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Oscillations of three active neutrinos  

Present experiments, especially for q13 measurements 

How to measure neutrino mass hierarchy and dCP? 
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Oscillations - parametrization for 3 n flavours  

3 

atmospheric neutrinos                        CP phase                      solar neutrinos 
and accelerator neutrinos                                                    and reactor neutrinos 

                                   connects solar and atmospheric regions 

If d0,p,2p...then CP is violated for leptons (like for quarks),  q13  is a gateway 
to a measurement of d  

For three neutrino flavours and three mass states – 
there are six oscillation parameters: three mixing 

angles q12, q23, q13, two differences of mass squared 
Dm2

21, Dm2
32 and one phase dCP  

UW, 14.01.2014 



UW, 14.01.2014 

   Oscillation parameters  
– present experimental input  

LBL accelerator experiments: K2K + T2K + MINOS 

Atmospheric neutrino data: SuperK 

Solar experiments: Davis’s, Gallium exps, SuperK, SNO  

LBL reactor experiment: KamLAND 

SBL reactor experiments: Dchooz + RENO + Daya Bay 

 

 

SuperKamiokande KamLAND SNO 

1 ktonne D2O 
1 ktonne, 
scintillator 50 ktons H2O 
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E.Lisi, ICFA 2014 

   Oscillation parameters – result of a global fit 
using all the available data  
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Experimental aspect  

- disappearance vs appearance measurements 

In a disappearence experiment: 

Note: in an appearance experiment the minimum is replaced by a maximum. 
Present exp. approach: look for both flavour appearance and disappearance  

From MINOS, L=735 km 

Appearance experiment:                   Disappearance experiment: 
 
 
The equalities hold for the case of no oscillations; the sum equals 1. 

  0P  n n    1P  n n 
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Best measurement of |Dm2
32|  

J.Thomas, ICFA 2014 
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J.Thomas, ICFA 2014 

Hint for non-maximal value of q23 
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Started in September 2013 for three years 

J.Thomas, ICFA 2014 



Measurements of q13  

 
I.   By measuringne disappearance in the new generation SBL reactor 
experiments DoubleChooz, Reno and Daya Bay with two (DCh, R) or eight 
(DB) detectors at two (DCh, R) or more (DB) distances between reactors and 
detectors in order to significantly reduce systematic uncertaintes related tone 
flux, cross section and reactor thermal power – almost pure measurement of q13 
 
 
 
 
 
II.    By searching for nm  ne (andnm ne) in LBL accelerator experiments: 
T2K and NOvA – very complicated analysis because P(nm-> ne ) depends on all 
oscillation parameters (correlations + degeneracies), but due to that it offers a 
possibility to measure also sign of D2

32 (mass hierarchy) and dCP (if q13 is not too 
small) – one needs, however, measurements at different baselines and to use 
both nm andnm beams  
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Subdominant oscillation in accelerator experiments  
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T2K (Tokai to Kamioka) experiment  

T2K (start in 2009) – aiming at a very intensive neutrino beam (first 
superbeam) due to very intensive proton beam from the new synchrotron at 
JPARC, off-axis configuration of the detectors (kinematical squeezing of the 
neutrino energy spectrum), 
 ND280 near detector – a complex magnetic spectrometer,  
 the SuperKamiokande detector as a far detector                

T2K K2K 

E(GeV) 50 (30 @t=0) 12 

Int.(1012ppp) 330 6 

Power(MW) 0.75 0.0052 

The data taking started in January 2010 
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T2K experiment  

K.Sakashita, KEK, 2011 
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T2K experiment  

K.Sakashita, KEK, 2011 
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q13 in reactor experiments: 
Double Chooz, RENO and Daya Bay 
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M.Wang UW, 14.01.2014 
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How close to 450 is q23? 

Measure all parameters more  
precisely! 

Is there a new symmetry  
of Nature hidden  behind  
the scheme of neutrino mixing? 

 

Which is the hierarchy 
of neutrino masses? 

 

Is CP violated for neutrinos?  

 

   Neutrino oscillations – open questions  

Normal  Inverted  
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Old values 
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Mass hierarchy and CP determination 
in LBL experiments  

Experimental strategies: 
 
Mass hierarchy: 

 Use both the neutrino  
     and antineutrino beams 
 Longer baselines are better 
 Off-axis configuration may be 

helpful  
 
CP: 

 Use both the neutrino  
     and antineutrino beams 

 Study the L/E dependence for 
wide band beams 

  Use the second oscillation 
maximum 



NOvA exp.– started in Sept.2013 for 6-10 years  
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30 30 30 

JUNO (Daya Bay II) for MH determination 
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Daya Bay II 
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Future projects based on Superbeams 

A few remarks: 

- Much larger detectors than the SuperKamiokande detector are 
needed to improve searches for proton decays and studying low energy 
neutrinos from astrophysical sources. 

-Nowadays these studies cannot be separated from LBL accelerator 
neutrino experiments to study neutrino oscillations. 

- No one of the existing infrastuctures in the world is able to host 
future detectors  studies in Japan, USA and Europe. 
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Superbeams (nm’s from p, K decays)  but based on proton beams of up 
to 4-5 MW power   
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HyperKamiokande in Japan 
25 times SuperKamiokande 

F.di LodovicoM. ICFA 2014 
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F.di LodovicoM. ICFA 2014 



500 kton Water Cherenkov or 100 kton Liquid Argon detector at the 2nd maximum in Korea 
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F.di LodovicoM. ICFA 2014 
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LBNE – Long Baseline Neutrino Experiment in US 
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The LAGUNA project in Europe (2008-2011) 

- Caso, Italy 

0 
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from A.Rubbia 



A.Zalewska, Epiphany Conf., 7.1.2010 

Experimental aspects – choice of detectors 

Water Cherenkov detectors 
-ideal for QE neutrino  
interactions 
 
Liquid Argon – better at higher 
Energies (DIS) 

Studies of nm events at higher energies 
require either muon detector in addtion 
or a magnetized Liquid Argon detector 



A.Zalewska, Epiphany Conf., 7.1.2010 

But how the detection 

efficiency for liquid argon 

changes with energy?  

 
just for illustration simulated  

p0‘s of 0.5, 1, 2, 3, 5, 10 GeV  

in the ICARUS detector 
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The LAGUNA-LBNO project in Europe  
(2011-2015) 
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Further future of the CP studies 

New sources of neutrinos based on new types of accelerators 

Neutrino factories – nuSTORM project as a first step 

From the report of the SPC neutrino panel 
for the CERN Council, March 2010 
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Steryle neutrinos  

Various observed anomalies 

Ways to solve them 
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   Is the 3-flavour oscillations scheme fully 
consistent 

 

? 
LSND story 

 3rd region of oscillation parameters was observed in the LSND 
experiment 
 3 different values of Dm2  more than 3 neutrino species must 
exist 
 BUT 3 active neutrinos according to the measurements at LEP  
other neutrinos of different type „sterile” 
 MiniBooNE experiment was designed to check the LSND effect 
(different beam, different baseline, different systematics) 
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   MiniBooNE results for neutrinos 

2007 - no need for extra n species (sterile neutrino(s)):  
The result of the MiniBooNE experiment, searching for the  nm  ne 

oscillations for L/E 1: L = 500 m, E  500 MeV (published in 2007), 
exclusion of the LSND effect. 

Another neutrino beam at FNAL 

c2 probability equal 93% for the 
hypothesis of no oscillations 

BUT new facts  
at Neutrino 2010 !!!  
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   MiniBooNE results for antyneutrinos 

2010 – excess of events corresponting to anty-ve interactions 
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arXiv:1007.1150v3 [hep-ex] 
PRL 105 (2010) 181801  

 Better experiment with two 
detectors is needed, 

 MicroBooNE LAr exp. approved 
in the US, 1ktonne detector 
added in the future 
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Instead of conclusions 
 
 
 

Neutrino physics fascinating but difficult 
 
 

Very interesting topics of searches for neutrinoless double beta 
decays require a separate talk 

 
 

Neutrino studies offer the best way to find physics beyond the 
Standard Model? 
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Neutrino masses and nature 

 
How to weight neutrino? 

Dirac or Majorana particle? 
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How to measure neutrino masses?  

  Direct measurements of the ne mass based on the end-point of 
electron energy spectra in beta decays 
The best measurement from the end-point of the tritium  decay (2.2 eV limit 
at present, 0.2 eV in a few years from the KATRIN experiment) 

  Measurements based on the lifetime measurements for the 
neutrinoless double beta decays 
Potentially the most sensitive method for the mass determination but 
neutrino must be a Majorana particle 

  Cosmological limits 
Resent cosmic microwave background measurements by the Wilkinson 
Microwave Anisotropy Probe (WMAP) together with different survey 
experiments give upper limits for a sum of masses of different neutrino 
species typically below 1 eV but these limits  are model dependent  
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Measurement of ne mass from Tritium  decays 
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KATRIN experiment   
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Double beta decay   

For some even-even nuclei the decay chain 

is forbidden by energy conservation                
and one could have                

The most 
sensitive  
method but 
neutrino has to 
be a Majorana 
particle 
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A.Zalewska, w. 28.5.2008 

Double  decays  2n and 0n  

Phase-space factor 
Nuclear matrix element 
Effective neutrino mass 

nucl-ex/0707.2216 
UW, 14.01.2014 
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0n signal in the Moskow-Heidelberg experiment? 

First announcement in 2002, new publication in 2004, based on the 
data collected between 1990 and 2003 

Maximum at 2039 keV 
 
T1/2 = 0.6-8.4x1025lat 
                      
  mn = 0.17-0.63 eV  
 
This result must be verified by 
another experiment, e.g. GERDA  
should achieve the required 
sensitivity in a few years 

Klapdor-Kleingrothaus  Phys. Lett. B586 (2004) 198 
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