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100 MeV and above – steeply falling spectrum
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Glashow resonance
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en
electron

Recoiling hadrons
(maybe single nucleon)

µn muon

threshold En>110 MeV

Neutrino interaction and detection:
<latexit sha1_base64="0XFSUOdT004T+OhO7vB6WJjjxR8=">AAACBHicdZDLSsNAFIYn9VbrLeqym8EiCEJI09rWXdGNK6lgL9CUMplO2qGTSZiZKCV04cZXceNCEbc+hDvfxklbQUV/GPj5zjmcOb8XMSqVbX8YmaXlldW17HpuY3Nre8fc3WvJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xufp/X2DRGShvxaTSLSC9CQU59ipDTqm3mXx30Gj+EldAUdjhQSIryFKen0zYJtndYqzokDbcu2q06pkhqnWnZKsKhJqgJYqNE3391BiOOAcIUZkrJbtCPVS5BQFDMyzbmxJBHCYzQkXW05CojsJbMjpvBQkwH0Q6EfV3BGv08kKJByEni6M0BqJH/XUvhXrRsrv9ZLKI9iRTieL/JjBlUI00TggAqCFZtog7Cg+q8Qj5BAWOnccjqEr0vh/6blWMWKVb4qF+pniziyIA8OwBEogiqogwvQAE2AwR14AE/g2bg3Ho0X43XemjEWM/vgh4y3T65klt0=</latexit>

⌫l +N ! l +X

penetrating

showering

(Mostly) turning the neutrino into the lepton (l) of the same flavor (𝑒 or 𝜇 or 𝜏) --- “charged current”
When interacting with a nucleon (N), the nucleon recoils, often accompanied by more particles (X)

Unless we have a neutrino beam or know the location of the source,
we infer the neutrino direction from the final state particles using conservation of momentum.

Below a few GeV the pointing resolution between the lepton and 𝜈 direction is poor: 10’s of degrees.
At the highest energies, 10 GeV and above, the neutrino direction is well determined.

At the highest energies, more hadronic particles are in accompaniment.



en
electron

Recoiling hadrons
(maybe single nucleon)

µn muon

threshold En>110 MeV

Neutrino interaction and detection:
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⌫l +N ! l +X

Example event displays from a beam neutrino experiment (NuTeV at Fermilab)

The key point is here --- no record of a particle entering, the neutrino appears in the middle of the detector

penetrating

showering

(Mostly) turning the neutrino into the lepton (l) of the same flavor (𝑒 or 𝜇 or 𝜏) --- “charged current”
When interacting with a nucleon (N), the nucleon recoils, often accompanied by more particles (X)



Cosmic ray muon intensity

Kamioka mine (Japan)

SURF (South Dakota)

SNOLab (Sudbury)

IceCube(South pole)



mean free path

core of Earth

Neutrino interaction and detection:
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⇢ = 13 g/cm3

Anucleon = 1 g/mol

n = NA ⇥ ⇢ = 8⇥ 1024 nucleon/cm3

�(1 GeV) ⇠ 10�11 mb = 10�38cm2

� =
1

n�
⇠ 100⇥ 109 m

� ⇠ 1 cm�2s�1

N(1 kton) = 6⇥ 1032 nucleons

rate = � � N ⇠ 1 interaction/day

atmospheric 𝜈 flux

neutrinos pass readily

through matter!

kiloton scale detector mass

(or larger) is needed



https://doi.org/10.1007/s11038-006-9101-y
Neutrino Tomography – Learning About The Earth’s Interior Using The Propagation Of Neutrinos
W. Winter

Neutrino Oscillation

Neutrino Absorption

Diffic
ult!

Has been demonstra
ted!

https://doi.org/10.1007/s11038-006-9101-y
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Gaiser and Honda, Ann.Rev.Nuc.Part.Sci.52(2002)

Relative flux of muon/electron neutrinos is
well predicted.  Expect 2:1 at low energy.
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Flux of atmospheric neutrinos is
up-down symmetric
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Atmospheric neutrinos travel 
15 km to 13000 km. 

Travel distance changes
rapidly at the horizon.

note definition of zenith angle
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Atmospheric neutrino anomaly (circa 1996)
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Neutrino Oscillation       
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simplified result
for two-flavors



42 m high, 39 m diameter
50000 tons of water (22.5 kton fiducial)
11000 50-cm PMTs
Outer detector (1900 smaller PMTs)
1 km under a mountain
Energy threshold (solar) ∼ 5 MeV
10 atmospheric neutrinos per day

© David Fierstein, originally published in Scientific American, August 1999

2015 Nobel Prize in Physics
Super-Kamiokande (atm. nu)
SNO (solar neutrinos)
T. Kajita, A. McDonald

Super-Kamiokande
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cos ✓C =
1

�n

Cherenkov Radiation

http://www.erbe.hu/products-and-services/

http://www.erbe.hu/products-and-services/
http://www.erbe.hu/products-and-services/


How to distinguish
muon neutrinos from
electron neutrinos



cos zenith

N
um

be
r o

f E
ve

nt
s

-1 0 1
0

1000

Sub-GeV e-like
 9775 Events

Super-Kamiokande I-IV
306 kt y

-1 0 1
0

1000

-likeµSub-GeV 
10147 Events

Prediction

τν → µν

-1 -0.5 0
0

200

µUpStop 
 1370 Events

-1 0 1
0

200

400

Multi-GeV e-like
 2653 Events

-1 0 1
0

500

1000

-like + PCµMulti-GeV 
 5485 Events

-1 -0.5 0
0

500

1000

µUpThrough 
 5896 Events

<latexit sha1_base64="tP9FtpOdIwo1kF8rqTctcyZ/4l8=">AAAB/3icbVDLSgNBEOz1GeMrKnjxMhgET2FXgnoMiugxgnlAdgmzk9lkyMzsMjMrhDWCv+LFgyJe/Q1v/o2Tx0ETCxqKqm66u8KEM21c99tZWFxaXlnNreXXNza3tgs7u3Udp4rQGol5rJoh1pQzSWuGGU6biaJYhJw2wv7lyG/cU6VZLO/MIKGBwF3JIkawsVK7sH/V9mWKfM0EynwlkPd4TevDdqHoltwx0DzxpqQIU1TbhS+/E5NUUGkIx1q3PDcxQYaVYYTTYd5PNU0w6eMubVkqsaA6yMb3D9GRVTooipUtadBY/T2RYaH1QIS2U2DT07PeSPzPa6UmOg8yJpPUUEkmi6KUIxOjURiowxQlhg8swUQxeysiPawwMTayvA3Bm315ntRPSt5pqXxbLlYupnHk4AAO4Rg8OIMK3EAVakDgAZ7hFd6cJ+fFeXc+Jq0LznRmD/7A+fwB116VXA==</latexit>

E⌫ ⇠ 1 GeV
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E⌫ ⇠ 10 GeV
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E⌫ ⇠ 100 GeV

Contemporary Super-Kamiokande Atmospheric Neutrino Data
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How is this Neutrino Oscillation?



0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A

0

@
⌫1
⌫2
⌫3

1

A

atmospheric solarinterference

PMNS matrix

The Neutrino Matrix
Pontecorvo-Maki-Nakagawa-Sakata Matrix (PMNS or MNS)

flavor mass



Three Flavor Neutrino Oscillation in Matter

interference

matter effects:  for anti-neutrinos, sign of x and sin dcp is changed
hierarchy inversion also exchanges rol of anti-neutrinos and neutrinos

� =
�m2

21

�m2
31atmospheric

solar

{



“Mass Ordering” a.k.a.
“Mass Hierarchy”
or sign of Dm2?

“Octant”: is q23
different from 45˚?

±0.06 (2.4%)
±0.17 (2.3%)

±0.017 (5.7%)

±0.0012 (5.5%)}
0 $ 2⇡ at 1�

+8%
�5%
+5%
�9%

rough 1s
uncertainty

CP violation?

From 2016 RPP by PDG, based on 1601.07777 (Bari group)

Primary Goals of Neutrino Physics:
understand the parameters of nature

Many next generation experiments using beam, reactor, natural neutrinos: see Snowmass 2022 Seattle



Oscillograms: Graphical representations of neutrino mixing probability

Matter effect 
Resonance
in nµ-ne for 
Normal Ordering

You will be seeing a lot of these
during this workshop J

Important theorem:

Oscillogram switch pattern
between neutrino and antineutrino
if the mass ordering changes
between “normal ordering”
and “inverted ordering”

Remember:

Statistics is lower at high energy

Pointing is better at high energy
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Linyan Wan @ Neutrino 2022

Message: we are barely sensitive
to the highest priority unknown
parameters of nature: CP-violation
and mass ordering, using our best
techniques and 20+ years of data.
This relies on our treatment of
matter effects (i.e. tomography).

Super-K 2022



P (⌫µ ! ⌫µ)

Category Examples nµ-ne nµ-nt n/anti-n Mass

Water
Cherenkov

Super-K
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**
**

*
*

* * 27 kton
** 189 kton

Magnetized Iron ICAL@INO *** (µ) ** 50 kton
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More Atmospheric Neutrino Experiments



Visible proton: n/n-bar tagging
Final state hadrons: excellent n direction determination
Visible gap for EM shower: NC rejection 



DUNE: Better Resolution of Oscillation Pattern



J. Phys. G: Nucl. Part. Phys. 48 (2021) 060501 Major Report

Figure 2. Schematic drawing of the IceCube-Gen2 facility including the optical array
(blue shaded region) that contains IceCube (red shaded region) and a densely instru-
mented core installed in the IceCube Upgrade (green shaded region). A surface array
covers the footprint of the optical array. The stations of the giant radio array deployed at
shallow depths and the surface extend all the way to the horizon in this perspective.

2. IceCube and the discovery of high-energy cosmic neutrinos

IceCube was built between 2004 and 2010, !nanced by a Major Research Equipment and
Facilities Construction (MREFC) grant from the US National Science Foundation (NSF) with
contributions from the funding agencies of several countries around the world. IceCube instru-
ments one cubic kilometer of the deep glacial ice near the Amundsen-Scott South Pole Station
in Antarctica. A total of 5160 digital optical modules (DOMs), each autonomously operating a
25 cm photomultiplier tube (PMT) in a glass pressure housing [14], are currently deployed at
depths between 1450 m and 2450 m along 86 cables (‘strings’) connecting them to the surface.
The glacial ice constitutes both the interaction medium and support structure for the IceCube
array. Cherenkov radiation emitted by secondary charged particles, produced when a neutrino
interacts in or near the active detector volume, carries the information on the neutrino’s energy,
direction, arrival time, and "avor. Digitized waveforms from each DOM provide the record of
the event signature in IceCube, including the arrival time and number of the detected Cherenkov
photons (measured as charge signals in the PMTs).

IceCube records events at a rate of about 2.5 kHz, with the vast majority being muons from
CR air showers. Only about one in a million events is a neutrino, most of them produced in
the Earth’s atmosphere, also from CR air showers. Yet, an unprecedentedly large sample of
neutrinos is collected at this most remote place on Earth: ∼105 yr−1, of which ∼30 yr−1 are
identi!ed with high con!dence as having astrophysical origin. The light deposition patterns
from the recorded neutrino events fall into three main event categories. Examples for each
category are shown in !gure 3: track-like events from the charged-current interaction of muon
neutrinos; cascade-like events from all neutrino "avors; more complicated event signatures
from very high-energy tau neutrinos, such as the so-called ‘double-bang’ event shown in the
!gure, which are observed in rare cases.

IceCube has collected neutrino-induced events up to at least 10 PeV in energy, correspond-
ing to the highest-energy neutrinos ever observed and opening new scienti!c avenues not just
for astronomy but also for probing physics beyond the Standard Model of particle physics
(see, e.g., [9]). Evidence for astrophysical neutrinos comes from several independent detection
channels, including: cascade-like events [21], events that start inside the instrumented volume
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IceCube KM3Net

kilometer-scale ice/water Cherenkov detectors
Huge statistics, specializing in highest energy neutrinos
High density infill to achieve lower energy thresholds (below 10 GeV is the challenge)
Will be covered in more expert detail by others in the workshop.

Kilometer-scale arrays



6 PeV neutrino energy

Relevant highlight 1



20,000 events

Neutrino tomography of Earth, Donini, Palomares-Ruiz, and Salvado
NATURE Physics| VOL 15 | JANUARY 2019 | 37–40 | www.nature.com/naturephysics

Congratulations are in order, for these expected signatures of neutrino interactions
plus rich high energy neutrino astrophysics including multi-messenger astronomy 

Relevant highlight 2



Concluding thoughts
Atmospheric neutrinos are freely given by nature.
They are background for some physics (proton decay, dark matter).
They provide signatures for some physics (oscillation, BSM physics).

Statistically, atmospheric neutrino oscillation yields a few-s-level window into the
the unknown parameters of nature (CP-violation, mass ordering). 
This requires sensitivity to matter effects.

With sufficient statistics and flavor identification, matter effects 
may allow neutrino oscillation to play a role in tomography.

Kilometer-scale arrays have demonstrated that absorption tomography is in reach.


