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Precision Flavour Physics
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Quarks Leptons



LSND / MiniBooNE: anomalous                 oscillations 

Reactor & Gallium Experiments: anomalous      
disappearance
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Next-Generation Long-Baseline Experiments
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Image Credit: Fermilab

Neutrino sourceNear Detectors 
(measure unoscillated flux)

 Far, Far Away      

Far Detectors 
(measure oscillations)

➠ talk by Mary Bishai

https://nus2surf.dunescience.org/2018/02/neutrino-experiment-factsheet/


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

Connection between leptonic CP violation and baryogenesis 

Hints for the origin of flavour 

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

Portal to new physics  

…
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Yes, But Why?
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Question 1: How do Neutrinos Interact? 

Question 2: What Explains the Oscillation Anomalies? 

Question 3: How do Supernova Neutrinos Oscillate? 

Summary
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Open Questions Along the Way
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Question 1: 
How do Neutrinos Interact?





Large systematic uncertainties in 
Composition of neutrino beam 

Neutrino interaction cross sections

9

Systematic Uncertainties
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Understanding Neutrino Interactions
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Large systematic uncertainties in 
Composition of neutrino beam 

Neutrino interaction cross sections
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Systematic Uncertainties
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Experimental Mitigation

near detectors 
(on-axis and off-axis)  

hadroproduction experiments 
(NA61/SHINE, ENUBET) 
➠ talks by E. Zimmerman & A. Branca

Theory Needs

better modelling of 
neutrino interactions 

new strategies for optimally 
exploiting near detector data 
(e.g. DUNE-PRISM ➠ talk by F. Battisti)



Question 2: 
What Explains the 
Oscillation Anomalies?
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Anomalies in Short Baseline Oscillations
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MiniBooNE 2020

https://arxiv.org/abs/2006.16883


Unexplained excess of 
few 100 MeV νe in νμ beam 
(4.8σ) 

source–detector distance too 
small for std. oscillations 

But consistent with other 
anomalies in the νe ➝ νμ and 
νe ➝ νe channels
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MiniBooNE
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MiniBooNE Backgrounds
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MiniBooNE 2020

https://arxiv.org/abs/2006.16883
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MiniBooNE Backgrounds
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MiniBooNE 2020

https://arxiv.org/abs/2006.16883


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 
single-γ background from CC νe signal
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Δ ➞ γ N
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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 ➞ γ N enhanced by ~factor 2 

or may be absorbed 
➠ control region suppressed by ~factor 2 
 
 
(These effects have been taken into account by MiniBooNE)
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Δ ➞ γ N
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MiniBooNe, arXiv:2006.16883

Ioannisian 1909.08571 
Giunti Ioannisian Ranucci 1912.01524

https://arxiv.org/abs/2006.16883
https://arxiv.org/abs/1909.08571
https://arxiv.org/abs/1912.01524


LAr TPC ➠ superior event reconstruction capabilities 

no excess in single-e nor in single-γ 
(but still marginally consistent with MiniBooNE) 
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The New Kid in Town: MicroBooNE
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MicroBooNE arXiv:2110.00409  
and arXiv:2110.14054 

https://arxiv.org/abs/2110.00409
https://arxiv.org/abs/2110.14054


Add extra neutrino flavor, promote mixing matrix to 4×4 

Explaining MiniBooNE via νμ → νe oscillations 
requires sterile neutrino mixing with both νμ and νe. 
➠ predict sizeable νe and νμ disappearance into νs 
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Light Sterile Neutrinos?
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νμ → νe νμ → νμ

Dentler Hernandez JK Machado Maltoni Martinez Schwetz, 1803.10661 
see also works by Collin Argüelles Conrad Shaevitz, 1607.00011 

Gariazzo Giunti Laveder Li, 1703.00860 
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BEST and μBooNE 
push towards lower |Uμ4|2
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BEST and μBooNE 
push towards lower |Uμ4|2

BEST and Neutrino-4 
push towards larger |Δm41|2
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IceCube 2020 
closed contour at 90% CL 

IceCube 2020

BEST and μBooNE 
push towards lower |Uμ4|2

BEST and Neutrino-4 
push towards larger |Δm41|2

p < 10–4

https://arxiv.org/abs/1803.10661
https://arxiv.org/abs/1607.00011
https://arxiv.org/abs/1703.00860
https://arxiv.org/abs/2005.12942


νμ → νe νμ → νμ

Dentler Hernandez JK Machado Maltoni Martinez Schwetz, 1803.10661 
see also works by Collin Argüelles Conrad Shaevitz, 1607.00011 

Gariazzo Giunti Laveder Li, 1703.00860 
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IceCube 2020 
closed contour at 90% CL 

IceCube 2020

BEST and μBooNE 
push towards lower |Uμ4|2

BEST and Neutrino-4 
push towards larger |Δm41|2

Expect tension to increase 
• reactor fluxes vs. BEST 
• MiniBooNE vs. μBooNE

p < 10–4

https://arxiv.org/abs/1803.10661
https://arxiv.org/abs/1607.00011
https://arxiv.org/abs/1703.00860
https://arxiv.org/abs/2005.12942
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To Do List for Neutrino Anomalies
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To Do List for Neutrino Anomalies
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scrutinize anomalies for unknown systematics 
(need 4 independent effects!) 
scrutinize also null results! 
extended models?  ➠  see e.g. poster by Nicholas Kamp
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scrutinize anomalies for unknown systematics 
(need 4 independent effects!) 
scrutinize also null results! 
extended models?  ➠  see e.g. poster by Nicholas Kamp

➠ talks by Jay Hyun Jo (μBooNE), 
 Mikhail Danilov (DANSS), 
 Pablo del Amo Sánchez (STEREO)



Question 3: 
How do Supernova Neutrinos Oscillate?





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


flavor evolution described by von Neumann equation
<latexit sha1_base64="CoEdrMruXCC5gKfch+O6rNmAGwE="></latexit>

i(@t + ~v · ~r~r)⇢~r,~p = [Hvac +HMSW +H⌫⌫ , ⇢~r,~p]
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Collective Neutrino Oscillations
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density matrix 
in flavour space

vacuum oscillations 
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Hvac =
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density matrix 
in flavour space

vacuum oscillations 
<latexit sha1_base64="Jmc6Tl1JbtfNxfXDE6NJm0qRsuo="></latexit>

Hvac =
1
2EUPMNSM

2
U

†
PMNS

matter effects 
<latexit sha1_base64="wGp0cG/xzA1Y1RIsQjg6XrX7Ke8="></latexit>

HMSW =
p
2GFne

⇣
1
0
0

⌘
self-interactions 

<latexit sha1_base64="iGCJZUVulKSJi+hw0TDTTb8Wt3o="></latexit>

H⌫⌫ =
p
2GF

Z
d
3
q

(2⇡)3
(1� cos ✓~p~q)(⇢~r,~q � ⇢̄~r,~q)

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

non-linear equation  ➠  all kinds of instabilities 

each neutrino flavour behaves differently
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Collective Neutrino Oscillations
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pure Standard Model problem 
solution will be crucial for the next Galactic supernova 
the neutrinos are already on their way



Summary



Question 1: How Do Neutrinos Interact? 
reduce uncertainties in beam spectrum and interaction cross-sections 

Question 2: What Explains the Oscillation Anomalies? 
new physics or background mis-modeling? 

Question 3: How do Supernova Neutrinos Oscillate? 
non-linear evolution of dense neutrino gases 

+ many others

30

Summary

Joachim Kopp — Open Questions in Neutrino Physics



Thank You!



Questions?





Bonus Slides



Oscillation Anomalies
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Δ ➞ γ N: Comparison of Generators
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histograms calibrated to NUANCE  
(the generator used by MiniBooNE) 
using our own implementation of radiative resonance decays 
in GiBUU, NuWro, NUANCE

Brdar JK, arXiv:2109.08157

https://arxiv.org/abs/2109.08157


80 ton LAr TPC 

Very good event reconstruction capabilities 

can distinguish e± from γ
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MicroBooNE
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MiniBooNE vs. MicroBooNE
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MiniBooNE
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Δ ➞ γ N: MicroBooNE
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MicroBooNE arXiv:2110.00409

https://arxiv.org/abs/2110.00409


anomalous νe appearance tested by MicroBooNE 
in several channels 

No support for interpretation of MiniBooNE excess as νe
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MicroBooNE weighs in
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anomalous νe appearance tested by MicroBooNE 
in several channels 

No support for interpretation of MiniBooNE excess as νe
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MiniBooNE excess 
central value



anomalous νe appearance tested by MicroBooNE 
in several channels 

No support for interpretation of MiniBooNE excess as νe
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2σ regions overlap 

good sensitivity due to 
downward fluctuation in νe, 
upward fluctuation in νμ 
more conservative / robust 
limits from CLs method
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Compatibility Between MiniBooNE and 
μBooNE

Joachim Kopp — Open Questions in Neutrino Physics

Argüelles Esteban Hostert Kelly 
JK Machado Martinez-Soler Perez-Gonzalez 

arXiv:2111.10359

https://arxiv.org/abs/2111.10359
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NC π0 Production in MiniBooNE
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MiniBooNE 2020

https://arxiv.org/abs/2006.16883
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MiniBooNE 2020

https://arxiv.org/abs/2006.16883


ν + N ➞ ν + N + π 0 
π  0 ➞ γγ is observable 
→ π  0 production rate measured 

Rarely, one photon from 
π 0 ➞ γγ is missed 

conversion outside active volume 
  ➠ disfavored by uniform distribution of excess events 
decay may be asymmetric 
boosted/collimated photons 
  ➠ not at low energies, where the excess is 
photon absorbed on nucleus before converting
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NC π0 Production in MiniBooNE
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NC π0 Production in MiniBooNE
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Problem with translation 
from control sample to 
signal region? 

unlikely after >10 years 

but probability for missing one γ 
is determined based on MC only 

One possible cross-check: 
CC νμ + π0 production 

compare rate of μ + 1 shower 
and μ + 2 shower events
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NC π0 Production in MiniBooNE
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π0 in MiniBooNE: Comparison of Generators
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Brdar JK, arXiv:2109.08157

histograms calibrated to NUANCE  
(the generator used by MiniBooNE) 

https://arxiv.org/abs/2109.08157


Add extra neutrino flavor, promote mixing matrix to 4×4 

Oscillation channels are related: 
 
 
 
 
 
 
 
(for                                                  ) 

Models can be over-constrained.
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P⌫e!⌫e ' 1� 2|Ue4|2(1� |Ue4|2)

P⌫µ!⌫µ ' 1� 2|Uµ4|2(1� |Uµ4|2)

P⌫µ!⌫e ' 2|Ue4|2|Uµ4|2

4⇡E/�m2
41 ⌧ L ⌧ 4⇡E/�m2
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An extra neutrino species is in severe tension with 
cosmology. 

Standard picture: νs production via oscillation at T ≳ MeV

Planck TT,TE,EE+lowE+lensing+BAO 2018

48

Sterile Neutrinos in Cosmology
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Σ mν ≲ 0.12 eV   ⚡Νeff ≲ 3.16  ⚡

https://arxiv.org/abs/1807.06209v1
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measure for the 
energy density in relativistic particles 

extra neutrino species would imply Νeff ~ 4
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Σ mν ≲ 0.12 eV   ⚡Νeff ≲ 3.16  ⚡

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
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An extra neutrino species is in severe tension with 
cosmology. 

Standard picture: νs production via oscillation at T ≳ MeV
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Sterile Neutrinos in Cosmology
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Σ mν ≲ 0.12 eV   ⚡Νeff ≲ 3.16  ⚡

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

potentially solvable in extended models
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Reconciling Sterile Neutrinos with Cosmology
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Standard picture: νs production via oscillation at T ≳ MeV 
 
 

New interactions in the νs sector

production suppressed by thermal potential

avoids Neff constraint, weakens or avoids Σ mν constraint

Hannestad et al. 1310.5926 
Dasgupta JK, 1310.6337
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Standard picture: νs production via oscillation at T ≳ MeV 
 
 

New interactions in the νs sector

production suppressed by thermal potential

avoids Neff constraint, weakens or avoids Σ mν constraint

νs  properties change in late phase transition 

Hannestad et al. 1310.5926 
Dasgupta JK, 1310.6337

Bezrukov Chudaykin Gorbunov, 1705.02184 
Chu et al., 1806.10629
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Standard picture: νs production via oscillation at T ≳ MeV 
 
 

New interactions in the νs sector

production suppressed by thermal potential

avoids Neff constraint, weakens or avoids Σ mν constraint

νs  properties change in late phase transition 

Coupling to slow-rolling scalar field

Hannestad et al. 1310.5926 
Dasgupta JK, 1310.6337

Bezrukov Chudaykin Gorbunov, 1705.02184 
Chu et al., 1806.10629
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Reconciling Sterile Neutrinos with Cosmology
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Fardon Nelson Weiner, astro-ph/0309800 
Bezrukov Chudaykin Gorbunov, 1705.02184

Σ mν ≲ 0.12 eV ⚡ Νeff ≲ 3.16  ⚡

https://arxiv.org/abs/1310.5926
https://arxiv.org/abs/1310.6337
https://arxiv.org/abs/1705.02184
https://arxiv.org/abs/1806.10629
https://arxiv.org/abs/astro-ph/0309800
https://arxiv.org/abs/1705.02184


Assume νs coupled to new force mediator 

Neutrino self-energy contributes to effective potential Veff
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Thermal propagators
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S(p) = (/p+m)


1

p2 �m2
+ i�f (p)

�

Dµ⌫(p) = (�gµ⌫ + pµp⌫/M2)


1

p2 �M2
+ i�b(p)

�

�f,b(p) = 2⇡�(p2 �m2)nf,b(p)

nf,b(p) = [e|p·u|/Ts ± 1]�1

Thermal propagators

νs production strongly suppressed at high T 
cosmological constraints avoided



Effective potential Veff ≫ Δm2 / (2 T): suppresses νs 

production 

Later: equilibration between νe,μ,τ and νs 

(Neff is fixed by then)
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May easy H0 tension 
(discrepancy between local and 
cosmological measurements of 
the Hubble constant)

https://arxiv.org/abs/1606.07673


Decay of O(keV) sterile neutrinos to active neutrinos 

New resonance matter effects from neutrinophilic Higgs 

Altered dispersion relations 

Sterile ν + non-standard interactions 

Mixed O(1 eV) νs oscillation and O(100 MeV) νs decay
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Decay of heavy νs produced in beam 

Decay of νs or new scalars produced in the detector 

Decay of axion-like particles 

A model-independent approach 

…
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Bai Lu Lu Salvado Stefanek 1512.05357 
Hernandez-Cabezudo Schwetz 1909.09561  

Magill Plestid Pospelov Tsai 1803.03262  

Alvarez-Ruso Saul-Sala 1705.00353 
Bertuzzo Jana Machado Zukanovich-Funchal 1807.09877  

Abdullahi Hostert Pascoli 2007.11813 
Ballett Pascoli Ross-Lonergan 1808.02915  

Dutta Ghosh Li 2006.01319 
Abdallah Gandhi Roy 2010.06159 

Chang Chen Ho Tseng 2102.05012 

https://arxiv.org/abs/2007.14411
https://arxiv.org/abs/hep-ph/0505216
https://arxiv.org/abs/1101.4004
https://arxiv.org/abs/1512.05357
https://arxiv.org/abs/1909.09561
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Inclusive single-γ: sensitive e.g. to N ➞ ν γ 

Boosted e+e–:   sensitive e.g. to N ➞ ν (A’ ➞ e+e–)
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Idea: production of sterile neutrinos that quickly decay 
back into active neutrinos (+ light new scalar): νs ➝ νa + Φ
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Idea: production of sterile neutrinos that quickly decay 
back into active neutrinos (+ light new scalar): νs ➝ νa + Φ

Excellent fit to 
MiniBooNE data
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Idea: production of sterile neutrinos that quickly decay 
back into active neutrinos (+ light new scalar): νs ➝ νa + Φ

Excellent fit to 
MiniBooNE data

Consistent with all 
null results (incl. cosmology)

simultaneous fit with LSND 
disfavoured by solar ν̅
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