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We had O(60) interesting talks which covered many aspects…  
number of slides 25-65(!) à O(2000) slides … many other things "

ν sources 

ν detectors 

ν properties 

other P+AP 
+ nucl. physics 

other fields"
of science 

other topics: 
- R&D, technology 
- strategies 
- politics 
- sociology 



Sources & other Fields of Science 
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ßSun 

ßEarth 

ßAtmosphere 

Reactorsà ßCosmology 

Acceleratorsà  

Astronomy: à 
Supernovae 
GRBs 
UHE ν‘s 

β-Sourcesà 

3 



Four Methods of ν-Parameter Determination 

•  kinematical 
•  lepton number violation  

      çè Majorana nature 
•  astrophysics & cosmology 
•  oscillations 
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Kinematical Mass Determination 
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decays where: 
- mass effect is enhanced  
- clean kinematics"

robust towards "
new physics!"
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Weinheimer!
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!
                   now:!
!
à  future!

!
Weinheimer 
Wandkowsky, Fischer!
on-going work… 
…challenging, but good progress    è  
!
potential improvements: 
TOF, … ßà…technological limits!

Mainz: !
!

Troitsk:!
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Other ideas:!
!
!
PROJECT-8!
!
!
!
!
!
Cryobolometers: β-decay in absorber"
MIBETA  
MANU  
MARE-1  
MARE-2!
187Re β-decay!
advantages & challenges!

cyclotron radiation detection"
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ECHO:   !
Gestaldo ; Chung-On Ranitzsch!

Low temperature Metallic  
Magnetic Calorimeters  (MMC) 
 
competitive à > 105 detectors"
feasible, promising, …challenging"
"
ßà backgrounds"



Four Methods of Mass Determination 

•  kinematical 
•  lepton number violation  

      çè Majorana nature 
•  astrophysics & cosmology 
•  oscillations 
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0νββ Decay Kinematics 

2νββ decay 

0νββ decay 

Majorana ν è 0νββ decay 
 
warning: 
other lepton number violating processes… 

2νββ decay of 76Ge observed:   
τ =1.5 × 1021 y 

•  signal at known Q-value 
•  backgrounds 
•  nuclear physics…  
  è use different nuclei 
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0νββ Decay: Isotopes and Experiments 
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Qββ	


natural abundance"
detector technology"
NMEs … 
backgrounds"
è we need 2 isotopes"



0νββ Experimental Results: EXO 
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Piepke!

located @ WIPP, 1585 mwe  
- Xe TPC  
- use radio-pure materials"
- calibration sources 
- data taking since May 2011"
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ßà very good understanding of small (!) backgrounds"
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Outlook:!

•  Continue data taking"
•   "
"
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stay tuned…"



0νββ Experimental Results: KamLAND-Zen 
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Berger!

Xe loaded liquid scintillator"
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0νββ Experimental Results: GERDA 
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Grabmayr!
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Comparison 
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A. Wegmann  
Future: Transition to phase II: 
•  inspection & re-filling of WT 
•  add BEGe’s è ~x2 of 76Ge 
•  light instrumentation 
•  è more mass, less BI, … Gerda: tests Ge claim with Ge"



NME’s: Relating Lifetimes & Neutrino Masses 

1/τ = G(Q,Z) |Mnucl|2 <mee>2 
rate of 0νββ	



phase space nuclear matrix  
elements 

effectiveMajorana  
neutrino mass 

0+ 

0+ 

0+ 

1+ 

2- 

k 
k 
k 0νββ 

nuclear matrix elements: 
è virtual excitations of intermediate states e1 e2 

p p 

ν Ek 

Ei n n 

in recent years:  
good progress in TH errors  
è reduced uncertainties 
è which NME is correct? 
è what is a 1σ theory error? 
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Simkovic  
Suhonen 
Fang!
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Simkovic!



Heidelberg-Moscow experiment 

< 0.35 eV ? 

| | 

è free parameters: m1 , sign(Δm2
31) , CP-phases Φ2, Φ3 

mee: The Effective Neutrino Mass 

ν

- 

Majorana ν è 0ν2β decay 
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M
L,

 M
er

le
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ej
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KK claim 

 
 
 
 
 

excluded 
by 

cosmology 
 

will be 
tested 

by 
KATRIN 

excluded by oνββ	



Comments: 
•  cosmology:  further improvements ßà systematical errors 
•  NMEsè unavoidable theory error in mee 
•  assumptions: no *other* ΔL=2 physics, no sterile neutrinos, ... 



Double Beta Decay Processes 
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+ è 2 electrons + 2 neutrinos 

Standard Model: 

SM+Higgs triplet           SUSY 
Majorana 
neutrino masses 
ßà Dirac? 

Simkovic 
Krivoruchenko 
 
+interferences 

SM + Higgs triplet   SUSY 

Majorana ν-masses or other ΔL=2 physics: è 2 electrons 

important connections to LHC and LFV … 
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Simkovic!



Interferences in 0νββ Decays 

Usually"
"
with interferences"

Dürr, ML, Neuenfeld!
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= overall phase space factor"
ßà determined by parameters of new physics"
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mε	


m’ee	



growing mε	


fixed 0νββà shifts 
- masses"
- mixings 
- CP phases 
- intereferences "
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The lightest neutrino mass mmin as function of ε (95%CL) 
for different assumed observed values	
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Regions where CP violation can be established as function  
of upper limits for new physics (95%CL) !
for different assumed observed values	



à No limits without upper bounds on ε!	





0νββ Experiments: Future 
R&D and preparations for ton-scale projects:  
- nEXO (A. Piepke) 
- Ge-1t 
 
new ideas: 
COBRA (K. Zuber) 
palladium isotopes (R. Lehnert) 
… 
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è exciting 0νββ times: 
- running 100kg-scale experiments with results"
- R&D and preparations for next generation(s) on-going "



Four Methods of Mass Determination 

•  kinematical 
•  lepton number violation  

      çè Majorana nature 
•  cosmology & astrophysics 
•  oscillations 
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Solar Neutrino Spectroscopy 

Δm2 ≈ 8·10-5 eV2 

27° < θ < 38° Vacuum 
oscillations 

Matter 
effects 

Transition 
region 
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7Be	
  (0.862	
  MeV)	
  	
  solar	
  flux	
  from	
  Borexino	
  

G.	
  Bellini	
  et	
  al.,	
  Borexino	
  Collabora1on,	
  Phys.	
  Rev.	
  Le9.	
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  (2011)	
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pep	
  	
  (1.44	
  MeV)	
  solar	
  flux	
  measurement	
  and	
  CNO	
  limits	
  	
  
in	
  Borexino	
  

G.	
  Bellini	
  et	
  al.,	
  Borexino	
  Coll.,	
  Phys.	
  Rev.	
  Le9.	
  108	
  (2012)	
  051302	
  

ν	

 InteracJon	
  	
  Rate	
  (cpd/
100t)	
  

DATA/SSM	
  
(high	
  metallicity)	
  

Counts/(days	
  100	
  t)	
   ra1o	
  

pep	
   3.1±0.6	
  (stat)	
  ±	
  0.3(sys)	
   1.1±0.2	
  

CNO	
   <7.9	
   <1.5	
  

Best	
  limit	
  on	
  CNO-­‐	
  not	
  yet	
  enough	
  to	
  select	
  solar	
  models….	
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  Solar	
  8B	
  :	
  the	
  Up-­‐turn???	
  

LMA	
  survival	
  probability	
  

• lower	
  the	
  thereshold	
  as	
  much	
  as	
  possible	
  
• Hints	
  for	
  new	
  physics??	
  
• Background	
  issues	
  
• Sta1s1cs	
  
• SuperKamiokande	
  can	
  see	
  the	
  effect	
  

arxiv	
  1012.5627v2	
  (2011)	
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important ßà "
new physics"
e.g. pseudo-Dirac ν’s"
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•  Collaps of a typical star è ~1057 ν‘s 
•  ~99% of the energy in ν‘s 
•  ν‘s  essential for explosion  
•  do simulations explode?  
   (1dè2dè3d èconvection... )  

Supernova Neutrinos 

MSW: SN & Earth 

sensitive to 
sgn(Δm2) 

Dighe, Smirnov 



Understanding Supernovae 
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e.g. Fisher et al.!neutrino spectrum:"

"
"

many other details: important & complex"
è neutrino spectrum"
è  light emission"
è  processes "
è  ejected material"
è gravitational waves"

Langanke, Suzuki:  
improved ν-nucleus x-sections"
impact on dynamics and nucleosynthesis"
Wu: impact of sterile ν’s "
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Volpe"
"

è"
 "
è applied Born-Bogoliubov-Green-

Kirkwood-Yvon (BBGKY) hierarchy"
è beyond mean field è extended eqs."
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Simulated Supernova Signals 

Simulation for Super-Kamiokande"
SN@10kpc  
Totani, Sato, Dalhed, Wilson!

Accreti
on 

Phase 

Kelvin-
Helmholtz 

Cooling Phase 

compilation by Scholberg!

Problem: Rate – at most a few galactic SN per century"

von Krosigk: detection with SNO+"
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++→+ enpeυ 1.8	
  MeV	
  threshold,	
  high	
  cross	
  sec1on	
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  if	
  	
  n	
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  be	
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  elas1c	
  sca9ering	
   pp +→+ νν Low	
  recoil	
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Testera!
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2 possibilities:  
 
              Supernova   

 
   

neutron star        or            black hole 
 
 
Keeps cooling...                 abrupt end of  
                                            ν-emission 

•  impressive signal of a black hole in 
  neutrino light  
•  neutrino masses ßà edge of ν-signal 
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Supernovae & Gravitational Waves 

gravitational wave emission çè  
quadrupol moment of the explosion 

è  additional information about galactic SN   
è  global fits: optical + neutrinos + gravitational waves 
è  neutrino properties + SN explosion dynamics 
è  SN1987A: strongest constraints on large extra dimensions  

Dimmelmeier, Font, Müller 



Element Synthesis 
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protons à "

ne
ut

ro
ns

 à
"Reifarth!

•  Nuclear data on radioactive isotopes are 
very important for modern astrophysics!

•  Direct investigations are very difficult !
•  Indirect methods for neutron-induced 

reactions cover the entire range from s- 
via to r-process !

•  Neutrinos usually play a minor role, but 
can be a very important observable for 
stellar evolution !
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Neutrinos & TeV γ´s 

Plausible explanation: 
- SN shock front acceleration 
-  γ´s from π0 decay 
   è ν  flux from GC 
   è ν signal @ km3 detectors 

galactic!
center!

p n 

π+ π0 ΗΕ ν´s 

HE  γ´s @HESS, EGRET, Fermi 

HESS: TeV  γ‘s 
HESS and EGRET: 
•  TeV γ‘s from galactic center and galactic plane 
•  various sources observed 
•  some are at the position of known SN remnants 
•  others do not correlate to anything known? 
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Fargion !
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Neutrino Telescopes 
ν astronomy ßà cosmic neutrino sources 
•  AGN’s 
•  black holes 
•  GZK cutoff 
•  … 

Baikal, Amanda 
IceCube, Antares, 
DeepCore, …, Auger 

HE γ’s à scatter of CMB"
 
charged particles  
à deflected by B fields"

Paggi!



M. Lindner  Erice 2013 53 

Ishihara: IceCube  è events up to PeV observed"

1.1PeV = 1100000000 MeV"
events in 2 years data:"
è cosistent with flavour  
     ratio 1:1:1"
è  more statistics"
è  rate vs. WB bound?"
è  start of ν-astronomy"

atmospheric n background…"



Atmospheric data and new physics: 
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IceCube atmospheric ν’s sensitivity to sterile neutrinos   
(3x IceCube-79 data are available) 

IceCube can test the  
LSND/MiniBooNE 
“evidence” "

It’s on the tapes  
è look at it!!
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The thermal evolution of  
the  Universe: 

  

10-43 seconds speculative physics:  
1019GeV:Strings, ... 
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GUT physics: 
1016GeV 
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known physics:  
çè accelerators 
103GeV = TeV 
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Binding of protons 
and neutrons 
~100MeV 
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Synthesis of 
light elements 
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Universe becomes 
transparent  
è3K radiation 
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Structure formation, 
molecules, … 
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Tγ ~ 2.7K, Tν ~ 1.7K 
BBN works for Nν=3 
330 Neutrinos /  cm3 
Mass: Neutrinos < baryons 

Today: 15 thousand million years  
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Neutrinos & Cosmology 
•  Dark Matter ~ 26.8% & Dark Energy  68.3%  
•  baryonic matter  ΩΒ ~ 0.049 
•  mass of all neutrinos: 0.001 < Ων <  0.02 

Comological impact of  neutrinos: 
-  hot component in structure formation:  
  330ν/cm3 x mass 
-  Big Bang Nuklueosynthesis 
-  Baryon asymmetry à Leptogenesis 
- ... many topics  
è Kirilova: oscillations in the early U 



Neutrino Masses from Cosmology 
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Different probes and systematcis…" Abazajian et al. !

Planck 2013: Strongest bounds (CMB lensing): 
(thermalized, no late decays, etc. …ßà sterile) "



Four Methods of Mass Determination 

•  kinematical 
•  lepton number violation  

      çè Majorana nature 
•  astrophysics & cosmology 
•  oscillations 

reactor neutrino oscillations Goeger-Neff, Dywer, Kim 
neutrino beams: Jediny, Berger, Rahaman, Hagner 
new ideas/projects: Oberauer, Vogel  
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Precision Oscillation Physics 
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S13à 3 flavour effects 
è CP phase δ 	



 θ23	

  θ12	



x Majorana- 

CP-phases 

Aims: è improved precision of the leading 2x2 oscillations  
           è detection of generic 3-neutrino effects: θ13, CP violation 
 
Complication: Matter effects è effective parameters in matter 

 
è  approx.: expansion in small quantities θ13 and α = Δm2

sol / Δm2
atm 

è  exact: numercial simulation with GLoBES	



Precise measurements è 3f oscillation formulae  

Burguet-Castell et al.,   Akhmedov, Johannsen, ML, Ohlssen, Schwetz 
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Huber, Kopp, ML, Winter 



Future Precision with Reactor Experiments 

identical detectors è many errors cancel 

E=4MeV è   2km       4km                    40km 80km  

è  Double Chooz 
è  Daya Bay 
è  Reno 

clean & precise 
θ13 measurments 

- 

3 flavour effect 
no degeneracies 
no correlations 
no matter effects 

- - 
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Think in Event Rates – No Probability! 
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Rate ~ Preactor * Pee* 1/R2  è optimal L < osc. minimum"
 distribution of reactors, cycles, …"
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Goeger-Neff 



M. Lindner  Erice 2013 71 

Dywer 

  
      



sin2 2θ13 = 0.100± 0.010(stat.)± 0.012(syst.)

Kim 
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T2K: νe Appearance Results 
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Berger!
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θ13 is now rather good known – what next?  
- improvements of mass differences /mixing angles… "
- important: CP violation and mass hierarchy è  
- important: is the 3 flavour picture complete?  
   ßà do sterile neutrinos or other extra physics exist?  
- AND: How to best find out?"

 
 
 
  !
                       ! ! !cartoon removed!



Future Precison with New Neutrino Beams 
•   conventional beams, superbeams 

è MINOS, CNGS, T2K, NOνA, T2H,… 
•   β-beams 

è pure νe and νe beams from radioactive decays; γ ~ 100 
•   neutrino factories 

è clean neutrino beams from decay of stored µ’s 

- 

correlations & degeneracies, matter effects 

+ sin δCP 

+ sin δCP 
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Kim 

Huber, ML, Kopp,  
+Schwetz (2009) 
 
Double Chooz + Daya Bay + RENO + T2K + NoVA 
è chance to see MH and/or CPV in the next years! 



The Hunt for the Mass Hierarchy 
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Crossections 
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energy"

in
te

ns
ity
"

⦿ DIS"

⦿         current neutrino  
"  beams"

higher intensity à lower E"
shorter baseline"
off-axis – better S/B"
è x-sections toward low E"
"
x-sections @ UHE"

""
Mosel  
Lenske"
Chanfray"
Schildknecht"
Redij"
"
reliable x-sections are  
important in precision era!"
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Mosel 

downward shifts  
in E reconstruction"
"
è offset in Δm2"
è important "



Motivations for Sterile Neutrinos 

•  νR are simplest way to add mν 
•  most general mass terms  

     ßà lepton number? 

•  see-saw ‘explains’ smallness of neutrino masses 
•  leptogenesis à minimal explanation of BAU, … 
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Majorana "

L"
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νL νR 

<φ> = v 

νR νR gN 

/
( ) ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

R

L

RD

D
RL Mm

m
ν
ν

νν
0è _ _ c 

c 

like quarks and charged 
leptons è Dirac mass terms 
(including NMS mixing) 

New ingredients: 
1) Majorana mass (explicit) 
2) lepton number violation 

6x6 block mass matrix 
block diagonalization 
MR heavy è 3 light ν’s 



Neutrino Masses 

M. Lindner  

νL νR( ) ML mD

mD MR

!

"

#
#

$

%

&
&

νL

νR

!

"

#
#

$

%

&
&

_ _ 
c 

c 

3 0 … N 
3x3 matrix 

3xN NxN 
ML,  mD, MR may have  
almost any form / values: 
- zeros (symmetries) 
- 0 + tiny corrections 
- scales: MW, MGUT, … 
è diagonalization: 3+N EV 
è 3x3 active almost unitary 

ML=0, mD = MW,  MR singular  ML = MR = 0 	

ML = MR = ε 	

 
MR=high: see-saw  singular-SS  Dirac   pseudo Dirac 
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Sterile Neutrinos: The Ghosts of Ghosts 
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ordinary matter         active neutrinos              sterile neutrinos "

weak bosons small mixing 

the visible world  
- EM interactions 
- strong forces 
- weak forces"

invisible  
- only weak force  
- could have been  
  hot dark matter…"

extremely invisible  
- might explain one  
  or more hints 
- could be WDM 
- …"

neutrinos have always been surprising  
+ no good argument why steriles should not exist!"



Various Evidences / Hints: Reactor Anomaly 
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no oscillation"

3ν oscillation"4ν oscillation"

è an extra (sterile) neutrino with a small mixing angle and  
     a mass O(eV) or heavier would have oscillated @ 10-100m 
averaged out: reduction by ½ * sin2(θs) ~ 0.06 
çè active ν-unitarity tested @ few % è consistent è  
 
è check with a new experiment at shorter baseline"



Oscillation Parameters 
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•  Best fit:   Δm2 = 2.4 eV2  sin2(2θnew) = 0.14 
•  2.9 σ significance 

Rate + Shape (Bugey 3) analysis Rate only analysis 



Sterile Neutrinos & improved EW Fits  
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Akhmedov, Kartavtsev, ML, Michaels and J. Smirnov 
 

Global fits usually assume 3x3 unitarity! 
à unconstraint fits allow ~ up to few% changes Antusch et al.  
 

à assume TeV-scale sterile ν’s (small mixings) è improves EW fits! 
 6x6 mixing matrix: 

is not exactly unitary 
à small deviations  



Consequences of sterile Neutrinos 
•  Shifts in active neutrino parameters in global analyses 
•  L-violating admixture in light ν‘s à0νββ Beta Decay 

 
•  Effective mass including all states: 

 
 

      f(A) depends on the decaying isotope 
      today         à will improve … soon! 
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Important: New Sterile Experiments & Plans 
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Potential ßà hints, speed, costßà funding, challenges, … 
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70MW, compact core 

NUCIFER  @ Osiris (Paris)  
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Commissioning and Data Taking 
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"
Since April 2012 fully operational à data taking  
Since 2013 data taking with Double Chooz type scintillator 
à stable operation, O(50k ν/year) 
Now: Few months interruption due to reactor service…"



NUCIFER Sensitivity versus Hints 
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300 days @ Osiris 
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New Physics, NSIs & ν-Oscillations 

precision experiments migh see new effects beyond oscillations! 
è modifications of 3f oscillation formulae, different L/E 
è small event rates: offset in oscillation parameters 
è Non Standard Interactions = NSI’s 

Future precision oscillation experiments: 

f f 

να	

 νβ	
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NSIs interfere with Oscillations 

the “golden” oscillation channel NSI contributions to the “golden” channel 

note: interference in oscillations ~ε   çè FCNC effects ~ε2 
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NSI: Offset and Mismatch in θ13 
redundant measurement of θ13 
Double Chooz + T2K 
*=assumed ‘true’ values of θ13 

scatter-plot:  
- ε values random 
- below existing bounds 
-  random phases 

NSIs can lead to: 

- offset 
- mismatch 

Kopp, ML, Ota, Sato 

è redundancy 
è interesting potential 
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Yasuda!



Interesting R&D and New Ideas 
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experimental physics is driven by  
- technological inventions  
- improvements in instrumentation 
- great ideas  
!
è  scaling-up of projects + healthy spectrum of new developments"

çè trend to bigger project with constant (reduced) overall funds 
"
è  healthy base budget of all research groups (esp. universities) 

à would also lead to the realization of new ideas 
"

è  less road maps… with 100% of the communities budget"
"

" " " " " " "two examples è "



ν- 

ν+ 
νz 

Atom Traps & Neutrino Physics 
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Penning-trap spectrometry è high precision" cyclotron frequency:!

B
m
qfc ⋅⋅=

π2
1B 

B

q/m

B 

q/m 

= N ·

– binding energy

+ Z · + Z ·

Topics: 
- nuclear masses for KATRIN and ECHO"
- resonance enhanced 0νββ candidates 
- precision determination of Qββ	



- … 
- precision at the level of 10-11 expected"

Blaum!



Search for Cosmic Neutrino Background 
CνB  by Beta decay: Tritium 

Kurie-­‐Plot	
  	
  of	
  Beta	
  and	
  induced	
  Beta	
  
Decay:	
  	
  ν(CB)	
  +	
  3H(1/2+)	
  	
  à	
  3He	
  (1/2+)	
  +	
  e-­‐	
  

Electron	
  Energy	
  

2xNeutrino	
  
Masses	
  

Emi9ed	
  
electron	
  	
  

Q	
  =	
  18.562	
  keV	
  

Infinite	
  good	
  
resolu1on	
  

Resolu1on	
  Mainz:	
  	
  4	
  eV	
  
	
  	
  	
  	
  	
  à	
  mν	
  <	
  2.3	
  eV	
  

Resolu1on	
  KATRIN:	
  	
  0.93	
  eV	
  
	
  	
  	
  	
  	
  à	
  mν	
  <	
  	
  0.2	
  eV	
  90%	
  C.	
  L.	
  	
  

Fit	
  parameters:	
  	
  
mν

2	
  and	
  Q	
  value	
  meV	
  
Addi1onal	
  fit:	
  only	
  
intensity	
  of	
  CνB	
  

Faessler!

challenges: 
- backgrounds 
- signal rate  
à more studies"
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Mass Hierarchy from Reactor Neutrinos 
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reactor neutrino spectrum at 60 km"
interesting idea"
challenging "
-  resolution"
-  energy scale"
-  nonlinearity"
-  multiple reactor 

smearing  
"

è further studies"

Vogel!



Theory: The SM –a Synergy of Concepts 
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Physics: concepts (variables) ⊕ equations / principles 
     initial conditions è predictions 

 

electrodynamics          territory of speculation: 
relativity        QED       LR? TC?  …? 
quantum mech.        SM    SM+    SUSY?   GUTs?   TOE? 
strong force    à    QCD                           extra d.?          
weak decays + Higgs, χ-ral   

       +  neutrino masses 
       +  dark matter …   à ? 
       +  … ? 

gravity        weak scale        <<<<           Mplanck 
   

Note: GR non-renormalizable… maybe good: QFT’s cannot explain scalesàother concepts 

QED   è QCD          è SM 
U(1)em       SU(3)C          SU(3)C x SU(2)L x U(1)Y 

d=4 QFTs: 
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flavour  
LFV 
DM, DE, …!
cosmology!

 
 
 
 
 
 
  !
                       ! ! !cartoon removed!

neutrinos"



Adding Neutrino Mass Terms to the SM  
Fermion fields 

Dirac equation à mass terms: mΨΨ   = m (  L r +  r  L ) 
L=2L, r=1L è SM has no SU(2)L singlet mass terms 
 
è Yukawa couplings:  
Φ=2Lè  m ( L Φ r +  r Φ L ) è singlet mass via <Φ> = v  
 

ç ??? 
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Majorana  
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Adding Neutrino Mass Terms 

1) Simplest possibility: add 3 right handed neutrino fields 

like quarks and charged 
leptons è Dirac mass terms 
(including NMS mixing) 

New ingredients: 
1) Majorana mass (explicit) 
2) lepton number violation 

6x6 block mass matrix 
block diagonalization 
MR heavy è 3 light ν’s 

NEW ingredients, 9 parameters è SM+ 
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3) new: scalar tripelts (3L)  
    or fermionic 1L ro 3L 

νL νL 

mν=ML - mDMR
-1mD

T è see-saw type II, III 

èleft-handed Majorana mass term: 

4) Both νR and new singlets / triplets: 

è MLLLc 
_ x x 

νL νL 

x x 

1,3!3!

2) Maybe 3+N right handed neutrino fields 
è (6+N) x (6+N) mass matrix 
è how many of the 6+N eigenvalues are light (also for N=0) 
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5) Higher dimensional operators: d=5, … 

è MLLLc 
_ 

7-N) SUSY, extra dimensions, … 
   è many options...  ßà few ν parameters 

6) Radiative neutrino mass generation 
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Other effective BSM Operators ßàNSI 

è effects beyond 3 flavours   
è  Non Standard Interactions = NSIs è effective 4f opersators  

 

•  integrating out heavy physics (c.f. GF çè MW)  

f f 

να	

 νβ	
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Parameters for 3 Light Neutrinos 
mass & mixing parameters: m1 ,  Δm2

21, |Δm2
31| , sign(Δm2

31) 

diag(eiα, eiβ,1)   	



normal              inverted 
hierarchical or degenerate 

questions: 
è Dirac / Majorana 
è  mass scale: m1 

è  mass ordering: sgn(Δm2
31) 

è  how small is θ13,  θ23 maximal? 
è  leptonic CP violation 
è  3 flavour unitarity? 
è  why 3 generations, d=4, gauge 

group, … 

 νe   νµ    ντ	
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The larger Picture: GUTs 

  

(5) (1)SU U× (3) (3) (3)C L RSU SU SU× ×

(4) (2) (2)PS L RSU SU SU× ×

(3) (2) (2) (1)C L R B LSU SU SU U −× × ×

(3) (2) (1)C L YSU SU U× ×

(5)SU

(10)SO

E 6

Gauge unification suggests that  
some GUT exists 

Requirements:  
gauge unification  
particle multiplets çè νR 
proton decay  
… L

ep
to

ns
   

   
   

   
Q

ua
rk

s 

1.           2.           3.  generation 
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Flavour Unification 

Examples: 

•  so far no understanding of flavour, 3 generations 
•  apparant regularities in quark and lepton parameters 
è flavour symmetries (finite number for limited rank) 
è symmetry not texture zeros 
 

U(1)

SU(2)

SU(3) SO(3)

S (3)

(3) (3)L RO O×

(3) (3)L RS S×

A 4; Z 3 â Z 2

Nothing 

L
ep

to
ns

   
   

   
   

Q
ua

rk
s 

1.        2.           3.   
     generation 

See talks by: 
xxx 
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GUT & Flavour Unification 

è GUT group x flavour group 
example: SO(10) x SU(3)F 
-  SSB of SU(3)F between ΛGUT and ΛPlanck 
-  all flavour Goldstone Bosons eaten  
-  discrete sub-groups survive çèSSB 
  e.g. Z2, S3, D5, A4 
  è structures in flavour space 
  è compare with data 

GUT x flavour is rather restricted 
çè small quark mixings *AND* large leptonic mixings ; quantum numbers 

è  so far only a few viable models (without supersymmetry)   
rather limited number of possibilities; phenomenological success non-trivial 

è aim: distinguish models further by future precision 
è one hope: smallness of θ13 

L
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King!
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Paes! flavour symetries, anarchy 
à alternative: knotted strings & flavour "



Lessons from sizable sin2(2θ13)  
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- no apparent necessity for a special   
  suppression of θ13  = 0° + ε (symmetry, …) 
 
- TBM (θ13 = 0 + small corrections)  
  ruled out *OR* sizable corrections:  
   9° = 0 + 9° but also 9°= 20°-11° or … 
 
è no obvious flavour information 
   9°, 33°, 43° looks like 3 random numbers (besides maybe 45…) 
  
è still very valuable information: large mixing; quarksßà leptons   
- 3x3 unitarity rather good – max. few percent admixtures by …è TEST 
3 ν-oscillations may still not be the complete story: 
è NSI’s, decay, Lorentz invariance violation, … è 
è sterile neutrinos (with small mixing angles) è 
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Weiland!

origins  
of"
LFU:"

à  sensitivity "
to new physics"
via LFU"



Sterile Neutrinos and Mass Scenarios 
ML=0, mD = MW,  MR singular  ML = MR = 0 	

ML = MR = ε 	

 
MR=high: see-saw  singular-SS  Dirac   pseudo Dirac 

                    maybe we are seeing mixing with one of those?  
" " " " " "        or SK up-turn…"

Evidences/hints/arguments:  
reactor anomaly, LSND, Gallium, MiniBooNE, TeV-EW-fits,  
keV as WDM, …"
Most likely not all of them true, but one is enough:  
VERY IMPORTANT!  è experimental tests"
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Rodejohann  possible sterile scales: eV. keV, TeV, heavy !
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Theory Topics left out 
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Heeck: Lepton Number Violation with Dirac Neutrinos"
Stefanik: 2νββ in GUTs"
Zralek: neutrino masses"
Suematsu: Neutrino	
  mass	
  and	
  DM	
  direct	
  detec1on 
"
apologies…!
"
other topics not covered (or onlytouched) at this conference:"
- magnetic moments 
- "
- leptogenesis "
- unification"
- pseudo Dirac neutrinos"
- …many more"



Summary 
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-  neutrino physics has great results, rich physics, is lively,…"
-  improvements in known quantities…"
-  focus for the years to come:"

	

- θ13 à δCP und mass hierarchy!
!- do sterile neutrinos exist  
! !à 3x3 or (3+N)x(3+N) unitarity!
! !à effects on oscillations, 0νββ, unitarity, DM, ..!
!- Dirac or Majorana mass ; other ΔL=2 physics  
!- connections to Dark Matter!
!- galactic Supernova with ν+GR+light signal 
!- …other topics: magnetic moments, ν-astronomy,…!

"
- running or upcoming experiments will push forward  
- new ieas & continued R&D towards new methods 
  apologies again for whyt I left out…"
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we had a great conference"
- in an exciting field  
- with very rich & broad physics… 
  huge range of energies, scales, topics, …"
- in a spectacular and inspiring place, great excursions, …"

thanks to the organizers: !
!Armand Faessler!
!Jochen Wambach!
!…others"
"+ local staff"


