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- hybrid technology (air fluorescence & 𝑵𝒆 +𝑵𝝁): 𝑪𝑹 − observatories 𝑷𝑨𝑶 & 𝑻𝑨

Nov. 23, 20222

 𝑼𝑯𝑬𝑪𝑹𝒔: modern observations & results at the highest energies

Recap of Lecture 𝟔

- measurement of longitudinal distributions via isotropic emission of 𝑵𝟐

- 𝑼𝑯𝑬𝑪𝑹 − cutoff at 𝑬 ~ 𝟏𝟎𝟐𝟎𝒆𝐕: due to Hillas ( 𝑨𝒁),not 𝑮𝒁𝑲 − resonance (𝒑)

 𝑼𝑯𝑬 neutrinos: multi−messengers from afar

- 𝝂 − telescopes in−ice / deep−sea: 𝑷𝑴𝑻 − arrays to detect Cherenkov light 

- 𝑪𝑪 − reactions of 𝝂𝝁 at 𝑷𝒆𝑽 − energies: 𝝁 − tracks over 𝒌𝒎− range

- properties of medium (deep−sea water vs. ice) key to particle reconstruction
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 expected 𝝂 − sources at 𝑼𝑯𝑬 scale: transient and/or variable accelerators 

𝑼𝑯𝑬 neutrinos – production mechanisms

- 𝝁 − quasars (galactic)  

- 𝑨𝑮𝑵 jets (active galaxies)

- 𝑮𝑹𝑩s (gamma ray bursts)

𝑨ctive 𝑮alactic

𝑵ucleus

𝑮amma 𝑹ay 𝑩urst

𝝁 − (micro) quasar in galaxis

extragalactic

cosmic rays

absorber

target

´beam dump´

Hillas

criterium

𝜸

𝒑𝒑

𝑨𝑮𝑵 − jet

accelerator

𝝂
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𝑼𝑯𝑬 neutrinos – production at target

extragalactic

cosmic rays

absorber

target

´beam dump´

𝜸

𝒑

 neutrino production in the ´beam dump´ of a proton accelerator

- close analogy to terrestrial

high−energy proton accelerators

Jet from 𝑪𝒆𝒏 𝑨

𝑪𝑬𝑹𝑵− 𝑺𝑷𝑺

𝑨𝑮𝑵 − jet

accelerator

𝝂
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𝑼𝑯𝑬 neutrinos – pion processes at target

extragalactic

cosmic rays

absorber

target

´beam dump´

𝜸

 neutrino production in the ´beam dump´ of a proton accelerator

𝒑 + 𝒑 → 𝒑 + 𝒑 + 𝝅´𝒔

𝝅+ → 𝝁+ + 𝝂𝝁
↓
𝒆+ + 𝝂𝒆 + ഥ𝝂𝝁

- flavour composition at source:

𝝂𝒆 ∶ 𝝂𝝁 ∶ 𝝂𝝉 = 𝟏 ∶ 𝟐 ∶ 𝟎

𝒑

𝑨𝑮𝑵 − jet

accelerator- production & decay of pions at   

high−energy proton accelerators

𝝂
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𝑼𝑯𝑬 neutrinos – propagation effects

extragalactic

cosmic rays

𝜸

𝒑

 Neutrino propagation: flavour vs. mass eigenstates

𝑳

- propagation effects of neutrinos:

extremely long baseline 𝑳

- initially, 𝝂 −oscillations 𝝂𝒊 → 𝝂𝒋
are taking place locally (ℓ𝒐𝒔𝒄 ≪ 𝑳)*

- due to huge 𝑳: decoherence of

neutrino wave packets, thus

no further flavour oscillations

- flavour composition here on Earth:

𝝂𝒆 ∶ 𝝂𝝁 ∶ 𝝂𝝉 = 𝟏 ∶ 𝟏 ∶ 𝟏

target

´beam dump´

𝒑

𝑨𝑮𝑵 − jet

accelerator

*for details see 𝑨𝑻𝑷 − 𝑰𝑰

𝝂



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #7Nov. 23, 20227

𝑳

Neutrino beams: connecting 𝑨𝑻𝑷 and 𝑻𝑷

 neutrino beams from 𝒑 − accelerators allow to investigate flavour oscillations

protons

from 𝑺𝑷𝑺

𝒑
target

(beam dump)

𝝂

magnetic horns

(focussing)

instrumentation

decay tunnel

absorber

detector

𝒑

𝑨𝑮𝑵 − jet

accelerator

- we need specific

detection methods for

all flavours (𝝂𝒆 𝝂𝝁 𝝂𝝉) 



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #7Nov. 23, 20228

𝑼𝑯𝑬 neutrinos – detection reactions for 𝝂𝒆, 𝝂𝝁, 𝝂𝝉

electron neutrino 𝝂𝒆

- electromagnetic shower

(cascade signature)

- spherical deposition of 𝑬

𝑷𝑴𝑻 − data

𝑵𝑪 reaction

muon neutrino 𝝂𝝁

𝑷𝑴𝑻 − data

lateearly

- straight muon track

- energy−dependent 𝑹𝝁

𝑪𝑪 reaction

tau neutrino 𝝂𝝉

𝑴𝑪− simulation

- ´double bang´ signal

from fast 𝝉 − decay

𝝉 − decay after 𝑪𝑪 reaction

𝑪𝑪

𝝉 − decay

𝝁
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- propagation effects of neutrinos &

expected flavour ratio of the source:

Nov. 23, 20229

𝑼𝑯𝑬 Neutrinos – measured flavour composition

𝝂𝒆 ∶ 𝝂𝝁 ∶ 𝝂𝝉 = 𝟏 ∶ 𝟐 ∶ 𝟎

𝝂𝒆 ∶ 𝝂𝝁 ∶ 𝝂𝝉 = 𝟎 ∶ 𝟏 ∶ 𝟎

𝝂𝒆 ∶ 𝝂𝝁 ∶ 𝝂𝝉 = 𝟏 ∶ 𝟎 ∶ 𝟎

𝝂𝒆

𝝂𝝁𝝂𝝉

- experimental data

 compatible with decay chain

𝝅 → 𝝁 → 𝒆 , but not with 𝒏 − decay (  )

𝟐𝟎

𝟏𝟔

𝟏𝟐

𝟖

𝟒

𝟎

−
𝟐
𝜟
𝒍𝒏
𝑳

𝟏. 𝟎𝟎

𝟎. 𝟖𝟑

𝟎. 𝟔𝟕

𝟎. 𝟓𝟎

𝟎. 𝟑𝟑

𝟎. 𝟏𝟕

𝟎. 𝟎𝟎

 neutrino production: test of our models of production & oscillation
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- we need to separate out 𝒃𝒈: 

𝝂𝒂𝒕𝒎 (isotropic) from 𝝂𝒂𝒔𝒕𝒓𝒐
 go to highest 𝑬𝝂 > 𝟏𝟎𝟏𝟒𝒆𝑽

Nov. 23, 202210

 Atmospheric neutrinos as key background for astrophysical 𝝂 − sources

𝑼𝑯𝑬 neutrinos – signal of 𝝂𝒂𝒔𝒕𝒓𝒐 & background

𝝂𝒂𝒕𝒎

from 𝟒 𝝅 very few 𝝂 − sources

𝝂𝒂𝒔𝒕𝒓𝒐

´atmospheric bg´ 𝝂𝒂𝒕𝒎 𝝂𝒆 𝝂𝝁
´prompt´ 𝝂𝒂𝒕𝒎 𝝂𝒆 𝝂𝝁
astrophysical 𝝂𝒂𝒔𝒕𝒓𝒐 𝝂𝒆 𝝂𝝁 𝝂𝝉

𝟏𝟎𝟏𝟑 𝟏𝟎𝟏𝟒 𝟏𝟎𝟏𝟓 𝟏𝟎𝟏𝟔

𝟏𝟎−𝟔

𝟏𝟎−𝟕

𝟏𝟎−𝟖
𝑬
𝟐
∙
𝜱
𝝂

(𝐺
𝑒𝑉

𝑐𝑚
−
2
𝑠
−
1
𝑠𝑟

−
1
)

𝝂 − energy 𝑬(𝒆𝑽)
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 atmospheric muons 𝝁´𝒔 & atmospheric 𝝂´𝒔

Background sources for astrophysical neutrinos

atmosphärische

Neutrinos

Earth𝝂𝒂𝒔𝒕𝒓𝒐

𝝂 −
telescope

𝒑 𝝁

- atmospheric neutrinos:

generated by 𝑪𝑹 – 𝒑 in upper atmosphere:

𝑻𝒆𝑽 − neutrinos can travel through Earth

 isotropic arrival directions

- muons from air showers

high−energy muons from the

atmosphere have 𝒌𝒎− scale

range in ice & can cross a deep

in−ice/under−water 𝝂 − telescope

 only from ´upper´ hemisphere

𝒑

𝑵

𝑺

𝝂
𝜸

𝝁

Cosmic

Rays

𝝂𝒂𝒕𝒎
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 Background as function of 𝚯

Background sources for astrophysical neutrinos

muons from

air showers

−𝟏. 𝟎 − 𝟎. 𝟔 − 𝟎. 𝟐 𝟎. 𝟐 𝟎. 𝟔 𝟏. 𝟎

𝟏𝟎−𝟖

𝟏𝟎−𝟏𝟎

𝟏𝟎−𝟏𝟐

𝟏𝟎−𝟏𝟒

𝟏𝟎−𝟏𝟔

𝝂
−

fl
u

x
 (
𝒄
𝒎

−
𝟐
𝒔
𝒓
−
𝟏
𝒔−

𝟏
)

polar angle 𝒄𝒐𝒔𝜣

> 𝟏 𝑻𝒆𝑽

> 𝟏𝟎 𝑻𝒆𝑽

- muons from air showers

high−energy muons from the

atmosphere have 𝒌𝒎− scale

range in ice & can cross a deep

in−ice/under−water 𝝂 − telescope

 only from ´upper´ hemisphere 𝒄𝒐𝒔𝜣 > 𝟎. 𝟏
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 Background as function of 𝚯

Background sources for astrophysical neutrinos

atmospheric

neutrinos

- atmospheric neutrinos:

generated by 𝑪𝑹 – 𝒑 in upper atmosphere:

𝑻𝒆𝑽 − neutrinos can travel through Earth

 isotropic arrival directions

𝒄𝒐𝒔𝜣 : 

−𝟏 (from bottom) … 

+𝟏 (from top) 

𝟏𝟎−𝟖

𝟏𝟎−𝟏𝟎

𝟏𝟎−𝟏𝟐

𝟏𝟎−𝟏𝟒

𝟏𝟎−𝟏𝟔

−𝟏. 𝟎 − 𝟎. 𝟔 − 𝟎. 𝟐 𝟎. 𝟐 𝟎. 𝟔 𝟏. 𝟎

polar angle 𝒄𝒐𝒔𝜣

> 𝟏 𝑻𝒆𝑽

> 𝟏𝟎 𝑻𝒆𝑽

𝝂
−

fl
u

x
 (
𝒄
𝒎

−
𝟐
𝒔
𝒓
−
𝟏
𝒔−

𝟏
)
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- muons with the highest energies from an

air shower have a range of several 𝒌𝒎

in ice or water

Nov. 23, 202214

 Instrumenting the ice surface & other 𝒃𝒈 − reduction techniques

Background – penetrating muons

𝑷𝑴𝑻 − strings of

𝑰𝒄𝒆𝑪𝒖𝒃𝒆 telescope

high−energy (𝑷𝒆𝑽 − 𝒔𝒄𝒂𝒍𝒆)
down−going muon from shower

- muon range 𝑹𝝁 in ice / water

𝟏 𝑷𝒆𝑽: 𝑹𝝁 = 𝟏. 𝟕 𝒌𝒎

𝟏𝟎 𝑷𝒆𝑽: 𝑹𝝁 = 𝟕 𝒌𝒎

- discrimination:

polar angle 𝜣

surface detector veto

𝟓𝟎𝒎

𝟏𝟒𝟓𝟎𝒎

2𝟒𝟓𝟎 𝒎

𝝁
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 Instrumenting the ice surface: 𝑰𝒄𝒆𝑻𝒐𝒑 − array

Background reduction via top 𝑪𝑹 array

𝑫𝒆𝒆𝒑 𝑪𝒐𝒓𝒆

study / veto of showers

- 𝑰𝒄𝒆𝑻𝒐𝒑 array can veto 𝑷𝒆𝑽 −muons 

from air showers

𝝂𝝁

shower with

muon

𝑰𝒄𝒆𝑪𝒖𝒃𝒆

𝑰𝒄𝒆𝑻𝒐𝒑
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- timing of 𝑷𝑴𝑻𝒔 allows to reconstruct the

muon track via the Cherenkov light cone

Nov. 23, 202216

 Main discrimination via observed polar angle 𝚯

𝑼𝑯𝑬 neutrinos – timing of 𝑷𝑴𝑻𝒔 for 𝒄𝒐𝒔 𝜣

muon from

shower

𝑪𝑪 − reaction

early

late 𝑷𝑴𝑻𝒔

𝟏𝟐𝟓𝒎 𝝂𝝁
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Properties of atmospheric neutrinos

- energies: typical on 𝑮𝒆𝑽 − scale

dominant up to ~ 𝟏𝟎𝟏𝟒 𝒆𝑽 (𝟎. 𝟏 𝑷𝒆𝑽)

𝚽𝒎𝒂𝒙 at 𝑬𝝂 = 𝟎. 𝟐𝟓 𝑮𝒆𝑽

at higher energies: 𝜱𝝂 ~ 𝑬−𝟐.𝟕

𝜱𝝂 ~ 𝟏 𝒄𝒎−𝟐 𝒔−𝟏 at sea level

- maximum flux and power−law:

- integral flux:

nµ : ne = 2 : 1
kosmische

Strahlung

primary 𝑪𝑹

 Atmospheric neutrinos: production in upper atmosphere

𝝅+

𝝁+

𝒆+

𝝅𝟎

𝝂𝒆
𝝂𝝁

ത𝝂𝝁

𝜸
𝜸
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 Discrimination of 𝝂𝒂𝒔𝒕𝒓𝒐 via event energy & polar angle

𝑼𝑯𝑬 neutrinos from astrophysical sources & 𝒃𝒈

- astrophysical neutrinos 

dominate event rate at

energies > 𝟏𝟎𝟏𝟒𝒆𝑽

- up−going neutrinos at 

𝑷𝒆𝑽 − scale have to cross

& propagate through the

Earth: is this possible?

- cross−section of 𝑼𝑯𝑬 − 𝝂´𝒔

in mantle / iron−core of Earth? 𝟏𝟎𝟏𝟑 𝟏𝟎𝟏𝟒 𝟏𝟎𝟏𝟓 𝟏𝟎𝟏𝟔

𝟏𝟎−𝟔

𝟏𝟎−𝟕

𝟏𝟎−𝟖
𝑬
𝟐
∙
𝜱
𝝂

(𝐺
𝑒𝑉

𝑐𝑚
−
2
𝑠
−
1
𝑠𝑟

−
1
)

𝝂 − energy 𝑬(𝒆𝑽)

upgoing

𝑷𝒆𝑽 −
scale 𝝂´𝒔
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 Deep−inelastic scattering processes of 𝑼𝑯𝑬 − 𝝂´𝒔 inside the Earth

limit field of view & observable sources for 𝝂 − telescopes 

𝑼𝑯𝑬 neutrinos – Earth starts to become opaque ! 

- 𝝂 − cross section increases linearly 𝝈𝝂 ~ 𝑬𝝂
𝑬𝝂 = 𝟏𝟎𝟎 𝑻𝒆𝑽 𝝈𝝂 = 𝟏𝟎−𝟕 𝒎𝒃𝒂𝒓𝒏

 at 𝑬𝝂 ~ 𝟏𝟎𝟎 𝑻𝒆𝑽 𝟎. 𝟏 𝑷𝒆𝑽 :

Earth starts to become opaque for 𝑼𝑯𝑬 − 𝝂´𝒔

𝝆𝑬𝒂𝒓𝒕𝒉

- transmission probabilities 𝑷 𝑬𝝂 for 𝑼𝑯𝑬 − 𝝂´𝒔

after travel distance 𝒅:

mean free path 𝝀𝝂 :

𝑵𝑨 = Avogadro constant

𝑷 𝑬𝝂 = 𝒆−( Τ𝒅 𝝀𝝂)

Τ𝟏 𝝀𝝂 = 𝝆𝑬𝒂𝒓𝒕𝒉 ∙ 𝑵𝑨 ∙ 𝝈𝝂
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 Status

Existing&planned 𝝂 − telescopes: global overview

𝑲𝑴𝟑𝑵𝒆𝑻
Mediterranean

~ 𝟓 𝒌𝒎3

in progress

𝑩𝒂𝒊𝒌𝒂𝒍 − 𝑮𝑽𝑫
Lake Baikal

~ 𝟏 𝒌𝒎³
in progress

𝑷 − 𝑶𝑵𝑬
Pacific

𝒇𝒆𝒘 𝒌𝒎𝟑

planned… 

− 𝑮𝒆𝒏𝟐
Südpol

~ 𝟖 𝒌𝒎³
~ 𝟐𝟎𝟑𝟐

𝑰𝒄𝒆𝑪𝒖𝒃𝒆
South Pole

𝟏 𝒌𝒎³
𝟐𝟎𝟏𝟏…



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #7Nov. 23, 202221

 Ice / Water

Existing&planned 𝝂 − telescopes: global overview
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N 𝑺

observation of

Northern

Hemisphere

observation of

Southern

Hemisphere

𝑵

Existing&planned 𝝂 − telescopes: sky overview

 Ice / Water
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Neutrino Telescopes – 𝑲𝑴𝟑𝑵𝒆𝑻

Pylos

𝟒𝟓𝟎𝟎 𝒎

Capo

Passero

𝟑𝟓𝟎𝟎 𝒎

Toulon

𝟐𝟓𝟎𝟎 𝒎

- European consortium for a 𝑽 ~ 𝟓 𝒌𝒎𝟑 deep−sea 𝝂 − observatory

~ 𝟐𝟎𝟎𝑴€ cost estimate

- ongoing construction

works since 𝟐𝟎𝟏𝟐 (!)

 Detecting astrophysical & atmospheric 𝝂´𝒔 at different sites in the deep

Mediterranean Sea: a European project
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Neutrino Telescopes – 𝑲𝑴𝟑𝑵𝒆𝑻

Pylos

𝟒𝟓𝟎𝟎 𝒎

Capo

Passero

𝟑𝟓𝟎𝟎 𝒎

Toulon

𝟐𝟓𝟎𝟎 𝒎

- 𝑹&𝑫* works on many

new technologies:

𝑷𝑴𝑻𝒔, deployment,

signal read−out 

Antares

planned

planned

since 𝟐𝟎𝟎𝟖

*𝑹esearch & 𝑫evelopment

 Detecting astrophysical & atmospheric 𝝂´𝒔 at different sites in the deep

Mediterranean Sea: a European project

- 𝑲𝑴𝟑𝑵𝒆𝑻: the successor to 𝑨𝒏𝒕𝒂𝒓𝒆𝒔, 𝑵𝒆𝒎𝒐 & 𝑵𝒆𝒔𝒕𝒐𝒓

−𝑭𝒓 − 𝑰𝒕 − 𝑮𝒓

- historically: three

deep−sea sites: 
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 𝑲𝑴𝟑𝑵𝒆𝑻 subsystems: 𝑨𝑹𝑪𝑨 (𝟐 sites) & 𝑶𝑹𝑪𝑨 (𝟏 site)

Neutrino Telescopes – 𝑨𝑹𝑪𝑨 & 𝑶𝑹𝑪𝑨

- 𝑨𝑹𝑪𝑨:  𝑨stroparticle 𝑹esearch with 𝑪osmics in the 𝑨byss −

hunting astrophysical neutrino sources with a large array

𝟐 neutrino telescopes for

𝑻𝒆𝑽…𝑷𝒆𝑽 astrophys. 𝝂´𝒔

𝑨𝑹𝑪𝑨

𝑨𝑹𝑪𝑨: 2 sites



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #7Nov. 23, 202226

𝑨𝑹𝑪𝑨: 2 sites

simulated 𝑨𝑹𝑪𝑨 events

Neutrino Telescopes – 𝑨𝑹𝑪𝑨 & 𝑶𝑹𝑪𝑨

 𝑲𝑴𝟑𝑵𝒆𝑻 subsystems: 𝑨𝑹𝑪𝑨 (𝟐 sites) & 𝑶𝑹𝑪𝑨 (𝟏 site)

- 𝑨𝑹𝑪𝑨:  𝑨stroparticle 𝑹esearch with 𝑪osmics in the 𝑨byss −

hunting astrophysical neutrino sources with a large array
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 𝑷𝑴𝑻 − arrays based on novel concept of 𝑫igital 𝑶ptical 𝑴odules*

𝑲𝑴𝟑𝑵𝒆𝑻 – 𝑨𝑹𝑪𝑨 design

*𝑫𝑶𝑴

- 𝑫𝑶𝑴𝒔 (∅ = 𝟏𝟕 𝒊𝒏𝒄𝒉) instrumented with

𝟑𝟏 𝟑 − 𝒊𝒏𝒄𝒉 𝑷𝑴𝑻𝒔 for light detection

glas−
pressure−
sphere

power &

signal−out 𝟑 − 𝒊𝒏𝒄𝒉 −
𝑷𝑴𝑻

𝟏𝟕 inch
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 𝑨𝑹𝑪𝑨 is hunting for 𝝂 − point sources with energies on the 𝑷𝒆𝑽 − scale

𝑲𝑴𝟑𝑵𝒆𝑻 – 𝑨𝑹𝑪𝑨 design & status

a
s
tr

in
g

- initial design: full scale size

with 𝟔𝟎𝟎 strings

- present design: 𝟐 × 𝟏𝟏𝟓 strings

(each with 𝟏𝟖 𝑫𝑶𝑴 units)

- strings spaced at 𝒅 = 𝟗𝟎𝒎,

each with length 𝒍 = 𝟔𝟓𝟎𝒎

- status (𝟏𝟎/𝟐𝟎𝟐𝟑): 𝟐𝟖 units are

deployed (start was in 𝟐𝟎𝟏𝟓) with

𝟓𝟎𝟒 𝑫𝑶𝑴𝒔 deployed therein

- ongoing data−taking
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 𝑨𝑹𝑪𝑨 strings deployed in specific campaigns with sea−going vessel

𝑲𝑴𝟑𝑵𝒆𝑻 – 𝑨𝑹𝑪𝑨 deployment
Q

: 
M

a
ri
jn

v
a

n
 d

e
r 

M
e

e
r/

Q
u

e
s
t

Trailer: KM3NeT ORCA line deployment - YouTube

https://www.youtube.com/watch?v=dMjN93H7Nvo&list=PLL9OR_-tW5qOtfZigqVpzMmTSwkMjCT1s
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 A ´deep dive´ into the Mediterranean´s dark abyss

Topical: Interesting article on 𝑲𝑴𝟑𝑵𝒆𝑻

CERNCourier2022NovDec-digitaledition.pdfNov. 23, 2022

https://cerncourier.com/wp-content/uploads/2022/11/CERNCourier2022NovDec-digitaledition.pdf
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𝑲𝑴𝟑𝑵𝒆𝑻 –𝑶𝑹𝑪𝑨: study of 𝝂 − oscillations 

 𝑲𝑴𝟑𝑵𝒆𝑻 subsystems: 𝑨𝑹𝑪𝑨 (𝟐 sites) & 𝑶𝑹𝑪𝑨 (𝟏 site)

- 𝑶𝑹𝑪𝑨:  𝑶scillation 𝑹esearch with 𝑪osmics in the 𝑨byss

goal: study of oscillation processes

of atmospheric 𝝂´𝒔

- status (as of 𝟑/𝟐𝟎𝟐𝟑): 

𝟏𝟒 strings deployed

- at a depth 𝒅 = 𝟐. 𝟓 𝒌𝒎

- 𝑶𝑹𝑪𝑨 full scale:

𝟏𝟏𝟓 strings (ℓ = 𝟏𝟓𝟎𝒎,

each with 𝟏𝟖 𝑫𝑶𝑴𝒔)

- 𝑫𝑶𝑴𝒔with much finer

spacing (𝑮𝒆𝑽 scale)
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 𝑶𝑹𝑪𝑨 key target: investigate the mass hierarchy of neutrinos

- 𝑶𝑹𝑪𝑨 investigates low−energy atmospheric neutrinos at the 𝑮𝒆𝑽 − scale

- atmospheric neutrinos do

oscillate*! (Nobel prize) 

*see 𝑨𝑻𝑷 − 𝟐 in summer term 𝟐𝟎𝟐𝟒

- 𝝂𝒂𝒕𝒎 are propagating in

the matter of the Earth: 

matter−induced effects

(´𝑴𝑺𝑾 effect´) 

flight paths of atmospheric 𝝂´𝒔

𝑲𝑴𝟑𝑵𝒆𝑻 –𝑶𝑹𝑪𝑨: study of 𝝂 − oscillations 

𝝂

𝝂

𝝂
𝝂

𝝂

𝝂

L. Wolfenstein
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- atmospheric neutrinos

oscillate at scale ∆𝒎𝒂𝒕𝒎
𝟐

normal                 inverted

𝒎𝟐 𝒎𝟐

∆𝒎𝒂𝒕𝒎
𝟐

𝝂𝟏

𝝂𝟐

𝝂𝟑

∆𝒎𝒔𝒐𝒍
𝟐

𝝂𝒆

𝝂𝟑

𝝂𝟏

𝝂𝟐

𝝂𝝁 𝝂𝝉 𝝂𝒆 𝝂𝝁 𝝂𝝉

∆𝒎𝒂𝒕𝒎
𝟐

∆𝒎𝒔𝒐𝒍
𝟐

- 𝝂𝒂𝒕𝒎 may allow to

determine the 𝝂 − mass

hierarchy:

what is the correct ordering

of mass eigenstates 𝝂𝒊?

normal / inverted scheme?

 𝑶𝑹𝑪𝑨 key target: investigate the mass hierarchy of neutrinos

𝑲𝑴𝟑𝑵𝒆𝑻 –𝑶𝑹𝑪𝑨: studying 𝝂 − oscillations 

- 𝑶𝑹𝑪𝑨 investigates low−energy atmospheric neutrinos at the 𝑮𝒆𝑽 − scale
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𝝂 −Telescope 𝑳𝒂𝒌𝒆 𝑩𝒂𝒊𝒌𝒂𝒍

- pioneering neutrino telescope

´𝑳𝒂𝒌𝒆 𝑩𝒂𝒊𝒌𝒂𝒍´ in the 𝟖𝟎𝒔/𝟗𝟎𝒔

 deep−sea experiment in the

deepest lake on Earth: 𝑩𝒂𝒊𝒌𝒂𝒍
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 Extending an existing 𝝂 − telescope at 

Lake Baikal

𝑩𝒂𝒊𝒌𝒂𝒍 – 𝑮igaton 𝑽olume 𝑫etector (𝑮𝑽𝑫)

Lake surface

𝟖𝟎𝒎

𝟑
𝟒
𝟓
𝒎

Cluster - top

Cluster - bottom

sea floor

𝟎 𝒎

𝟐𝟓𝒎

𝟗𝟑𝟏𝒎

𝟏𝟐𝟕𝟔𝒎

𝟏𝟑𝟔𝟔𝒎

prototype cluster

- largest 𝝂 − telescope in Northern Hemisphere

- full−scale extension to 𝟏 𝒌𝒎𝟑 in progress

- 𝟏𝟐 clusters in operation

- present (𝟗/𝟐𝟎𝟐𝟑) status

𝑮𝑽𝑫 − 𝑰 ready (𝑽 ~ 𝟎. 𝟓 𝒌𝒎𝟑)
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 Operated at the Amundsen−Scott station

𝑰𝒄𝒆𝑪𝒖𝒃𝒆 observatory at the South Pole

South Pole

𝟏𝟓𝟎𝟎𝒎

𝑨𝑴𝑨𝑵𝑫𝑨

not to scale
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𝑰𝒄𝒆𝑪𝒖𝒃𝒆 observatory at the South Pole

- 𝟒𝟖𝟎𝟎 𝑷𝑴𝑻𝒔 distributed over volume

𝑽 = 𝟏 𝒌𝒎𝟑 with 𝟖𝟎 𝑷𝑴𝑻 strings

- 𝑷𝑴𝑻𝒔 located at 𝒅 = 𝟏. 𝟓…

𝟐. 𝟓 𝒌𝒎 in strings of 𝟏 𝒌𝒎

- 𝑷𝑴𝑻 − strings fully deployed

since March 𝟐𝟎𝟏𝟎

- muons detected above

threshold energy

𝑬𝒕𝒉𝒓𝒆𝒔 = 𝟏𝟎𝟎 𝑮𝒆𝑽

 Design of a very large in−ice neutrino telescope

𝟐𝟒𝟓𝟎

𝟏𝟒𝟓𝟎

d
e

p
th

(𝒎
)
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 Detecting tracks with 𝑷𝑴𝑻 strings

𝑰𝒄𝒆𝑪𝒖𝒃𝒆 observatory: design features
South Pole station

𝟓𝟎𝒎

𝟐𝟒𝟓𝟎𝒎

𝟏𝟒𝟓𝟎 𝒎

𝟐𝟖𝟐𝟎𝒎

𝑰𝒄𝒆𝑻𝒐𝒑

𝑷𝑴𝑻
array
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 𝑫𝑶𝑴 design for in−ice operation

𝑰𝒄𝒆𝑪𝒖𝒃𝒆 observatory: design features

- has to withstand 𝑷 = 𝟐𝟎𝟎 𝒂𝒕𝒎

𝑷𝑴𝑻

glas pressure sphere

main board

connector

𝒎𝒖−
metal

optical gel

𝑳𝑬𝑫

𝑯𝑽 − divider

South Pole station

𝟓𝟎𝒎

𝟐𝟒𝟓𝟎𝒎

𝟏𝟒𝟓𝟎 𝒎

𝟐𝟖𝟐𝟎𝒎

𝑰𝒄𝒆𝑻𝒐𝒑

𝑷𝑴𝑻
array

http://gallery.icecube.wisc.edu/external/main.php?g2_view=core.DownloadItem&g2_itemId=848
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 Astrophysical neutrinos: an extragalactic source is observed!

𝑰𝒄𝒆𝑪𝒖𝒃𝒆 Observatory: initial observations

- origin: from galaxy 𝑷𝑲𝑺 𝟏𝟒𝟐𝟒 − 𝟒𝟏𝟖: 

flare state in a blazar

blazar 𝑷𝑲𝑺 𝟏𝟒𝟐𝟒 − 𝟒𝟏𝟖

- a very energetic

event (´Big Bird´) 

observed in 𝟐𝟎𝟏𝟑:

𝑬 𝝂𝝁 = 𝟐𝟓𝟎 𝑻𝒆𝑽 !
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 Astrophysical neutrinos: an energetic 𝛎 from an 𝑨𝑮𝑵 − source in a flare

state (enhanced emission of gamma rays)

𝑰𝒄𝒆𝑪𝒖𝒃𝒆 Observatory: initial observations

blazar 𝑷𝑲𝑺 𝟏𝟒𝟐𝟒 − 𝟒𝟏𝟖

𝝂𝝁

𝟏𝟐𝟓𝒎

timing of 𝑷𝑴𝑻 signals

𝒕 (𝝁𝒔)

𝟎 𝟏 𝟐 𝟑

- muon direction directly points back to blazar

- 𝑨𝑮𝑵 was in a very active phase: more 𝝂´𝒔 !
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𝑰𝒄𝒆𝑪𝒖𝒃𝒆 Observatory: 𝝂 − events Ernie & Bert

Ernietime 𝒕 (𝝁𝒔)Bert
𝑬 = 𝟏. 𝟎𝟒 𝑷𝒆𝑽

𝟎. 𝟎 𝟎. 𝟖 𝟏. 𝟔 𝟐. 𝟒 𝟑. 𝟐 𝟒. 𝟎 𝟒. 𝟖 𝟓. 𝟔

𝑬 = 𝟏. 𝟏𝟒 𝑷𝒆𝑽

𝟎. 𝟎 𝟎. 𝟖 𝟏. 𝟔 𝟐. 𝟒 𝟑. 𝟐 𝟒. 𝟎 𝟒. 𝟖 𝟓. 𝟔

time 𝒕 (𝝁𝒔)

 Astrophysical 𝝂´𝒔 now at the 𝑷𝒆𝑽 − scale: cascade (𝑵𝑪) events


