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Nobel Prize in Physics 2002 
“for pioneering contributions 

to astrophysics, 
in particular for the detection 

of cosmic neutrinos”
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Image: Mark Thomson

https://www.hep.phy.cam.ac.uk/~thomson/partIIIparticles/welcome.html
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Neutrino source 
(mostly νμ)

Near Detectors 
(measure unoscillated νμ flux)

Far Detectors 
(detect νe  ➠ oscillations)

Long-Baseline Experiments

far, far away
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Image: MINOS Collaboration
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SuperKamiokande



A SuperKamiokande Event



Image: SuperKamiokande



Long-Baseline Experiments: DUNE











Neutrino Detection in Liquid Argon TPCs



CERN’s Contribution: ProtoDUNE @ EHN1
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Yes, But Why?
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Connection between leptonic CP violation and baryogenesis

Portal to new physics 

Precise knowledge of particle physics is indispensable for using 
neutrinos as astrophysical messengers

Hints for the origin of flavour

Multi-purpose detectors with lots of secondary opportunities 
(supernova neutrinos, light dark sectors, proton decay, …)

…
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Neutrinos as Astrophysical Messengers





SXS Collaboration, Christian Ott et al.

https://www.youtube.com/watch?v=oxGajNoPz8c
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Core-Collapse Supernovae
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explosion of massive star (≳ 8 M⊙) 
that has run out of fuel 
• no more thermal pressure 
• core collapses 
• gigantic release of gravitational energy 
brighter than an entire galaxy 
~10% of the star’s mass converted to energy 
• 0.01% photons 
• 1% kinetic energy of ejecta 
• 99% neutrinos



Nakahata 2007
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Nakazato et al. 2012

https://cds.cern.ch/record/1734013
https://arxiv.org/abs/1210.6841
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Supernova Neutrinos
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neutrino density > 1030 cm–3 
➠ neutrinos induce MSW matter effects for themselves 
flavour evolution described by von Neumann equation
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density matrix 
in flavour space

vacuum oscillations 
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at large nν: 
same equation for all energies  ➠  synchronization 
non-trivial angular dependence 

non-linear equation  ➠   dynamics highly non-trivial 
computationally intractable so far
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Supernova Neutrinos
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pure Standard Model problem 
solution will be crucial for the next Galactic supernova
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Supernova Neutrinos on a Quantum Computer
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highly entangled quantum system calls for simulation on a quantum system 
basic idea: flavour state of each neutrino mode represented by qubit qi 
(in 2-flavour approximation) 

time-evolution via Trotterization (discretisation in t + low-order expansion of S = ei Ĥ δt)

Hall et al. 2021, Amitrano et al. 2022, Siwach et al. 2023

<latexit sha1_base64="zOSfDsmP06ShoAlwaFW3zfrPt3w=">AAACOnicbVBNSwMxEM36WevXqkcvwSJ4Krsi1YsgeNGLKNgqdJeSTdM2NJusyaxQ1v4uL/4Kbx68eFDEqz/AtF2htj4IvHnzhsm8KBHcgOe9ODOzc/MLi4Wl4vLK6tq6u7FZMyrVlFWpEkrfRsQwwSWrAgfBbhPNSBwJdhN1Twf9m3umDVfyGnoJC2PSlrzFKQErNdyrhyAxPNBEtgXDx/jhruH/VoECHjMz0PYntUA0FZhxy0Vuabglr+wNgaeJn5MSynHZcJ+DpqJpzCRQQYyp+14CYUY0cCpYvxikhiWEdkmb1S2VxC4Ms+HpfbxrlSZuKW2fBDxUxycyEhvTiyPrjAl0zGRvIP7Xq6fQOgozLpMUmKSjRa1UYFB4kCNucs0oiJ4lhGpu/4pph2hCwaZdtCH4kydPk9p+2a+UK1cHpZPzPI4C2kY7aA/56BCdoDN0iaqIokf0it7Rh/PkvDmfztfIOuPkM1voD5zvH291rno=</latexit>

| i = |q1i ⌦ |q2i ⌦ . . .⌦ |qN istates: Hamiltonian:

https://arxiv.org/abs/2102.12556
https://arxiv.org/abs/2207.03189
https://arxiv.org/abs/2308.09123
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Petcov 1977 
Fujikawa Shrock 1980

Example: Neutrino Magnetic Moments

https://inspirehep.net/literature/109011
https://inspirehep.net/literature/9503


Magnetic moment operator 
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Numerically tiny: 10–19 μB
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Can be significantly enhanced 
in extensions of the SM

Magnetic moment operator 
 
 

In the SM: generated by loop diagrams 
 
 
 

Numerically tiny: 10–19 μB
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leptoquark model, inspired by 
B physics anomalies

Brdar Greljo JK Opferkuch 
2007.15563

Example: Neutrino Magnetic Moments

https://inspirehep.net/literature/109011
https://inspirehep.net/literature/9503
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Neutrino Magnetic Moments: Constraints

10°2 10°1 100 101 102 103

Right-handed neutrino mass MN [MeV]

10°12

10°11

10°10

10°9

10°8

10°7

N
eu

tr
in

o
m

ag
n
et

ic
m

om
en

t
[µ

B
]

∫µ coupling only

Xenon1T
excess

Borexino

Darwin

Xenon1T
electron recoil

(incl. tritium)

Xenon1T
nuclear recoil

MiniBooNE

Charm-II

Nomad

All limits at 90% CL

Coloma Machado Martinez-Soler Shoemaker 1707.08573,   Magill Plestid Pospelov Tsai 1803.03262 
Shoemaker Wyenberg  1811.12435,   Brdar Greljo JK Opferkuch arXiv:2007.15563,   Greljo Stangl Thomsen 2103.13991

e−e−

https://arxiv.org/abs/1707.08573
https://arxiv.org/abs/1803.03262
https://arxiv.org/abs/1811.12435
https://arxiv.org/abs/2007.15563
https://arxiv.org/abs/2103.13991


46Joachim Kopp — Neutrinos in the Lab and in the Cosmos

Neutrino Magnetic Moments: Constraints

10°2 10°1 100 101 102 103

Right-handed neutrino mass MN [MeV]

10°12

10°11

10°10

10°9

10°8

10°7

N
eu

tr
in

o
m

ag
n
et

ic
m

om
en

t
[µ

B
]

∫µ coupling only

Xenon1T
excess

Borexino

Darwin

Xenon1T
electron recoil

(incl. tritium)

Xenon1T
nuclear recoil

MiniBooNE

Charm-II

Nomad

All limits at 90% CL

Coloma Machado Martinez-Soler Shoemaker 1707.08573,   Magill Plestid Pospelov Tsai 1803.03262 
Shoemaker Wyenberg  1811.12435,   Brdar Greljo JK Opferkuch arXiv:2007.15563,   Greljo Stangl Thomsen 2103.13991

e−e−

ν ➝ N upscattering 
followed by N decay

https://arxiv.org/abs/1707.08573
https://arxiv.org/abs/1803.03262
https://arxiv.org/abs/1811.12435
https://arxiv.org/abs/2007.15563
https://arxiv.org/abs/2103.13991


46Joachim Kopp — Neutrinos in the Lab and in the Cosmos

Neutrino Magnetic Moments: Constraints

10°2 10°1 100 101 102 103

Right-handed neutrino mass MN [MeV]

10°12

10°11

10°10

10°9

10°8

10°7

N
eu

tr
in

o
m

ag
n
et

ic
m

om
en

t
[µ

B
]

∫µ coupling only

Xenon1T
excess

Borexino

Darwin

Xenon1T
electron recoil

(incl. tritium)

Xenon1T
nuclear recoil

MiniBooNE

Charm-II

Nomad

All limits at 90% CL

Coloma Machado Martinez-Soler Shoemaker 1707.08573,   Magill Plestid Pospelov Tsai 1803.03262 
Shoemaker Wyenberg  1811.12435,   Brdar Greljo JK Opferkuch arXiv:2007.15563,   Greljo Stangl Thomsen 2103.13991

e−e−

ν–e scattering in 
DM detectors
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followed by N decay
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Big Bang Nucleosynthesis 
ν magnetic moments alter 

expansion rate of the Universe, 
baryon-to-photon ratio
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Big Bang Nucleosynthesis 
ν magnetic moments alter 

expansion rate of the Universe, 
baryon-to-photon ratio

Cosmic Microwave Backrgound 
ν magnetic moments alter expansion 

rate of the Universe
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(Some) TeV-scale new physics models
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MiniBooNE 
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MiniBooNE
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νe excess in νμ beam 
(4.8σ significance) 
source–detector 
distance ~ 1 km 
(too short for standard 
oscillations) 

a possible hint for the 
existence of extra 
neutrino flavours 
(“sterile neutrinos”)?
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Neutrino Interactions are complicated
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Example: Δ → N + γ
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Example: Δ → N + γ
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Neutral current neutrino interaction: 
     ν + Ν ➞ ν + Δ(1232) 

Δ(1232) mostly decays to π + Ν 

But a rare decay exists to γ + Ν 

MiniBooNE cannot distinguish 
γ from e−
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Example: Δ → N + γ
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Δ production rate can be estimated 
from Δ ➞ π  +  N 

Pions may be absorbed 
on their way out of the nucleus 

may excite another Δ resonance 
➠ Δ ➞ N + γ enhanced by ~  factor 2 

or may be absorbed 
➠ control region suppressed by ~  factor 2 

This factor 2 has been taken into account 
by MiniBooNE



The Gallium Anomaly
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The Gallium Anomaly 
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Giunti Laveder 1006.3244 
BEST arXiv:2109.11482 

Barinov Gorbunov arXiv:2109.14654

Experiments with intense 
radioactive sources 

Neutrino detection via 

> 5σ deficit 

seen  by three experiments 

νe disappearance into sterile state? 

would require very large mixing 
(conflict with reactor observations)

71Ga + ⌫e ! 71Ge + e�

https://arxiv.org/abs/1006.3244
https://arxiv.org/abs/2109.11482
https://arxiv.org/abs/2109.14654
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Thank You!




