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Neutrino: questions 

! Unknown oscillation parameters - hierarchy, octant of 2-3 
mixing angle and CP phase 

! Absolute neutrino masses Ñ beta decay, cosmology 

! Nature of neutrinos - Dirac or Majorana Ñ neutrino less 
double beta decay 

! Are there more than three ßavours Ñ sterile neutrinos 

! Origin of neutrino masses and mixing Ñ seesaw , ßavour 
symmetry Ñ physics beyond Standard Model 
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Neutrino Connections 
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Baryogenesis via 
leptogenesis

Dark Matter 

Cosmology 

Astrophysics/
Multimessenger 

Neutrinos

Collider 
Physics 

Higgs/Vacuum 
stability

Nucl. Physics/
interactions 

CLFV

Talk by T. Gonzolo, T. Felkl, A. Lackner 

Talk by T. Dutka

Talk by Y. Wong 

Talk by G.Hill  
+ parallel session 



Plan of talk 
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Neutrino Oscillations 
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Solar  Atm
ospheric 

Reactor  
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Three Neutrino Paradigm

! Measurement of non-zero         in reactor experiments             three neutrino picture 
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Current Status 

! Best-Þt           in second octant 

! Preference for NO 

!                             disfavoured at  
more than         irrespective of 
mass ordering

! Oscillation experiments not 
sensitive to Majorana phases 
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Similar result from Bari and Valencia groups 



! The main problem in determination of hierarchy, octant and         in 
LBL experiments is due to presence of degeneracies

! Degeneracy             different set of parameters giving the same 
probability              equally good Þt to the data

!

Degeneracy problem 
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Ongoing and planned experiments 
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T2K*

SK*

Dune

NOvA*
T2HK

INO

PINGU

Daya-bay JUNO

HK

ORCA

Beam

Reactor 

Atmospheric 



Future Goals 

! Determination of hierarchy, octant and CP phase 

! Probing new physics in oscillation experiments

! Testing models of ßavour symmetry 

! Synergy between different experiments 
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Mass hierarchy and CP with DUNE 
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Hierarchy sensitivity due
to enhanced matter effects 

Matter effects help in removing
 wrong  hierarchy-wrong CP solutions 

From: R. PattersonÕs slides 



Hierarchy: Juno+IceCube upgrade
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sensitivity in 4(6) years NO (IO)

8 core JUNO + IceCube upgrade/PINGU / (better efÞciency for lower energy neutrinos)  

hep-ex 1911.06745

IceCube :  earth matter effect of atmospheric neutrinos
JUNO: interference effect in vacuum  oscillation  }
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Synergy 



New Physics 

! Sterile Neutrinos 

! Non-standard Interactions 
(NSI) 

! Non-unitary mixing 

! CPT and Lorentz symmetry 
violation 

! Long range forces  

! Neutrino decay  
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Constraining new
 physics parameters 

Two  appoaches

Impact on the standard 
Three neutrino picture  



Non-standard interactions
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Non-standard interactions
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Non-Standard NC interaction Standard-NC interaction 



NSI and mass hierarchy 
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IO no longer disfavoured 

Fit to T2K and  NOvA data   
assuming NSI  

IO prefers non-zero NSI 

Capozzi, Chatterjee, Palazzo  1908.06992



Degeneracies due to diagonal NSI  

! New degeneracies with NSI 

!
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In matter
 potential 

Spoils the hierarchy sensitivity of Dune  K.N. Deepthi, S.Goswami, N. Nath, PRD 2016  

Coloma, Schwetz, PRD 2016



NSI and CP sensitivity 
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NSI can spoil CP sensitivity 
Mehta, Masood, 1603.01380



Dark-LMA solution 

! Degenerate solution  to the solar neutrinos  problem    

!                    
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sin2 ✓12 > 45o
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Miranda,  Tortola, Valle ,JHEP. 10 (2006) 008.



! Highly constrained by COHERENT using energy spectrum information 
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COHERENT constraints 

Coloma, Esteban,Gonzalez-Garcia, Maltoni 1911.09109 



Neutrinoless double beta decay

! Standard picture           mediated  
by light neutrinos 

!
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G  contains the phase space factor
    is the nuclear matrix elementsM⌫

<latexit sha1_base64="P8rlATgstvISNqWOzm/6YrXHzN4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9nVih6LXrwIFeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmG33oK0PBh7vzTAzL4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjG8yv/1ElWaRfDCTmPoCDyULGcHGSo/p3bTfkwkq9csVt+rOgJaJl5MK5Gj0y1+9QUQSQaUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSiQXVfjo7eIpOrDJAYaRsSYNm6u+JFAutJyKwnQKbkV70MvE/r5uY8MpPmYwTQyWZLwoTjkyEsu/RgClKDJ9Ygoli9lZERlhhYmxGWQje4svLpHVW9c6rF/e1Sv06j6MIR3AMp+DBJdThFhrQBAICnuEV3hzlvDjvzse8teDkM4fwB87nDwiDj+g=</latexit>



Current and future sensitivity 
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    0.008 - 0.3  eV :  IH can be conÞrmed                                                                                                     
0.003 - .008 eV :  1-10 ton detector     

   0.001 - .003 eV : 10-100 ton detector
                    ultimate sensitivity 

KamLAND-ZEN : 61-165 meV
 EXO 200 :  93-286 meV  

GERDA : 110-260 meV 
CUORE : 110-520 meV 

Current Sensitivity 

Future sensitivity 

Barabash, 1901.11342



NSI and Neutrinoless double beta decay 

! New predictions in presence of 
NSI for NH 

! Within reach of  10 kt detectors

! New sensitivity  goal 

! For NH degeneracy between 
LMA and DLMA can be broken 
for lower values of lightest 
neutrino mass  

! Model independent 
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Vishnudath, Choubey, Goswami, Phys, Rev. D. !2019" 



Are there more than 3  neutrinos ? 
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Extra  sterile neutrino ? 
Light or heavy or both  ? 



Sterile Neutrinos : indications 
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LSND PRL 1995,
PRD 2001

Mueller et al  PRC 2011
Huber PRC  2011

Mention et al PRD 2011

Lavedar et al 2017
SAGE PRC 2007  

GALLEX PRC 2007  



Very short baseline reactor experiments 
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NEOS and DANSS

!27

Comparison of measured spectra at different baselines 

Insensitive to ßux  calculation uncertainty 

Neos Collaboration  PRL 2016 
Danss collaboration, PLB 2018



Bounds from reactor searches 
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Blue shaded regions allowed by Þtting  all reactor data  with free ßuxes  

DANSS 2019 results give a lower  ! m2
41
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New results from reactor experiments 
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PROSPECT

PRL 12  251802, 2018

PRL 121 160821  2018

JETP letters 109, 213  2019 



MiniBoone 
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A.A. Aguilar Arevalo, PRL 121, 221801, 2018.  
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LSND and MiniBoone 
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MiniBoone : neutrino + antineutrino  

Two neutrino Þt 
Combined signiÞcance               ! 6!
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A.A. Aguilar Arevalo, PRL 121, 221801, 2018.  
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Disappearance and appearance  tension
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Dentler, Hernandez-Cabezudo,Kopp, Maltoni, Schwetz,JHEP 2017



Low Energy Excess in MiniBoone
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! L

Excess
4.5!
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Can sterile neutrinos explain this ? 
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3+N  sterile neutrino scenario          
cannot explain the MiniBoone low 

energy excess

D. Cianci , talk at  Applied Antineutrino Physics Workshop  2018



Is it due to background effect ? 
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Cannot distinguish between Cherenkov cone of electrons and single photon 

  

CH2
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The  single photons coming from NC background cannot explain the  excess 

From : S. Jana , Pheno 2019 



Alternative explanations 
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Many more, apologies if your paper is not listed Slide: D. Pramanik, Whepp 2019 



Dark neutrino portal 

!37

Right handed neutrinos part of dark sector 

Explains the observed distribution 

Bartuzzo, Jana, Machado, Zukanovich-Funchal, PRL 2018



Sterile neutrino decay 

!  
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Fischer, Hernandez-Cabezudo, Schwetz, .1909 09501 



Why neutrinos masses are small ? 
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! A natural way to explain small neutrino masses is via seesaw mechanism 

! Relates smallness of neutrino masses with new physics at a high scale 

! Tree level exchange of some heavy particle gives rise than effective       
dimension 5 operator at the low scale    

!                                                                                    

! Violation of lepton number                 Majorana nature of neutrinos         

! Radiative mass generation, Models with higher dimensional operators  

m! ! ! 5v2/ !
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Talk by M. Schimdt 



Implementing  Seesaw 

! Models with  extended particle content

! Models with extended gauge groups                                    
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Type -I seesaw : mediated by right handed neutrinos                                                                           

Type-II seesaw : mediated by triplet Higgs 

Type-III seesaw : mediated by triplet fermions 

Grand UniÞed Theories , Left-Right symmetric Models , Models with extra U(1)  



Implications  of  seesaw 

! Neutrinos are Majorana particles      neutrinoless double beta decay

! LNV decay of heavy mediators        leptogenesis  

!  GUT scale seesaw no testability at colliders         TeV Scale seesaw 

! Extra singlets Ñ inverse/linear seesaw 

!   Large light-heavy mixing          testability at colliders 

!  Large light-heavy mixing        Lepton ßavour violation 

! Stability of electroweak vacuum 

! Combined constraints on model parameters  

! Can one obtain thermal leptogenesis ? 

!41
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What explains the mixing pattern ?  

! Why two large and one small mixing unlike quark sector where all 
mixing angles are small ? 

! Flavour symmetry  Ñ  discrete non-abelian symmetries 

!42

Many options 

Many scalars (ßavons) 

Altarelli, Feruglio,  Rev. Mod. Phys. 2010
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Modular invariance

Feruglio. 1706.08749



Concluding Remarks 

! Three neutrino oscillation paradigm well established 

! Future experiments expected to determine hierarchy, octant and CP     

! Can new physics be probed in these experiments Ñ extra parameters  
giving rise to additional degeneracies 

! Complementary information  

! Sterile neutrino Ñ oscillation explanation is trouble  

! MiniBoone low energy excess Ñ many ideas 

! Future neutrinoless double beta decay experiments can test IO  Ñ
new physics can give different predictions 
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Concluding Remarks 

! Origin of neutrino masses and mixing Ñ still under mist.
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TeV scale seesaw 

! Interesting from the point of view of testability in colliders 

! Add extra gauge singlets with opposite lepton number 

!
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Neutrinoless double beta decay experiments 
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