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NEUTRINO OSCILLATIONS
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The discovery that neutrino flavours transform
(Neutrino Oscillations) was a long process
initiated in 1968 and completed in 1998-2001. 
➔Neutrinos have mass !

There is no unique way to incorporate this in the 
Standard Model 
It almost certainly implies the existence of 
-- new mass-generation mechanism
-- new phenomena such as right-handed neutrinos  

➔ possible explanations for the baryon asymmetry
of the universe and for dark matter

This opens a deep field of research for many many years

A first step is the full understanding of the neutrino mixing and in particular the 
discovery and measurement of  CP violation by neutrinos.    

Neutrino masses? Mixings? Ordering? 
Majorana mass term?
eV, keV, GeV, TeV, …, ZeV RH neutrinos? 



The neutrino mixing matrix: 3 angles and a phase  d 

Unknown or poorly known today:  
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1. We know that there are three families of active, light neutrinos (LEP, Nv = 2.992 0.008)

2.     Solar neutrino oscillations are established (Homestake+Gallium+Kam+SK+SNO)

3. Atmospheric neutrino (n→n , n→n ) oscillations are established (IMB+Kam+SK+OPERA)

4. At that frequency, (n →ne) oscillations have been discovered (T2K) 
and ne disappearance has been measured (Daya Bay, Reno, Double Chooz) 

This allows a consistent picture with 3-family oscillations

[solar: q12 ~300 , Dm12
2 =7.10-5eV2 ] [atmo: q23 ~450 , Dm23

2 = 2.5 10-3eV2]   q13 =80

phase dCP unknown (weakly constrained) 

=> experimental program for at least 20 years *) towards mass hierarchy (is <mne>  > <mn, >?) 

and  leptonic CP & T violations

The situation today

*)to set the scale: CP violation in quarks was discovered in 1964
and there is still an important program (K0pi0, B-factories, Neutron EDM, LHCb, NA62…)
to go on for many years…i.e. a total of >60 yrs.

and we have not discovered leptonic CP yet!

5. Various weak signals might be interpreted as hints of  further (right-handed /‘sterile’) neutrinos 
-- eV region (LSND, Miniboone, reactor anomaly) oscillations
-- 3.5 keV photons signals as N→v  from galactic centers
and if confirmed require ‘beyond PMNS’  physics               
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CP Violation





=  ACP   a
sin2 2q13  + solar term…

sind   sin (Dm2
12 L/4E)   sin q12 sinq13 

… need large values of sin q12, Dm2
12 (LMA) but *not* large sin2q13 

… need APPEARANCE  … P(ne→ne) is time reversal symmetric (reactors or sun are out)

… can be large (30%) for suppressed channel (one small angle vs two large) 

at wavelength at which ‘solar’ = ‘atmospheric’ and for ne→n , n

… asymmetry is opposite for ne→n and ne→n

P(ne→n) - P(ne→n)

P(ne→n) + P(ne→n) 

P(ne→n) = ¦A¦2+¦S¦2 + 2 A S  sin d              

P(ne→n) = ¦A¦2+¦S¦2 - 2 A S  sin d      
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T2K and NOvA

50 kton (22.5 fid) WC SuperK
Suite of near detectors  on-axis +
magnetized off-axis ND280 
Off axis 2.5o (Ev = 650 MeV) L=295 km, 
Approved for 7.5 1021 pot (30 GeV protons) 
First run in 2009. Received 14% of it. 
Running at 510kW now. T2K-II upgrade 

14 kton (10 fid) far detector on surface with cover.  
liq. Scintillator 65% active, 6cm longiitudinal pitch
300ton ND with similar functionality. 

810 km, 14 mrad (0.8o)off axis. (Ev = 1.8GeV)
14 kton fiducial plastic scintillator (6cm pitch).   
First run February 2014 to May 2015. 
3.45x1020pot 120 GeV 36 x 1020 approved
Running at 420/470 kW now. 
Consider physics with 6 years (3 n,  3n )

or 72 x 1020 pot 
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Alain Blondel NUFACT12 23-
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NOVA: Mass ordering, dCP and q23 octant ambiguity.
T2K mass ordering effect is ~3 times smaller
DUNE mass ordering effect is 1.6 times larger than NOVA

The CP violation dominates
below 500km, matter effect
dominates above ~1200 km. 

Old plot (CP violation now smaller)!     
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T2K and NOvA

Significant complementarity,  with different baselines and different near and far detectors
-- NOvA more sensitive to Mass Ordering
-- T2K directly sensitive to CP violation  

Both experiments benefit from off-axis geometry
-- reduction of backgrounds esp. intrinsic ne

-- beam energy peak is given by pion decay kinematics→ provides reference energy. 

T2K NOvA
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NB combination for T2K-II @ 2x1021 and NOvA @ 7.2 1021 does not exist, 
(indicatively) multiply number of sigma by ~sqrt(2) → determination between 2 and >4 sigma

NB If d ~ -/2  3 /2 as preferred today NOvA could already make significant contribution
by summer 2016.  

The combination of NOvA and T2K → inform the mass hierarchy at 2 to 4 sigma by 2025.
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By 2026, T2K-II might obtain evidence for CPV
at 3-4  for d=/2

(or measurement at <20 degrees precision for d=0) 
+ NOvA →maybe just 5 for d=/2

Discovery and study will require
more powerful experiments!MR PS

upgrade

T2HK (proposed)
T2K-II
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ORCA and PINGU

Both experiments are in proposal phase. 
ORCA: deployment 2017-2020
PINGU: aim at completion in 2021-22.
Both:  4 years for MH determination at 3 sigma

Oscillation Research w/ 
Cosmics in the Abyss 

ORCA: 3.8 Mton
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ORCA and PINGU

Determination of mass hierarchy with matter effect
Very large effect : up to ~100% asymmetry ne→ne vs. ne→ne , different for n

diluted by charge, PID, lepton angle energy reconstruction 

Optimum region for measurement
Is around 10 GeV and 7000km

Dilution and systematics due to 
n flux, cross-sections  and angle 
smearing… but effect is large; 
little sensitivity to dCP
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JUNO (RENO50)

Locate 20kton, 75% coverage liq. scintillator detector at 1st solar disappearance max (50km) 
use interference between solar and atmospheric terms which is sensitive to the sign of Dm2

23 

Since disappearance is used, no sensititivity to dCP .
Challenge from energy scale/linearity/resolution!

ne disappearance from reactor. 
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JUNO sensitivity to Mass Hierarchy : 
«more than 3  in 6 years»

Relative error on                      (external input)

present

3

4

dCP N/A 

Data taking date: early 2020. 

20’000 PMTs 15k from China 5k from Japan
Civil construction underway→ complete 2018
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Crossing point with DUNE & HyperK

Many physics topics
Some overlap with DUNE/HyperK

-- p→ vK →

-- SuperNovae
Some specific

-- geoneutrinos

JUNO (RENO50)

HyperK

700m deep
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A word on RENO50       (17kton, 60% coverage, 100M$)
-- R&D funding (US $2M for 2015-2017) 
from the Samsung Science & Technology Foundation. 
R&D is in progress to produce TDR. 
-- A proposal has been submitted to obtain full funding.

200 events/year from JPARC beam
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Very clean signals for Kaon decay. 
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Near detector : 0.4T straw tube 
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DUNE

(end 2026)

After 6 years
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DUNE Schedule as of CDR http://arxiv.org/abs/1601.05471
Beam starts (with 1.2 MW capability) in 2026 with 2 detectors, upgrade to 2.4Mw ~6 yrs later.  

http://arxiv.org/abs/1601.05471
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SUPERNOVAE
3 CPV sensitivity over 75% of d after 13 yrs.

HYPERK
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HYPERKAMIOKANDE
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JUNO
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SUPERNOVAE
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SUPERNOVAE
3 CPV sensitivity over 75% of d after 13 yrs.

HYPERK
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GADZOOKS                   

The introduction of Gadolinium GdSO4 in SuperK will require 8 months interruption
of SuperK operation. Should be planned at the same time as accelerator stop 
and ND280 upgrade installation.  Schedule not fixed yet.  
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Alain Blondel Groupe 

Neutrino   Université de 

Genève 

La vie d’une étoile II

vers la fin de sa vie, l’étoile a brulé tout son hydrogène et devient une 
géante rouge.. Un effondrement gravitationnel peut se produire dans lequel
les noyaux de plus en plus lourds He, C,N,O, … jusqu’au fer 
sont produits par réactions de fusion nucléaire. 

si ce noyau de fer résiduel est assez massif il va s’effondrer par 
capture des électrons

p+e-
→ n + ne  

tous les electrons et tous les protons disparaissent, il ne reste plus que des 
neutrons…→ un état de la matière d’une densité égale à la densité nucléaire

ou même un trou noir!

ce processus violent et pratiquement instantané 
SUPERNOVA 

émet un très grand nombre de neutrinos!
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En mars 1987, une étoile du nuage de Magellan donne lieu à une supernova. 
(SN1987A) 

ce phénomène est observé dans un observatoire du Chili, 
mais 3 heures avant que les téléscopes aient observé le phénomène lumineux, 
les neutrinos avaient été détectés!  
(Kamiokande  IMB Baksan, Cherenkovs à eau)



Alain Blondel Groupe 

Neutrino   Université de 

Genève 

tous les neutrinos (11 + 8 + 5)  
ont été émis en quelques secondes! 
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Neutrino   Université de 

Genève 

24 anti-neutrinos de SN1987A (sur un total de 1058 neutrinos émis) 
ont été observés le 23 Fevrier à 7:35 UT
dans trois grands detecteurs Cherenkov à eau 
11 dans KamiokaNDE (l’ancêtre de SuperKamiokande)
8 dans IMB (dans la Morton Salt mine dans l’Ohio) 
5 dans  Baksan (dans le Caucase) 

après 168000 ans de voyage depuis SN1987!

la dispersion en temps d’évènements neutrino de masses différentes 
après une telle distance permet de placer une limite de mn c2< 13 eV

La lumière de la SuperNova est arrivée environ 3 heures plus tard…

“Après examen de clichés du Grand Nuage il s’avère que les premiers instantanés 
de l’explosion ont été réalisés par l’astronome amateur australien Robert McNaught 
le 23 février avec deux clichés consécutifs réalisés à 10h38 puis 10h41 TU. 
Un peu plus d’une heure auparavant, vers 9h20 TU, Jones avait fait une 
observation visuelle du Grand Nuage, mais sans voir la supernova”. 

La théorie de l’explosion explique bien ce retard, du au fait que la “chaleur” qui 
produit la lumière met un certain temps à rejoindre les couches externes de l’étoile
qui est opaque.
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CONCLUSIONS 

1. The next 10 years will very probably see the resolution of the mass hierarchy from
a variety of experiments: JUNO, ORCA, PINGU, T2K/NOVA/Reactors. 

2. The next 10 years may see a resolution of the octant ambiguity or in any case will see a 
a significant reduction of the uncertainty on q23

3. CP violation requires appearance experiments – thus accelerator beams

4. T2K/NOvA may be very lucky and establish CP violation, and will measure sindCP 0.2 
but a definitive determination of the effect and an unambiguous determination
of the value of dCP will require more powerful and redundant experiments
-- and more than one.

5. JUNO (RENO50?) will be a strong competitor for precision determination of mixing angles
for the search for p→ Kv decay, solar neutrinos. 

6. DUNE is well launched – but technological challenges are considerable.
Systematics issues are new (e.g. different on the on-axis beam than on the off-axis beam) 

7. HyperK will have strong competition on neutrino oscillations – the race is on! 
but will remain unchallenged on a number of discovery channels, 
e.g. p→ e+0 , Supernovae – a long term investment!  
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Main sources
-- Global fits
M. Gonzalez-Garcia et al. http://arXiv.org/abs/1409.5439 http://arXiv.org/abs/arXiv:1507.04366

-- JUNO YELLOW BOOK  http://arxiv.org/abs/1507.05613v2 [physics.ins-det] 
Yuekun HENG  Status of the JUNO project Presentation at the Lake Louise Winter institute 2016 
https://indico.cern.ch/event/472587/

-- RENO-50 
Soo-Bong Kim, International Workshop on RENO-50 toward Neutrino Mass Hierarchy, 
Seoul, South Korea, 13-14 June, 2013; Liangjian Wen, Neutrino 2014 Boston, USA, 2-7 June, 2014. 
Soo Bong Kim, http://arxiv.org/abs/1412.2199

-- T2K physics potential PTEP 10.1093/ptep/ptv031
-- T2K II A.K. Ichikawa, presentation at J-PARC PAC Jan. 2016   

-- NOVA 
Evan NINER, Status of NOvA, Presentation at the Lake Louise Winter institute 2016 
https://indico.cern.ch/event/472587/

-- ORCA & PINGU: status of deep under ice/water projects, 
T. De Young, NNN15 https://www.bnl.gov/nnn2015/
-- DUNE CDR 

vol 1 http://arxiv.org/abs/1601.05471 overview
vol 2 http://arxiv.org/abs/1512.06148 physics program
vol 3 http://arxiv.org/abs/1601.05823 beam line  
vol 4 http://arxiv.org/abs/1601.02984 underground detectors

http://arxiv.org/abs/1409.5439
http://arxiv.org/abs/arXiv:1507.04366
http://arxiv.org/abs/1507.05613v2
https://indico.cern.ch/event/472587/
http://arxiv.org/abs/1412.2199
http://arxiv.org/ct?url=http://dx.doi.org/10.1093/ptep/ptv031&v=da62caa7
https://indico.cern.ch/event/472587/
https://www.bnl.gov/nnn2015/
http://arxiv.org/abs/1601.05471
http://arxiv.org/abs/1512.06148
http://arxiv.org/abs/1601.05823
http://arxiv.org/abs/1601.02984
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CONCLUSION ON NEUTRINOS

Neutrinos are the only place in particle physics where ‘Beyond the Standard Model’ 
has been observed, through the phenomenon of neutrino oscillations. 

Neutrino oscillations is a quantum phenomenon which occurs because neutrinos have 
extremely small masses, which in itself is extremely surprising. 

The leading explanation is the existence of right handed neutrinos with higher masses
induced by the existence of a Majorana mass term. 

This may provide an explanation for other unexplained experimental facts
- dark matter
- the baryon asymmetry of the universe

This is an exciting field with possibilities using
-- neutrino beams
-- nuclear physics experiments
-- collider experiments. 


