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Preambles

• Since 1998 we know that neutrinos oscillate between their flavors due 
to a difference between mass eigenstates and weak eigenstates

• This implies that at least 2 out of the 3 known neutrino mass 
eigenstates have a non-zero mass

• Oscillation experiments currently provide information on the absolute
value of the mass splittings, and may reveal in the (near) future their 
sign

• Oscillation experiments are unable to reveal any information on the 
absolute mass of the neutrino eigenstates, or on the details of how this 
mass is generated

• Extracting the CP-violating phase is only possible by measuring



How is mass generated

NOT in SM, because there are no 𝜈𝑅in Standard Model NOT in SM, because not gauge invariant (see later)

Theory introduction by T. Hambye (ULB)
Antwerp, BND school, 30/08-01/09 2016



Neutrino mass matrix: Dirac case



Dirac case: PMNS mixing matrix



Oscillation of 2 neutrinos



Oscillation of 2 neutrinos



What can be measured if neutrinos have Dirac mass?



What can be measured if neutrinos have Dirac mass?



What can be measured if neutrinos have Dirac mass?



Why no neutrino masses in the SM



Generating Majorana neutrino masses from 
dimension 5 interactions



Let’s suppose 𝜈𝑅exists



Let’s suppose 𝜈𝑅exists



Let’s suppose 𝜈𝑅exists

The RH singlet mixes 
with
LH neutrinos
through
Higgs Yukawa 
coupling

Mixing angle is typically (very)
small:



Let’s suppose 𝜈𝑅exists: see-saw mechanism



3 conventional seesaw ways to induce neutrino masses



Mixing in a Type-I see-saw scenario

The RH singlet mixes with
LH neutrino, only through
Higgs Yukawa coupling!

Mixing angle is typically (very)
small:

Extension of PMNS matrix with block 
Diagonal terms

Extension of PMNS matrix with 
1 right handed neutrino

Although it’s possible, there is a
Priori no reason/need to include
one sterile neutrino for each SM
Neutrino flavor!
Right handed neutrino’s are EW
singlets and do not know the 
concept of flavor.



Cosmology and neutrino’s
• How many neutrino’s in our universe?
• Big bang Cosmology in the 1st second:

• Neutrinos, copiously produced by weak interactions, are in thermal 
equilibrium with other particles

• The temperature cools down to 1MeV (10 billion K)
• The density of neutrinos is equal to that of photons and baryons

• >1s:
• Neutrinos decouple from the plasma and move freely in space: 

note that photons do so much much later (380kyr)
• Electrons and positrons annihilate into photons, introducing extra 

energy into the photon bath, raising the overall photon temperature
• Neutrino number density is frozen in comoving space, and have 

slightly lower energy than photons
• Their number density only diminishes due to cosmic expansion
• BUT: At low temperature, massive neutrinos become non-

relativistic and change their impact on the universe from radiation 
to matter

1 MeV

Radiation 
dominance

Matter
dominance

Dark energy

In a late stage of the 
universe: massive Neutrinos 
become non-relativistic
Their energy density scales 
like matter (𝑎−3), rather than 
radiation ((𝑎−4). Heavier 
neutrinos make this 
transition earlier that light 
eigenstates



Cosmology and neutrino’s
• Entropy density for relativistic particles

• Before e+ and e- annihilate, 
they are in equilibrium with photons:

• After annihilation: 
only photons in equilibrium

𝑠 =
2𝜋
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For photons (spin1 = 2 polarisations) 

For electrons and positrons (each spin ½, 
and they get factor 7/8)) 

𝑔𝑏𝑒𝑓𝑜𝑟𝑒 = 2 +
7

8
2 + 2 = 5.5

𝑔𝑎𝑓𝑡𝑒𝑟 = 2

Entropy in comoving volume is conserved:
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Neutrinos decoupled earlier:

Temperature of photons after e+e- annih:

𝑇𝜈 = 𝑇𝑏𝑒𝑓𝑜𝑟𝑒

𝑇𝜈
𝑇𝛾

=
4

11

1/3

≈ 0.714

So that Temperatures relate as:

With Effective NDOF
Fermi-Dirac
Vs. Bose-Einstein



Cosmology and neutrino’s
• Number densities relate to Temperatures as:

• So that:

• In case of 3 neutrino species 
• Evolution through cosmic expansion

𝑛𝜈 ∝ 𝑎−3
𝑇𝜈 ∝ 𝑎−1

𝑛𝜈
𝑛𝛾

= 3 ×
3

4

𝑇𝜈
𝑇𝛾

3

≈ 0.819

𝑛𝜈
𝑡𝑜𝑡

𝑛𝛾
=
12

11

For blackbody radiation:   𝜆𝑝𝑒𝑎𝑘 ∝
1

𝑇

As space stretches, so does the photon peak wavelength

And thus: 

𝒏 =
𝒈

𝟐𝝅𝟐
න
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Fermi-Dirac
Vs. Bose-Einstein Subsitute

𝑝

𝑇
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0
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𝑒𝑥 ± 1
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Temperatures today:
𝑇𝛾 ≈ 2.725 𝐾

𝑇𝜈 ≈ 2.725 × 0.714 = 1.95 𝐾

(measured)

(calculated)

න
0

∞ 𝑥2𝑑𝑥

𝑒𝑥 − 1
= 2𝜁(3) ≈ 2.404For photons

Number densities today:

𝑛𝛾 =
2𝜁(3)

2𝜋2
𝑇3 ≈ 410𝑐𝑚−3

𝑛𝜈 ≈ 410𝑐𝑚−3 × 0.819 ≈ 336𝑐𝑚−3

Neutrino energy:

𝐸𝜈 = 𝑘𝐵𝑇 = 8.617 × 10−5𝑒𝑉 ∕ 𝐾 × 1.95 𝐾 = 1.86 × 10−4𝑒𝑉



The CMB power spectrum
• Start from a cleaned sky map of

• Temperature fluctuations in each direction, 
decomposed in spherical harmonic functions

• Power spectrum, 𝐶𝑙 ,is the ensemble average of 
the coefficients. This depends only on l when 
universe is isotropic

• Contribution to the variance per log interval in l
From: Planck Collab.,  A&A 641, A6 (2020)
https://doi.org/10.1051/0004-6361/201833910
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What physics can be deduced from the TT 
spectrum? 

Sound horizon at recombination (𝑟𝑠)

Barion density
(ℎ2Ω𝑏)

Sachs-Wolfe plateau

Damping Tail

First acoustic peak, l=200:
Largest compression of photon-baryon fluid 
at recombination
Sensitive to:
• Baryon and DM density (height of peak)
• Geometry of the universe
• Angular scale of the sound horizon: this

depends on expansion rate before
recomb. And thus on nr of neutrinos (not 
mass because relativistic still): Expressed 
in 𝑁𝑒𝑓𝑓:quantifies the total energy density 
in relativistic particles (except for 
photons). In SM: 𝑁𝑒𝑓𝑓 ≈ 3

• Note:  only neutrinos with mass

• Heavier neutrinos contribute to total 
matter density, and thus hight of peak



What physics can be deduced from the TT 
spectrum? 

Sound horizon at recombination (𝑟𝑠)

Barion density
(ℎ2Ω𝑏)

Sachs-Wolfe plateau

Damping Tail

Damping tail, l>1500:
Measures mean free path of photons at 
recombination
Sensitive to:
• Baryon and electron density
• Expansion rate
• 𝑁𝑒𝑓𝑓: faster expansion reduces the time 

for acoustic oscillations & photons to 
diffuse: start of damping tail shifts to left 
and becomes steeper

• σ𝑚𝜈: sum of masses of all neutrino 
species: affect later times when neutrinos 
become non-relativistic: also steeper 
damping tail for higher masses



Neutrino impact on CMB TT spectrum? 

• Overall effects of neutrino number and total mass on CMB 
TT power spectrum are subtle and often degenerate with 
other cosmological parameters

• They affect mostly the tail of the spectrum (small scale 
fluctuations)



Baryon Acoustic Oscillations (BAO)
• A cosmological probe that was firmly established in 

2005: D. J. Eisenstein et al. 2005 ApJ 633 560
• Overdensities of curvature attract photons (and 

neutrinos) that push the photon-baryon plasma 
outward, like a sounds wave with speeds up to 0.5.c

• These sounds waves propagate until photons 
decouple, after which they slow down

• Maximum distance traveled: sound horizon, 𝑟𝑠 ≈
150 𝑀𝑝𝑐 𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 ≈ 100ℎ−1Mpc (comoving)

• When the universe cooled down further, these 
oscillations froze out in the matter distribution, 
observable by distribution of galaxies

• It is a probe that allows to probe the universe at 
much later timescales, and correspondingly much 
smaller redshifts, when matter effects become more 
important

• Key probe: spatial correlation plot of the distance 
between galaxies in large galaxy survey campaigns: 
eg. SLOAN, DESI, …
𝜉 𝑟 : Two-point correlation function of the distance 
between galaxies: excess probability of finding galaxies 
at spectif diatance wrt random distribution

Pure CDM model is disfavored:
No acoustic waves without baryons
In the early universe plasma.



Latest results on BAO
M. A. Karim et al., Phys. Rev. D 112, 083515 (2025)

14 million galaxies mapped in 3D, compared to 47.000 in the 
SLOAN survey



Implications of CMB and BAO on neutrinos

Cosmological data does not 
like sterile neutrinos !



Historic context
• J. Chadwick, Verhandlungen der Deutschen Physikalischen 

Gesellschaft, Vol. 16 pp.383–391

• C.D. Ellis and W.A. Wooster, Proc. Roy. Soc. A 117 (1927) 109

• Chadwick measures (roughly) the energy spectrum of β-rays  from 
the decay of Radium B and C with a magnetic spectrometer 
(‘tracker’)

• Lise Meitner contests the conclusions by suggesting partial energy 
loss before detection

• Ellis and Wooster measure β -spectrum of Radium E with a 
calorimeter (either detecting 1MeV of energy in case of 2-body, or 390 
keV in case of 3-body decay)

• Radium B = 214𝑃𝑏

• Radium C = 214𝐵𝑖

• Radium E = 210𝐵𝑖

Chadwick 1914

Ellis-Wooster 1927Magnet+Geiger counter
Calorimeter experiment



Historic Context
Magnetic ‘spectrometer’

Calorimeter

C.D. Ellis and W.A. Wooster, Proc. Roy. Soc. A 117 (1927) 109

Systematics from secondary energy loss excluded



Historic context
• Pauli 1930 in an open letter to a 

conference in Tubingen: postulates an 
"extremely light" and "electrically 
neutral" particle (initially called a 
"neutron")

• Chadwick discovers the neutron in 
1932: "The Existence of a Neutron" in 
the journal Proceedings of the Royal 
Society A in May 1932

• Fermi in 1934: Took up Pauli’s idea and 
called it the ‘little neutron’ or 
‘neutrino’. Submission to Nature got 
rejected! So he published in IL NUOVO 
CIMENTO Nuova Serie N. 1, Pag. 1–20, 
(1934): ‘An attempt to a β rays theory’

E. Fermi, IL NUOVO CIMENTO Nuova Serie N. 1, p. 1–20 (1934)



The endpoint spectrum

• If there were no neutrino, the energy spectrum of the electron in any 
beta decay process would be monochromatic.

• Can you prove this?: simple kinematic exercise

for

• What E. Fermi postulated and computed in 1934:
• Existence of a new fundamental force (Weak force)
• Field-Theoretical description of creation of particles
• Precise shape of the -decay spectrum (with and without neutrino mass)
• Relationship between half-life and Endpoint energy of the  spectrum
• Other processes became calculable: positron emission, electron capture, 

inverse-beta decay, …

𝐴՜𝐵 + 𝐶 𝐸𝐵,𝐶 =
𝑀𝐴

2 +𝑀𝐶,𝐵
2 −𝑀𝐵,𝐶

2

2𝑀𝐴



Fermi’s theory of β decay
Transition probability per unit time

Dependence on the neutrino mass via phase space factor:

(1 − 𝑥)2

1 − 𝑥

PLUS, he also proved that:

Inverse of the mean lifetime:

𝐹 𝜂0 ∝ 𝜂0
6with ,for large values of 𝜂0

In other words, the maximum endpoint energy of a beta decay of a nuclide with half life 𝑇1/2 ∝
1

𝐸0
5

Contact interaction Hamiltonian

Density of final states for massless 



…

The way to the direct detection of the neutrino

𝜎𝑖𝑏𝑑 = 𝒪 𝐸2𝑇1/2 ∝
1

𝐸0
5

If Fermi’s theory holds, then

𝐸 = 5𝑀𝑒𝑉 ⇒ 𝜏 ≥ 0.1𝑠, 𝜆/𝑐 = 10−22𝑠

𝜆2 = 10−21𝑐𝑚2
𝜎𝑖𝑏𝑑 = 𝒪 10−42𝑐𝑚2

10−3𝑓𝑏



The search for high fluxes of Neutrinos:
From Pontecorvo’s paper:

• Solar flux: 𝒪 1010𝑐𝑚2𝑠−1 , but low energy
• Nuclear reactors: at 10m from the core

𝒪 1013𝑐𝑚2𝑠−1

• Nuclear bombs: 𝒪 1014𝑐𝑚2𝑠−1  at 1km 
from a 20kTon bomb



Size of natural fluxes

T. HAMBYE, BND school Antwerp 2016



Project Poltergeist
• Based on proposal by Bruno Pontecorvo, two Los 

Alamos Nuclear weapon scientists: Frederick 
Reines & Clyde Cowan, placed initially a tank 
with 300l of liquid scintillator (new technological 
development) with 90 2” PMTs at close proximity
to the Hanford Power plant.

IBD Process

Scintillator tank loaded with moderate amounts of Cd

Delayed coincidence technique:
1. Detect the >1.02 MeV EM 

signal (2 γ’s) from the 
positron annihilation

2. The Neuron will be captured 
by Cd, 9s later, after it has 
thermalized (loosing energy 
via elastic collisions)

3. The Excited Cd will emit a 
cascade of (up to 9) gamma’s
with total energy of 9 MeV



Project Poltergeist



Measured x-section:Maximum rate of ~3 counts/hour

This will introduce problems later on!



The follow up experiments leading to the 
reactor anomaly

signal

calibration

Electronic
noise

Cosmic ray

Also this will lead to future complications

𝑄 = 𝑚𝑛 −𝑚𝑝 +𝑚𝑒 = 1.8𝑀𝑒𝑉



First tensions

Charged current branch (ccd)

• Low E threshold: 1.44 MeV
• Only Sensitive to electron neutrinos 

• Equally sensitive to all neutrino flavors

This placed the foundations of heavy water (D2O) 
experiments, such as SNO that completed the solar 
neutrino puzzle!!

What was measured: What was predicted by EW theory:

Using two predictions of neutrino energy spectrum:
this will prove a delicate issue!!

Neutral current branch (ncd)

Possible interpretation in terms of a 2 flavor mixing scenario:



Reactor neutrinos: the beginning
• ILL Grenoble: Very compact core and very simple fuel: 93% enriched 

235𝑈

• Measurement at 8.75m, but smaller flux: 9.8 × 1011𝑐𝑚2𝑠−1

• Measuring the neutrino energy spectrum and compare with predictions

• Measured neutrino spectrum is product of emitted neutrino spectrum 
from reactor, deduced from precise measurements of b-spectrum of 
235𝑈, and the IBD cross-section, which is dependent on the neutron 
life-time

𝜎 𝐸ഥ𝜈 ≈ 𝜅 𝐸𝑒𝑝𝑒 = 9.13 ± 0.11 ⋅ 𝐸ഥ𝜈 − 1.293 ⋅

𝐸ഥ𝜈 − 1.293 2 − 0.511 2 × 10−44𝑐𝑚2

𝜅 =
2𝜋2

𝑚𝑒
5𝑓𝜏𝑛

𝜅 =
𝐺𝐹
2 cos 𝜃𝐶

2

𝜋𝜏𝑛
or

A decrease in neutron lifetime will cause an upward shift of the x-sect!
The energy spectrum of ҧ𝜈𝑒from conventional power reactors 
is predominantly formed from the β-decays of the fission 
products of the fuel isotopes 235𝑈, 238𝑈, 239𝑃𝑢, 241𝑃𝑢.
The dominant contribution to all fission events and energy 
release comes for 95% from the three first isotopes!
Challenge: There are 1000’s of decay branches in these 
fission chains that can produce ҧ𝜈𝑒
There are TWO approaches for obtaining the energy 
spectrum: The conversion method & the summation method



Conversion or summation?

•Basis: 

•Measured aggregate beta spectra for U-235, Pu-239, Pu-241 at ILL 

(or Kharkov) using a magnetic spectrometer. 

•Approach: 

•Fit beta spectrum with virtual beta branches: each branch has 

specific endpoint energy and a relative contribution (weight). Note: 

these are hypothetical decays that parameterize the measured beta 

spectrum. 
The most cited model is the  Huber-Mueller model: uses ~40 virtual 
branches and applies nuclear-physics corrections
•Strengths: 

•Direct experimental input for major isotopes. 

•Historically provided the most accurate predictions for decades. 

•Weaknesses: 

•Assumes allowed beta transitions → underestimates forbidden 

decay corrections. 

•Limited energy range (2–7.5 MeV). 

•Uncertainty: ~2–3% statistical + model-dependent conversion 

errors

Conversion method:

K. Schreckenbach et al. , 
Phys. Lett. 998, 251 (1981).

conversion

summation

𝜙𝑏𝑟𝑎𝑛𝑐ℎ 𝐸𝜈 ∝ 𝐸0 − 𝐸𝜈
2 𝐸0 − 𝐸𝜈

2 −𝑚𝑒
2

Mueller et al., Phys. Rev. C 83, 054615 (2011)
Huber, Physical Review C, Vol. 84, 024617(2011)



Summation method

•Basis: Nuclear databases (fission yields + decay 

schemes for thousands of isotopes). 

•Approach: 

•Sum contributions from all beta decays of fission 

products. 

•Uses evaluated nuclear data libraries (ENDF, JEFF, 

etc.): > 10.000  branches

•Strengths: 

•Covers full energy range. 

•Can incorporate updated nuclear data and forbidden 

transitions. 

•Weaknesses: 

•Sensitive to incomplete or inaccurate nuclear 

databases. 

•Historically had larger uncertainties (~10%), but 

improving. 

•Uncertainty: Dominated by missing or poorly known 

beta branches. 



The hunt for neutrino oscillations
• No a-priori indications of which Δ𝑚2and mixing parameters to look for
• Programs at reactors take full speed: 

• measuring the energy spectrum, close to the cores (to benefit from high fluxes to be 
measured with small detectors)

• Compare the spectrum with predictions from the fully developed EW theory:

𝑁𝑚𝑒𝑎𝑠 𝐸ഥ𝜈 = 𝑁𝑚𝑒𝑎𝑠
𝑅,𝑜𝑛 𝐸ഥ𝜈 −𝑁𝑚𝑒𝑎𝑠

𝑅,𝑜𝑓𝑓
𝐸ഥ𝜈

𝑁𝑝𝑟𝑒𝑑 𝐸ഥ𝜈 = 𝜎𝐼𝐵𝐷 𝐸ഥ𝜈 𝜙 𝐸ഥ𝜈 . 𝜀−1 𝑛, 𝐸ഥ𝜈

𝑁𝑚𝑒𝑎𝑠

𝑁𝑝𝑟𝑒𝑑
= 1 − 𝑠𝑖𝑛22𝜃 ∙ 𝑠𝑖𝑛2 1.27Δ𝑚2 𝑒𝑉2 ∙ 𝐿 𝑚 /𝐸ഥ𝜈 𝑀𝑒𝑉

To remove reactor induced backgrounds

Dependent on 
• n life-time
• EW corrections

Dependent on:
• reactor fuel composition and burnup
• Reactor power evolution
• Model used: conversion vs. summation
• If conversion: quality of measured b spectra

Dependent on:
• Geometrical acceptance
• Shielding and selection cuts to 

remove reactor independent 
backgrounds

• Neutron detection efficiency
• Annihilation Gamma detection 

efficiency



The hunt for neutrino oscillations
Example of energy spectrum distortion at 2 
distances (7m and 12m), for maximal mixing, 
and Δ𝑚2 = 1𝑒𝑉2

Example of energy spectrum distortion at 2 
distances (7m and 12m), for mixing of 𝑠𝑖𝑛2 2𝜃
= 0.3, and Δ𝑚2 = 1𝑒𝑉2, including energy 
resolution effects



The hunt for reactor neutrino oscillations

Ratio of measured/non-oscillation spectrum at 
2 distances (7m and 12m),  for mixing of 
𝑠𝑖𝑛2 2𝜃 = 0.3, and Δ𝑚2 = 1𝑒𝑉2

Ratio of measured spectra at 2 distances (7m 
and 12m),  for mixing of 𝑠𝑖𝑛2 2𝜃 = 0.3, and 
Δ𝑚2 = 1𝑒𝑉2, including statistical errors 
corresponding to 5000, and 100.000 detected 
events and with energy smearing



Scenario with current best neutrino parameters
Ratio of measured/non-oscillation spectrum at 
12m distance from the core,  for current best 3 
neutrino mixing parameters, versus a single 
‘sterile’ with mixing of 𝑠𝑖𝑛2 2𝜃 = 0.1, and Δ𝑚2

= 1𝑒𝑉2

Ratio of measured/non-oscillation spectrum at 
50km distance from the core,  for current best 3 
neutrino mixing parameters, versus a single 
‘sterile’ with mixing of 𝑠𝑖𝑛2 2𝜃 = 0.1, and 
Δ𝑚2 = 1𝑒𝑉2

This implies the need for accurate measurements 
very close to the reactor core in order to discover 
‘steriles’ with large values of Δ𝑚2



H. Kwon, et al., Phys. Rev. D24, 5 (1981)  ILL energy spectrum at 8,76m:

4890 180 events



Modern reactor expts

Measurements at Bugey Power plant near Lyon:
Measure anti-neutrino energy spectrum at two 
Distances from the core: 13.6 & 18.3 m
Flux at 13.6 m: 2 × 1013𝑐𝑚2𝑠−1

63.000 IBD events collected
Detector used: same as at ILL

• positron slows down by ionization in the liquid scintillator 
producing a prompt light pulse proportional to the energy 
of the positron. 

• most of the annihilation γ’s escape from the target cell, 
since their mean absorption length is 14 cm in the liquid 
scintillator.  → Energy leakage

• neutron (of a few keV) does not make a pulse in the liquid 
scintillator. Instead, it is thermalized in the target cell 
within a few μs and diffuses into the 3𝐻𝑒 counter with a 
mean diffusion time of about 150 μs

• Neutron is captured in 3𝐻𝑒 counter via the reaction
𝑛 + 3𝐻𝑒 ՜ 𝑝 + 3𝐻 + 765 𝑘𝑒𝑉

Kinetic energy of the proton and triton

J.F. Cavaignac, et al, Phys Lett. 148B, nr4,5 (1984)



Modern reactor expts. • The 30 target cells are arranged in five vertical planes of 
six cells in each plane. Each target cell has an outside 
dimension of 9 cm x 20 cmx 88 cm, and is made out of 6 
mm lucite. The width of the cell was chosen to be thick 
enough for neutron thermalization, yet sufficiently thin to 
prevent excessive neutron absorption by the protons.

• NE235C liquid scintillator (mineral oil based): with light 
output of 61.5% of that of anthracene and light 
transmission length >2 m.

• Energy resolution is 20% at 1MeV •Anthracene: 100% 

•NaI(Tl): ~130% of anthracene 

•Plastic scintillator: ~30–40% 

•Liquid scintillator: ~50% 

Measured positron spectrum

Nr of protons in target

Neutron detection efficiency

Incoming neutrino flux IBD cross sect., using 𝜏𝑛 = 900𝑠

Positron detection eff.

𝜖𝑛 200𝜇𝑠 = 20.2 ± 1.6 %

Neutron detection efficiency: 
obtained with AmBe calibration source

Backgrounds:
• Accidentals: 

• positron-like signals followed in 
random time by n-like signals

• Show no exponential time-delay 
pattern

• Can be reactor induced or 
environmental: cosmics or 
radioactivity in environment 
(concrete, detector 
components, shielding ,…)

• Non-accidentals:
• Specific decay chains of 

contaminants or activated 
material with time-delay pattern



Backgrounds
Specific decay chains: several exist, but BiPo
Is very common

From 238𝑈 decay chain:

Emits e and : prompt signal Half life of 164s

From 232𝑇ℎ decay chain: Half life of 0.3s

Mitigation:
• Pulse shape discrimination between alpha/gamma’s/beta’s
• Measurement/reconstruction of the annihilation gamma’s
• Spatial/topological differences:

• Alpha is absorbed very close to the deposit of the electron
• Neutrons need a distance of several cm to thermalize 

before capture
• Radiopurity: Anything derived from natural ores (ceramics, 

glass, concrete) tends to have higher U/Th than synthetic 
polymers or purified metals.

Cosmic induced neutrons: 
• primary cosmic n and proton induced spallation 

n’s dominate at surface.
• Muon induced neutrons dominate at depth
• These change with weather conditions: air temp 

and pressure



Other considerations
• Avoid at all cost, reactor induced, power correlated (n, or gamma) backgrounds
• High reactor power: 2,5-4,5 GW

• typically yields higher S/N figure, but adds risk for reactor induced bg
• are typically commercial power stations:

• Fuel mixture is more complex, burnup is longer and more complex: predicted neutrino spectrum harder 
to calculate

• Reactor core size is extensive (not a point source): smears baseline
• Core is often not easily approachable at short distances

• Low reactor power: 10-100 MW
• Lower S/N due to factor 100 lower flux
• Cores are often compact
• Some operate with 93% enriched 235𝑈
• Fuel mixture and power profile very well known
• Have regular down-time for refueling or maintenance: Extensive reactor-off periods
• Flexible access and installations close to core are often possible



Interpretation
J.F. Cavaignac, et al, Phys Lett. 148B, nr4,5 (1984)

13.6m 18.3m

H. Kwon, et al., Phys. Rev. D24, 5 (1981)  

Bugey Power reactor:2 positions: L=13.6m and 18.3 m ILL research reactor: L=8.76 m

Note the difference in S/N ratios 



Interpretation

Note the large systematic uncertainties due to:
• Expected (no-oscillation) spectrum calculation
• Energy scale uncertainties (calibration)

Ratio of measured energy spectra at 2 baselines:
• Eliminates the need for spectrum calculation (to 

1st order)
• Predicted spectra are used for acceptance, 

trigger and selection efficiency calculations
• Remaining systematic uncertainties are related 

to fuel burnup profile (related to spectrum 
calculations)

mixing of 𝑠𝑖𝑛2 2𝜃 = 0.025, and Δ𝑚2 = 0.2𝑒𝑉2



Chi**2 fits and exclusions
2 inputs:

• Each of 10 bins, i, in the ratio plot of the two baselines 1 and 2

• The integrated event yield for baseline k, k=1,2

2 Constraints:

• Fitting to the expected shape with arbitrary normalization

• Fitting to the normalization (counting difference)

Excluded regions from shape

Excluded regions from normalisation

Preferred regions from signal fitTwo preferred regions with a signal hypothesis at 
Δ𝑚2 ≈ 0.8 𝑒𝑉2and Δ𝑚2 ≈ 0.2 𝑒𝑉2



Reactor Neutrino anomaly

G.Mention et al., Phys. Rev. D83,073006 (2011) 

In the 2010’s, 2 significant updates in the 
predicted anti-neutrino flux and energy 
spectrum:
• Update of the neutron life time:

• Increased the IBD x-sec with 
0.5%

• Updated flux calculations using 
improved -conversion models 
(Huber & Mueller)

• Increased the integrated flux with 
~3%, depending on fuel

• Standardizing all historic 
measurements at short baselines led 
to a global deficit in measured flux of 
~6%

μ=0.943±0.023
• Taking into account correlated 

uncertainties between experiments, 
this was a 2.2  effect



Reactor neutrino anomaly • Global re-fits to 
• historic reactor  data
• Calibration data from 

radiochemical experiments 
(Gallium anomaly)

• Historic accelerator data 
(LSND, MiniBoone)

• Indicated the possibility of 
a 4th, ‘sterile’, neutrino state 
with 𝑠𝑖𝑛2 2𝜃 ≈ 0.1, and 
Δ𝑚2 ≈ 1𝑒𝑉2

• This prompted:
•  a new global effort to 

measure energy spectrum 
and flux at very short 
baselines (<10m)

• Many flagship neutrino 
oscillation experiments to 
test the sterile hypothesis

G.Mention et al., Phys. Rev. D83,073006 (2011) 



The Solar neutrino puzzle
• 1964: J. Bahcall and R. Davis 

Jr. make the first quantitative 
prediction of the neutrino flux 
from the sun

• R. Davis conducts the first 
Clorine based radiochemical 
experiment and detects a flux 
that is 3x too small!

and Pep-chain



Solar neutrino production
• The main process that drives 

energy production by our sun

• This processes happens through a 
chain of reactions 

4𝑝 ՜ 𝛼 + 2𝑒+ + 2𝜈𝑒

P-p chain (most dominant part of the flux)

Pep chain (subdominant)

Be- chain (very small)

B- chain (very small)



Gallium experiments are also sensitive to p-p chain neutrinos
through reaction

With an energy threshold of 0.233 MeV
Two groups of experiments:
• Gran Sasso: 

• GALLEX: 30 ton 𝐺𝑎𝐶𝑙3 −𝐻𝐶𝑙 solution
• GNO: follow-up of GALLEX

• Baksan Neutrino Observatory, Russia: 
• SAGE: 50 ton metallic Ga (solid detector)

Half-life: 11.4 days
X-ray emitter

SSM Predicted: 1299 SNU



Interpretation
• Electron neutrinos from the sun oscillate 

on their way to earth

• Electron neutrinos are a mixture of 
predominantly the first two mass 
eigenstates

with:

• Their survival probability is dominated by 
the mixing parameters of the first two 
generations:

• In vacuum, the survival probability 
becomes simply

• With small negative correction due to 

Δ𝑚12
2 , 𝜃12

𝜃12 ≈ 33.4°

𝑃𝑒𝑒 ≈ 1 −
1

2
𝑠𝑖𝑛2 2𝜃12 ≈ 0.5775

BUT: In matter, the electron neutrinos can interact with electrons, 
thus changing the effective mixing. This effect becomes very 
effective (resonant) at 𝐸𝜈 ≈ 2 𝑀𝑒𝑉 in the sun’s core. The 
neutrino’s leaving the sun become quasi entirely mass state 𝜗2
and their flavor composition are therefore ~30% 𝜈𝑒

Mikheyev–Smirnov–Wolfenstein (MSW)effect



Calibration of radiochemical experiments
• Chromium and Argon can capture an 

orbital electron to turn into Vanadium.

• They emit mono-energetic neutrinos in 
the same energy range as solar neutrinos

• They were used to confirm the detector 
efficiency which was estimated to be 
~100% with an uncertainty of few %

• The activity of the sources was also 
known to %level accuracy

• The IBD cross section on Gallium is less 
well known: ~5-10% accuracy, due to 
nuclear corrections (excited states of 
71𝐺𝑎

• Recent evaluation of the statistical 
significance of the ‘Gallium Anomaly’:

811 keV (100%)

C. Giunti and M. Laveder, PHYSICAL REVIEW C 83, 065504 (2011)

Giunti & Laveder: Ga anomaly is a 3 effect, taking into account x-
sec uncertainties and correlations between experiments

Interpretation in terms of an 
extra ‘sterile’ neutrino:
Best fit values:

Lower limits at 99% CL:

V. V. Barinov et al. [BEST],
Phys.Rev.C105(2022)no.6,065502

Increase Ga –anomaly to 6 effect

Weighted fit: R=0.81 003



Modern sterile searches
• The reactor  anomaly, together with the 

Gallium anomaly hinted at the possible 
existence of a sterile neutrino with mixing 
parameters Δ𝑚2 > 1.5 𝑒𝑉2 at 99%CL, 
𝑠𝑖𝑛2 2𝜃 = 0.17 ± 0.04, and a most probable 
value of Δ𝑚2 = 2.3 ± 0.1 𝑒𝑉2

• This prompted a large international effort to 
search with modern detectors for oscillations at 
very close proximity to reactors

S-B. Kim, T. Lasserre, and Y. Wang, Advances in High Energy Physics (2013), Article ID 453816



Optimisations of sterile neutrino experiments



STEREO
• Installed in 2016 at ILL research reactor: 

• Enriched fuel (93% 235𝑈)
• Compact core: 40cm diam.
• Low power: 58 MW

• Detector: 
• 6 cells of Gd doped liquid scintillator
• Active muon veto and buffer cells
• Distance detector center – reactor core center: 10m
• Good Energy resolution: 8% at 3 MeV
• IBD efficiency: ~65%, S/N= 10/1
• 394 ’s per day, during 179 days

N. Allemandou et al.
(2018) JINST 13, P07009

Nature 613, 257–261 (2023)PHYSICAL REVIEW D 102, 052002 (2020)

http://doi.org/10.1088/1748-0221/13/07/P07009
http://doi.org/10.1088/1748-0221/13/07/P07009


PROSPECT
• Installed in 2016 at Oak ridge 

HFIR reactor: 
• Enriched fuel (93% 235𝑈)
• Compact core: 43cm diam.
• Moderate power: 85 MW

• Detector: 
• 11x14 array of 6𝐿𝑖 doped liquid scintillator cells: 2D segmentation
• Cell size: 1.17m x 14.5 cm x 14.5cm
• Moveable detector covering c-c baselines: 

6.7 – 9.2m
• Excellent Energy resolution: 

4.5% at 1 MeV
• IBD efficiency: ~42%, S/N= 2/1
• 529 ’s per day, during 82 days

PhysRevD 103 (2021) 032001

J. Ashenfelter et al., NIM A 922 (2019) 287–309

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.032001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.032001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.032001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.032001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.032001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.032001


SoLi𝜕
• Installed in 2017 at Belgian BR2: 

• Enriched fuel (93% 235𝑈)
• Compact core: 50cm diam.
• Moderate power: <55 MW>

• Detector: 
• 50 planes of 16x16 plastic scintillator cubes with 6𝐿𝑖F: ZnS(Ag)

neutron detection scintillating sheets : 3D segmentation with 
12.800 voxels!

• Cell size: 5cm x 5cm x 5cm
• Center of detector at 7.2m from the core
• Moderate/Poor Energy resolution: 

16% at 1 MeV and no 
Pulse shape discrimination n/

• IBD efficiency: ~40%, S/N= 0.27
• 105 ’s per day, during 280 days

Y. Abreu et al., Phys. Rev. D 111, 072005 (2025)

Y. Abreu et al 2021 JINST 16 P02025

𝑠𝑖𝑛2 2𝜃 = 0.123, and Δ𝑚2 = 3.76𝑒𝑉2



SoLi𝜕



DANSS
• Installed in 2016 at Kalinin Nuclear Power Plant 

(Moscow): 
• Low Enriched fuel (LEU)
• Extended core: 3mx3m
• High power: 3100 MW

• Detector: 
• 2500 Gd-doped polystyrene-based scintillator strips 

of 1mx1cmx4cm
• Active and passive shielding/vetos
• Moveable lift under core: 10.9 to 12.9 m
• Poor Energy resolution: 32% at 1 MeV
• IBD efficiency: ~65%, S/N= 50/1
• 5.000 ’s per day, during 6.5 yr: 7.7 M events!

Alekseev, I.G, Bull. Lebedev Phys. Inst. 51, 8–15 (2024).

I. Alekseev et al 2016 JINST 11 P11011

3 
3+1  best fit
3+1  RAA+Ga



Neutrino-4
• Installed in 2016 at SM-3 reactor (Dimitrovgrad, 

Russia): 
• Higly Enriched fuel (93% 235𝑈)
• small core: d=30cm
• Moderate power: 90MW

• Detector: 
• 5x10 cells of Gd-loaded liquid scintillator
• Active and passive shielding/vetos
• Moveable on rail: Distance to core: 6 to 12 m
• Moderate/Poor Energy resolution: 16% at 1 MeV
• IBD efficiency: ~30%, S/N= 1/1
• 300 ’s per day, 1.4 M events

A.P. Serebrov, PHYSICAL REVIEW D 104, 032003 (2021)

Background measurement

2.7  effect measured, corresponding to 



Reactor anomaly: Bad spectrum 
predictions, or sterile nu’s?

• 𝜃13 experiments: Double Chooz, RENO & Daya Bay measured an excess 
in their energy spectra wrt Conversion method spectrum predictions

• Due to control of fuel burnup, the problem was traced to originate 
(mostly) from 234𝑈 predictions

• 2 improved summation models and 1 improved conversion model agree 
with modern reactor data both for Highly Enriched U reactors (HEU) and 
Low Enriched Uranium fuels (LEU)

• One new conversion model agrees with the old HM model, fixes the 5 
MeV bump but predicts an even higher net flux, therfore increasing the 
reactor anomaly

G. Mention, et al.Physics Letters B773, (2017), pp.307-312

L. Périssé.et al., Phys. Rev. C 108, 055501 (2023)

https://www.sciencedirect.com/journal/physics-letters-b
https://www.sciencedirect.com/journal/physics-letters-b
https://www.sciencedirect.com/journal/physics-letters-b
https://www.sciencedirect.com/journal/physics-letters-b
https://www.sciencedirect.com/journal/physics-letters-b/vol/773/suppl/C


Global fits
C. Giunti et al., Phys. Lett. B 829 (2022) 137054

• Current best fit or excluded parameter regions for
• Estienne-Fallot (summation), Kopeikin (conversion) and 

Huber-Muller with improved 235𝑈 spectra from Kopeikin
They reduce the Reactor Antineutrino Anomaly (RAA) 
to 0.8  and 1.4 

• The Huber-Mueller, and re-evaluated conversion method 
disagree with old and modern reactor data: HKSS solves part 
of the spectral distortions seen in the 𝜃13experiments, but
increases the predicted flux further. The RAA is hereby 
increased to 3

• The Gallium anomaly is not solved, and has even increased 
to a total significance of 6

• The preferred fit in terms of one extra sterile neutrino using 
only the Gallium anomaly has moved to a higher 

• Compared to the old gallium data



More Global fits
• 2 types of Global fits to the Reactor short baseline, long baseline spectra, and 

Gallium data:
• C. Giunti et al., JHEP 10 (2022): Do not include Neutrino-4 data

• The Reactor data, excluding Neutrino-4, are in strong disagreement with the Ga-anomaly 
data (dominated by the latest BEST result), at level of 4-5

• The Reactor data themselves, excluding Neutrino-4,  are in quite good agreement, with each other 
and are now nearly independent  of the flux prediction models 

• By themselves, the reactor data, even excluding Neutrino-4, favor a 4th sterile neutrino state at the 
level of 2.6-3.2 , with 𝑠𝑖𝑛2 2𝜃 ≈ 0.02, and Δ𝑚2 ≈ 1.3𝑒𝑉2



• 2 types of Global fits to the Reactor short baseline, long baseline spectra, and 
Gallium data:

• J.M. Berryman et al., JHEP 02 (2022) 055: Do include Neutrino-4 
data

• The Reactor data, including  Neutrino-4,  disfavor the 3 neutrino hypothesis at the level of 1.1 , and 
have as best mixing parameters in the sterile hypothesis 𝑠𝑖𝑛2 2𝜃 ≈ 0.26, and Δ𝑚2 ≈ 8.86 𝑒𝑉2

• By including the Gallium data (dominated by the BEST result) the rejection of the 3 neutrino 
hypothesis is at the level of >5, with 𝑠𝑖𝑛2 2𝜃 ≈ 0.32, and Δ𝑚2 ≈ 8.86𝑒𝑉2

• The Gallium and reactor data are not in tension with each other, but the Solar (unitarity of 
solar mixing params) bound and Gallium anomaly are in severe tension

More Global fits

2 contours

2 contours
 contours



Steriles with KATRIN

KATRIN Coll., Nature volume 648, pages70–75 (2025)

• Sterile neutrino would induce a kink in the -endpoint spectrum
of Tritium decay

• This shape is independent of absolute flux/normalization
• Analysis using 36 million, endpoint -electrons
• Results: The Neutrino-4 result is completely ruled out, 

The Gallium anomaly,  is quasi completely ruled out, 
and very complementary limits at higher Δ𝑚2, 𝑢𝑝 𝑡𝑜 1000 𝑒𝑉2

https://www.nature.com/


Meanwhile at accelerators
• Accelerators dump protons on a target (Be or Graphite)
• Protons produce chared pions and Kaons that decay into neutrinos

• Charged pions and Kaons can be focused with a magnetic horn:
Originally designed by S. Van der Meer for particle (antiproton) 
focusing

• Kaons and pions are left to decay in a vacuum decay tunnel. The 
muons and other chaged decay products are blocked by a wall



Meanwhile at accelerators
• Exercise: How long does the decay tunnel need to be?
• Decay length:

• Background of 𝑣𝑒  and ҧ𝑣𝑒  from muon decay and Kaon decays

Yields typical contamination of order few %, and up to 5% for high 
energy neutrino beams. This needs to be properly modeled, because 
background for 𝑣𝑒   and ҧ𝑣𝑒  appearance experiments

𝛾𝜋,𝐾 =
𝐸𝜋,𝐾
𝑚𝜋,𝐾

𝐸𝜋,𝐾 = 10𝐺𝑒𝑉for



Accelerator experiments

Similar for JPARK (Japan), CNGS (CERN)



Meanwhile at accelerators
• Typical fluxes:

• Depends strongly on the proton beam intensity: expressed in Protons-on-
Target (PoT):

• BUT: Higher beam energy produces more mesons, target material affects 
meson production, magnetic horn focusing affects flux and decay pipe length 
as well, …

• Fluxes at modern accelerator experiments: depending on the beam power



Meanwhile at accelerators
• Cross sections:

• Although fluxes are smaller than reactor experiments, the cross sections are 
bigger due to higher energy

2 < 𝐸𝜈< 10 𝑀𝑒𝑉

Versus IBD

• Proton is heavier
• Electrons can not 

absorb much energy: 
limited phase space

See e.g. J. Formaggio, Rev. Mod. Phys. 84, 1307 (2012)



Meanwhile at accelerators
• Cross sections:

• Intermediate energies:

• Remarkable, but trivial consequence of weak interactions: Due to helicity 
effects: LH neutrinos interact stronger with nuclei than RH antineutrinos

See e.g. J. Formaggio, Rev. Mod. Phys. 84, 1307 (2012)

0.1 < 𝐸𝜈< 20 𝐺𝑒𝑉



Meanwhile at accelerators
• Cross sections:

• Intermediate energies:
• Quasi-Elastic neutrino scattering

See e.g. J. Formaggio, Rev. Mod. Phys. 84, 1307 (2012)

0.1 < 𝐸𝜈< 20 𝐺𝑒𝑉

𝜈𝑙 + 𝑁 ՜ 𝜈𝑙 + 𝑁
(      ) (      )

Charged-current (QECC) process Neutral-current (QENC) process From EW theory

Cross section scales with nr of 
target neutrons (or protons for 
antineutrinos), but when 
normalized to total nr of nucleons it 
is fairly independent of the target 
nucleus size



Meanwhile at accelerators
• Cross sections:

• Intermediate energies:
• Inelastic scattering: Resonance production

See e.g. J. Formaggio, Rev. Mod. Phys. 84, 1307 (2012)

0.1 < 𝐸𝜈< 20 𝐺𝑒𝑉

Charged-current RES process:
3 per  flavor

Neutral-current RES process:
4 per  flavor

From EW theory

Cross section scales with nr of 
target neutrons (or protons for 
antineutrinos), but when 
normalized to total nr of 
nucleons it is fairly 
independent of the target 
nucleus size

Predominantly 
pions
But heavier 
mesons possible



Meanwhile at accelerators
• Cross sections:

• Intermediate energies:
• Cross section uncertainties:

• For inclusive cross sections in the intermediate energy range, uncertainties can be 10–
30% or more, depending on the process (QE, 2p2h, pion production)

• These uncertainties propagate into neutrino energy reconstruction, which is critical for 
oscillation parameter extraction.

• Current experiments like NOvA and T2K are still statistics-dominated, so cross-section 
uncertainties do not strongly bias results.

• BUT: Next stage experiments: DUNE, Hyper-K, will suffer from these uncertainties:
• Modeling nuclear effects/corrections from first principle is very difficult
• MC- based models exist ((e.g., GENIE, NuWro, GiBUU), but their predictions can vary a lot in 

certain kinematic regions
• No complete set of reference measurements exist (MINERvA, T2K, NOvA)

See e.g. J. Formaggio, Rev. Mod. Phys. 84, 1307 (2012)

0.1 < 𝐸𝜈< 20 𝐺𝑒𝑉



Short baseline accelerator anomalies
• LSND:

• An early (1993-1998), accelerator based, experiment with low energy 
neutrinos from Pion and muon decay at rest (DAR): 20-60 MeV 
energies:

• around 8.9 × 1023POT
• Pion decay at rest produces mono-energetic muons!

• The LSND detector, consisting of  a tank of 167 tons of liquid 
scintillator, instrumented with 1220 PMTs, was placed at 30m from 
the source

• Detector design allowed Cherenkov detection (particle type and 
direction) and scintillation detection (particle id, energy)

• LSND observed in their total run of an excess of ҧ𝜈𝑒 events (3.8):  87.9 
 22.4   6.0, consistent with IBD process

• Signature:

• Backgrounds: ҧ𝜈𝑒contamination in the beam: estimated to be 
8.10−4relative to the ҧ𝜈𝜇flux, and misidentified                                   events:  

A. Aguilar-Arevalo et al. [LSND collab], Phys. Rev. D 64 (2001) 112007

2-body decay

ҧ𝜈𝑒 + 𝑝 ՜ 𝑒+𝑛

•A prompt event with energy consistent with a positron. 

•A delayed 2.2 MeV gamma within ~1 ms and within ~1 m of the prompt event

ҧ𝜈𝜇 + 𝑝 ՜ 𝜇+𝑛 8.2 background events estimated



Short baseline accelerator anomalies
• LSND: A. Aguilar-Arevalo et al. [LSND collab], Phys. Rev. D 64 (2001) 112007

The excess The interpretation Comparing with others

A 3.8 excess deviating from backgrounds Karmen, a very similar experiment, 
did not confirm the excess, but 
could not completely exclude the 
LSND result

Very similar to the reactor anomalies, 
but with much smaller mixing 
parameter!



Short baseline accelerator anomalies
• MiniBooNE:

• Experiment at the 8GeV Fermilab Booster Neutrino 
Beam:

• around 11.27 × 1020POT
• Pion decay in flight produced more energetic muon 

neutrinos: ~0.5–1 GeV, with a wide energy spread
• Distance to the source is 540m, but due to Higher 

energy, the L/E ratio is comparable with LSND
• The MiniBooNE detector used 800tons of pure mineral 

oil, without dopant: pure Cherenkov detector
• They observed an excess of 78.428.5 (2.8) ҧ𝜈𝑒 events 

in the energy range 200𝑀𝑒𝑉 < 𝐸𝜈 < 1250 𝑀𝑒𝑉, 
compatible with the LSND observation

• BUT: They also observed an even larger excess in 𝜈𝑒
events of 162.047.8 (3.4), but at a different Energy 
range, incompatible with the ҧ𝜈𝑒 excess

A.A. Aguilar-Arevalo et al. [MiniBooNE collab], PRL 110 (2013) 161801



Short baseline accelerator anomalies
• MiniBooNE:A.A. Aguilar-Arevalo et al. [MiniBooNE collab], PRL 110 (2013) 161801

Best fits are made separate for each type of excess

OK for ҧ𝜈𝑒

No good fit for 𝜈𝑒

Best fits to MiniBooNE data 
indicated with stars

𝑠𝑖𝑛2 2𝜃 = 0.88, and Δ𝑚2 = 0.043 𝑒𝑉2

With p-value of 0.66

P-value of best fit for neutrino sample
is 0.0054

Possible systematics related 
to the low-E excess:
− misreconstruction of 
neutrino energy;
− 𝜋0 from NC reconstructed 
as 𝜈𝑒;
− single photon from NC 
misidentified as 𝜈𝑒;



Short baseline accelerator anomalies
• MicroBooNE:

• Experiment in the same beam as MiniBooNE
• Baseline: 468.5 m (72.5 m upstream of MiniBooNE);
• MicroBooNE is a liquid Ar TPC

• eLEE model 

P. Abratenko et al. [MicroBooNE], Phys. Rev. Lett. 128 (2022) 241801

•High-resolution imaging: 

•Tracks are reconstructed in 3D with millimeter precision. 

•Allows identification of particle types by track shape and energy loss (dE/dx). 

•Calorimetry: 

•Measures deposited energy accurately → good neutrino energy reconstruction. 

•Background rejection: 

•Fine-grained imaging helps distinguish electrons from photons (critical for oscillation searches).

• Predicts what MicroBooNE should see if the MiniBooNE excess were due to real νₑ interactions 

(not photons or misidentified backgrounds). 

• A signal model constructed by taking MiniBooNE’s observed excess, unfolding it through 

MiniBooNE’s simulation, and applying it to the expected intrinsic νₑ spectrum in MicroBooNE. 



Short baseline accelerator anomalies
• MicroBooNE:

• 4 different analyses with increasing level of inclusivity
• Only one finds an excess consistent with the MiniBooNE excess, but

significance is low

P. Abratenko et al. [MicroBooNE], Phys. Rev. Lett. 128 (2022) 241801



MicroBooNE
• New MicroBooNE result using data obtained with two different 𝑣𝜇beams (BNB beam, 

wich has less 𝜈𝑒  contamination than NuMi beam)

• Analyses are indifferent to lepton charge, and therefore also indiscriminate wrt 𝜈𝑒  or ҧ𝜈𝑒: In 
total 2x 7 final state samples

• Joint fit of the 14 data samples agree well with the no-oscillation hypothesis, with p-value 
of 0.92

• LSND and miniboone excess is now excluded at 95% CL, as well as majority of GA 
anaomaly and Neutrino-4 reactor signal

MicroBooNE Collab. Nature volume 648, pages64–69 (2025)

Fully contained evts.

Partially contained evts.

https://www.nature.com/


Conclusions
• Sterile neutrinos in the form of a right-handed EW singlet are the simplest way to generate neutrino 

masses in the standard model, preserving the Gauge symmetry of the theory
• In a type-I seesaw mechanism they explain naturally the mass scale of the light neutrinos
• Active and steriles mix exclusively through the interaction with the Higgs field
• The conventional PMNS matrix can be extended with 4 extra independent  parameters
• Modern day cosmological precision data does not allow for even the lightest sterile neutrinos
• Sterile neutrino’s have been found and lost and found again since the beginning of neutrino 

experiments
• At each stage it prompted extensive cross-checks and follow-up experiments, leading to many

improvements in the fields of:
• Reactor flux and energy spectrum calculations/predictions
• Control and mitigation of accelerator beam backgrounds and misidentificantions of neutrino detector signatures
• Non-dedicated experiments, placing surprisingly strong constraints

• At the moment, most of the larger significance anomalies have been excluded by modern/recent
measurements

• A light sterile neutrino corresponding to a mass difference squared of O(1eV2) seems quite disfavored 
now, unless it mixes very weakly with other neutrinos

• Still, some explanation needs to be given and experimentally proven as to why at least 2 of the 3 known 
neutrino states have a non-zero mass



Questions
• What types of elementary particles oscillate, and why?
• What have we discovered/determined so far?
• What are the unknown neutrino properties?
• Why do we need to know the neutrino mass hierarchy?
• Why do we need to know the CP violating phase?
• How many neutrinos are there in the universe?
• What are the cosmological bounds on neutrino masses?
• How do you measure the mass of a particle?
• How do we measure the mass of neutrinos?
• What are majorana particles and are neutrino’s majorana?
• What are the implications of this?
• What is the see-saw mechanism, and why is it important?
• What does it mean for a neutrino to be ‘sterile’?
• How do you detect ‘sterile’ neutrino’s?
• What about Heavy Nautral Leptons (HNL)?
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