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“All the Nu’s 

that’s fit to print” 

Neutrinos Exhibit Quantum-Mechanical Oscillations 

Fermilab:  Home to Physics Beyond the Standard Model?  Director Pier Oddone Charts New Course 

Mixing like quarks, implications 
beyond Standard Model 

FNAL MINOS EXPERIMENT 
POSTS NEW RESULTS ON 

NEUTRINO OSCILLATIONS 

Experiment still pushing for 
CP Violation in Neutrinos 

Japan and Europe Catching 
up with their own facilities 

Neutrinos Don’t  
Decay or Decohere 

’ 
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Solar Neutrino “Problem” 
K.S.Hirata et al., Phys. Rev. Lett. 63(1989) 16 

e μ

EXPERIMENTAL STUDY OF THE ATMOSPHERIC 

NEUTRINO FLUX. 

KAMIOKANDE-II Collaboration (K.S. Hirata et al.), 
Phys.Lett.B205:416,1988

ATMOSPHERIC NU “ANOMALY” 

1989

And don’t forget the “LSND Effect,” C. Athanassopoulos et al., Phys. Rev. Lett. 75, 2650 (1995) 

“At present this is highly speculative – there is no 

experimental evidence for neutrino oscillations…”  

 – D.J. Griffiths (1995), Introduction to Quantum Mechanics 
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Super Kamiokande Exp’t 

Observes Zenith Angle-

Dependent Loss of μ, not e 

50kton H2O (x30 Kamioka) 
SK-I – (’96-’00) and  SK-III (‘03 -- ) 11100 PMTs ,  

SK-II (2000-2003) , 5200 PMTs 

First expt 

showing 

dynamic 

loss of ’s 



 Mixing in the Precision Era 

• PMNS:  a 3 3 unitary transformation to mass states: 

• In the quarks, matrix has phase 

0 responsible for CP. 

cij  cos ij sij  sin ij 

Super-K 90%C.L. sin 23>0.58   

@ m2=2 10-3eV2 

(hep-ex/0404034) 

sin solar <0.62 
(Smirnov, hep/0309299) 

CHOOZ 90%C.L. sin 13<0.22 

@ m2=2 10-3eV2       

Phys.Lett.B466,415 (1999) 

Is the mixing angle 

truly maximal??? 

Is this non-zero???  
Large enough to measure 

CP in μ  e 
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Interpretation of Oscillation Results 

• Oscillations into 

unknown flavor 

causes dip in 

obvserved spectrum. 

m2=0.005eV2 

location of dip from 

m2 

magnitude of 

suppresion from 

sin2(2 )

0    1st max 0 /3   2nd max 0 /5

Neutrino Energy 
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Two Detector  Experiments 

•Near detector predicts  energy spectrum and rate at far                    
detector (asssuming an absence of oscillations)

•Greatly reduces systematic uncertainties due to calculating beam flux.

CERN CHARM/CDHS experiments, 1982-83 

FNAL CCFR experiment, 1982-83 



Alternatives for μ Disappearance? 

• All of these models modify expected L/E  shape. 

• Other models will surely come along in coming years? 

• Reasonable to consider hybrid osc+NP scenarios?  

No osc. 
oscillations 
Neutrino decay 

No osc. 
oscillations 
Barenboim 

“Neutrinos actually decay to 

lighter states” 

Barger et al., hep-ph/9907421 

“Neutrinos propagating             

in Extra Dimensions” 

Barbieri et al., hep-ph/9907421 

“SuperK effect is combination 

of m2(solar) and 

m2(LSND)” 

Barenboim et al., hep-ph/0009247 
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Reproduce 
Atmospheric Effect 
With Controlled 
Accelerator Beam

Exp’ts 
in U.S. 
Japan, 
Europe

MINOS:     
200 scientists, 
23 universities 
& laboratories

“Thank Goodness 
Earth is Round” – 

A. Zichichi

Near Detector 

980 tons

Far Detector 

5400 tons

L ~ 734 km

KEK-2-Kamioka 

L = 250 km 

Cern to Gran Sasso   

L = 750 km 

MINOS  
L = 735 km 



Sacha Kopp, Tennessee Colloquium 
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Moore’s Law for Neutrinos? 

• Main Injector is 120 GeV 
proton synchrotron 

• Simultaneous delivery of 
protons for  

Production of  p 
(Tevatron collider) 

Production of     
neutrinos (NuMI) 

• NuMI designed for 
4 1013ppp @ 120 GeV 

Repetition rate ~2 sec. 

Corresponds to average 
beam power ~400kW 

So far 270kW achieved. 

this 
analysis

MINOS
goal

2  
flavors

Discovery
of NC’s

LSND Nomad/
Chorus

K2K MiniBooNE

S. Kopp,  “Accelerator Neutrino Beams,” 

Phys.Rept. 439: 101-159 (2007) 
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NuMI:  “Neutrinos at the Main Injector”  

p beam 

Pion beam 

• Neutrinos produced from + , K+ μ+
μ (or  , K  μ μ) 

• NuMI beam aimed at Soudan Underground Lab. (Minn, USA). 

100 m 
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NuMI:  “Neutrinos at the Main Injector” 

Batch 1 

Batch 3 

Batch 4 

Batch 5 

Batch 6 

Main Injector 

(120 GeV, 2sec cycle) 

 Batch 

(empty) 

 Batch 

(empty) 

NuMI 

Pbar 

Target 

Batch 2 

4 1013ppp 

Beam power ~400kW 
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Angling down 

Final BPM’s+ SEM’s 

Toroid 

Shielding Wall to 

Target Hall 

Final Bend Toward Soudan 

Extracted Proton Beam Line 
Final Focus to 

NuMI Target Hall 
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Target Hall 
Target Hall 

after 

Contractor 

completion 

Target Hall shielding installation 

Decay pipe 

Target/baffle 

Module installed 

Horn 2 suspended 
from shielding module 

being lowered into 
shielding pit
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Beam Commissioning Runs  
Dec., 2004  -- Mar., 2005 

• Sequenced commissioning of primary (proton), secondary (meson), and 

tertiary (muon+neutrino) beams. 

Pion beam 

Muons Neutrinos 

Muon Chambers 
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MINOS Near Detector 
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MINOS Far Detector 

MINOS Far Detector 

    magnetized Fe-scintillator calorimeter 

    segmented scint for X, Y tracking 

    485 planes, 8m diam, 5400 tons 



Raison d’Être for a 

Northern Minnesota 

Experiment! 

Austin American-Statesman Newspaper,  
Sunday, April 18, 2004 
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MINOS Experiment: 
Neutrinos do Oscillate

Other theoretical 
neutrino models 
disfavored at 4sigma

World’s 
most precise 
oscillation 
parameters

Energy-
dependent 
deficit of 
neutrinos 
observed

June 15, 2008

“Where did they 
go?” – Pier Oddone Neutrino Physics  

transitions from 
discovery to precision 
measurements.



Blind Analysis Procedure 

•Intensive checks of ND data 

neutrino interaction identification in ND & FD 

backgrounds, efficiencies, etc. 

beam modeling – how well can we extrapolate flux measured in 
ND to the expected flux in the FD?? 

•Much to be learned from the ND Data 

•Not much statistics in the FD 
Not much to learn 

Opportunity to bias ourselves 

fitting 
interpretation 

backgrounds 

beam flux 

near-far extrapolation 

calibration 

event identification

MINOS Decided to 

Pursue a  

“Blind Analysis” Policy 



Step 1:  Look at ND Data 

• Hope no gross disagreements with beam MC 

• See if neutrino identification is OK 



Coping with High Intensity 
• 10-20 events/spill in the ND (cf 10-4/spill in the FD!) 

Time (μsec) 



ND Compared to Beam MC 

• These plots show the 
beam spectrum as “dead 
reckoned” by Fluka2005 
+ our tracking MC 
through the beam line. 

• Errors bars from the 
beam systematics 
(dominated by /K 
production in the target). 

• Some real apparent 
contradictions?  MC is 
low in the LE beam, but 
high in the ME beam. 

“Medium” Energy 

Beam Setting 

“High” Energy 

Beam Setting 

“Low” Energy 

Beam Setting 

MINOS Data 

Calculated  flux 

figure courtesy P. Vahle 



Step 2:  Decide How to Extrapolate 

ND  FD 
• FD Spectrum = (F/N ratio)  ND Spectrum 

 NE  = Number of events at given energy of neutrino in ND or FD 

 i = particular energy bin 

• Tests on “mock data” to ensure no biases, understand systematics 



Neutrino Beams from Meson Decay 

• ND and FD spectra 

similar, but not identical 

f 

Near  

Detector 

to far 

Detector 

Decay Pipe 

+

+
(soft) 

(stiff) 

n 

target 

LE Beam 

ND 

Beam MC 

figure courtesy M. Kostin 



A. Para & M. 
Szleper, 
arXiv:hep-ex/
0110032 

“Matrix Method” 
Point Spread Function 



Step 3:  Peek at the Far Detector Data 

( “Box is still closed”) 

•In 2006 analysis, question was “Do ’s disappear?” 
unknown “blinding function” to hide most of the data 

Collaborators given free access to “open” data set 

Only got to see full data set once “box was open” 

•In 2007-2008 analysis, wanted unbiased m2, sin2(2 ) measurement 

Access to all the data, but complete blinding of all rates 

Did not look at energy spectrum, so couldn’t bias m2 



Calibration 

• Calibratrions based on stopping cosmic ray μ’s. 

• Study ionization for 20-plane window upstream of stopping μ location. 

region used for calibration

figure courtesy N. Tagg 



Checks on the FD Data 

• These are all CC neutrino events 

• Rates blinded – we don’t know the normalization 

• MC has been scaled to agree with data 

Track Vertex in X (m) Track Vertex in Y (m) Track Vertex in Z (m) 



Example Events 

• These events taken from the “open” data sample in the FD (which we are 
permitted to look at in detail). 

• E  = 3.0 GeV 

• y = Ehad/E =0.3 

• These events taken from the “open” data sample in the FD (which we are 
permitted to look at in detail). 

• E  = 24.4 GeV 

• y = Ehad/E =0.4 

• These events taken from the “open” data sample in the FD (which we are 
permitted to look at in detail). 

• E  = 10.0 GeV 

• y = Ehad/E =0.3 

• These events taken from the “open” data sample in the FD (which we are 
permitted to look at in detail). 

• E  = 2.1 GeV 

• y = Ehad/E =0.1 (‘quasi-elastic’?) 

• These events taken from the “open” data sample in the FD (which we are 
permitted to look at in detail). 

• E  = 3.3 GeV 

• y = Ehad/E =0.6 

• These events taken from the “open” data sample in the FD (which we are 
permitted to look at in detail). 

• E  = 25 GeV 

• y = Ehad/E =0.6 

• These events taken from the “open” data sample in the FD (which we are 
permitted to look at in detail). 

• E  = 18.7 GeV 

• y = Ehad/E =0.9 



Step 4:  Look at All Events 

“Open the Box” 



FD Events are “In time” and Uniform 

Time Relative to Spill (μsec) 



Sacha Kopp, Tennessee Colloquium 
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Measurement of μ Disappearance 

Observed 848 events 

Expect 1060 ± 60 

events if no oscillations 
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Oscillation 

Hypothesis 

Fit 

2/n.d.f =90/97 

| m32
2 |= (2.43± 0.13) 10 3eV2 /c4

sin2(2 23) =1.00 0. 05



Systematic Uncertainties 



Consistency with Other Models? 

35 

• Neutrino decay  

V. Barger et al., Phys. 

Rev. Lett. 82 2640, 1999  

Disfavored at 3.7

When NC events 

included in the fit, this 

model is further 

disfavored at 5.4  

• Quantum decoherence 

of neutrino wave packets 

G. L. Fogli et al., Phys. 

Rev. D67 093006, 2003 

Disfavored at 5.7 .    
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“Fair and Balanced” 

“One possible explanation for dark matter is a 
group of subatomic particles called neutrinos.  … 
Last week, researchers working on the MINOS 
experiment at Fermilab, near Chicago, confirmed 
these results. …” 

“The researchers created a beam of muon neutrinos 
… The neutrinos then travelled 750km (450 miles) 
through the Earth to a detector in a former iron 
mine in Soudan, Minnesota.”  

“By comparing how many muon neutrinos arrived 
there with the number generated, Fermilab's 
researchers were able to confirm that a significant 
number of muon neutrinos had disappeared—that 
is, they had changed flavour. Thus the neutrino 
does, indeed, have mass and a more accurate 
number can be put on it.”  

“Accident & Substance:  Two possible explanations 

for the bulk of reality” 
April 6, 2006 Inside article: 



Future:  Lower Energy Threshold 

• Events with E<2 GeV show rise 

below oscillation max 

• Difficult to separate muon track 

from pion track – nuclear scatter? 

37/38 

Longitudinal Distance (m) 

Transverse Distance (m) 

Charged Current Event 

Neutral Current Event 



CPT Violation in Oscillations? 

• Observe 42 events in the 

Far detector  (First direct 

observation of μ in an 

accelerator long-baseline 

experiment) 

• Predicted events with CPT 

conserving oscillations:  

– 58.3 ± 7.6 (stat.) ± 3.6 (syst.) 

• Predicted events with null 

oscillations: 

– 64.6 ± 8.0 (stat.) ± 3.9 (syst.) 



Allowed Region 
• Contours obtained using  

Feldman-Cousins technique, 

including systematics 

• Null oscillation hypothesis 

excluded at 99% 

• CPT conserving point from 

the MINOS neutrino analysis 

is within 90% contour 

• μ best fit is at high value, 

due to deficit at high energy 

• MINOS plans to undertake a 

dedicated μ run next year 

39 



e le 

Did LSND 
result at 
m2~1 eV2 

imply a 4th 
mass state? 

NEW  STATES 
IN OSC EXPTS? 



Charged lepton track 

Hadronic shower 
Images courtesy Christopher Backhouse,  

Fermilab Annual Users Meeting June 2009 

Neutral Current xN xX  Events 

Z0

Fe
No track 

Unobserved neutrino 

Hadronic shower 
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ND Pre-Selection Cuts 

High event rate in ND can cause 

poor event reconstruction 

Split events 

Incorrect vertex 

Apply a series of cuts  
Time and spatial separation 

Total number of hit strips 

Event steepness 

Activity in edge region 

Reduce poorly reconstructed 

background <1GeV from 34% to 8% 
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NC Event Selection 

• Discard events >60 planes • Discard events with a track >5 

planes longer than the shower 

Same selection applied at FD 

Variable distributions similar 
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NC events selected with ~ 90% efficiency and ~60% purity 

Neutral Current Selection 

Peak of CC background 



Energy Spectrum at the Near Detector 

45 

• Charged current –  identifies flavor of interacting μ 

• Neutral current – inclusive, all “active”  flavors interact 

A μ sterile 

oscillation would 

result in a deficit 

of NC events at 

the Far Detector 

Reconstructed Neutrino Energy (GeV)
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Energy Spectrum at the Far Detector 

Reconsructed Neutrino Energy (GeV)
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Simple Statistic for NC Disappearance 

No  disappearance 

for  R=1 
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4-Flavour Analysis 
• Assume additional sterile  and an additional m2 

• Extend mixing matrix with extra angles & phases 

• Consider two mass scales (simplify osc formulae) 

| m2
41| >> | m2

31|   | m2
41| << | m2

31| 



4-Flavour Analysis:  m4=m1 

• Effectively 14= 24=0° in this case, and  

49/38 
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4-Flavour Analysis:  m4>>m3 



fs =
P

μ s

1 P
μ μ

51 

Future Sensitivity 



CP VIOLATION IN NU’S? 
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CP-Violating 

No hint of rarest transition μ e 
Must find 

13>0 to 

study CP 

Violation 

Search for 13    

via reactors 

(disappearance) 

or accelerators 

(appearance) 



13 in MINOS 

P( μ e ) sin2 (2 13)sin
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Are there 
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Oscillations? 



Selecting e Events in MINOS 

• Neural network developed using 11 variables, eg: 

fraction of shower near core 

lateral shower size 

fall-off of shower 

• ANN achieves 

CC rejection 99.4% 

NC rejection 92.3% 

e effic ~ 41% 

signal/noise ~ 1:4 
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Near Detector Measures Backgrounds 

• Our beam is 94% μ, 

5% μ, and ~1% e. 

μ μ e μ μ e 

K e e 

• Can measure level of 
individual NC and 
CC backgrounds via 
horn-on and horn-off 
running 
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MINOS ND Data 

Total Background 

μ NC Events 

μ CC Events 

Beam e Events 



Observation in Far Detector 
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• Oscillations μ e would be excess                        

e rate over beam and instrumental backgrounds. 



e Signal in Far Detector 
•Expected background  

 27±5(stat)  ±2(syst) 

 (mis-reconstructed 

showers, beam e) 

•Observed:  

 35 events 
•Observed is 1.5  over 

bckgd. expectation 

We integrated         
~7 x 1020 POT       
as of June 15! 



MINOS e 

Appearance 

Contours 
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expect 
failure    
in this 
region 

expect success 
in this region 

want to 
progress this 

direction 

Dec. ‘09 

June. 2010? 



“All the Nu’s 

that’s fit to print” 

Neutrinos Exhibit Quantum-Mechanical Oscillations 

Most Precise Measurement of 
Atmospheric Mass Splitting 

MINOS PRODUCING 
MANY RESULTS IN NU 

OSCILLATIONS 

Experiments still pushing for 
CP Violation in Neutrinos 

World-Wide Effort to Interpret 
Nu Disappearance, Mass Ongoing Searches 

for Non-Standard 
Oscillations 

’ 

solar reactor 

accelerator 

atmospheric 

LSND/MiniBooNE 

double-beta 
direct m


