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Outline of the course

Introduction

Lecture I: Solar Neutrinos (θ12, Δm212)

Lecture II: Atmospheric Neutrinos (θ23, Δm223)

Lecture III: Bounds on θ13 and δ

Lecture IV: Sterile Neutrinos
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EXTRACTING Θ23

 AND ΔM223

FROM 
ATMOSPHERIC 

NEUTRINO DATA
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Outline

• The atmospheric neutrino fluxes

• The atmospheric neutrino problem

• Fits to the atmospheric neutrino data
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Cosmic Rays
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The normalization error of cosmic rays 
fluxes can be as large as 20%
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Only ratios of neutrino fluxes have reasonable errors

The normalization error of cosmic rays 
fluxes can be as large as 20%
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Atmospheric neutrinos are produced in three steps:
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Atmospheric neutrinos are produced in three steps:

However,
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Atmospheric neutrinos are produced in three steps:

However,

The error on the  νe/νμ 
fluxes is 5%
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Two atmospheric fluxes computations
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THE
ATMOSPHERIC 

NEUTRINO PROBLEM
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Atmospheric neutrino experiments

Typical neutrino energy: > 1 GeV
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Atmospheric neutrino experiments

Typical neutrino energy: > 1 GeV
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Up-going ν’s can be distinguished 
from down-going ones
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Up-going ν’s can be distinguished 
from down-going ones

Good knowledge of νN 
cross-sections is needed
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For E > 1 GeV, directional info is good
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Comparison of νN cross-sections
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Event separation at SuperKamiokaNDE

14



Contained events:
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Non-Contained events:
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Atmospheric neutrino spectra in event classes
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The atmospheric neutrino problem
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The atmospheric neutrino problem
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SuperK data
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Electron neutrino fluxes agree 
with expected fluxes!

SuperK data
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Electron neutrino fluxes agree 
with expected fluxes!

SuperK data

However...
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Electron neutrino fluxes agree 
with expected fluxes!

Muon neutrino fluxes disagree 
strongly:

I) at all angles for Sub-GeV
2)mainly for up-going events for 

Multi-GeV

SuperK data

However...
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More recent SuperK data
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Accelerator neutrino experiments

Conventional neutrino beams 
are produced through π and K decay
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Accelerator neutrino experiments

Conventional neutrino beams 
are produced through π and K decay

Main beam:νμ
Components of  νe,νe,νμ- -
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Signals: advantages and limitations
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Using accelerator neutrino beams, it is possible 
to test the SK results for atmospheric neutrinos 
using a neutrino source that is better controlled 

The typical baseline is O(102) Km, 
the typical neutrino energy E ≥ 1 GeV

(as it was the case for KamLAND for solar neutrinos).

Three experiments: 

1) K2K (finished)
2) MINOS (still taking data)
3) CNGS (no results yet)
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1) K2K: KEK to Kamioka; L = 235 Km, <E> = 1.4 GeV

+12
-10

107 observed events
151         expected+12

-10
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2) MINOS: FermiLab to Soudan; L = 730 Km, <E> = 4 GeV

122 observed events below 10 GeV
239 ± 11 expected
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FIT TO “ATMO” DATA
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• All experiments testing the atmospheric 
neutrino flux observe a ratio νμ/νe in 
disagreement with the expectations

• K2K and MINOS have observed a similar 
deficit for νμ neutrinos produced in 
(conventional) accelerator beams
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P(νμ→νμ) = 1 - sin2 2θatm sin2 (Δm2atm L / E)
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P(νμ→νμ) = 1 - sin2 2θatm sin2 (Δm2atm L / E)
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Only one possible Δm223
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Three possible two-families oscillations
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Excluded regions for:

(a) νμ→ντ

(b) νμ→νs (Δm223 > 0 )

(c) νμ→νs (Δm223 < 0 )
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Three possible two-families oscillations
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Three possible two-families oscillations

33



Global analysis of 
atmospheric data

K2K and MINOS
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CONCLUSIONS
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• The atmospheric neutrino flux is better understood 
than the Sun’s: it took only 20 years to be convinced 
that particle physics must be changed.

Gonzalez-García and Maltoni, 2008

• The most recent data give: 
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