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Neutrino oscillations
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Cosmic"ray"

Long"enough"
to"oscillate"

What*will*happen*if*the*νµ*deficit*is*due*to*neutrino*oscilla7ons*

Not"long"enough"
to"oscillate#
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Super Kamiokande

Angular distributions for e-like (left) and m-like (right) events, for sub-GeV 
(top) and multi-GeV (bottom) samples. The bars show the MC no-oscillation 
prediction with statistical errors, and the line shows the oscillation prediction 
for the best-fit parameters, sin2 2q = 1.0 and Dm2 = 3.5 × 10-3 eV2.  

up-going down-going

     experimental results agree with 
expectations at all angles  
 
     small angles (l ~10-30 km): 
agreement with expectations  
large angles (l ~13000 km): 
experimental data are a factor ~2 
less than expectation

preferred explanation: neutrino 
oscillations

best fit values: 

⌫e

⌫µ

⌫µ ! ⌫⌧

sin 2⇥ = 1.0

�m2 = 3.5 · 10�3 eV2
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Matter effects
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Sudbury Neutrino Observatory (SNO)

1000 tonnes of heavy 
water: D2O

$ 300 million on
Loan for $1.00

Ultra-pure
Water: H2O.

12 m Diameter 
Acrylic Container

9500 light sensors

Urylon Liner and
Radon Seal

34 m
or

~ Ten
Stories
High!

2 km 
below 

the 
ground

NEUTRINO



Particles & Cosmos, Jörg R. Hörandel �13

SNO: One million pieces transported down in the 
3 m x 3 m x 4 m mine cage and re-assembled under 
ultra-clean conditions. Every worker takes a shower
and wears clean, lint-free clothing. 

70,000 
showers 
during the 
course of the 
SNO project
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Water systems were developed to provide low radioactivity light water and 
heavy water: 1 billion times better than tap water. Less than one radioactive 

decay per day per ton of water!! 
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Unique Signatures in SNO (D2O)

Electron Neutrinos (CC)
Qe+d o e-+p+p
Ethresh = 1.4 MeV

Elastic Scattering from Electrons
Qx+e-o Qx+e-

Qx, but enhanced for Qe x 6
10 times lower count rate
Points away from the Sun

Equal Sensitivity All Types (NC)
Qx+d o Qx+n+p
Ethresh = 2.2 MeV 3 ways to

detect neutrons

(1 in 6400 molecules in ordinary water are D2O. We used >99.75% D2O) 
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Bahcall et al.

, SNO

Including other solar neutrino measurements

1968 on1992 on
1989 on

2001 on
Kamiokande
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M I X I N G  O F  T H R E E  N E U T R I N O S

• Three rotation angles (θ12, θ13, θ23) 

• θ12: solar and reactor experiments 

• θ13: reactor and long-baseline experiments 

• One complex phase δCP 
• additional phases if neutrinos are “Majorana” 

• CP-odd: changes sign for antineutrino oscillations 
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Figure 14.16: The squared-mass splittings and mixing angles favored (solid
regions) or excluded (open regions) by existing neutrino oscillation measurements.
Results are categorized by channels: νe disappearance (solid lines), νµ ↔ ντ (dotted
lines), νe ↔ ντ (dashed lines), and νe ↔ νµ (dashed-dotted lines). The normal mass
ordering is assumed where relevant. The figure was contributed by H. Murayama
(University of California, Berkeley, and Kavli IPMU, University of Tokyo, 2018).
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propagation of CRs in the Galaxy
interactions with ISM (lecture 9)

CRs at the top of the 
atmosphere (lecture 10)

CRs in the atmosphere 
(lecture 10)

CRs underground (lecture 11)
neutrino oscillations (lecture 11+12)

birth of cosmic rays
CRs: supernova remnants
neutrinos: e.g. Sun (lecture 8)

propagation of CRs in the 
Heliosphere (lecture 9)

propagation of CRs in the 
Earth magnetic field (lecture 9)
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296 J. Blümer et al. / Progress in Particle and Nuclear Physics 63 (2009) 293–338

Fig. 1. All-particle energy spectrum of cosmic rays as measured directly with detectors above the atmosphere and with air shower detectors. At low

energies, the flux of primary protons is shown.

Fig. 2. Abundance of elements in cosmic rays as a function of their nuclear charge number Z at energies around 1 GeV/n, normalized to Si = 100 [40].

Abundance for nuclei with Z ⌥ 28 according to [41]. Heavy nuclei as measured by ARIEL 6 [42,43], HEAO 3 [44], SKYLAB [45], TIGER [46], TREK/MIR [47,

48], as well as UHCRE [49]. In addition, the abundance of elements in the solar system is shown according to [50].

decreases as a function of energy, which is frequently explained in Leaky Box models by a rigidity-dependent2 decrease of

the path length of cosmic rays in the Galaxy ⇥(R) = ⇥0(R/R0)
�⌥ . Typical values are ⇥0  10–15 g/cm2, ⌥  0.5� 0.6, and

R0  4 GV as reference rigidity.

Cosmic-ray particles are assumed to propagate in a diffusive process through the Galaxy, being deflected many times

by the randomly oriented magnetic fields (B � 3 µG). The nuclei are not confined to the galactic disc, they propagate in

the galactic halo as well. The scale height of the halo has been estimated with measurements of the 10Be/9Be-ratio by the

ISOMAXdetector [52] to be a fewkpc. The abundance of radioactive nuclei in cosmic raysmeasuredwith the CRIS instrument

yields a residence time in the Galaxy of about 15⇤ 106 years for particles with GeV energies [53].

2 Rigidity is defined as particle momentum divided by its charge R [V] = p/z.

KArlsruhe Shower Core and Array DEtector

T. Antoni et al, Nucl. Instr. & Meth. A 513 (2004) 490
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Acceleration of cosmic rays in jets of AGN
Cen A

Cen A
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CRPropa [ 29].

than 1018

to pion-photoproduction. Fig. 2.1

just below 10 20

CR

Origin of cosmic rays 
multi messenger technique

(charged) cosmic rays

neutrinos

gamma rays
p+ �CMB ! p+ ⇡0 ! ��

p+ �CMB ! n+ ⇡+ ! µ+ + ⌫µ ! e+ + ⌫e + ⌫̄µ
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Astroparticle Physics
messengers from the Universe

(charged) cosmic rays

neutrinos

gamma rays

dark matter

gravitational
waves

3-K microwave
background

2
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Astroparticle Physics
master course NM076B, 
6 EC, 2nd semester, starting January, 2020
2 h lecture, 2 h student presentations
topics include:

http://particle.astro.ru.nl/goto.html?astropart1920

http://particle.astro.ru.nl/goto.html?astropart1819
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Shift at the Pierre Auger Observatory

2 weeks shift at the observatory in Malargue, Argentina
please contact me if you are interested


