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My Competition 

•  Australia vs. Ghana 
•  Netherlands vs. Japan 
•  Denmark vs. Cameroon 
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And…my apologies in advance: 
I will leave out much that is important. 



Galactic ? 
Extragalactic ? 

knee 
1 particle/m2/year 

„ankle” 

break of spectrum 
1 particle/km2/century 

Auger 
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Dariusz Gora 



(Pierre Auger Collaboration Phys. Letters B 685:239 2010) 

 cutoff at ~1019.6 eV significant with  >20 σ 

4400 events above 1019 eV 
Only 3 above 1020eV 

γ1=3.26 ± 0.04 
γ1=2.59 ± 0.02 

γ1=4.3 ± 0.2 

SD + FD 

Log10 (Eankle/eV)=18.61±0.01 
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Sys.  error ~22% 



IceCube: E. Resconi 
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Mass 

•  Neutrino Oscillations  
•  Beta Decay 

–  Tritium 
–  187Re 
–  163Ho 

•  Double beta decay 
•  Cosmology 
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Planck will provide 3 separate 
ΛCDM constraints on Σmν: 
1. Planck only   0.26 eV 
2. Planck + SDSS   0.20 eV 
3. CMBR + grav. lensing  0.15 eV 

From Planck “Bluebook” 

Planck  
Launched 
May 15, 2009 

4 years 1 year 
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Yvonne Wong 

KATRIN 
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Yvonne Wong 



Galactic 
Plane 

Micro-
wave 
image 
from 
Planck 
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   Oscillations and Neutrino Mass 

•  Neutrino oscillations tell us three important 
things: 
–  Neutrinos HAVE mass 
–  The sum of the masses Σmi > 55 meV 
–  We can use electron neutrinos to get all the 

masses. 
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KATRIN, MARE, Project 8 

Model-independent determination of mass. 
Independent of:  

•  whether neutrinos Dirac or Majorana, 
•  nuclear matrix elements, 
•  phases, 
•  cosmological models. 
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Mass Range Accessible 

Present 
Lab Limit 
2.3 eV 

Δm23
2Δm12

2

KATRIN 
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After 3 years data (5y realtime): 

Δmtot
2  = (Δmstat

4 + Δmsys,tot
4)½ 

Δmtot
2  ≈ 0.025 eV2/c4 

        and 
Δmstat = Δmsys,tot   

Δmstat
2 = 0.018 eV2/c4

  

Δmsys,tot
2 ≤ 0.017 eV2/c4

  

Thomas Thümmler 



The Last Order of Magnitude 

If the mass is NOT in the 200-2300 meV window, but < 200 
meV, how can we measure it?   
KATRIN may be the largest such experiment possible.   

σ = 0.36 eV 

Rovibrational 
states of THe+, 
HHe+ molecule 

Source T2 column 
density near max 

Size of experiment now: 
Diameter 10 m.  

Next diameter: 300 m! 17 



The Last Order of Magnitude 

KATRIN-type experiment limit: Source and detector are separate.  Can 
evade by making them the same.  Spectrum is point-by-point. 
MARE 187Re uses microcalorimeters: source=detector. BUT pileup limits 
size of each to few mg.  

Tritium 187Re 
Endpoint 18.58 keV 2.47 keV 
Branch to last eV 2 x 10-13 6 x 10-11 

Half-life 12.32 y 4.32 x 1010 y 
Mass (1 dis/d in 
last 200 meV) 

20 µg 13 kg 

Mass (1 dis/d in 
last 20 meV) 

20 mg 13000 kg 
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300x 

But, taking whole spectrum at once gains about 100x 



• Coherent radiation emitted in beta decay 
can be collected and used to measure 
the energy of the electron in a non-
destructive manner. 

Cyclotron Frequency 

Radiative Power Emitted 

•  Uniform B field 

•  Low pressure T2 
gas. 

•  Antenna array for 
cyclotron 
radiation 
detection. 

B field 

T2 gas 

B. Monreal and J. Formaggio 
 Phys. Rev. D80:051301 (2009). 
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K. Nakamura 
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Jun-19-10

INTERNATIONAL UNDERGROUND LABORATORIES 
(Present and Planned) 



Mixing 

•  SK 
•  SNO 
•  Borexino 
•  LENS 
•  MINOS 
•  OPERA 
•  MiniBooNE 
•  T2K 
•  NOvA 

•  Double Chooz 
•  Daya Bay 
•  RENO 
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SNO 8B Flux Result 

LETA A LETA B 

25 
Josh Klein 



LETA paper 2009: 
LETA joint-phase fit 
+ Phase III 
+ all solar expts 
+ KamLAND 

2-flavor overlay 

2ν model 

Solar + KamLAND 2-flavor Overlay 
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LETA paper 2009: 
LETA joint-phase fit 
+ Phase III 
+ all solar expts 
+ KamLAND 

3-flavor fit/overlay 
-> Pointed out by 
many authors 

3ν model 

Solar + KamLAND 3-flavor Overlay 

Best-fit:  
sin2θ13=2.00 +2.09

-1.63 x10-2 

sin2θ13 < 0.057 (95% C.L.) 27 



Oscillation Analyses: Solar + KamLAND 
LETA paper 2009: 
LETA joint-phase fit 
+ Phase III 
+ all solar expts 
+ KamLAND 

Best-fit LMA point:  

tan2θ12 = 0.457   
(+0.040 -0.029) 

Δm2 = 7.59x10-5 eV2 
(+0.20 -0.21) 

Φ8B uncert = +2.38 -2.95 % 
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SK 3-flavor analysis: θ12 - θ13   Y. Takeuchi 

Solar global: 

Solar global + KamLAND: 

68, 95, 99.7% C.L. 
sin2θ13<0.060  
                   @95%C.L. 

sin2θ13=0.025 

    (<0.059 @95%C.L.) 

+0.018 
‐0.016

Preliminary May 2010 

Solar global 
KamLAND 
Solar+KamLAND 

Cf. PRC81, 055504 (2010) 
sin2θ13=0.020+0.021-0.016 
(<0.057 @95%C.L.) 
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P. Vahle: MINOS 
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1 kt Near Detector— 
measure beam 
before  
oscillations 

5.4 kt Far Detector— 
look for changes in the 
beam relative to the Near 
Detector 

Magnetized, tracking calorimeters 

735 km from source 

1 km from source 



νe Appearance Results 
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for δCP = 0, sin2 2θ23( ) = 1,

Δm32
2 = 2.43×10−3 eV2

sin2 (2θ13) < 0.12 normal hierarchy
sin2 (2θ13) < 0.20 inverted hierarchy
at 90% C.L.

arXiv:1006.0996v1 [hep-ex] 

MINOS
7.01×1020 POT



MINOS Antineutrino Data 
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Comparisons to Neutrinos 
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What can this be? 

•  CPT violation?  Probably not. 
•  Just statistics? Combining the data will 

probably produce a decent χ2.  But that is a 
weak test.  Is there a parametric hypothesis? 

•  “Within standard neutrino mixing, 
disappearance probabilities for neutrinos and 
antineutrinos are identical, by CPT 
conservation!” (G. Karagiorgi).  However, not 
true when matter is present.  

•  Could this mean that θ13 is showing up?? 
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3-flavor, with matter, expanded  

E. Akhmedov et al. JHEP04 (2004) 078 
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µ
µ

!13

No difference apparent here 

Neutrinos 

Antineutrinos 

(But don’t believe a calculation done the day before!) 
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…and thank you for your attention! 

OPERA 



Phantom of OPERA captured! 

O. Sato reports: 
First observation [2.01 σ] of a ντ produced in 
appearance by oscillations. τ  ρ (π- π0) ντ 

With continued running expect approximately 2 such 
events per year. 

(first observation of appearance 
 was actually SNO)   
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LSND and MiniBooNE (R. Van de Water) 

   Why is the 200-475 MeV region unimportant? 

    Large backgrounds from mis-ids reduce S/B. 

    Many systematics grow at lower energies, 
especially on signal. 

    Most importantly, not a region of L/E where LSND 
observed a significant signal! 

Energy in MiniBooNE [MeV] 
1250 475 333 

MB Neutrino mode 

L/E (m/MeV) “LSND  
sweet spot” 

LSND 



Updated Antineutrino 
mode MB results for 

E>475 MeV  
(official oscillation region)                        

•  Results for 5.66E20 POT 
•  Maximum likelihood fit. 
•  Null excluded at 99.4% with 

respect to the two neutrino 
oscillation fit. 

•  Best Fit Point  
   (∆m2, sin2 2θ) =  
   (0.064 eV2, 0.96) 
    χ2/NDF= 16.4/12.6 
   P(χ2)= 20.5% 
•  Results to be published. 

E>475 MeV 



•  The MiniBooNE νe and νe appearance picture starting to emerge is the 
following: 

1)   Neutrino Mode:  
a)  E < 475 MeV: An unexplained 3σ electron-like excess. 
b)  E > 475 MeV: A two neutrino fit is inconsistent with LSND at the 

90% CL. 
2) Anti-neutrino Mode:  

a)  E < 475 MeV: A small 1.3σ electron-like excess.  
b)  E > 475 MeV: An excess that is 3.0% consistent with null.  Two 

neutrino oscillation fits consistent with LSND at 99.4% CL relative 
to null. 

•  Clearly we need more statistics!  
–  MiniBooNE is running to double antineutrino data set for a total of ~10x1020 POT. 
–  If signal continues at current rate, statistical error will be ~4σ and two neutrino best fit will 

be >3σ. 

MiniBooNE’s summary 
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NOW what? 
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If your experiment needs better statistics, you 
need a better experiment. 

  -- Sir Ernest Rutherford 

Fine, but Rutherford isn’t paying the bills.  The experiment 
exists and needs more antineutrino running on MiniBooNE.  
Maybe it IS just statistics? 

There are opportunities with ICARUS, the near detectors at 
T2K, and with a new proposal for gallium by V. Gavrin, to 
address the anomalies. 
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From John Ellis’ 
summary at 
Nu2000 



A. Guglielmi 

Slide# : 45 

The second CNGS neutrino interaction in ICARUS T600 

Collection view 

Wire coordinate (8 m) D
rif

t t
im

e 
co

or
di

na
te

 (1
.4

 m
) 

CNGS ν beam direction 

Beautiful! 



Sterile (LSND) neutrino search  

●  Sensitivity region, in terms      
of Standard Deviations σ, for 
6000 raw CNGS neutrino 
events. The potential signal is 
above the background 
generated by the intrinsic νe 
beam contamination, in the 
deep inelastic interval 10-30 
GeV.  

●  The Δm2 distribution extends 
widely beyond the LNSD and 
MiniBoone regions. 

●  Two indicated points are 
reference values of MiniBoone. 

T600 at the CNGS offers an unique 
possibility of searching for sterile 

neutrinos, largely complementary and 
comparable to the Fermilab 

programme.  
…for a 3+1 oscillation model 



T2K Complete: T. Kobayashi

Single-ring µ-like event  Two-ring event

Pink diamonds are placed on the wall in the beam 
direction starting from the reconstructed vertex. 



48 

•  2.5 deg Off-axis 
–  Peak ~600MeV 
–  Quasi-Elastic interaction dominate 

•  Less Non-QE background 
•  Muon monitors @ ~120m 

–  Muon > 5GeV 
–  Spill-by-spill monitoring of   
direction/intensity 

•  Near detector  @280m 
–  On-axis detector “INGRID” 

•  Intensity and direction (profile) 
–  Off-axis (toward SK direction) 

•  Absolute flux/spectrum/νe 
•  Far detector Super-Kamiokande @ 295km 

T2K: Experimental Setup 
p π ν

ν µ
 fl

ux
 (a

rb
. u

ni
t)

Near detectors 

Super-
Kamiokande 

MC (GFLUKA)



>10times improvement 
3.75MWx107s 

Expected Sensitivity of T2K
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Goal  @ 3.75MWx107s:  
δ(sin22θ23)~0.01, 
δ(Δm2

23) <1×10-4 [eV2] 

νµ◊νe appearance  νµ　disappearance 

δCP=0 

MINOS, PRL 101, 131802 (2008) 

…T2K will have to deal with the 
LSND Problem somehow. 



NOνA: K. Heller 

•  NOνA: 
–  Fermilab NuMI beamline – off axis gives a narrow 

band beam 
•  Upgrade to 0.7 MW 

–  Near detector at Fermilab → Far detector in 
Northern Minnesota 

–  Far detector underground 
–  Both detectors same technology 
–  Sensitive to Supernovas 

•  NOνA baseline:  810 km 
–  Sensitive to neutrino mass ordering. 
–  Measures θ13 and θ23 

NOνA 



How are we doing? 
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W. Rodejohann 

…and: Surprises! 



The Goldhaber-Grodzins-Sunyar Experiment 
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Equipment 2k 
3 guys 2 wks 1k 
TOTAL 3k 

Proj. Mgmt. 500k 
Fire suppr. 300k 
Hazmat 100k 
Training 100k 
Equipment 2k 
3 guys 2 wks free 
TOTAL 1002k 

1956 

2010 
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To George Tzanakos and his amazing team: 
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Fin 


