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OUTLINE
Talking about atmospheric neutrinos without talking 

about Super-Kamiokande
is like________[fill in the blank yourself]

What I will Talk About:
! Introduction
! Some Real ν History
! Some Gedanken ν History
! Some New Data from   Soudan 2 & MACRO
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The Atmosphere
where atmospheric ν’s come from

" Cosmic Rays hit atmosphere’s top
" Density x = Xe-ρgh/kT = X e-h/H

# H = 8.4 km at sea level (isothermal)
# T,H depend on altitude , H 6.4km 

near tropopause
" 2% seasonal variations
" νµ/νe ~ 2 BUT

# Ke3 and K0
e3 decays

# Containment differences
# ν and ν differences due to cross 

section from µ+/µ− ∼ 1.2
# Some µ hit the earth before decaying, 

increasing above 2 GeV
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ν Production Heights
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Detection of Atmospheric ν’s
$Interaction in Detector

"Fully Contained Events
"Partially Contained Events

$Interaction Outside Detector
" Throughgoing µ’s
" Up-stopping µ’s 

GeV
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# of “other” atmospheric ν’s

% CWI/SAND           0  contained        121 ν induced  µ
% KGF                 100 229
% NUSEX             40                              0
% Soudan 1              1                             0
% Frejus 271                           44
% IMB                 935                          624
% Kamioka 557                          372
% Soudan 2          561                           85
% LVD*                  0                            ?+
% BAKSAN* 0                         801+                       
% MACRO           285                         940

* Still running

Σ=6214ν

+ νννν telescopes

AMANDA* 204+(cut-L7)

Baikal* 44+

Talks Thursday
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KGF– The 1st reported Atmospheric ν
Several detectors in KGF 

mine at various depths.
3 ν published 15 Aug 65

7600 MWE
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Detectors in KGF mine (1965-1991)

Proportional Tube element of proton decay        
detector and Monopole detector

ν Telescope

Iron, flash tubes & scintillator
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CWI – The 1st recorded Atmospheric ν

First ν
February 29, 1965
Recorded 100 (1/month)
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CWI Data, neutrino induced µ’s
$ ~ 121 ν’s
$ 2 miles down!
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1986 - The beginning of the 
“Too few nu mu” problem

IMB-1

1986

νµn →µ-p; νµp →µ+n; µ→eνν decay

νen →µ−p; νep →e+n; no decay



May 26, 2002
Maury Goodman, Neutrino 2002

“Other Atmospheric ν Experiments”

12

1988 – The νµ Deficit Gets Serious

# 1988 Koshiba points out 
consistency decays/rings

# 1988-1995 Ratio-of-ratios 
R = νµ/νe)data/νµ/νe)MC
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1994 Kamioka’s angular distribution
! Multi-Gev data
! Evidence for “oscillations”
! Gave higher ∆m2

! Note flat sub-Gev data
! Kamioka & initial Super-K 

fits differed, but data didn’t 
differ noticeably

& Fits for ∆m2 not Gaussian!
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Gedanken History #1 of atmospheric ν’s

What if we had no GUTS?
' only CWI, Baksan & LVD?
' Inspiration for atmospheric neutrino experiments by 

now from solar neutrinos?
' Greater enthusiasm for LSND?
' Greater enthusiasm for BNL, CERN-JURA, 

COSMOS?
' No enthusiasm for LMA atmospheric projects until 

2002?
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Gedanken History #2 of atmospheric ν’s
What if the Super-K accident happened on its 

first fill?
( Super-K might have been cancelled
( No K2K
( MINOS would be planning with the HE beam
( Oscillations of atmospheric ν wouldn’t be 

universally accepted
( ∆m23

2 situation would be confused
( This talk would be  more important
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Baksan Underground Scintillator Telescope

" 801 upward µ’s
" 941.6 expected
" + ~10% livetime
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MACRO/Soudan Since Neutrino 2000

) MACRO stopped running
☺ More MACRO data (1087ν →1225 ν)

☺ Details in Contributed Paper by M. Spurio
B2 “Measurement of the Atmospheric Muon Neutrino Flux: 

MACRO final Results”

) Soudan 2 stopped running
☺ More Soudan 2 data (~400 ν →661 ν)

☺ Details in Contributed Paper by M.Sanchez
B1 “Recent Atmospheric Neutrino Results from Soudan 2”
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Soudan 2  1989-1991
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Soudan 2 
+ Now includes Partially 

Contained Events
+ 5.90 kt-years final 

exposure (fiducial)
+ Problem with energy 

scale fixed
+ Feldman-Cousins fitting 

for parameter space

+ 4 different νµ events
+ Note proton (short, straight 

heavily ionizing track)
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Soudan 2 L/E analysis
• E measured by full reconstruction of event, L measured by 

the event direction (zenith angle) ; protons and low energy 
pions are seen and included

• define a “high resolution” sample:
• high energy quasi-elastics,

• low energy quasi-elastics with  proton 

• high energy multiprongs

Lepton energy (MeV) 0-200 200-400 400-600 >600 

∆θz (ν-lepton) (degrees)   ~90      75      49    28 

∆θz (ν-(lepton+proton)) (degrees)    30      23      15      8 
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Soudan 2; Azimuth & Zenith plots
Data, no-osc MC, oscMC, Background

e e

µµµµµµµµ
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Soudan 2 Data sets, 5.90 kt years
R values
no cut
! all              0.768 ± 0.098
! hires          0.681 ± 0.096
! lowres t/s 0.807 ± 0.278
! lowres m   0.826 ± 0.224

300 Mev cut
! all              0.708 ± 0.092
! hires          0.643 ± 0.105
! lowres t/s 0.641 ± 0.260
! lowres m   0.851 ± 0.167

e

µµµµ

L/E
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Soudan 2 parameter contours
Best Fit   ∆m2=0.010   sin22θ=0.975   f=0.150 (0.164)



May 26, 2002
Maury Goodman, Neutrino 2002

“Other Atmospheric ν Experiments”

24

Macro High Energy Events

863 Upward µµµµ

40 106 Down µµµµ −−−−−−−− ∆∆∆∆m2= 0.0025 eV2, sin2θθθθ=1
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Macro sensitivity to Matter effects
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Macro Low Energy Events

Internal Up Internal Down
+ stopping µ
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Macro Oscillation Fit (High Energy)
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MACRO L/E using multiple scattering

, E estimate from 
Multiple Scattering

, 3 E bins (streamer 
tubes in digital mode)

, 4 E bins (streamer 
tubes in drift mode + 
Neural Net)
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∆m2 sin2(2θ) Comparison
color code:

Soudan
Macro HE
Macro LE
Super-Kamiokande
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New data from SNO and MINOS

Contained νµ Event in SNO                  Upward Muon in MINOS

MINOS

SNO
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Summary – Contained ν’s
⌧ IMB/Kamioka/Soudan 2/Frejus data taken as a whole 

agree with Super-Kamiokande’s interpretation of 
neutrino oscillations

⌧ Soudan 2 now has significant up/down difference
⌧ MACRO using dE/dx to estimate L/E
⌧ Soudan 2 has the resolution, but not the statistics, to 

see “reappearance” 
⌧ See posters: Spurio(MACRO) & Sanchez (Soudan 2)
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Summary – ν induced µ
" Oscillations fit all data 

much better then null 
hypothesis.

" However P < 30% in  all 4 
experiments.

" ??
[plots courtesy S. Mikheyev]
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A GUT Prediction
Another order of magnitude or two search for 

nucleon decay can take place in our lifetimes.  
This can be accompanied by precision 
atmospheric neutrino measurements.


