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  All well established/confirmed results fit well a framework  

It is believed that    

and not just 
is behind n MSM,  GUT scale EW – TeV scale 

physics 
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F. Capozzi et al,  
1601.07777 [hep-ph] 

Octant 
degeneracy 

smaller than 0.30 

CP violation 
at 2s 



  

eV mass scale sterile neutrinos, 
 non-standard interactions 

Tension  with KamLAND, 
non-standard interactions,  
very light steriles 

Local – CMB measurements of Hubble 
constant 3.3s  difference      
additional radiation  Neff   ~ 0.4 - 1  ? 

Deficit of ne  (anti ne ) signal 

Excess of ne  (anti ne ) signal 

A. G. Riess et al,  1604.01424 
[astro-ph.CO] 



  

Any result will 
directly  or indirectly 
affects neutrinos  

Searches for RH 
neutrinos, double 
charged  scalars …  

Neutrinos from DM, as WDM 

Lepton universality tests 

Stability – smallness  of mass 

MEG final result 
B(m  e g) < 4.2 10-13 (90% CL) 

A.M. Baldini, et al,  
1605.05081 [hep-ex] 

B0  D (D*) t n   
B0  D (D*) l n              ~ 4s 



  



  

Takaaki Kajita 
Super-Kamiokande Collaboration 
University of Tokyo, Kashiwa, Japan 

Arthur B. McDonald 

          SNO Collaboration 
Queen’s University, Kingston, Canada 

“ for the discovery of neutrino oscillations,                 
which shows that neutrinos have mass” 



  



  
BOREXINO:  pp-flux in agreement with LMA 

SuperK:  3s  D-N asymmetry due to Earth matter effect  

Solar abundance problem  
(metallicity  vs. helioseismology 
- SSM  

Higher accuracy of the pp-flux measurements is important 

-  nS   

-  NSI 
-  Neutrino decay 

Effects, searches,  
bounds on: 

Earth matter effects, scanning of the Earth profile  

Solar wind measurements 
of metallicity (higher) 

S Vagnozzi et al, 
1603.05960 [astro-ph.SR]  
A. Serenelli, et al, 
1604.05318 [astro-ph.SR] 



  
M. Maltoni, A.Y.S.  
1507.05287 [hep-ph] 

Red: all solar neutrino data 

KamLAND data  reanalized  
in view of reactor anomaly  
(no front detector) bump  
at 4 -6 MeV 

Dm2
21  decreases by 

 0.15 10-5 eV2 

Dm2
21 (KL) > Dm2

21 (solar)   2 s 
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Can it be more in view of  
uncovered  uncertaities  
in the neutrino fluxes ? 

See also F. Capozzi et al,  
1601.07777 [hep-ph] 



  

Super-Kamiokande collaboration  
(Renshaw, A. et al.) 
 Phys.Rev.Lett. 112 (2014) 091805 
arXiv:1312.5176  

Large DM asymmetry at SK  

KL solar 

Absence of upturn of  
the energy  spectrum 

M. Maltoni, A.Y.S.  
1507.05287 [hep-ph] 

For smaller  
solar split 

LMA expected 



  

V =  aMSW Vstand 

Determination of the matter  potential 
from the solar plus KamLAND data  
using  aMSW as free parameter 

 aMSW 

G. L Fogli  et al  hep-ph/0309100 

C. Pena-Garay, H. Minakata, 
hep-ph 1009.4869 [hep-ph] 

the best fit value aMSW = 1.66 

aMSW = 1.0 is disfavoured by > 2 s 

Dm2
21 (KL)     Dm2
21 (Sun)     

= 1.6 

   V     Dm2
21      

Potential enters the 
probability in combination 

M. Maltoni, A.Y.S.  
1507.05287 [hep-ph] 



  

Extra sterile neutrino with  Dm2
01 = 1.2 x 10-5 eV2,  and  

sin2 2a = 0.005   

Non-standard interactions with 
 eu

D = - 0.22, eu
N = - 0.30 

 ed
D = - 0.12, ed

N = - 0.16  

M. Maltoni, A.Y.S.  

difference 

NSI due exchange by light  (MeV scale mass)  
mediators  with small couplings allow to avoid 
existing bounds  

M. Pospelov 
Y. Farzan 



  

Daya-Bay, RENO updates 
Double CHOOZ with front 
detector 

T2K anti-nu 

MINOS + 

New players:  
DeepCore, Antares 



  

102 sin 
2q13 

a) CKM –corrections;  sin2qx
23  = 0.50 

1.8          2.0         2.2        2.4         2.6         2.8 

DC 

RENO 

Daya Bay 

Global fit 

½sin2qC 

1 s   

a) 

c) 
b) 

b) No CKM  corrections,  sin2qx
23  = 0.45 

c) CKM-corrections,  sin2qx
23  = 0.47 (sin2q23  = 0.42) 

(sin2q23  = 0.40) 

two 
detectors 

Measurements and  
theoretical  benchmarks 

Double Chooz 
M. Ishitsuka 
Moriond 2016 



  

T2K bound on antineutrino 
parameters  NOvA, T2K, MINOS 

Deviation from maximal:  octant  
 symmetry or no symmetry  



  

comparable in precision with 
present accelerator experiments 

Atmospheric nm disappearance,   
3 years of data  
IceCube Collaboration 
(M.G. Aartsen  et al.).  
arXiv:1410.7227 [hep-ex] |  

Even better in future 



  



  

Step to discover CP 



  

Unification 

Flavor symmetries 

Similar to quark spectrum 

Normal vs. special 

 Dm21
2   Dm32
2 

 m2   m3 
  Dm21

2   2 Dm32
2 

 Dm    m 
~                 = 1.6 10-2   

but 1-2  mixing strongly 
deviates from maximal 

~              = 0.18    

 m2   m3 
q  ~  

Fundamental:   
principle, symmetry 

Accidental: selection of 
values of parameters 



  

Earth matter 
effects, 
energy spectra NOvA –T2K 

LBNF – DUNE 
JPARC-HK 

JUNO, 
RENO-50 



  

Precision IceCube  
Next Generation  
Upgrade 

PINGU 

40 strings 
96 DOM’s per string 



450 m 

115 lines, 20m spaced,  
18 DOMs/line, 6m spaced 
Instrumented volume ~3.8 Mt,  
2070 OM 

• 31 3” PMTs  
• Digital photon counting 
• Directional information 
•Wide angle view 

Oscillation  Research with   
Cosmics in the Abyss 

KM3NeT 2.0 LoI 
1601.07459 [astro-ph.IM]  



  Muon- and electron-channels contribute to net hierarchy asymmetry. 
Electron channel more robust against detector resolution effects:  

E, θ smearing 
(kinematics 
+ detector 
resolution) 

27 

J. Brunner  
ICRC 2015 
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°=4223qNH, 
°=4223qIH,   
°=4823qNH, 
°=4823qIH,   

KM3NeT/ORCA PRELIMINARY

Crucial developments  
of  detection 
techniques 



  
Jiangmen Underground  
Neutrino Observatory 

d = 700 m,  L = 53 km,  P = 36 GW 

20 kt LAB scintillator 

n + p  d  +  g     

Also RENO-50 

Key requirement:  
energy resolution 3% at 1 MeV 

Operation in 2020 
(3 - 4)s  in 6 years 



  

The first glimpses? 



  

phenomenology probe of the underlying  
physics,  enters various 
test equalities  

Leptogenesis Lepton asymmetry,  
oscillations in the 
 Early Universe 

The only possible way 
to measure the phase 
  bln $,  after 20??  

If the same origin 
as in quark sector :  ~ l2  - small 

   = - p/2  

 Special values, e.g.  

would testify for 
symmetry 



  

IH is disfavored at 2.2s   NH is preferred in all range of    

J. Bian, (for NOvA Coll.) 
1510.05708 [hep-ex] 

 CP = 3p/2 is preferred in  
agreement with T2K result  



  

~ 5 - 7 s 

 result in 2030 - 2035 

European spalation  
Source (Lund)  

 ~ 2 bln US$ 

750 kw upgrade 

  at  2- 3 s 

Long term and expensive 
commitment 

All possible alternatives  must be explored 
 and scenarios of developments in the next 20 
years should be  considered 

By 2026 further upgrade  
 1.3 MW,  20 times 
bigger p.o.t. than now 

JPARC- SK alone 
establishing  CPV   
with C.L. > 3 s 
before HK, DUNE… 



  

Megaton-scale 
Ice 
Cherenkov 
Array 

0.01 GeV 

100 GeV 

10 - 15 GeV 

 3 GeV 

0.5 – 1 GeV 

Few Mtons in 
sub-GeVrange 

S. Razzaque, A.Y.S.  
1406.1407  hep-ph 

3 times denser  
array than PINGU 



  

S-distributions   
for different  
values of  

Super PINGU,   
1 year 

S. Razzaque, A.Y.S.  
arXiv: 1406.1407  v2 
 hep-ph 

 ne - CC events  

 Ss ~ 3, for  = 3/2p 

  Nij 
 - Nij

 = 0          

 Nij
 = 0 

    
           

Sij =          

4 years of exposure 

Flavor misidentification  
reduces distinguishability  
by factor  1.5 - 2 

 nm- CC events  

E
, 
G

eV
 

E
, 
G

eV
 

Total  
distinguishability 

ORCA: effect of CP   
 ~0.5 σ 

Stot = [S ij Sij
2 ]1/2   



  

KATRIN  2016 

Cosmology 

KamLAND Zen 

If  LHC see will see nothing.... 
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mbb = Ue1
2 m1 + Ue2

2 m2 eia + Ue3
2 m3 eif 

S. Dell'Oro,  et al,  
 arXiv:1601.07512 [hep-ph] 

KamLAND-Zen 

mbb  < (60 – 161) meV, 90% CL  
Depending on NME 

Approaching IH band 

A.Gando, et al,  
1605.02889 [hep-ex] 



  

S. Dell'Oro, S. Marcocci, M. 
Viel, F. Vissani 
 arXiv:1601.07512 [hep-ph] 

Restricted by 
cosmology 

Constraints from cosmological  
surveys  and from oscillations.  
The 1σ region for the IH case  
is not present at this confidence  
level.   

Sm < 0.136 eV  (95 % CL) 

Sm < 0.12 eV  (95 % CL) 

Sm < 0.176 eV  (95 % CL) 

A.J. Cuesta et al,  1511.05983   
[astro-ph. CO] 

E. Giusarma, et al, 1605.04320 
[astro-ph.CO] 



  
LSND 

MiniBooNE 

Dm41
2 =  1 - 2 eV2 



  

LSND / MiniBooNE Conflicting with SBL 

Reactor anomaly 
Underestimated uncertainties 

A.C.  Hayers,  P. Vogel  

Bump at 4 -6 MeV 
Gallium source 
experiments 

Affects 
everything 

Atmospheric Solar, 
Supernova, Accelerators 

Affects determination  of CP phase (two new phases) 
Mass hierarchy, octant of 2-3 mixing 

Not a small perturbation, contributes to the mass matrix of 
the light neutrinos at the level of  dominant elements 
Theory should include steriles  from the beginning  

 mij ~ - tanqiStanqjS m S  

1605.02047 [hep-ph] 
~ 20% 



  

IC86, 2011 – 2012, 343,7 days,  
20,145 muon events 
(reconstructed tracks) with 
 E = 320 GeV – 20 TeV  

About 4 times bigger 
statistics is available 

M.G. Aartsen et al,  
(IceCube Collaboration) 
1605.01990 (hep-ex) 

Resonance  
enhancement 
of oscillations 

parametric  
enhancement 



  
on parameters of sterile  
neutrinos in 3+1 scheme 

90% 

Other experiments  
results are at 90% CL 

LSND 
    MB 

Rate and shape 

For LSND/MB and  SBL   
|Ue4 |2= 0.023 is taken   



s  

  

The blue point: the best-fit value from M31 
(Andromeda galaxy). Thick error bars  
are ±1σ limits on the flux. Thin error bars 
correspond to the uncertainty in the DM 
distribution in the center of M31. 

A Boyarsky et al, 1402.4119 

m ~ qaS
2 mS 

 qaS
2 ~  2 10-11  

 ~ (1 – 2) 10-7 eV 

 does not participate in 
neutrino mass generation  

 is not RH, but some singlet 
from HS beside 3 nR 

3.5 kev X ray line 



  

Constraints on  mass of sterile neutrino 
and  its mixing  angle with active  
neutrinos from  Draco MOS 
observations.  

From Draco  

O. Ruchayskiy et al, 
1512.07217 [astro-ph.HE]  

PN (camera) spectrum with 
unmodeled  feature at 3.54 keV.  

T. Jeltema and  
S Profumo, 1512.01239 
[astro-ph.HE] 



  
E. Bulbul, et al. arXiv:1605.02034 
[astro-ph.HE] 

Bound  from stacking analysis of  Suzaku 
Observations of Galaxy Clusters 90% CL. 

C. A. Argüelles,  et al. 
arXiv:1605.00654 [hep-ph] 

Supernova bounds on the 
sterile neutrino parameters  
from cooling effect ES  < Etot 

Recall that worthwhile to revisit 



  



  

IC results  

Analysing  IC events - peak at 1-2 TeV 
- cut-off at few PeV ?  
- gap in (0.3 – 1) PeV range 
- spectral index  (power: 2.2 – 2.6                      
broken power spectrum ?) 
- bump in 200 TeV range 

54 + ... events,  
track with E >  2.6 PeV 

Energy spectrum 

Flavor composition 
- Galactic contribution? 
- Correlation with            
- Galactic plane,  galactic center 

Anisotropy 

Correlations 
and  sources 

Star forming galaxies 
Problem with Cascade limit?  
Blazars 



  

x 

- cut off at few PeV ?  
-  gap in (0.4 – 1) PeV range 
-  spectral index  (power sp.?) New:  track with E >  2.6 PeV 



  

2.6 +/- 0.3 PeV   Track  

Flavor ratios 

Spectrum broken  
power law 

Including this event in  
the analysis will affect 

S. Schoenen, L. Raedel 

Gashow resonance? 

En > 2.6  PeV 
Statements at 2s 
level 



  

MSW flavor  
conversion   
 inside the star 

Propagation   
in vacuum 

Oscillations  
inside the Earth 

Collective flavor  
trasformation 

Shock wave  
effect on  
conversion 

With known 1-3 mixing  all  
MSW transitions are adiabatic 

Collective neutrino flavor 
conversion ; More and more 
complications. Toy models.     

Determination of  
the  mass hierarchy 

Instabilities in flavor  
evolution:  develop or  
suppressed? 

Spatial and     
temporal instabilities    



  
S. Chakraborty,et al,  
arXiv:1602.02766 [hep-ph]  Instability footprints of the  

Multi azimutal  angle (MAA)  
instability for temporal  or spatial  
variations for a model  with R=15 km.  
The homogeneous and time-independent 
instability  (k=0, Ω=0)   
 
- Inhomogeneous  mode with  wave 
number k=102  (in units of the vacuum  
oscillation  frequency)   
-  temporal mode with  frequency 
Ω=3×105 are shown.  
The shaded areas are defined  
by ImΩ>10−2.   
 
The black line  - density profile .  
 μ∝r−4 which gives  a one-to-one   
correspondence between  μ and radius. 



  



  
Grand Unification is still one of the most appealing scenarios of 
physics BSM  

This scale can be connected to the GUT scale  MGUT  as       

 MR ~  MGUT 2 / MPl      

Double seesaw   new singlet fermions  S  with masses MS ~  MPl   



  

H. Minakata, A Y S, Z - Z. Xing 
J Harada, S Antusch , S. F. King 

UPMNS
 ~ VCKM

+ UX 

C. Giunti, M. Tanimoto 

Can be realized if   

UX  has some special form determined by symmetry  

UX ~ U23(p/4) U12    

sin2q13 ~ ½ sin2qC     

 ~ Tri-Bimaximal  (TBM)  UTBM  form of the lepton mixing  
testifies for flavor symmetry (still can be accidental) 

Strong difference of the quark and lepton mixings is at odd with GUT. 

shows that certain relation between the quark and Lepton mixings exist 

At the same time approximate equality (supported by data)  

UX ~ UBM , UTBM …    



  
UPMNS

  = VCKM
+ UX 

Related to new sector; it has  
certain symmetry which 
determines  form of UX   

related to the Dirac matrices 
of charged leptons , neutrinos 
and quarks which have similar 
structure due to GUT 

Responsible for smallness 
of  neutrino mass and large 
Lepton mixing  

Scenario reconciles  symmetry and no-symmetry 

CKM new physics Neutrino new physics 

Breaks  symmetry of the new sector 

Responsible for small  (CKM) 
 mixing and different mass 
hierarchies of quarks and leptons  

Certain  symmetry fixes basis in both sectors thus transferring 
information fron one srector to another 



  

Hidden 
sector 

Portal 

Gbasis  

Ghidden  

fermions   1S
i    

bosons   1H
j    

Visible 
sector 

GYukawa  

Gbasis  

SM  
SO(10) 

Gportal  

Patrick Ludl  A.S  



  

Patrick Ludl,  A.S  

16F 10H 16H SF 1H 

Mixing  by S-S  

mD ~ MD = diag   

MX = dT MS d  

 mass hierarchy No mixing 

CKM mixing  
additional 
structures 

UX   UCKM   

             a   b   b 
  MS ~   ...   c   d 
             ...  ...   c d ~ I 

SO(10) with basis symmetry  Z2  x Z2   

arXiv:1507.03494 [hep-ph] 

(-, +)  
(+, -)  
(-, -) 

(-, +)  
(+, -)  
(-, -) 

Non-trivial 
cgarges 



  

TBM from the hidden sector 

Scheme for bi-maximal mixing 

arXiv:1604.03977 [hep-ph] 

With non-abelian flavor  group   
and flavons 

Xiaoyong Chu, AYS 



  
3n – paradigm plus 

- Normal mass hierarchy of neutrinos 
- High  energy scale  (GUT ?) 
  of generation of neutrino mass  

Sterile neutrinos,   

Non- 
Standard interactions 
Unitarity 
Universality 

If exist, are 
negligible/ 
irrelevant 

That’s all, or  
something beyond exists?  

Hopefully- yes if e.g.  LHC  discover  some new physics at TeV scale   



  



  

Normal mass 
ordering 

Dependence of  1-3 mixing on 
2-3 mixing  for different 
values of the phase a.   
Allowed regions are according 
to the global fit NuFIT 

D
ay

a 
B

ay
 

1s 

3s 

sin2q13 = sin2q23 sin2qC (1 + O(l2))     
l = sin qC     



  

SM + nR     

L-R 

P-S 

GUT 
QFT 

Hidden 
sector 

Neutrino  
portal Streile 

neutrinos 

embedding parallel structures 


