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Neutrinos in the standard model
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•  Only interact via the “weak force” (W and Z bosons) 


•  Three flavors:




– Electron νe	
  →	
  e	
  
	
  
– Muon	
  	
  	
  	
  	
  νµ	
  →  µ	
  
	
  
– Tau  	
  	
  	
  	
  	
  	
  ντ	
  →	
  	
  τ	


	



•  Massless


h$p://www.par,clezoo.net/	
  



Anomaly in the neutrino sector


“Solar neutrino problem” 
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Expected


Observed


Missing neutrinos! 




Neutrino Oscillations

 Maybe neutrinos “oscillate” like in the quark sector



Two neutrino Oscillations:
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in MeV (GeV)


in m (km)


Not unitless




Neutrino Oscillations
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Distance from 
source (chosen) 


6


Energy (measured 
by detector)




Neutrino Oscillations
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Great, now we have a “nu” standard model!




So what’s the problem?
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LSND Anomaly


Liquid scintillator detector using stopped pion beam

                                   ,
π+ → µ+ + νµ

µ+ → e+ + νe + ν̄µ

10


ν̄µ → ν̄e?

ν̄e + p → e+ + n



LSND Anomaly


Observed excess of      ’s, which corresponds to oscillations (for 2 neutrino fit) on 
the order of                         (3.8 σ)


–  Not consistent with known mass splittings!

∆m2 ∼ 1 eV 2
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ν̄e
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3+1 Model

l  Assume one more neutrino that doesn't interact through the weak 

force but can still oscillate with other neutrinos

l  Assume                                   and                so only fit to one          and 

one mixing parameter per experiment.

∆m2

sterile � ∆m2
atm ∆m2

solar ∆m2

So	
  when	
  we	
  say	
  3+1	
  
we	
  really	
  mean	
  a	
  2	
  
neutrino	
  fit	
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Why “Sterile”?
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# of  weakly interacting 
neutrino flavors
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3+1 Model Fit Parameters:


Oscillation Probabilities:


Appearance: 


Disappearance:   


   














3+1 Fit parameters:                       and 










sin2 2θµe = 4U2
e4U

2
µ4

sin2 2θµµ = 4U2
µ4(1− U2

µ4)

sin2 2θee = 4U2
e4(1− U2

e4)



3+2 model


Disappearance:


 

  

The 3 original mass eigenstates remain 
degenerate so now we are doing a 3 
neutrino fit


7 parameters:
∆m2
41,∆m2

51, Uµ4, Ue4, Uµ5, Ue5,Φ45

∆m2
51 ≥ ∆m2

41 � ∆m2
atm

Appearance:


“-­‐	
  “	
  for	
  



3+3 Model (new for arxiv:1207.4765)  


•  3rd mostly sterile state, Introduce                                                  

•  12 total parameters


Appearance:


Disappearance:


∆m2
61, Uµ6, Ue6,Φ46,Φ56
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Other Recent Anomalies
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OK, LSND motivated introducing sterile neutrinos… is 
there any other data to back this up?


Lets especially look at:



•  MiniBooNE

•  Reactor antineutrino anomaly

•  Gallium



•  Constraints from other experiments



(not everyone sees an anomaly!)




MiniBooNE

•  Designed to explore LSND anomaly (similar L/E)


–  Different detector design and systematics


–  Can run in neutrino or antineutrino mode by choosing positive or negative 
mesons with a focusing horn 
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•  Cherenkov Detector

–  Detects Cherenkov rings created 

by charged particles


•  Main sources of  background 
from intrinsic     in the beam 
and  mis ID (             ) 
from               , 


γ → e+e−

π0 → γγ ∆ → Nγ

γ

νe

MiniBooNE




MiniBooNE     mode
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E > 200 MeV


E	
  >	
  475	
   E	
  >	
  200	
  
χ2 (null)	
   6.35	
   22.81	
  
P	
  (null)	
   36.6%	
   0.5%	
  
χ2 (bf)	
   3.73	
   13.24	
  
P	
  (bf)	
   42.0%	
   6.12%	
  

E > 475 MeV


MiniBooNE     mode
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Low energy excess

•  Still unexplained

•  Not a statistical fluctuation (6σ)


•  Unlikely intrinsic      (low bg here)


•  NC π0 bg dominates

–  Constrained by NC π0 direct measurements


•  Δ-> Nγ rate tied to NC π0 rate 

–  Theoretical calculations agree within 20%
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E > 200 MeV


E	
  >	
  475	
   E	
  >	
  200	
  
χ2 (null)	
   7.59	
   16.3	
  
P	
  (null)	
   26.4%	
   5.8%	
  
χ2 (bf)	
   3.23	
   4.76	
  
P	
  (bf)	
   50.2%	
   67.5%	
  

E > 475 MeV


MiniBooNE     mode
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E	
  >	
  475	
   E	
  >	
  200	
  
χ2 (null)	
   12.87	
   42.53	
  
P	
  (null)	
   35.8%	
   0.1%	
  
χ2 (bf)	
   10.67	
   24.72	
  
P	
  (bf)	
   35.8%	
   6.7%	
  

MiniBooNE Combined Fit




3+2 combined fit

•  CP violation allows for 

difference between neutrinos 
and antineutrinos


•  Much better fit than 3+1

•  No νe or νμ disappearance 

constraints

–  Limited value outside of  a 

global picture


Only	
  An,neutrinos	
  need	
  
to	
  match	
  LSND!	
  
(LSND	
  was	
  	
  	
  	
  	
  	
  	
  only)	
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Reactor Anomaly


•  Reactor experiments often used to measure neutrino mixing in a 3 neutrino 
scenario
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Detector	
  



Reactor Anomaly

How do you get the expected flux without a near detector?


Monte Carlo simulations: 2 components




•  Fission rates


 (which we know very well)




•  Predicting neutrinos from fissions


–  This has changed recently! (arxiv:1101.2663)  We have more 
information than we did ~30 years ago


•  Raised the expected value of  neutrino events

–  So now there is a deficit!
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Reactor Anomaly


•  What do oscillations look like in an experiment designed to look for much 
smaller mass splittings?




•  Get fast oscillations: oscillations occur much more rapidly than energy 

resolution of  detector can resolve





















Get Deficit of  events corresponding to ½ oscillation amplitude 
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1/2	
  



The addition of  one or more sterile neutrinos could resolve this 
issue
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Reactor Anomaly


10	
  m	
   100	
  km	
  

ç	
  

≈	
  



Gallium anomaly


•  Cr-51 and Ar-37 sources were 
used to calibrate the GALLEX 
and SAGE solar neutrino 
experiments


•  Very short baseline (meter scale) 
so sensitive to ~1 eV2 neutrino 
oscillation
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νe � νe

arXiv:1006.3244
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Included data sets


νe and  ͞νe Appearance: 

LSND  


MiniBooNE  


MiniBooNE


NOMAD  


NuMI in MB  


KARMEN
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Included data sets

νµ and  ͞νµ  Disappearance: 

MiniBooNE  


CCFR84 


CDHS  


Atmospheric  


MINOS CC    
ν̄µ � ν̄µ

νµ � νµ

νµ � νµ

νµ � νµ

νµ � νµ
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Included data sets

νe and  ͞νe  Disappearance: 

Bugey                   (with new reactor fluxes)


Gallium 


Karmen/LSND xsec 
 νe � νe

νe � νe

ν̄e � ν̄e



Problem with     in global fits

•  Some experiments have 50 bins while others have 4…

•  Treats all bins equally rather than all experiments equally


–  High bin experiments dominate 
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χ2

Bugey	
  data	
  at	
  it’s	
  3	
  sites	
  

χ2

Gallex/Sage	
  data	
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Parameter Goodness of  Fit

Tests how well different sets of  data agree with each other 


i runs over datasets


Reference: M. Maltoni and T. Schwetz 2003 arXiv:hep-ph/0304176


Independent parameters 
per dataset


Independent parameters 
in global fit


PG = Prob(χ2
PG, ndfPG)
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Parameter Goodness of  Fit

Tests how well different sets of  data agree with each other 



Ex.               for 3+1 fit


     from 
global fit


	
  	
  	
  	
  	
  	
  from fit to 
experiments only


	
  	
  	
  	
  	
  	
  from fit to

experiments only


     
parameters 
in global 
3+1 fit
Parameters 

in      3+1 fit
 Parameters 
in      3+1 fit


3 parameters in each for this 
case:                  and
∆m2

41, Uµ4, Ue4
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3+1 Global Fit


χ2
bf (dof)	
   χ2

null	
  (dof)	
   Pbf	
   Pnull	
  
233.9	
  (237)	
   286.5	
  (240)	
   55%	
   2.1%	
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Subsets of  data


Best Fit Values
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3+2 Global Fit


χ2
bf (dof)	
   χ2

null	
  (dof)	
   Pbf	
   Pnull	
  
221.5	
  (233)	
   286.5	
  (240)	
   69%	
   2.1%	
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3+3 Global Fit


χ2
bf (dof)	
   χ2

null	
  (dof)	
   Pbf	
   Pnull	
  
218.2	
  (228)	
   286.5	
  (240)	
   67%	
   2.1%	
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Why Does App vs. Dis not get better?

3+2	
  fits	
  (3+3	
  is	
  similar)	
  

They are finding different best fit points… 



It turns out the appearance fit is largely driven by MB
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Does Not explain MiniBooNE low energy excess


3+1	
  

3+2	
  

3+3	
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Does Not explain MiniBooNE low energy excess


3+1	
  

3+2	
  

3+3	
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Does Not explain MiniBooNE low energy excess
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3+1	
  

3+2	
  

3+3	
  



My predictions


•  Not all of  the MiniBooNE excess is from oscillations, some is 
from background, multinucleon effects, or some other 
unknown process


•  There are at least 2 new Δm2 parameters to differentiate
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•  MiniBooNE excess is not consistent with the global picture even within 
sterile neutrino models


•  MicroBooNE will explore this (2014): New detector technology which can 
tell the difference between  ves and γs 


•  MicroBooNE would also be sensitive to multinucleon effects.


Can MicroBooNE explain MiniBooNE low 
energy excess?
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e- like signal 
in μBooNE


γ like signal 
in μBooNE


My prediction is that at least 
some of  the MiniBooNE 
low energy excess is not due 
to oscillations (even within 
the framework of  sterile 
neutrino oscillations)




Oscillation Probabilities for Global Best Fit Parameters


Future experiments should aim to have sensitivities in these regions
 55
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Future Experiments


Future and proposed experiments for sterile 
neutrino searches
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Nucifer
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•  Located 7m from Saclay Osiris research reactor

•  R&D for nonproliferation technology


•  Sensitivity to sterile neutrino oscillations (L/E ~ 1 eV2)                  
(E-dependent probe of  reactor anomaly)


•  Currently operational!


Doesn’t include backgrounds 


Ref:	
  Slides	
  from	
  PANIC11,	
  Andi	
  S.	
  Cucoanes	
  



IsoDAR
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1 kton LS detector	



16.5 m	



8Li à 8Be + e- + νe	



Not to scale	



Low energy, 
high-powered 
cyclotron	



 


arXiv:1205.4419	
  



LAr1

•  Far detector to MicroBooNE

•  Step in the U.S. Liquid Argon TPC program (leading up to 

LBNE)
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Booster 
ν beam


MicroBooNE 

(470 m)






Storm


Look for              oscillations at neutrino factory
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sta,s,cs-­‐only	
  χ2	
  using	
  
spectral	
  informa,on	
  

arXiv:1206.0294	
  



Conclusions

•  There are anomalies in short baseline experiments that need to be addressed


•  3+1 fits are not a good description of  world data, but they are better than fits 
with no sterile neutrinos


•  3+2 helps --  cp violation helps resolve tension between neutrino and 
antineutrino data


•  3+3 is not a significant improvement over 3+2


•  Still tension between appearance and disappearance experiments


•  Does not explain MiniBooNE low energy excess 


•  Need future experiments to shed light on this issue!
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Thank You!
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Backup
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