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OUTLINE:	
  

•  Knowns	
  and	
  unknowns	
  from	
  3ν	
  oscilla*ons	
  
•  Nonoscilla*on	
  constraints	
  from	
  0νββ	
  &	
  Cosmology	
  
•  Global	
  analysis	
  of	
  oscilla*on	
  +	
  nonoscilla*on	
  data	
  	
  
•  Conclusions	
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Neutrino Oscillation Data – circa 2017  

  Analysis includes increasingly rich oscillation data sets: 
 

 LBL Acc + Solar + KL 
 LBL Acc + Solar + KL + SBL Reactor 
 LBL Acc + Solar + KL + SBL Reactor + Atmosph. 

χ2 metric adopted. Parameters not shown are marginalized away: 
 

C.L.’s refer to Nσ = √ Δχ2 = 1, 2, 3, ...  

4	
  

NO	
  =	
  Normal	
  Ordering	
  	
  
IO	
  	
  	
  =	
  Inverted	
  Ordering	
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Current 1σ errors 
(1/6 of ±3σ range): 

Note:    Δm2 =   
(Δm2

31 + Δm2
32)/2      

Five known oscillation parameters:  

δm2     2.3  %    
Δm2     1.6  %   
sin2θ12 	

	

5.8  %   
sin2θ13 	

 4.0  %    
sin2θ23 	

	

 ~ 9  %  

all	
  <	
  10%...	
  
Precision Era! 
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More on known oscillation parameters: sinergy	
  on	
  Δm2	
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More on known oscillation parameters: sinergy	
  on	
  θ13	
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θ23 octant 

δCP	
  

Three unknown oscillation parameters  

NO or IO 
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... 1yr ago, 2016:  trends were somewhat weaker  
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Current	
  indicaJon	
  Δχ2
ΙΟ-ΝΟ	
  = 3.6 from	
  oscill.	
  data	
  starts	
  to	
  be	
  interesJng.	



Useful	
  to	
  see	
  the	
  effect	
  of	
  excluding/including	
  this	
  offset	
  in	
  the	
  analysis:   
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  different	
  ways	
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  à	
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parameter	
  P	
  

Apply	
  a	
  “Δχ2	
  cut”	
  to	
  SEPARATE	
  minima	
  in	
  NO,	
  IO....	
  

χ2	
  

(does	
  not	
  include	
  IO-­‐NO	
  offset	
  informa*on)	
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parameter	
  P	
  

...or	
  minimize	
  and	
  expand	
  over	
  ANY	
  ORDERING	
  

χ2	
  

(includes	
  IO-­‐NO	
  offset	
  informa*on)	
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Cosmological	
  constraints	
  (circa	
  2017)	
  	
  
Analysis	
  of	
  various	
  datasets	
  within	
  standard	
  (6-­‐param.)	
  ΛCDM	
  model	
  augmented	
  with	
  Σ	
  	
  
(plus	
  one	
  possible	
  1	
  extra	
  parameter	
  Alens,	
  to	
  account	
  for	
  syst’s	
  or	
  nonstandard	
  effects)	
  
	
  
Code:	
  CosmoMC	
  with	
  NO	
  /	
  IO	
  opJons	
  explicitly	
  included	
  in	
  Σ, via	
  the	
  two	
  mass2	
  differences	
  
à	
  unphysical	
  spectra	
  of	
  neutrino	
  masses	
  (e.g.,	
  Σ =	
  0)	
  excluded	
  by	
  construc*on.	
  
à	
  expect	
  small	
  NO-­‐IO	
  differences	
  at	
  low	
  Σ,	
  but	
  vanishing	
  at	
  high	
  Σ	
  (degenerate	
  spectrum)	
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Cosmological	
  constraints	
  (circa	
  2017)	
  	
  
Analysis	
  of	
  various	
  datasets	
  within	
  standard	
  (6-­‐param.)	
  ΛCDM	
  model	
  augmented	
  with	
  Σ	
  	
  
(plus	
  one	
  possible	
  1	
  extra	
  parameter	
  Alens,	
  to	
  account	
  for	
  syst’s	
  or	
  nonstandard	
  effects)	
  
	
  
Code:	
  CosmoMC	
  with	
  NO	
  /	
  IO	
  opJons	
  explicitly	
  included	
  in	
  Σ, via	
  the	
  two	
  mass2	
  differences	
  
à	
  unphysical	
  spectra	
  of	
  neutrino	
  masses	
  (e.g.,	
  Σ =	
  0)	
  excluded	
  by	
  construc*on.	
  
à	
  expect	
  small	
  NO-­‐IO	
  differences	
  at	
  low	
  Σ,	
  but	
  vanishing	
  at	
  high	
  Σ	
  (degenerate	
  spectrum)	
  	
  

Results	
  on	
  Σ (upper	
  bounds)	
  and	
  on	
  Δχ2
ΙΟ-ΝΟ	
  	
  

:	
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χ2	
  profile	
  for	
  NO,	
  IO	
  in	
  representaJve	
  cases	
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Note:	
  	
  	
  Σ	
  >	
  0.06	
  eV	
  (NO)	
  
            Σ	
  >	
  0.10	
  eV	
  (IO)	
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Grand	
  total:	
  combinaJon	
  of	
  oscillaJon	
  +	
  nonoscillaJon	
  data	
  	
  
(with	
  increasingly	
  strong	
  cosmological	
  constraints)	
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ImplicaJons	
  for	
  β-­‐decay	
  (weak	
  cosmo	
  bounds)	
  

1.4− 1.2− 1.0− 0.8− 0.6− 0.4− 0.2− 0.0−3.0−

2.5−

2.0−

1.5−

1.0−

0.5−

0.0

20

40

60

80

100

120

140

160

180

23θ 2sin

1−10 1

13θ 2
si

n

3−10

2−10

1−10

1

2.0− 1.5− 1.0− 0.5− 0.03.0−

2.5−

2.0−

1.5−

1.0−

0.5−

0.0

10

20

30

40

50

60

70

80

90

100

23θ 2sin

2−10 1−10 1

13θ 2
si

n

3−10

2−10

1−10

1
1.4− 1.2− 1.0− 0.8− 0.6− 0.4− 0.2− 0.0−

2.0−

1.5−

1.0−

0.5−

0.0

10

20

30

40

50

60

70

80

90

100

23θ 2sin

1−10 1

13θ 2
si

n

2−10

1−10

1

 + CosmoββνOscill. + 0 #10
Any Ordering

 (eV)Σ  (eV)βm

 (e
V)

ββ
m

 (e
V)

β
m

30	
  

KATRIN	
  sensit.	
  



1.4− 1.2− 1.0− 0.8− 0.6− 0.4− 0.2− 0.0−3.0−

2.5−

2.0−

1.5−

1.0−

0.5−

0.0

20

40

60

80

100

120

140

160

180

200

23θ 2sin

1−10 1

13θ 2
si

n

3−10

2−10

1−10

1

2.0− 1.5− 1.0− 0.5− 0.03.0−

2.5−

2.0−

1.5−

1.0−

0.5−

0.0

10

20

30

40

50

60

70

80

90

100

23θ 2sin

2−10 1−10 1

13θ 2
si

n

3−10

2−10

1−10

1
1.4− 1.2− 1.0− 0.8− 0.6− 0.4− 0.2− 0.0−

2.0−

1.5−

1.0−

0.5−

0.0

10

20

30

40

50

60

70

80

90

100

23θ 2sin

1−10 1

13θ 2
si

n

2−10

1−10

1

 + CosmoββνOscill. + 0 #6
Any Ordering

 (eV)Σ  (eV)βm

 (e
V)

ββ
m

 (e
V)

β
m

31	
  

ImplicaJons	
  for	
  β-­‐decay	
  (strong	
  cosmo	
  bounds)	
  

e.g.,	
  Project-­‐8	
  goal	
  



 Δχ2            
(IO-NO)	
  

+1.1 +1.1 +3.6 

LBL+Sol+KL +SBL Reac +Atmos +DBD, Cosmo 

+3.6 ... +4.4 

Small	
  steps	
  in	
  one	
  direc*on:	
  N.O.	
  favored...	
  Overall	
  preference	
  at	
  1.9σ - 2.1σ	



Summary	
  of	
  IO-­‐NO	
  difference:	
  

If	
  these	
  are	
  not	
  fluctuaJons,	
  expect	
  (fracJonal)	
  improvements	
  in	
  upcoming	
  years	
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SUMMARY:	
  

•  Status	
  of	
  known	
  3ν	
  oscillaJon	
  parameters:	
  
	
  	
  	
  	
  Precision	
  era,	
  sinergies	
  	
  
	
  
•  Trends	
  of	
  unknown	
  oscillaJon	
  parameters:	
  	
  
	
  	
  	
  	
  favoring	
  nega*ve	
  sinδ,	
  nonmax	
  θ23,	
  and	
  NO	
  
	
  
•  Status	
  of	
  constraints	
  from	
  0νββ	
  &	
  Cosmology:	
  
	
  	
  	
  	
  Cosmo	
  analysis	
  including	
  NO,	
  IO	
  mass	
  spectra	
  	
  
	
  
•  OscillaJon	
  +	
  nonoscillaJon	
  global	
  analysis:	
  
	
  	
  	
  	
  corroborate	
  NO;	
  room	
  for	
  improvements	
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Thank	
  you	
  for	
  your	
  amen*on	
  


