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Image: SLAC Neutrino Group

https://sites.slac.stanford.edu/neutrino/research/neutrino-oscillations
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Neutrino Oscillations
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Image: Mark Thomson

https://www.hep.phy.cam.ac.uk/~thomson/partIIIparticles/welcome.html




17

Resolving the Solar Neutrino Mystery

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

flux of electron neutrinos

flu
x 

of
 μ

 a
nd

 τ 
ne

ut
rin

os
 

Bahcall Prediction

SNO Data



17

Resolving the Solar Neutrino Mystery

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

flux of electron neutrinos

flu
x 

of
 μ

 a
nd

 τ 
ne

ut
rin

os
 

Bahcall Prediction

SNO Data



18

Outline

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

The Early Days

Long-Baseline

Experiments

Astrophysics

& Cosmology

Beyond the

Standard Model

Neutrino Oscillations

Neutrino Mysteries



Motivation



20

The Neutrino Mixing Matrix

Joachim Kopp — Neutrinos in the Lab and in the Cosmos



20

The Neutrino Mixing Matrix

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

3-flavor mixing matrix:

U =

0

@
1

c23 s23
�s23 c23

1

A

0

@
c13 s13e�i�

1
�s13ei� c13

1

A

0

@
c12 s12
�s12 c12

1

1

A

<latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit>



20

The Neutrino Mixing Matrix

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

3-flavor mixing matrix:

U =

0

@
1

c23 s23
�s23 c23

1

A

0

@
c13 s13e�i�

1
�s13ei� c13

1

A

0

@
c12 s12
�s12 c12

1

1

A

<latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit>

Large 
close to maximal



20

The Neutrino Mixing Matrix

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

3-flavor mixing matrix:

U =

0

@
1

c23 s23
�s23 c23

1

A

0

@
c13 s13e�i�

1
�s13ei� c13

1

A

0

@
c12 s12
�s12 c12

1

1

A

<latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit>

Large 
close to maximal Large 

but non-maximal



20

The Neutrino Mixing Matrix

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

3-flavor mixing matrix:

U =

0

@
1

c23 s23
�s23 c23

1

A

0

@
c13 s13e�i�

1
�s13ei� c13

1

A

0

@
c12 s12
�s12 c12

1

1

A

<latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit>

Large 
close to maximal Large 

but non-maximal

Small 
but non-negligible (~0.1)



20

The Neutrino Mixing Matrix

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

3-flavor mixing matrix:

U =

0

@
1

c23 s23
�s23 c23

1

A

0

@
c13 s13e�i�

1
�s13ei� c13

1

A

0

@
c12 s12
�s12 c12

1

1

A

<latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit><latexit sha1_base64="DpB/7B4jkq1l86CnrtS+qb4tGkk="></latexit>

Large 
close to maximal Large 

but non-maximal

Small 
but non-negligible (~0.1)

Unknown



21

Flavor Triangles

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

LeptonsQuarks



22

Neutrino Sources
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Making a Neutrino Beam
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Image: MINOS Collaboration
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Image: MINOS Collaboration



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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SuperKamiokande



Čerenkov Radiation



Čerenkov Radiation

high energy

charged particle
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Čerenkov Radiation



A SuperKamiokande Event



Image: SuperKamiokande
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SuperKamiokande Long-Baseline Results
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SuperKamiokande Long-Baseline Results
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T2K 2023

https://arxiv.org/abs/2303.03222
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Neutrino Interactions
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Mitigation of Systematic Uncertainties
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better modelling of 
neutrino interactions

new strategies for optimally 
exploiting near detector data 
(e.g. DUNE-PRISM)

Experimental Mitigation Theory Needs

near detectors 
(on-axis and off-axis) 

hadroproduction experiments 
(NA61/SHINE, ENUBET)



HyperKamiokande



HyperKamiokande



DUNE



HyperK’s North American Competitor: DUNE



The DUNE Beam



Neutrino Detection in Liquid Argon TPCs











CERN’s Contribution: ProtoDUNE @ EHN1



CERN’s Contribution: ProtoDUNE @ EHN1



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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★ death throes 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★ nucleosynthesis

★ matter under 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high-E neutrinos

★ origin of cosmic rays

★ AGNs, blazars, MW

          neutron stars    

★ common-envelope 

               systems

★ muon decayscosmology


★ early Universe

Neutrinos as Astrophysical Messengers
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Neutrinos as Astrophysical Messengers



Supernovae





SXS Collaboration, Christian Ott et al.

https://www.youtube.com/watch?v=oxGajNoPz8c


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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Supernova Neutrinos
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https://cds.cern.ch/record/1734013


Nakahata 2007
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Supernova Neutrinos
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SN 1987A

• 25 neutrino events

https://cds.cern.ch/record/1734013


Nakahata 2007
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SN 1987A

• 25 neutrino events
the next galactic supernova

• 10s of thousands of events

• detailed spectra

• high-resolution “light” curves

• wealth of information on collapse 

dynamics, nucleosynthesis, …

Nakazato et al. 2012

https://cds.cern.ch/record/1734013
https://arxiv.org/abs/1210.6841


Nakahata 2007
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SN 1987A

• 25 neutrino events
the next galactic supernova

• 10s of thousands of events

• detailed spectra

• high-resolution “light” curves

• wealth of information on collapse 

dynamics, nucleosynthesis, …

Nakazato et al. 2012

https://cds.cern.ch/record/1734013
https://arxiv.org/abs/1210.6841


Ultra-High Energy Neutrinos
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High Energy Neutrinos and Cosmic Rays
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Evoli 2023 

https://doi.org/10.5281/zenodo.7948212
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High Energy Neutrinos and Cosmic Rays
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Evoli 2023 

discovered by Victor Hess in 1912
origin still not fully understood today
neutrinos to the rescue!

• protons accelerated in astrophysical 

magnetic fields

• some protons hit ambient hydrogen gas

• production of pions, which decay to 

neutrinos

• look for these neutrinos!
advantages:

• neutrinos are not absorbed

• neutrinos are not deflected 

➠ point back to the source

https://doi.org/10.5281/zenodo.7948212
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The IceCube Detector at the South Pole
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Halzen Kheirandish 2022

https://arxiv.org/abs/2202.00694
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The IceCube Detector at the South Pole

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

detection via Čerenkov effect

4D event information 
(PMT locations + timing)

main event categories:

• showers: near-spherical blob (νe, ντ, NC)

• tracks: elongated energy deposit (νμ) 

(contained tracks, starting tracks, throughgoing tracks)
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Neutrino Point Sources

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

Active Galactic Nucleus of M77Blazar TXS 0506+065
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Diffuse Astrophysical Neutrinos

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

Naab Ganster Zhang (on behalf of IceCube), 2023

https://arxiv.org/abs/2308.00191


Neutron Stars
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Beacom Esteban JK  in preparation

Common-Envelope Evolution

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

neutron star enters companion star

gigantic accretion rates 
(up to 0.1 M⊙/yr for several months)

only cooling channel is via neutrinos 
➠ new type of neutrino source

in addition: de-protonization

rate < core collapse SN rate
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thermal flux

from “Urca” processes

low energy

undetectable after ~10 sec

Neutrinos from Neutron Stars

Joachim Kopp — Neutrinos in the Lab and in the Cosmos
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thermal flux

from “Urca” processes

low energy

undetectable after ~10 sec

neutron stars evolve:

spin-down / spin-up

accretion

expulsion of B-fields

tidal deformation

Result:

enhanced out-of-
equilibrium Urca processes

extra neutrinos

JK Opferkuch  in preparation

Neutrinos from Neutron Stars

Joachim Kopp — Neutrinos in the Lab and in the Cosmos
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neutron stars harbor 
abundant quantities of muons

Schaffner-Bielich 2008


Muons in Neutron Stars

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

https://arxiv.org/abs/0801.3791
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Schaffner-Bielich 2008


in the core: μ decay Pauli-blocked

drop in core density may 
reduce equilibrium μ abundance

at t ≳ 104 yrs, Urca interactions 
too slow to maintain equilibrium

muons diffuse outward and decay 
➠ neutrinos!

observable signal requires 
𝒪(0.001) change in μ abundance

major caveat

equilibrium μ abundance typically 
increases over time

Muons in Neutron Stars

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

https://arxiv.org/abs/0801.3791


The Early Universe



Neutrinos in Cosmology







zero neutrino mass non-zero neutrino mass



Neutrinos are abundantly 
produced during the Big Bang

• today:	T ~ 1.95 K, n ~ 336 / cm3


• CMB:	T ~ 2.73 K, n ~ 411 / cm3

direct detection impossible so far 
due to the low energy

indirect evidence from

• formation of large-scale structure

• expansion rate of the Universe

structure formation is sensitive to 
neutrino masses

• expect first measurement of the 

absolute neutrino mass scale 
in ~ the next decade
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Outline

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

The Early Days

Long-Baseline

Experiments

Astrophysics

& Cosmology

Beyond the

Standard Model

Neutrino Oscillations

Neutrino Mysteries
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Neutrino Physics Beyond the Standard Model
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dim-4

dim-5

dim-6
νν

f f
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Neutrino Physics Beyond the Standard Model
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dim-4

dim-5

dim-6
νν

f f
e.g. sterile neutrinos

e.g. neutrino magnetic moments

e.g. non-standard interactions
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Sterile Neutrinos  =  new, uncharged fermions

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

dim-4

νs
 sterile 

 neutrino 
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Sterile Neutrinos  =  new, uncharged fermions

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

Very generic extension of SM

leftovers of extended gauge multiplets 
in Grand Unified Theories?


Useful phenomenological tool

neutrino masses 
(seesaw mechanism, m ~ TeV…MPl)

cosmic baryon asymmetry 
(thermal leptogenesis at m≫100 GeV, 
ARS leptogenesis at m<100 GeV)

dark matter (m ~ keV)

mediator to a dark sector (any mass)

dim-4
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Sterile Neutrinos  =  new, uncharged fermions
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dim-4 <latexit sha1_base64="DDgqFKMP3DEa46tpf7tZahq0ky0="></latexit>

y↵�L̄↵H̃N�

SM Higgs doublet
SM lepton doublet

SM singlet fermion 
(heavy neutral lepton (HNL) 
= sterile ν = right-handed ν)
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Sterile Neutrinos  =  new, uncharged fermions
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dim-4 <latexit sha1_base64="DDgqFKMP3DEa46tpf7tZahq0ky0="></latexit>
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Use intense flux of νμ from pion decay 
in accelerator experiment or in the upper atmosphere


Look for “missing” νμ at distances 
too short for standard oscillations
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Sterile Neutrino Oscillations
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Sterile Neutrino Oscillations
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Accelerator 
Experiments
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Sterile Neutrino Oscillations
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Accelerator 
Experiments

Atmospheric 
Neutrinos



Use intense flux of νμ from pion decay 
in accelerator experiment or in the upper atmosphere


Look for “missing” νμ at distances 
too short for standard oscillations
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Sterile Neutrino Oscillations

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

Accelerator 
Experiments

Atmospheric 
Neutrinos

Combined Fit
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Sterile Neutrinos and Cosmology

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

An extra light neutrino species with sizeable mixing

is in severe tension with cosmology.

Standard picture: νs production via oscillation at T ≳ MeV

Σ mν ≲ 0.23 eV   ⚡Νeff ≲ 3.38  ⚡

… but there may be ways out in non-minimal models
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Sterile Neutrinos and Cosmology

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

An extra light neutrino species with sizeable mixing

is in severe tension with cosmology.

Standard picture: νs production via oscillation at T ≳ MeV

Σ mν ≲ 0.23 eV   ⚡Νeff ≲ 3.38  ⚡

measure for the

energy density in relativistic particles 

extra neutrino species would imply Νeff ~ 4

sum of neutrino masses 
affects structure formation


sterile neutrino compatible with anomalies

would imply Σ mν ~ 1 eV

… but there may be ways out in non-minimal models
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Heavier Sterile Neutrinos – “Heavy Neutral Leptons”

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

<latexit sha1_base64="DDgqFKMP3DEa46tpf7tZahq0ky0="></latexit>

y↵�L̄↵H̃N�

leads to mixing between ν and N 
➠ any process that makes ν 
    in the SM can also make N 
    (suppressed by a mixing angle)  
➠ meson decays
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Heavier Sterile Neutrinos – “Heavy Neutral Leptons”
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The DUNE Beam



The DUNE Near Detectors



The DUNE Near Detectors

Liquid Argon TPC (“ND-LAr”)
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The DUNE Near Detectors

Liquid Argon TPC (“ND-LAr”)HP Gas TPC + ECal (“ND-GAr”)

On-Axis Beam Monitor (“SAND”)

Movable Platform (“PRISM”)



Liquid Argon TPC (“LAGOON”)

(Liquid Argon Gadget for 

On-axis and Off-axis Neutrinos

HP Gas TPC + ECal (“SEASIDE”)

(System of Evaporated Argon for Systematics, 
Interactions, and Detailed Event Topologies)

On-Axis Beam Monitor (“SAND”)

Movable Platform (“PRISM”)

The DUNE Near Detectors
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New Experiments at ECN3
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A New Experiment at ECN3

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

     SHADOWS          

SHiP
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Heavy Neutral Leptons at Colliders

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

*remember: sterile neutrino = heavy neutral lepton = right-handed neutrino
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Neutrino Physics Beyond the Standard Model
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dim-4

dim-5

dim-6
νν

f f
e.g. sterile neutrinos

e.g. neutrino magnetic moments

e.g. non-standard interactions
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Neutrino Magnetic Moments

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

dim-5
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Petcov 1977

Fujikawa Shrock 1980

Neutrino Magnetic Moments

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


Magnetic moment operator 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Magnetic moment operator 
 
 

In the SM: generated by loop diagrams 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Magnetic moment operator 
 
 

In the SM: generated by loop diagrams 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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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Big Bang Nucleosynthesis

ν magnetic moments alter 

expansion rate of the Universe, 
baryon-to-photon ratio
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(Some) TeV-scale new physics models
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LSND



101

LSND – Liquid Scintillator Neutrino Detector (~1998)
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source–detector distance ~ 30 m (too short for standard oscillations)

νμ → νe oscillations mediated by sterile neutrino?
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MiniBooNE
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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)




105

Neutrino Interactions are complicated
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Example: Δ → N + γ
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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


Summary
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Thank You!




