004)016005 
Diaz, Kostelecký and Mewes, PRD80(2009)076007 

new 
physics	
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4. Neutrino oscillation as a probe of new physics 

Neutrino oscillation is an interference experiment (cf. double slit experiment)  

2016/01/20	Teppei	Katori	 78	

If 2 neutrino Hamiltonian eigenstates, ν1 and ν2, have different phase rotation, 
they cause quantum interference.  
 
If ν1 and ν2, have different coupling with new physics field, neutrinos also 
oscillate. The sensitivity of “neutrino interferometer” is comparable with precise 
atomic/optical interferometers. 
 

Kostelecký and Mewes, PRD69(2004)016005 
Diaz, Kostelecký and Mewes, PRD80(2009)076007 



4. Beyond νSM 
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Land scape of νSM in Δm2-tan2θ space 
 - World data are nailed down all 
parameters in tiny regions, and all others 
are “excluded”. 
 
But this is model dependent diagram, 
because it assumes neutrino mass as 
phase, and mass mixing matrix elements 
as amplitude of neutrino oscillations 
 
What is the model-independent diagram? 



4. Beyond νSM, L-E plane 

2016/01/
20 Teppei Katori 

Kostelecký and Mewes, PRD69(2004)016005 

80 
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4. Beyond νSM, L-E plane 

long baseline  
reactor neutrino 

long baseline 
accelerator neutrino 

short baseline 
reactor signal 

Kostelecký and Mewes, PRD69(2004)016005 
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4. Beyond νSM, L-E plane 

long baseline  
reactor neutrino 

long baseline 
accelerator neutrino 

short baseline 
reactor signal 

Δm2
¤ 

Δm2
atm 

Kostelecký and Mewes, PRD69(2004)016005 
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4. Beyond νSM, L-E plane 

long baseline  
reactor neutrino 

long baseline 
accelerator neutrino 

short baseline 
reactor signal 

Δm2
¤ 

Δm2
atm 

? ? 

Kostelecký and Mewes, PRD69(2004)016005 
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4. Beyond νSM, L-E plane 
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TeV neutrino 
potential 

extra galactic  
neutrino potential 

1Mpc(~Andromeda) 

1TeV 

? 
? 

84 

IceCube collaboration 
PRL111(2013)021103 



4. New physics with extra-terrestrial neutrinos 
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Combination of longer baseline and higher energy makes extra-terrestrial UHE neutrino to be 
extremely sensitive to new fundamental physics (such as Lorentz violation). 
 
Tiny contamination of new physics would shows up as an anomalous flavour content 

UHE-ν	Neutrino mixing  

Diaz, Kostelecký, Mewes, PRD85(2013)096005;89(2014)043005 
Aruguelles, TK, Salvado,PRL115(2015)161303 
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4. Standard flavour triangle diagram 
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IceCube collaboration 
PRL114(2015)171102 

π-decay 
β-decay 
µ-cooling 
exotic ντ 

There are 3 UHE neutrino production models 
  i. pion decay dominant model, 1:2:0 
  ii. electron neutrino dominant model, 1:0:0 
 iii. muon neutrino dominant model, 0:1:0 
 iv.  tau neutrino dominant model, 0:0:1  
 
Initial flavour ratio is modified on the Earth 
due to neutrino mixing 

IceCube flavour triangle diagram  

Aruguelles, TK, Salvado, PRL115(2015)161303 

Teppei Katori 



4. Neutrino flavour ratio with new physics 
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An example Hamiltonian with new physics term 
(~10-26 GeV CPT odd Lorentz violation) 

1:2:0 (pion decay)  

1:0:0 (beta decay)  

0:1:0 (muon cooling)  

Any new physics can end up in the effective Hamiltonian 
 - neutrino mixing depends on energy 
 - there is strong initial flavour ratio dependency 

Aruguelles, TK, Salvado, PRL115(2015)161303 



4. Neutrino flavour ratio with new physics 
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1:2:0 (pion decay)  

1:0:0 (beta decay)  

0:1:0 (muon cooling)  

Any new physics can end up in the effective Hamiltonian 
 - neutrino mixing depends on energy 
 - there is strong initial flavour ratio dependency 
 
Flavor triangle diagram is a convenient way to show these 
models.  

Aruguelles, TK, Salvado, PRL115(2015)161303 
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4. Flavour triangle histogram 
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Exotic models can make variety of 
flavour ratios, but not every flavour 
ratio is possible. 

Dimension-4 operator new physics 

The flavour ratio is the most powerful tool to 
explore any new physics within particle physics   

35 TeV scale 
(c~10-30) 

IceCube 
best fit??? 

2 PeV scale 
(c~10-34) 

Aruguelles, TK, Salvado, PRL115(2015)161303 
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4. Flavour triangle by IceCube 

90 

Flavor ratio is sensitive with analysis method… 

IceCube collaboration, PRL114(2015)171102, Astro.J.809:98(2015) 
Palomares-Ruiz et al,PRD91(2015)103008 

There is very shallow x2 min from νe-dominant to ντ-dominant solutions. Assumption of 
primary flux change the interpretation of data (absence of “Glashow resonance” events à 
cascade events are dominated by ντ? etc) 

IceCube 
Best fit point 
(0.0:0.2:0.8) 

IceCube 
Best fit point 
(0.5:0.5:0.0) 



4. IceCube-Gen2 
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IceCube-Gen2 collaboration 
arXiv:1412.5106 

Bigger IceCube and denser 
DeepCore can push their 
physics 
 
Gen2 
Larger string separations to 
cover larger area 
 
PINGU 
Smaller string separation to 
achieve lower energy 
threshold for neutrino mass 
hierarchy measurement 

IceCube DeepCore Gen2 

PINGU 
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IceCube-Gen2 collaboration 
arXiv:1412.5106 

Bigger IceCube and denser 
DeepCore can push their 
physics 
 
Gen2 
Larger string separations to 
cover larger area 
 
PINGU 
Smaller string separation to 
achieve lower energy 
threshold for neutrino mass 
hierarchy measurement 

The proposal will be 
submitted to NSF   

IceCube-Gen2 collaboration meeting (May 1, 2015) 
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 1. Neutrino physics, the future of particle physics 

 2. Neutrino oscillations 

 3. Neutrino Standard Model (νSM) 

   3.1 Before 1998 

   3.2 1998 – 2004 

   3.3 2005 – 2011 

   3.4 2012 – 2013 

   3.5 Current issues 

 4. Beyond νSM 

 5. Conclusions 
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Solar density, solar density gradient, solar neutrino energy are all right values 
so that we can detect solar neutrino oscillation through MSW effect   
 
Supernova 1987A happens right time when Kamiokande II is online  
(6 galactic supernovae in the last 1000 years) 
 
The earth is right size so that we can detect atmospheric neutrino oscillation 
through up-down asymmetry.  
 
θ13 is small so that 2 massive neutrino approximation work well to study solar 
and atmospheric neutrino oscillation 
 
But θ13 is big enough so that we can measure it  
 
...so that we can find leptonic CP violation! 
 
Mass hierarchy must be inverted so that we can find Dirac or Majorana????? 
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Winter, Neutrino2014 
If mass hierarchy is normal, there is a chance 
we cannot find Dirac or Majorana from 0νββ	
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Winter, Neutrino2014 
If mass ordering is normal, there is a chance we 
cannot find Dirac or Majorana from 0νββ	

PINGU 
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Theorists are always wrong (Murayama, Neutrino 2006) 
 
Solution of solar neutrino problem is SMA, because it’s pretty 
 à wrong, LMA is the solution 
 
Natural scale of neutrino mass is 10-100 eV2, because  it’s cosmologically interesting 
 à wrong, much smaller   
 
Atmospheric neutrino anomaly is not neutrino oscillation, because it requires large 
mixing angle even though CKM matrix Vcb ~ 0.04 
 à wrong, PMNS matrix has big off-diagonals 
 
Bet your money to the other side from what theorists say! 
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Neutrino oscillation physics show series of discoveries in the last 20 years. 
 
νSM is established, current unknown parameters of νSM are 
 - δCP 
 - θ23 
 - mass hierarchy 
 - Majorana phase 
 - Dirac or Majorana 
 - Absolute neutrino mass 
 
Neutrino oscillations are interesting probes for  Beyond SM physics 
 
Current and future oscillation experiments are good position to find δCP, θ23, and 
mass hierarchy 

Thank you for your attention! 
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Yokoyama (Hyper-Kamiokande), NuPhys2015 
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Szelc (DUNE), NuPhys2015 
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Seo (RENO50), NuPhys2015 
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Cowen (PINGU), NuPhys2015 

PINGU: awaiting funding, initial MO measurement in ongoing with DeepCore 
ORCA: deploy 6 strings in 2016, awaiting full funding for 115 strings 
INO: awaiting funding 
 
à~3σ NMO by early 2020s 
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SM physics with neutrinos 
 - PDF measurement (unpolarized, polarized) 
 - Nuclear structure measurement 
 
BSM physics with neutrinos 
 - Neutrino oscillation is an interference experiment 
 - Neutrinos are naturally sensitive to small space-time properties, such as 
Lorentz invariance.  

Kostelecký and Samuel,PRD39(1989)683 

L = 1
2
iψAΓAB

ν ∂
ν
ψB −MABψAψB +h.c.

ΓAB
ν = γνδAB + cAB

µν γ
µ
+dAB

µν γ
µ
γ5 +eAB

ν + ifAB
ν γ5 +

1
2
gAB
λµνσ

λµ
!

MAB =mAB + im5ABγ5 +aAB
µ γ

µ
+bAB

µ γ5γµ +
1
2
HAB
µν σ

µν
!

Standard Model Extension 
(SME) is the standard 
formalism for the general 
search for Lorentz violation. 

SME Lagrangian in neutrino sector 
 
 
 
SME coefficients 
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 4. Neutrinos to test Lorentz invariance 

Lorentz violation can be visualize as 
“preferred direction of the universe”  
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MiniBooNE collaboration, PLB718(2013)1303 
Double Chooz collaboration, PRD86(2012)112009 

Double Chooz neutrino data/prediction ratio 

Neutrino mode  

Antineutrino mode 

MiniBooNE electron neutrino 
candidate data prefer sidereal time 
independent solution (flat) 
 
 
 
MiniBooNE electron antineutrino 
candidate data prefer sidereal time 
dependent solution, however 
statistical significance is marginal 

Double Chooz disappearance signal 
prefers sidereal time independent 
solution (flat) 
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MiniBooNE     Double Chooz    IceCube 
MINOS ND                                MINOS FD 

Limits of Lorentz violation coefficient 
from neutrino oscillation experiments 

Kostelecký and Russel, Rev.Mod.Phys.83(2011)11, ArXiv:0801.0287v6 

Lorentz violation is tested with all 
neutrino channels 
 
Chance to see the Lorentz 
violation in terrestrial neutrino 
experiments will be very small  



Diaz, Kostelecký, Mewes, PRD85(2013)096005;89(2014)043005 

4. New physics with extra-terrestrial neutrinos 
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Combination of longer baseline and higher energy makes extra-terrestrial neutrino to be the 
most sensitive source of fundamental physics. 
 
Vacuum Cherenkov radiation can limit new physics of neutrino up to 10-20  

Zo 

UHE-ν	

Vacuum Cherenkov radiation  
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Any new physics can end up in the effective Hamiltonian 
 
 
 
neutrino oscillation formula 
 
 
 
neutrino mixing formula 
 
 
 
Information of small contamination of new physics appears on neutrino flavours  
 
At high energy, neutrino mass term is suppressed 
à (probably) mixing properties of the UHE neutrinos are the most sensitive method to look for 
new physics within particle physics 
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Aruguelles, TK, Salvado, PRL115(2015)161303 



4. Flavour triangle histogram 

Teppei Katori 119 

However, we don’t observe flavour ratio with function of energy 
 à neutrino flux model (~E-2) is convoluted 
 
Also, there are many possible models 
 à flavour triangle histogram  
 
We follow the anarchic sampling scheme to choose the new physics model, and the model 
density is shown as a histogram on the triangle diagram. 
 
 
Large Lorentz violation à observed flavour ratio can be many option 
Small Lorentz violation à only tiny deviation from the standard value is possible   

d !U = ds12
2 ∧dc13

4 ∧ds23
2 ∧dδ

Aruguelles, TK, Salvado, PRL115(2015)161303 
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Neutrino nuclear reactor 
monitoring 

Neutrino beam to destroy 
nuclear weapon 

Neutrino earth tomography to find 
oil reservoir 

Using neutrino to communicate 
submarines under the deep water 

High power neutrino beam to 
communicate with Aliens(?) 

Finally, MINERvA experiment sent Morse 
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MINERvA, MPLA27(2012)1250077 
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