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Origin and Introduction of Atmospheric Neutrinos
● Cosmic rays (mainly p and α) interact with the molecules 

present in the upper layers of Earth’s atmosphere
➢ Atmospheric neutrinos are mainly produced from the 

decay of primary and secondary heavier particles

● At low energies (< GeV), approximately, two νμ+νμ are 
produced for each νe+νe, dominated by decays of 
charged pions and kaons 

All cosmic ray 
spectrum

_
_

● Atmospheric neutrinos allow for the exploration of physics across
✔ wide range of energies
✔ Low and/or reducible background
✔ Variety of baselines from production (10 – 10,000 km), 

approximately determined by their direction
✔ Two types of neutrinos at origin and a mixture of 

all three (existing?) types at surface



  

Flux of atmospheric neutrinos

Ann.rev.nucl.part.sci.52:153-199,2002

The basic atmospheric flux for each neutrino type convolves the primary cosmic 
ray flux by the Earth’s magnetic field and the neutrino yield per primary particle

ϕ νi
=ϕ p∗R p∗Y p→νi

+∑
A

(ϕA∗RA∗Y A→ν i )

➢ energy range of interest
➢ hadronic models
➢ solar activity
➢ seasonal effects

There exist a variety of models covering the current uncertainties in the above 
depending on:

➢ energy range of interest
➢ hadronic models
➢ additional cosmic ray sources
➢ coordinates of detection point

protons nucleons in ion

https://arxiv.org/pdf/hep-ph/0203272.pdf


  

Flux of atmospheric neutrinos

Neutrino type ratios depending on surface location

Kamioka, Japan Bodi West Hills, India South Pole



  

Flux of atmospheric neutrinos
Atmospheric neutrino flux also varies depending on the zenith angles



  

Flux of atmospheric neutrinos

\

Atmospheric neutrino flux also varies depending on the azimuth angles



  

Flux of atmospheric neutrinos

flux

https://github.com/icecube/nuflux/blob/main/docs/fluxes.rst


  

Flux of atmospheric neutrinos
In addition to the complicated flux modelling, the production height is relevant and a 
sizeable source of uncertainty for the analysis of atmospheric neutrinos



  

Neutrino oscillations
Standard 3-flavour neutrino oscillations are governed by the PMNS matrix, which 
mixes the neutrino flavour (interaction) and mass (propagation) eigenstates.

These are vacuum oscillations and affect 
atmospheric neutrinos coming from above

Pν l →ν l' (L E)≈∑
i , j

UPMNS
l ' i

(U PMNS
li

)(U PMNS
l ' j

)U PMNS
lj e

−i
Δm ij

2 L
2 E

baseline

neutrino 
energy



  

Neutrino oscillations
Oscillation probabilities of neutrinos 
coming from below are modified by 
virtue of coherent forward elastic 
scattering with the electrons they 
encounter across the Earth.

This introduces an additional factor in the electron part of the hamiltonian, which in 
turn, alters the neutrino propagation.

_
neutrinos

antineutrinos

H=H vac+V matter=H vac+√2GF N ediag (1,0,0)_

Earth’s electron density



  

Neutrino oscillations
Matter effects show opposite behaviour between normal and inverted neutrino mass 
ordering (NMO) and thus, are crucial to measure the neutrino parameters



  

Neutrino oscillations
Matter effects show opposite behaviour between normal and inverted neutrino mass 
ordering (NMO) and thus, are crucial to measure the neutrino parameters

Normal ordering Inverted ordering

Γν e−ν e

NMO = ∑
x=e ,μ

(Pν x→ν e
−Pνx →νe )
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Neutrino oscillations
Other phenomena of physics Beyond the Standard Model are also very suited to be 
explored with atmospheric neutrinos:

● Non-standard interactions: motivated by some GUT models where the existence 
of heavy (~TeV) bosons allow flavour-changing neutrino interactions

This introduces an additional term in the matter part of the hamiltonian

H=H vac+V matter+V NSI=H vac+V matter+√2GF N f (
εee
εeμ
εe τ

εe μ

εμμ
εμ τ

εe τ

εμ τ
ετ τ

)
* *

*

Earth’s fermion density

_ _ _ _



  

Neutrino oscillations
Other phenomena of physics Beyond the Standard Model are also very suited to be 
explored with atmospheric neutrinos:

● Non-standard interactions: motivated by some GUT models where the existence 
of heavy (~TeV) bosons allow flavour-changing neutrino interactions
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Standard 3-flavour oscillations 3-flavour oscillations with NSI

Pν μ→νμ
Pν μ→νμ

εμτ = 0.2; εττ-εμμ = 0.2



  

Neutrino oscillations
Other phenomena of physics Beyond the Standard Model are also very suited to be 
explored with atmospheric neutrinos:

● Sterile neutrinos: additional types of neutrinos which do not interact via weak 
bosons (sterile) and could potentially explain some experimental 
anomalies/tensions (LSND, GALLEX, SAGE)
There exist numerous models introducing one or more (N) sterile neutrinos, which 
generalize the PMNS mixing matrix to 3+N

H=H vac+V matter+V s=d

H vac+√2GF N ediag(1,0,0 ,…)+√2GF Nn diag (0,0,0 , Nn ,…)

Earth’s neutron density

_ _
__



  

Neutrino oscillations
Other phenomena of physics Beyond the Standard Model are also very suited to be 
explored with atmospheric neutrinos:

● Sterile neutrinos: additional types of neutrinos which do not interact via weak 
bosons (sterile) and could potentially explain some experimental anomalies 
(LSND, GALLEX, SAGE)
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Standard 3-flavour oscillations

Pν μ→νμ

Pν μ→νμ

|Uτ4|2= 0.33; |Uμ4|2= 0.0018

3 + 1sterile oscillations



  

Atmospheric neutrino experiments
Currently active atmospheric neutrino experiments
● Super-Kamiokande and IceCube provide the 

best results with large statistics
● ANTARES and the starting KM3NeT provide 

promissing results for next generation experiments



  

● 25-year-old water-Cherenkov detector
● Located in Kamioka, Japan
● Overburden 1km of rock
● Total of 50 kton of ultra-pure water

➔ Currently doped with Gd sulfate
● Optically divided into inner (ID) and 

outer (OD) detectors, instrumented with 
 ID: ~11000 20”-PMTs → 40% coverage
 OD: ~1900 8”-PMTs primarily used as veto

● Covers a wide variety of fundamental physics: Solar, 
atmospheric, LBL, SN and astrophysicsal νs, proton decays…

● Discovery of non-zero neutrino masses in 1998 (Nobel 2015)

● Still at the forefront of ν physics with the ongoing upgrade, SuperK-Gd

➢ Eventually with 0.1% of Gd dissolved, will detect 90% of neutrons

41
.4

 m

39 m

→ Super-Kamiokande and SuperK-Gd



  

→ IceCube and DeepCore
● Ice-Cherenkov detector; 

taking data since 2011
● World’s largest-volume neutrino detector

➔ Deep South Pole ice is most optically-
transparent material on Earth

● Located nearby the Amundsen-Scott South 
Pole Station

● Consists of 86 strings of 60 optical modules
● With an active volume of 1km3 and placed 

1450 to 2450 m below surface

IceCube 
detector

DeepCore

● DeepCore: 8 strings with 480 optical sensors and smaller 
spacing for lower energies (few GeV)

● Digital Optical Modules (DOMs) contain a PMT to receive 
light and mainboard to digitize signal

● Dedicated to high energy astrophysical and atmospheric 
neutrinos, and indirect dark matter searches



  

→ ANTARES
● Deep-sea water-Cherenkov detector 

completed in 2008
● Located 40 km offshore Toulon 

(France), in the Mediterranean Sea
● 12 vertical strings anchored to the sea 

floor and of 25 storeys each 
● 3 10” PMTs per storey (885 in total) 

pointing 45o downwards
● Active volume of ~0.01 km3 and placed 

at 2500 m deep
● A first step toward the network of 

kilometric scale detectors KM3NeT
● Dedicated to high energy astrophysical 

and atmospheric neutrinos, and 
indirect dark matter searches

~70 m

~15 m

~350 m



  

→ KM3NeT/ORCA
● KM3NeT consists of two deep-sea water-Cherenkov 

detectors in the Mediterranean Sea
➢ ARCA (Astropart. Research with Cosmics in the Abyss)

 80 km offshore the Sicilian coast (Italy)
 TeV-PeV neutrino astronomy

➢ ORCA (Osc. Research with Cosmics in the Abyss)
 40 km offshore Toulon (France) at a sea bottom 

depth of about 2450 m
 8 Mton volume
 More-densely instrumented, goal of 64170 PMTs
 Optimised for neutrino oscillations
 Deployed 6 detection units (5%)

● Despite being currently under construction, the 
KM3NeT collaboration has been able to analyse data 
from the first detection units deployed



  

Atmospheric Neutrinos, the Latest Results
Atmospheric ν flux from Super-K

νμ + νμ

_

νe + νe

_

Phys. Rev. D 94, 052001 (2016)

Events are classified depending on the 
Cherenkov-ring pattern (e-like or μ-like) and their 
topology, achieving a comprehensive event 
clasification, key for their analyses

The measured atmospheric flux agrees with the 
Honda model from 100 MeV to 100 GeV and for 
both muon and electron neutrinos

https://arxiv.org/pdf/1510.08127.pdf


  

Atmospheric Neutrinos, the Latest Results

● Results prefer θ23 to be in 
the first octant

● Normal mass ordering is 
still prefered at 
Δχ2(IH) - Δχ2(NH) = 2.8

● δCP best fit value agrees 
with that of T2K 

● Some constraining power 
over θ13 and consistent 
with reactor and LBL 
experiments

Standard oscillations from Super-K Review of latest results

https://icrc2021-venue.desy.de/video/Highlight-Atmospheric-neutrino-oscillations-with-Super-Kamiokande-and-prospects-for-SuperK-Gd/bc58341c38a81fb54a62f44e6014a05b


  

Atmospheric Neutrinos, the Latest Results

● Thanks to oscillations, a 
significant amount of ντ 
arrive at SuperK

● Additionally, SK reports a 
measurement of the ντ 
cross-section

● Combined cross-section 
of ντ and ντ averaged 
over 5 GeV to 40 GeV

Standard oscillations from Super-K

_

Phys. Rev. D 98, 052006 (2018)

https://arxiv.org/pdf/1711.09436.pdf


  

Atmospheric Neutrinos, the Latest Results
NSI searches from Super-K Sterile ν searches from Super-K

Several analyses are performed to 
explore and set limits to NSI in the μ-τ  
and e-τ sectors

Results are consistent with other 
experiments and with the absence of NSI

As in the NSI search, the analysis is 
limited by low high energy (above 10 
GeV) statistics

Still, results prefer the 3-flavour scenario 
with no additional sterile neutrino

PhysRevD.91.052019

@NuFACT

http://www-sk.icrr.u-tokyo.ac.jp/sk/_pdf/articles/PhysRevD.91.052019.pdf
https://indico.cern.ch/event/855372/contributions/4456572/attachments/2306060/3923738/SKAtmNu_20210909.pdf


  

Atmospheric Neutrinos, the Latest Results
Standard oscillations from IceCube and DeepCore

DeepCore has an energy threshold of 5 GeV and can distinguish CCνμ from the rest 
of interactions (NC, νe and ντ) 
● New analysis will be available soon 

with 8 years of atmospheric neutrinos 
and improved calibration

● Analysis of the so-called “Verification 
Sample” (~23000 well-reconstructed 
νμ events)

➔ Very constraining results for the 
atm. Mixing parameters, especially 
for the squared mass difference

● Analysis of the whole data set expect 
to lead the measurement of 

More details here

Δ m32
2

https://indico.lip.pt/event/592/contributions/3499/attachments/2806/4306/panic_2021_trettin_v3.2.3.pdf


  

Atmospheric Neutrinos, the Latest Results
Standard oscillations from IceCube and DeepCore

DeepCore is very competitive in the analysis of tau neutrino appearance
● Large statistics above the CCντ threshold

CCντ normalization

arxiv: 1901.05366

@NuFACT

https://arxiv.org/pdf/1901.05366.pdf
https://indico.cern.ch/event/855372/contributions/4443601/attachments/2306192/3923450/IceCubeDeepCore8year_NuFact2021_KLD.pdf


  

Atmospheric Neutrinos, the Latest Results
Non-standard interactions from IceCube and DeepCore

arxiv: 2106.07755

The collaboration is producing two independent analyses, low and high energy:
● Low energy (O(10 GeV)) analysis is under way, sensitive to 𝜀𝜏𝜏-𝜀𝜇𝜇 and 𝜀e𝜇
● High energy analysis recently published,

most sensitive to 𝜀𝜇𝜏
➔ Promissing projections for upcoming 

NSI measurements

https://arxiv.org/abs/2106.07755


  

Atmospheric Neutrinos, the Latest Results
Sterile ν searches from IceCube and DeepCore

Competitive and complementary contraints to the existence of additional 
sterile neutrinos
➔ Results prefer the 3-flavour scenario

arxiv: 2005.12942

Other studies like “Neutrino Decoherence from Quantum Gravitational Space-Time 
Fluctuations are carried out, more details here and here

Additional BSM ν searches from IceCube and DeepCore

https://arxiv.org/abs/2005.12942
https://arxiv.org/abs/2007.00068
https://indico.cern.ch/event/855372/contributions/4452092/attachments/2304234/3919931/BSM%20Neutrino%20Oscillations%20Studies%20in%20IceCube%20--%20Grant%20Parker%20(NuFact%2007.09.21).pdf


  

Atmospheric Neutrinos, the Latest Results
Atmospheric ν flux from ANTARES

Physics Letters B 816 (2021) 136228Events are classified as shower (mainly νe) and 
starting track-like (mainly νμ)

The flux measurement reaches very large 
energies from 100 GeV and up to 10 TeV

https://www.sciencedirect.com/science/article/pii/S0370269321001684?via%3Dihub


  

Atmospheric Neutrinos, the Latest Results
Standard oscillations from ANTARES

JHEP06(2019)113

● Analysis limited by low statistics in the relevant 
regions for neutrino oscillations (<10 GeV)

● Analysis has no sensitivity to the NMO

● Results are consistent with the rest of neutrino 
experiments

ANTARES

ANTARES
ANTARES, NO, δ24=0

ANTARES
ANTARES, NO, δ24=0

Sterile neutrino searches from ANTARES
● Very senstive analysis to the higher 

energy part of oscillations where the 
sterile ν presence would be more sizeable

● Results are consistent with no sterile 
neutrinos

https://link.springer.com/content/pdf/10.1007/JHEP06(2019)113.pdf


  

Atmospheric Neutrinos, the Latest Results
Standard oscillations from KM3NeT/ORCA

No flavour distiction capabilities yet, but has already outperform ANTARES 
oscillation results (10 years)

Very good agreement of data with simulation and expectation



  

Atmospheric Neutrinos, the Latest Results
Standard oscillations from KM3NeT/ORCA

Very competitive data results and for the sensitivity to 
the atmospheric oscillation parameters

Looking forward to the full instrumentation of ORCA, 
for which the sensitivity studies show great promise

Sterile neutrino searches from KM3NeT/ORCA

As is the standard oscillations scenario, senstivity 
studies for the fully instrumented ORCA detector 
show very constraining power on the mixing 
parameters for the sterile neutrino case

Senstivity study

arxiv: 2103.09885

arxiv: 2107.00344

https://arxiv.org/abs/2103.09885
https://arxiv.org/abs/2107.00344


  

Summary
The four main atmospheric neutrino experiments currently in operation and their main 
results have been reviewed
● Helping constraining the atmospheric neutrino models over seven orders of 

magnitude in neutrino energy 
● Complementary, consistent and very competitive measurements of the standard 3-

flavour oscillation parameters θ23, Δm32 and the neutrino mass ordering
● All experiments agree on the absence of sterile neutrinos and NSI, narrowing the 

limits for these BSM searches



  

Prospects
The four main atmospheric neutrino experiments currently in operation and their main 
results have been reviewed
It is a great period for them and getting better. New reconstruction and analysis 
techniques (machine lerning) and experiments being upgraded:
● SK has moved to the Gd-doped phase → More discriminating power between 

neutrinos and antineutrinos through neutron tagging, which will lead to extra 
sensitivity to the mass ordering and the CP-phase

● IceCube will soon release results using more data and be upgraded in 2022-2023
● ANTARES has lead the way for KM3NeT. Construction of ORCA (and ARCA) will 

continue and, given its performace with only 5% of the detector, the results will 
have a significant impact.

As we are getting closer to the next generation of neutrino experiments with larger 
volumes (statistics) and improved performance (event reconstruction), more 
experiments will measure atmospheric neutrinos: 
● Hyper-Kamiokande
● DUNE

● IceCube Gen2, PINGU
● Indian Neutrino Observatory (INO)

https://arxiv.org/abs/1805.04163
https://arxiv.org/pdf/2002.03005.pdf
https://arxiv.org/pdf/2008.04323.pdf
https://arxiv.org/pdf/1505.07380.pdf

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36

