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Standard Model of particle physics
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Are we done?  No !
• Gravity is not included

• Matter-antimatter asymmetry?

• Large tuning needed to obtain the 
measured low Higgs mass (natural ?)

• Unification of electroweak and strong forces?

• Dark matter and dark energy?

• Origin of neutrino masses?

• Additional neutrino states ?

• …

Many scientists and projects addressing these questions

I will discuss neutrinos today, focusing on sterile neutrinos
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Image credit  Hitoshi Murayama
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Coupling = small
Wolfgang Pauli Enrico Fermi

10-39 cm2 = 1 fb 



Neutrino oscillations
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• Three angles  θ12, θ23 and θ13

• One phase    δCP

• Two mass-squared differences  Δm2
21 and Δm2

23

The PMNS matrix

P(na ®nb ) = sin2 2qij ×sin
2 1.27Dmij
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Two-neutrino approximation
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A global experimental effort
KamLAND, Double Chooz, Daya Bay, RENO, Gösgen, SNO, SK, 
T2K, MINOS, NOvA, OPERA, ICARUS, IceCube, ANTARES, …
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LSND
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The Liquid Scintillator Neutrino Detector 
at Los Alamos National Lab

1993 -- 1998

P(na ®nb ) = sin2 2qij ×sin
2 1.27Dmij
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Two-neutrino approximation

New Δm2 ??

E~40 MeV
L~30  m
Δm2~ 1 eV2

3.8 σ
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4th neutrino mass state Constraints

Nν=3 from LEP

Cosmology
ΛCDM is sensitive to Nν

(Large scale structures (BAO) and light nuclei abundance.)
Best fit is also consistent with Nν =3 active neutrinos. 

 Sterile



• Short Base-Line:
• Sensitivity to high Δm2

• High rates, statistics to measure cross sections
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(over-)simplified schematic
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𝑃(𝜈𝛼 → 𝜈𝛽) = sin22𝜃𝑖𝑗 ⋅ sin
2 1.27𝛥𝑚𝑖𝑗
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𝐸



A.A. Aguilar-Arevalo et al. [MiniBooNE Collaboration], arXiv:1805.12028

4.5σ

2.8σ

MiniBooNE
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@Fermilab (2002--)
L/E ~ 1 MeV/m
E~800 MeV
L~600  m

Δm2~ 1 eV2



More hints, experiments, searches

• Investigations, also with new technologies (liquid argon TPC)

• "Reactor anomaly"

• Source experiments

• Disappearance analyses at long baseline experiments

• Dedicated reactors neutrino experiments
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Investigating LSND

Operation start in 2019
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(Antineutrino, Pion Decay At Rest DAR)

JSNS2

arXiv:1705.08629

Also DAEδALUS
and IsoDAR



Explore the MiniBooNE excess of events 
with a high resolution liquid Argon TPC

MiniBooNE event
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neutrino



Excited argon nuclei produce 

scintillation light, detected by PMTs

LArTPC
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Cathode

Anode wire planes

Ionization electrons drift in medium 

with constant velocity

Charged particle 

excites and ionizes LAr

Light-detection 

(PMTs)by W. Ketchum
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M. Del Tutto



High-Definition 3D imaging detector and calorimeter
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(detector length)

First few cm …

ArgoNeut  𝜈𝑒 CC search
Phys. Rev. D 95, 072005 (2017)
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Towards the low energy oscillation result
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Eur. Phys. J. C79, 248 (2019)

Charged current νµ

interactions

Count tracks attached to vertex 

https://link.springer.com/article/10.1140/epjc/s10052-019-6742-3


e.m. showers

Freibug Seminar 2019 22

CC νµ -> µ + p + π0

Phys. Rev. D99, 091102(R) (2019)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102


CC νµ double differential cross section
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arXiv:1905.09694

https://arxiv.org/abs/1905.09694
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νµ  νe ?



Sterile neutrinos:
more hints, experiments, searches

• Source experiments

• "Reactor anomaly"

• Dedicated reactors
neutrino experiments

• Disappearance analyses
at long baseline experiments
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Electron 
neutrinos 

disappearing

Radioactive source experiments
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51Cr



Reactor 

experiments: 

Pure ne source 
produced by fissions 
in 235U, 238U, 239Pu, 

241Pu

ne disappearance

baseline ~m
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At short baselines experiments see fewer 
neutrinos than expected (red line)
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Taken individually, each anomaly is not significant 

enough to be convincing…. 

most commonly interpreted as hint for 

one or more new “sterile” neutrino.
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The reactor anomaly can be explained

Freibug Seminar 2019 30

Daya Bay (and RENO) results suggest that the 
neutrino flux from 235U ~3 sigma below what 
expected from fission models so far

 Need experiments at Highly Enriched 
Uranium reactors (20-90% 235U), i.e. research 
reactors to thoroughly test this 



Compact reactors
Highly enriched 235U
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More reactor sterile neutrino searches
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Neutrino-4

DANSS

NEOS

Phys.Lett. B782 (2018) 13-21



Sterile Neutrinos and long baseline experiments
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Different oscillation signatures 
in near and far detectors

ICHEP2018 C.A. Ternes

WIN2019



Combination and tensions

34

nu-e appearance arxiv:1803.10661

All nu-e disappearance arxiv:1803.10661

M. Weber, SBL neutrino summary



SBND

Three-detector setup with LArTPCs
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• Neutrinos are interesting
(known physics BSM)

• Anomalies point to possible additional states
(Sterile neutrinos)

• Follow up experiments with
new technology underway

• Sterile neutrinos are still viable 

• CP violation in the lepton sector

• Sign of Δm2
31 , ”Mass hierarchy”

• Majorana or Dirac neutrinos

• Absolute neutrino masses



+++++++ 
BACKUP
+++++++
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2015
• Detector turn on (October)
• Cosmic and beam data
• Immediate identification of neutrinos

2016
• First MC release of automated LArTPC

reconstruction (MCC7)
• Performance results and Data/MC discrepancies
• “Open development” phase, investigate novel ideas, 

major effort on low level and high level reconstruction

2017
• CRT installation
• Converging on a new robust MC (MCC8),     

first MC using data as input
• Efforts on modelling, first calibrations, particle 

ID, 1st systematics, computing speed up

2018
• Exploiting MCC8 for 1st physics results
• Identified limitations in signal processing

and efficiencies
• 1st iteration on calibrations, systematics

 targeted development of 
a new MC (MCC9)

2019-2020
• Flagship results with flagship

MC that makes extensive use 
of uB data as a constraint

Detector paper
JINST 12, P02017 (2017)

CNN use for LArTPC
JINST 12, P03011 (2017)

Multiple Coulomb Scattering 
JINST 12 P10010 (2017)

Noise and filtering
JINST 12, P08003 (2017)

Cosmic ray studies
JINST 12, P12030 (2017)

Pandora reconstruction
Eur. Phys. J. C78, 1, 82 (2018)

Signal processing I and II
JINST 13, P07006 (2018) JINST 13, P07007 (2018)

Charged particle multiplicity
Eur. Phys. J. C79, 248 (2019)

Noise dependence on temperature

Neutrino identification

MC study of expected events 

Purity of the LAr

Cosmic shielding

MCC7 Data/MC

Signal formation

NC event selection in MC

CC event from 5E19 POT

Detector stability

3D shower reconstruction

Space charge

Proton ID

Side piercing tracks with t0

Drift electron lifetime

CCpi0 cross section

Wire Cell reconstruction

Ar-39 use for calibration

Reconstruction performance
Booster neutrino Flux

Unfolding the MB signal

Search for single photon events
1mu1p selection and reconstruction

Inclusive CC cross section

dE/dx calibration

Electron neutrino selection

CC-Np cross section

Public notes
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MicroBooNE
15 papers
33 public notes

Electron neutrino selection

Deep NN e.m. reco
Phys. Rev. D99, 09200

CC Pi0 xsec
Phys. Rev. D99, 091102(R) (2019)

Cosmic Ray Tagger
JINST 14, P04004 (2019)

CC nu-mu double differential
arXiv:1905.09694

Cosmic Ray Rejection for CCQE
arXiv:1812.05679

Michel electron reconstruction
JINST 12, P09014 (2017)

http://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017/meta;jsessionid=DC657D18996F120301114136AE4ABDB3.c3.iopscience.cld.iop.org
http://iopscience.iop.org/article/10.1088/1748-0221/12/03/P03011/meta;jsessionid=1238492A9F6846527EFC3137FF9741FD.c4.iopscience.cld.iop.org
http://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10010/meta
http://iopscience.iop.org/article/10.1088/1748-0221/12/08/P08003/meta
http://iopscience.iop.org/article/10.1088/1748-0221/12/12/P12030/meta
https://doi.org/10.1140/epjc/s10052-017-5481-6
http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07006
http://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007
https://link.springer.com/article/10.1140/epjc/s10052-019-6742-3
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04004/meta
https://arxiv.org/abs/1905.09694
https://arxiv.org/abs/1812.05679
https://doi.org/10.1088/1748-0221/12/09/P09014
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Primary cosmic-rays:
( protons, light ions … )

µ

νe

νµ

νµ
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Takaaki Kajita, Neutrino ‘98



In den 2020er…

ChicagoSouth Dakota
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LArTPC development
in Bern

ArgonTUBE
2009-2015
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• Greinacher circuit: 125 stages, input 4 kV AC

• COMSOL finite element analysis software to 
optimize the geometry of the field-shaping rings

• Goal: drift field of 1 kV/cm

• Reached 170 kV (0.34 kV/cm)  
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MicroBooNE in USA (2015 — ) 
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IceCube

MINOS

NOvA

Katrin
DayaBay

KM3NET

ArgonCUBE

SBNDHyper K
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ANTARES

Super-Kamiokande

Opera

DUNE

uBooNE
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Overview of KArlsruhe TRItium Neutrino Experiment

Windowless gaseous source Transport section Pre-spectrometer Main-spectrometer Detector

V
Monitor-spectrometer

70 m

10-3 mbar 10-11 mbar
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Rev. Mod. Phys. 84, 1307–1341 (2012)

Neutrino Anti-neutrino

Interaction regime

Nucleus

Typical neutrino beams
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𝜈𝑒
𝜈𝜇

=
𝑐𝑜𝑠𝜃12 𝑠𝑖𝑛𝜃12
−𝑠𝑖𝑛𝜃12 𝑐𝑜𝑠𝜃12

𝜈1
𝜈2

Mixing (rotation) matrix 

𝜈𝑒(0) > = 𝑐𝑜𝑠𝜃12 ⋅ 𝜈1 > + 𝑠𝑖𝑛𝜃12 ⋅ |𝜈2 >

Next, introduce time evolution (propagation in space)

𝜈𝑒(𝑡) > = 𝑐𝑜𝑠𝜃12 ⋅ 𝑒
−𝑖𝐸1𝑡 𝜈1 > + 𝑠𝑖𝑛𝜃12 ⋅ 𝑒

−𝑖𝐸2𝑡|𝜈2 >

P(na ®nb ) = sin2 2qij ×sin
2 1.27Dmij
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