
Atmospheric Neutrinos
• Another evidence for ν oscillations
• First atm. ν observations:
 • Kamiokande
 • Soudan
 • IMB
      and then: 
 • MACRO LNGS 
 • SUPERKAMIOKANDE

Neutrinos have non-zero masses.
Mass eigenstates are distinct from weak interaction eigenstates.











Main sources of atmospheric neutrinos:
 p±, K ± ® µ ± + nµ( nµ)
                     ® e ± + ne( ne) + nµ(nµ)

At higher energies, most muons
reach the Earth before decaying:
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Atmospheric neutrino energies:  0.1 — 100 GeV
Very low event rates: ~100 /year  for a 1000-ton detector
Typical uncertainty on the atmospheric neutrino fluxes:  ± 30% 
(from uncertainties on the primary cosmic ray spectrum, on 
hadron production, etc.)
Uncertainty on the  nµ / ne  ratio : ± 5%  

“Atmospheric” neutrinos
e

Primary cosmic ray 
interacting in the atmosphere 

DETECTOR

For energies E < 2 GeV  most pions and muons 
decay before reaching the Earth:



Atmospheric neutrinos





Atmospheric neutrino detection
𝜈! + 𝑛𝑢𝑐𝑙𝑒𝑜𝑛 → 𝜇 + ℎ𝑎𝑑𝑟𝑜𝑛𝑠: presence of  a long, minimum–ionizing track (the muon)
𝜈" + 𝑛 → 𝑒# + 𝑝,    𝜈̅" + 𝑝 → 𝑒$ + 𝑛  ⟹ presence of  an electromagnetic shower
(𝜈" interactions with multiple hadron production cannot be easily distinguished from 
Neutral Current interactions 𝜈 + 𝑁 → 𝜈 + ℎ𝑎𝑑𝑟𝑜𝑛𝑠)
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Direct measurement by exposing a 1000-ton water Čerenkov 
detector to electron and muon beams from a proton accelerator.  
Measured probability of  wrong identification  ~2%                   

Event identification in water Čerenkov detectors
qMuon track: dE/dx consistent with  ionization 

minimum; well defined edges of  Čerenkov light ring 
qElectromagnetic shower: high dE/dx (many 

secondary electrons); fuzzy edges of  Čerenkov light 
ring (from the shower angular aperture)

Measurement of  the 𝜈!/𝜈" ratio: first hints for a new phenomenon in water Čerenkov  
detectors: Kamiokande (1988), IMB (1991), Super-K (1998) Conventional calorimeters 
(iron plates + proportional tubes): Soudan2 (1997)

𝑅 =
𝜈!/𝜈" #"$%&'"(
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= 0.65 ± 0.08



First hints of 
atmospheric ν 

oscillations



1998: Super-Kamiokande announces 
observation of Neutrino oscillations 





Fully contained (FC) Partially contained (PC)

Up-going muons from 
𝜈!interactions in the rock

Different typologies of  events in SK

Upward through-
going 𝜇

Contained events (Sub-GeV and 
Multi-GeV samples)

H2O  radiation length  ≈ 36 cm
 →  energetic electrons are
       totally absorbed  in ~8 m of  water 

Note: down–going muons are mainly due to 𝜋 → 𝜇 decays in the atmosphere



Uncertainty on neutrino
production point  ±5 km 

Earth

detector

Measurement of  the zenith angle distribution
Definition of  the zenith angle 𝜃:
Polar axis along the local vertical axis, 
pointing downwards

Earth atmosphere

Local vertical axis

Down-going : 𝜃 = 0º

Up-going: 𝜃 = 180°

Horizontal : 𝜃 = 90°
L (distance between neutrino 

production point and detector) 
depends on zenith angle
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𝜃    =         0º — 180º
 L    =     ~10  — ~12800 km
• Search for oscillations with  variable distance L 
• Strong angular correlation between  incident neutrino and 

produced electron/muon for  E > 1 GeV:
           𝜈

e/µ
𝛼

α ≈ 25° at  E = 1 GeV;
𝛼 ® 0  for  increasing E 



The up-ward going 𝜈! flux is 
depleted in SK

No oscillation  (c2 = 456.5 / 172  degrees of freedom)

nµ – nt  oscillation (best fit): Dm2 = 2.5x10-3 eV2, sin22q = 1.0 
                                                  c2 = 163.2 / 170  degrees of  freedom



SUPERKAMIOKANDE



SK showed that at L/E of atmospheric neutrinos

1) νμ DO oscillate
2) νe DO NOT oscillate

 This is confirmed by CHOOZ

• Atmospheric νμ do oscillate, but not to νe
• In a scenario with three neutrinos, νμ do oscillate to ντ 
• Sterile neutrinos?
• Direct evidence of oscillation to ντ is from OPERA at LNGS (5 ντ observed)

Region of oscillation parameters
(confidence level  90%):
1.9 x 10–3 < Dm2 <  3.0 x 10–3 eV2

sin22q  > 0.90 

nt + N  ® t + X  requires  E(nt) > 3.5 GeV; 
fraction of  t ® µ   decays  » 18%





OPERA 
@ LNGS

How to detect tau vertex

Tau lifetime = 0.29 ps (≈100 µm)
Tau decays:

•64.79% hadronically
•17.82% into a ντ, e and νe
•17.39% into a ντ, μ and νμ



OPERA How to detect tau vertex



Five nt candidates observed until 2015

Third candidate (muon decay)

Fourth candidate (hadronic decay, single prong)

Examples:

•OPERA was designed to search for nµ→ nt 
oscillations in appearance mode, i.e. by 
detecting the t leptons produced in charged 
current nt interactions.  

•Observation of the nµ→ nt appearance, 
achieved with five candidate events.  

•Together with a further reduction of the 
expected background, the candidate events 
detected so far allow to assess the discovery of 
nµ→ nt oscillations in appearance mode with a 
significance larger than 5 s

PRL 115 (2015) 121802.

Final result (2018) 10 nt candidates observed, 
with less stringent selection of events
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Event reconstruction (1)



SK results for atmospheric neutrinos have been confirmed by “Long Baseline” expts
- neutrino beams in the world (at the end of their projects)



SK results for atmospheric neutrinos have been confirmed by “Long Baseline” expts
- neutrino beams in the world (at the end of their projects)

• Five nt candidates observed
• Discovery of nt appearence

• Expected n interactions with osc. is 
104 (107 observed), 151 w/out.

•MINOS



Note sui fasci di neutrini
• I fasci di neutrini da acceleratori sono fasci di nµ con 

piccola contaminazione ne e nt
• Per questo motivo solo recentemente le interazioni dei 
nt sono state osservate: esperimento Donuts a Fermilab

Low energy beam



“Far”







Minos: νμ disappearance

MINOS vs atmospheric neutrinos



Minos: νμ oscillation parameters





The NOnA experiment place a second off-axis detector, with a shorter baseline, such 
that, by exploiting matter effects, the type of  neutrino mass hierarchy could be 
determined with only the neutrino run. The determination of  this parameter is free of  
degeneracies, provided the ratio L/E, where L is the baseline and E is the neutrino 
energy, is the same for both detectors [1].





Accelerator neutrino results



What we learnt from Atmospheric 
Neutrino vs Long-baseline expts 

νµ = ν2 +ν3( ) / 2

ντ = ν2 −ν3( ) / 2

This corresponds to a mixing angle θ of  45 deg (maximal mixing). 
We also learnt that the squared mass difference is

Δm2 = 2.5×10−3eV 2



Conclusions 
• Antineutrino from radioactive decays of  238U and 232Th chains in 

Earth were detected by KamLAND and Borexino detectors (see later) 

• Investigations of  atmospheric neutrinos confirmed oscillations of  
muon neutrino 

•MINOS, K2K, and Super-K experiments have all independently 
observed muon neutrino disappearance over long baselines 

• T2K and NOnA measured with high accuracy the oscillation 
parameters (+matter effects)

•OPERA confirmed for the first-time appearance of  tau neutrino from 
muon neutrinos 

• Results of  the experiments strongly rely on simulation of  effect and 
background, calibration of  the detectors 

• Precise measurements of  all the neutrino mixing parameters are 
requested to extent the Standard Model 



𝐿(𝑚) 𝐸 (𝑀𝑒𝑉) 𝛥𝑚2 (𝑒𝑉2)
1.27

𝛥𝑚!

𝑒𝑉!
𝐿
𝑘𝑚

𝐺𝑒𝑉
𝐸

Sol 1010 1 10-10 1.27 Vacuum osc

1010 1 7.5×10-5 106 MSW

React LBL 180×103 1 – 10 7.5×10-5 1.7 – 17 KamLand

Atm 104 – 107 102 – 105 3.5×10-3 5×10-4 – 5×102

Acc LBL 105 – 106 103 – 104 3.5×10-3 5×10-2 – 5

React SBL 102 – 103 1 – 10 3.5×10-3 5×10-2 – 5 Hints for L>1 km

Acc SBL 102 103 – 104 1 0.13 – 0.013 Sterile 𝜈?

React 𝜈
Acc LBL

103

105 – 106
1 – 10
103 – 104

3.5×10-3 Far from sol 𝜈 solution Theta13
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