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Established Neutrino Physics
§ 3 flavor, spin ½, neutral, left handed, σ(1 MeV)≈10- 44 / -40 cm2

§ Tiny masses: 0.03 eV < mn < ≈ 0.5 eV

§ Mixing: two views on W-decay: 

W
l+

νiνl

W
l+

Uli
*

Neutrino of flavor l
l=e, μ, τ

§ PMNS mixing matrix U: |ni> = S Uai |na>

Neutrino of mass mi

i=1, 2, 3, …
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Three known Active Neutrinos

Only 3 light  𝜈’s coupling to Z boson
(invisible width of the Z boson)
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Neutrino Oscillations (for 2 Flavour)

!"#$%&'$%&!# '''
ννµ θν !"#$% & ⋅∆⋅=→

Amplitude Frequency

L/E

P
In numbers (example):

For Dm2 = 10-4 eV2: 
1.27 x 10-4 x 10 000 ≈ p/2 
à L/E ~ 10 000 m/MeV 

= sin2 2q sin2(1.27 Dm2 Ln(km)/En(GeV))

10 000
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= sin2 2q sin2(1.27 Dm2 Ln(m)/En(MeV))



Neutrino Oscillations (for 2 Flavour)

!"#$%&'$%&!# '''
ννµ θν !"#$% & ⋅∆⋅=→

Amplitude Frequency

L/E

P
In numbers (example):

For Dm2 = 1 eV2: 
1.27 x 1 x 1 ≈ p/2 
à L/E ~ 1 m/MeV 

= sin2 2q sin2(1.27 Dm2 Ln(km)/En(GeV))

10 000

= sin2 2q sin2(1.27 Dm2 Ln(m)/En(MeV))
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Atmospheric Cross-Mixing Solar

δ  dirac CP phase

𝜃!" ∼ 34° : “solar’’ angle𝜃"# ∼ 45° :  “atm.’’ angle 𝜃!# ∼ 9°

Majorana CP phases
(L violating processes)

•  3 masses m1,2,3: 𝛥𝑚!"#
$ = 𝑚$

$ −𝑚%
$ ∼ 8 10&' 𝑒𝑉$ & 𝛥𝑚()*

$ = |𝑚 +
$ −𝑚%

$| ∼ 2 10&+ 𝑒𝑉$

•  Oscillation in vacuum : 

PMNS mixing 
matrix

3ν Oscillation Formalism
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P ν, → ν, ≈ 1 − 𝐬𝐢𝐧𝟐 𝟐𝛉𝒊 × sin$ 1.3 = 𝜟𝒎𝒊
𝟐 =
𝐋
𝐄
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Facts & open questions
§ Masses of the mass eigenstates ni?

n3

(m
as
s)

2

Dm2
atm

Dm2
sol

?
n1
n2

§ Spectral pattern               or              ?             

0

§ Lepton Number conservation (Dirac or Majorana) ?

§ Precise measurements of PMNS matrix? 
§ Is CP violated in the neutrino sector? 

§ Are there additional (sterile) neutrino states
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Sterile 
Neutrinos
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Composition Elementary Particle

Spin 1/2

Electric Charge 0

Strong Charge 0

Interaction None

Mass Not yet known

Oscillation Possible with νe , νμ , ντ
Status Hypothetic

νs
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Caveat:  𝜈! and 𝜈" ! ! !

𝜈!

𝜈"

This is what we call
„sterile“ neutrino
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Active Neutrino Mass 

ν1

ν3
ν2 The neutrinos of the Standard Model have a mass < about 1 eV
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Sterile Neutrino Mass 

ν1

ν3
ν2

νs ?
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Which Mass: 0.1-1 eV? 

ν1

ν3
ν2

νs
Neutrino « anomalies » at L/E ≈ 1 m/MeV ?
These neutrinos would explain a set of experimental data
accumulated for 30 years but still not fully understood
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Which Mass: keV? 

ν1

ν3
ν2

νs
Dark Matter?

These neutrinos are suitable candidates to explain the
mystery of the dark matter in the Galaxy/Universe
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Which Mass: GeV?

ν1

ν3
ν2

νs
Matter-antimatter asymmetry ?
These neutrinos could explain the matter - antimatter asymmetry in the Universe,
through a mechanism called the Leptogenesis
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New Experiments !

ν1

ν3
ν2

νs

νs
νs

Without new theoretical insights 
only new experiments shall bring 
light on the sterile neutrino question

Th. Lasserre - Université de Strasbourg - 2025 18



How to detect sterile Neutrinos?

… through their Mixing !
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ν3

(M
as
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2

νe νµ ντ|Uei|2 |Uµi|2 |Uτi|2

Δmatm
2

ν1
ν2

!
"
∼ #$%$&

'$(
max. oscillation ?

ν4

νs |Usi|2

Δm41
2

Light sterile neutrino – 3+1 model 
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No SM interactions. 
But mixing (oscillation) with active ν’s

C. Guinti

@credit: C. Giunti

3+x Model
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Many Neutrino Sources can be used
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Sterile- 𝝂 Phenomenology (3+1)
§ 𝜈e disappearance (Reactor, Gallium, …)

§ 

§ 𝜈𝝁 disappearance (CDHS, MiniBOONE, Minos, ICE Cube…)

§ 

§ 𝜈e appearance (LSND, Karmen, MiniBooNE, Opera, Icarus…)

§ 

 
 𝜈μ→ 𝜈e appearance requires 𝜈μ& 𝜈e disappearance 

Pee = 1− sin2 2θeesin2 Δm41
2

4E
  &  sin2 2θee = Ue4

2 1- Ue4
2( )

Pµµ= 1-sin2 2θµµsin2 Δm41
2

4E
  &  sin2 2θµµ= Uµ4

2
1- Uµ4

2( )

Pµe= 4sin2 2θµesin2 Δm41
2

4E
  &  sin2 2θµe ≈

1
4

sin2 2θeesin2 2θµµ

(-)

(-)

(-)

Th. Lasserre - Université de Strasbourg - 2025 23

X 4



§ 𝜈e disappearance (Reactor, Gallium, …)

§ 

§ 𝜈𝝁 disappearance (CDHS, MiniBOONE, Minos, ICE Cube…)

§ 

§ 𝜈e appearance (LSND, Karmen, MiniBooNE, Opera, Icarus…)

§ 

 
 𝜈μ→ 𝜈e appearance requires 𝜈μ& 𝜈e disappearance 

Pee = 1− sin2 2θeesin2 Δm41
2

4E
  &  sin2 2θee = Ue4

2 1- Ue4
2( )

Pµµ= 1-sin2 2θµµsin2 Δm41
2

4E
  &  sin2 2θµµ= Uµ4

2
1- Uµ4

2( )

Pµe= 4sin2 2θµesin2 Δm41
2

4E
  &  sin2 2θµe ≈

1
4
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(-)

(-)

(-)
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§ 𝜈e disappearance (Reactor, Gallium, …)

§ 

§ 𝜈𝝁 disappearance (CDHS, MiniBOONE, Minos, ICE Cube…)

§ 

§ 𝜈e appearance (LSND, Karmen, MiniBooNE, Opera, Icarus, JSNS…)

§ 

 
 𝝂μ→ 𝝂e appearance requires 𝝂μ& 𝝂e disappearance 

Pee = 1− sin2 2θeesin2 Δm41
2

4E
  &  sin2 2θee = Ue4

2 1- Ue4
2( )

Pµµ= 1-sin2 2θµµsin2 Δm41
2

4E
  &  sin2 2θµµ= Uµ4

2
1- Uµ4

2( )

Pµe= 4sin2 2θµesin2 Δm41
2

4E
  &  sin2 2θµe ≈

1
4

sin2 2θeesin2 2θµµ

(-)

(-)

(-)
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§ 𝜈e disappearance (Reactor, Gallium, …)

§ 

§ 𝜈𝝁 disappearance (CDHS, MiniBOONE, Minos, ICE Cube…)

§ 

§ 𝜈e appearance (LSND, Karmen, MiniBooNE, Opera, Icarus…)

§ 

 
 𝝂μ→ 𝝂e appearance (via vs) requires 𝝂μ& 𝝂e disappearance 

Pee = 1− sin2 2θeesin2 Δm41
2

4E
  &  sin2 2θee = Ue4

2 1- Ue4
2( )

Pµµ= 1-sin2 2θµµsin2 Δm41
2

4E
  &  sin2 2θµµ= Uµ4

2
1- Uµ4

2( )

Pµe= 4sin2 2θµesin2 Δm41
2

4E
  &  sin2 2θµe ≈

1
4

sin2 2θeesin2 2θµµ

(-)

(-)

(-)
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Anomalous findings 
&

Sterile Neutrinos
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… results against sterile neutrinos ! 
Short baseline reactor experiments
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Mainz 95% C.L.
Troitsk 95% C.L.
Prospect 95% C.L.
DANSS 95% C.L.
Stéréo 95% C.L.

RAA + GA 95% CL

Neutrino-4 2
KATRIN 95% C.L.
Projected KATRIN final
sensitivity 95% C.L.
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IN

PRL. 126, 091803
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…. anomalies at ⁄𝐋[𝐦] 𝐄[𝐌𝐞𝐕] ∼ 𝟏𝐦/𝐌𝐞𝐕
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LSND
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LSND (stopped π+ beam) – 1990’s 

Baseline of 30 m

E= [20 – 50] MeV 

L/E ≈ 1 m / MeV

2.2 MeV neutron capture Čerenkov

Scintillation

Detection reaction 
νe + 1H → e+ + n

Anomaly on the electron antineutrino interaction rate 

Liquid Scintillator 
Detector 

Downstream of target
31



Th. Lasserre – SFB 1258

LSND (stopped π+ beam) – 1990’s 
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π− + p → n + γ



By-product charged mesons
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• K mesons (493.677 MeV/c2)

• The energy of the proton beam is too low to create a substantial number of K mesons

• π# mesons (139.6 MeV/c2 )

• The great majority (∼99%) capture on the target nuclei: π& + /
"X → n + /&%

"#$Y

• Then decay and rarely produce neutrinos

• π) mesons (139.6 MeV/c2 )

• Come to rest within the target (less than 1% disintegrate in flight) 

• And then decay at rest



𝝅# decay at rest: the « relevant » 𝛎$𝐬

Th. Lasserre - Université de Strasbourg - 2025 34

• 1) 𝜋0 → 𝜇0 + 𝜈𝜇
• Decay At Rest (DAR)

• Prompt neutrino emission

• 2 body decay (Q= 33.91 MeV)
Monoenergetic 29.8 MeV 𝜈𝜇 emission

• 2) 𝜇0 → 𝑒0 + 𝜈𝑒 + 𝝂𝝁
• Delayed emission (muon decays with a 2.2 𝜇𝑠 lifetime)

• 3 body decay (𝜈 energy between 0 and 𝑚1/2)

• 𝜈𝑒 , and J𝜈𝜇 have a well-defined « Michel » spectra
!𝜈𝜇

𝜈𝑒

𝜈𝜇



Reines et al. in Physical 
Review 117 (159) 1960 
reported σ=12+7

-4 10-44 cm2

1956

35

LSND Search for 
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IBD: detecting (e+,n) 
in time / space coincidence

• After the IBD reaction (e+,n) are 
produced simultaneously

• Step 1) 
e+ detection

• Step 2) 
neutron detection

• Step 3) 
check that time-difference is 
less than a few µs

36Th. Lasserre - Université de Strasbourg - 2025



LSND Results

37

4th (sterile) 
neutrino mass 

and mixing
explaining the 
LSND results



Gallium Anomaly
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51Cr Mono-Energetic Neutrino Source

• Electron capture isotopes decay to two bodies → 
mono-energetic beam of neutrinos at low energies: 51Cr + s-shell e- → 51V + νe (+ X-ray)

• Validated the results of radiochemical solar neutrino experiments (not used for calibration)

• Decay scheme

K shell capture

L shell capture

• 90% of the time the capture goes
directly to the ground state of 51V 
and you get a 750 keV neutrino

• 10% of the time it goes to an 
excited state of 51V and you get a 
320 keV photon plus a 430 keV 
neutrino
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Facts about the 51Cr neutrino generator

• Can be produced with thermal neutron capture (irradiation)

(50Cr has a 17 barn neutron capture cross section)

• Mega-Curie scale sources have been produced by both Gallex, SAGE, and later for BEST

1 Mega-Curie = 3.7 × 1016 Bq !!!

• Has a long, but not too long, lifetime (39.9 days) → definitively and issue but not a show stopper

• Has one, relatively easy to shield, gamma that accompanies 10% of decays.

• 5 cm of tungsten reduce 320 keV γ rate from 1 MCi to 1 Hz
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Production of 51Cr neutrino generator

• First step: 

• Enrichment of 50Cr by gas centrifugation in form of 
chromium oxyfluoride 50CrO2F2 → 50CrO3 → 50Cr metal

• Second step:

• Irradiation of 50Cr in a nuclear reactor core
(slow / thermal neutrons)

• May need multiple irradiations of a few tens of days
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Examples in neutrino physics

GALLEX

409 kCi 37Ar produced 
by   irradiating 330 kg of  
CaO in the fast neutron 
breeder reactor BN-600

517 kCi 51Cr produced 
by   irradiating 512.7 g of  
92.4%-enriched 50Cr in 
high-flux fast neutron 
breeder reactor BN-350Æ 

44cm

h 
= 

55
cm

(1)  1.17 MCi 1994 –1995 
(2)  1.87 MCi 1995 –1996 

1994 –1995 2004
2020-ish

3 MCi 51Cr produced by 
rradiating 3 kg of 97%-
enriched 50Cr in the research 
reactor SM-3

Cu

W

W

SAGE / BEST
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The Gallex neutrino generator

• Made in the Siloé reactor in Gernoble, France (35 MW)

• Two sources produced from the same enriched Cr (38.6% 50Cr)

• Dismantled in Saclay and sent to INFN in 2017

1.67 MCi 1.89 MCi

Cr capsule W-shield
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Transportation of a 51Cr neutrino source
Challenge: ½ of the activity after irradiation is lost every 27 days !!!

• Step 1: from production site to airport

• By truck / train

• Step 2: from production airport to detector airport

• By plane

• IAEA Limits 51Cr transport in a type B(U) container by air: 90 PBq (2,4 MCi) per individual package

• Step 3: from detector airport to detector site

• By truck

Th. Lasserre - Université de Strasbourg - 2025 44



Gallium Neutrino Anomaly
§ Test of solar neutrino radiochemical

detectors GALLEX and SAGE

§ 71Ga/37Ar + νe→ 71Ge/37Cl + e-

§ 4 calibration runs with 0.6 - 2 MCi 
Electron Capture νe emitters

§ Gallex, <L>=1.9 m
§ 51Cr, 750 keV

§ Sage, <L>=0.6 m
§ 51Cr & 37Ar (810 keV)

§ Deficit observed

§ 3σ anomaly
§ Supported by 71Ga(3He,3H)71Ge 

cross section measurements
Gallex
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J. K
op

p
 et al., arX

iv:1303.3011

95% CL

Pee = 1− sin2 2θeesin2 Δm41
2

4E
  &  sin2 2θee = Ue4

2 1- Ue4
2( )

Data consistent with νe 
disappearance at L/E≈1 m/MeV

Sterile Neutrino Hypothesis

(n
ew

 n
eu

tr
in

o 
m

as
s)

2

Mixing 

à new oscillation at K
L
∼ 1 M

NOP

ns  with a mass of 
~eV and a mixing 

angle at >1%
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The Reactor 
Antineutrino Anomaly
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Nuclear Fission
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#neutrinos released / fission

• Fission fragments 
• Radioactive too! 
• Too large number of neutrons compared with protons
• Get rid of their extra neutrons via β--decays
• Emission of electron antineutrinos

• On average, for each fission:
• 200 MeV  
• 6 electron antineutrinos emitted

• Chain reaction (1 GW / 200 MeV ∼ 1019 fissions/s )
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#neutrinos released / GW

controlled

Continuous neutrino emission
(reactor ON / OFF periods)

Neutrino flux : 1020 𝜈/GW/s 
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Overview of reactor neutrino spectra

51

• Fission-induced neutrino spectra
for 235U, 238U, 239Pu, 241Pu

• Spectra between 0 to 10 MeV 

• Shape and rate depend on the 
considered isotope 

• Reactor ν spectrum is a mixture of 
the spectra of the 4 main fissile 
isotopes, 235U, 238U, 239Pu, 241Pu, 
weighted by their fission fractions 
𝛼235, 𝛼238, 𝛼239, 𝛼241 
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Reactor Fuel evolution (burn-up)

52

𝛼235

𝛼239

𝛼238

𝛼241

fission fractions: 𝛼i  

$
RST

U

𝛼R = 1 (100%)
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A closer look at the 
reactor neutrino spectrum of 235U

53

• The neutrino spectrum for a specific isotope 
is a weighted mixture of the spectra of all 
fission products involved after the fission

• It is composed of a superimposition of 
several thousand individual β-decay 
branches 

• It can painfully be calculated (15% 
uncertainty), or measured by a dedicated 
experiment (ie. ILL in the 80’s, Double 
Chooz/Daya Bay, few% uncertainty)

• Not (yet) measured below 1.8 MeV 
IBD ( J𝜈2𝑝 → 𝑒0𝑛) threshold 
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241Pu
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 spectraβ

Reactor Neutrino Flux Evaluation

2011: Reevaluation of the 𝒆 − 𝝂 conversion procedure

A. A. Hahn, K. Schreckenbach et al., Phys. Let. B218,365 (1989)

Magnetic BILL
spectrometere- e-

n n
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New Reactor ν-Fluxes / IBD - 2011

§ Flux: Neutrino Emission: 

§ Improved reactor neutrino spectra → +3.5%

§ Accounting for long-lived isotopes in reactors 
→ +1% 

§ IBD: Neutrino Detection: 

§ Reevaluation of σIBD → +1.5%
(evolution of the neutron life time)

§ Reanalysis of all SBL experiments 

New 
fluxes

New 𝜏n

Increased prediction of 
detected flux by 6.5%
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The Reactor Anomaly (2011)

G. Mention, Th. Lasserre, et al, Phys. Rev. D 83, 073006 (2011)

3σ anomaly

Solar oscillationAtm. oscillation? ? ?

Th. Lasserre - Université de Strasbourg - 2025 56



Sterile Neutrino Interpretation

ns  with a mass 
of ~eV and a 

mixing angle at 
1-10%

J. Kopp et al, JHEP 2013, 5, 1 – 52 (2013)
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Gallium & Reactor Neutrino Anomalies

ns  with a mass 
of ~eV and a 

mixing angle at 
>1%



Statistically ‘weak’ Anomalies and…

a lot of projects involved!
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Reactor Experiments dedicated 
to sterile neutrino search
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Searching for sterile 𝝂 at reactors

Detector

ns

For two flavors:

𝑷 𝝂𝒆 ⟶ 𝝂𝝁 = 𝒔𝒊𝒏𝟐𝟐𝜽 5 𝒔𝒊𝒏𝟐 𝜟𝒎𝟐 5
𝑳
𝑬𝝂

Distance 1
Distance 2
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§ Input from sterile neutrino fits (anomalies)

§Δm2 ≈ 0.1-10 eV2 →
§sin2(2θee) ≈ 0.01-0.15 

§ Experimental specifications

§  Compact neutrino source (<< Losc)

§  Good vertex and energy resolutions (<< Losc)

§  High statistics (few % stat. uncertainty)

§  Few % syst. uncertainty à Low Backgrounds

§  Search for a new oscillation pattern in E & L completed by normalization information

Testing νe disappearance anomalies
(−)

Losc (m)=2.5 E(MeV)
Δm2 (eV2 )

≈ 2−10 m
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Sterile ν Observable @Reactor

Blue Cell

Red Cell

Liquid scintillator
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Electron antineutrino Detection (IBD)
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§ Highly enriched fuel 
à Well known 235U fission spectrum

§ Reactor ON/OFF periods
à Moderate overburden compensated by accurate measurement 
of the cosmogenic bkg component (induced by muons)

§ But challenging reactor-induced backgrounds (γ and n)
à Need Particle ID and comprehensive shieldings – S/B around 1!

§ Compact reactor core
§ No oscillation smearing

§ High statistics (few 100 evts/day/t)
à High Power (10-3000 MW)
à Short baselines (5-50 m)

Experimental challenges
Typical reactor core sizes

1 meter
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The Stereo Experiment
• Source:   electron-anti-neutrinos (from reactor)
• Detector: segmented liquid-scintillator
• Detection: inverse beta-decay
• Result:  No signature found

Nature volume 613, pages 257–261 (2023)
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IBD 𝜈 fluxes from U-235 and Pu-239

66Th. Lasserre - Université de Strasbourg - 2025

Example of state-of-the-art (2024) neutrino 
flux summation model
IBD flux from uranium-235 fission by -(7.5 ±
3.9)% compared with the HM model. This 
shift would significantly reduce the statistical
significance of the RAA.

Example of state-of-the-art neutrino flux 
conversion model. Reference model for 
the evaluation of the RAA

Phys. Rev. C 108 (2023) 5, 055501

Latest result from STEREO 
(orange band), which has 
provided the most accurate
measurement of antineutrino 
flux from U-235 fission to 
date. Support deficit of U-235 
wrt HM, but not with Bestiole

Summary of all rates info
Supports deficit in U-235
(uncertain for Pu-239)
sterile 𝜈: deficit should be
the same for all isotopes ⇒
disagrees with these
observations. 

Reactor anomaly: 

sterile 𝜈 or biases
neutrino fluxes ? 



Remark on the 𝝂 flux measurement
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• New reactor beta spectrum measurements performed at a 
research reactor in National Research Centre Kurchatov Institute 
(KI)

• New relative measurements of the ratio between cumulative β 
spectra from U-235 and Pu-239

• A 5% discrepancy with the β spectra measured at Institut Laue-
Langevin (ILL) is observed (normalization)

• Lead to new predictions are consistent with the results of Daya 
Bay, Double Chooz, RENO, STEREO

• Could be the final explanation for the RAA J 
• And then lower the interest for light sterile neutrino search 

(back to the <2011 status-quo)



Neutrino-4 Experiment

6 m

§ Overburden: 3-5 mwe

§ Baseline: 6-12m

§ Pure 235U fission spectrum - compact core 

§ 5 x 10 identical cells filled with LS-Gd
Oscillation analysis independent of the prediction

§ High external background mitigated by
§ Heavy shielding  - PSD capability

§ 200 IBD/day – S/B ~ 0.5 - About 500 days of data
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§ No-oscillation rejected@3σ 
(see arXiv:1809.10561)

§ Large mixing solution!
§ In tension with DC/DB/Reno/Stéréo/Prospect/DANSS and excluded by KATRIN 

…

Neutrino-4: claim for a « 2-3 σ » signal
§ Best fit

§ Δm! = 7.3 eV!
§ sin! 2θ = 0.44 17% deEicit
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Neutrino Source Experiment 
dedicated  to 

sterile neutrino search
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Neutrino Generator Experiment

Detector

ne

ns

For two flavors:

𝑷 𝝂𝒆 ⟶ 𝝂𝝁 = 𝒔𝒊𝒏𝟐𝟐𝜽 5 𝒔𝒊𝒏𝟐 𝜟𝒎𝟐 5
𝑳
𝑬𝝂

n 
source
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BEST experiment
• Source:   51Cr (t1/2 = 26 d) → electron neutrinos with 0.75 MeV
• Detector:  liquid-metal Ga in 2 zones
• Detection:  ne capture at two baselines – then count 71Ge atoms

V. V. Barinov et al. Phys. Rev. C 105, 065502, 2022
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• 3.4-MCi 51Cr source at the center of two 
nested Ga volumes.

• Production measurements of 71Ge through 
the CC reaction:
71Ga(νe ,e−)71Ge, at two average Lin/out

• The measured ratio (R) of the measured 
rate of 71Ge production at each distance to 
the expected rate from the known cross 
section are:
• Rin = 0.791±0.05 !
• Rout = 0.766±0.05 !

• The ratio of the outer to the inner result is 
Rout / Rin 0.97±0.07

BEST results – Rin , Rout , Rout  / Rin 



BEST results compared to Gallex / Sage
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V.V. Barinov et al. [BEST], Phys. Rev. C 105 (2022) no.6, 065502

0.80 ± 0.047

> 5 𝝈 deficit !
BEST results are 
reaffirming the GA



BEST results : sterile neutrino interpretation
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• Proofed technology & methodology. 
BEST results are robust  

• Rin / Rout consistent with 1: No specific sterile 
neutrino signature 

• Results consistent with νe → νs oscillations with:
• Large ∆m2 >1 eV2 
• Large Mixing sin22θ (≈0.4)

• Considering the sterile neutrino hypothesis:
• Large ∆m2 & Large mixing !



Beta-decay Experiment
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KATRIN experiment

70 m

Th. Lasserre - Université de Strasbourg - 2025 77



KATRIN Neutrino Mass Imprint

S/B > 1 for

E < E0-10 eV

Background

Signal

e-



Sterile Neutrino Signature in 𝜷-decay 

m1     m2     m3

New mass
eigenstate

m1     m2     m3

𝑑Γ
𝑑𝐸

= cos2 𝜃
𝑑Γ
𝑑𝐸

(𝑚H) + sin2 𝜃
𝑑Γ
𝑑𝐸

(𝑚I)

m4= 10 eV

The sterile neutrino leaves 
a kink-like signature in the 

beta-spectrum
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KATRIN Working Principle - recap

β-decay

Windowless Gaseous 
Molecular Tritium Source

high stability 
and luminosity

(1011 decays/sec)

3H – Molecular Tritium
super-allowed b-decay

T1/2 12.3 years
E0 18.6 keV
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• ff
Tritium flow 
reduction by 
14 orders of 
magnitude

Differential pumping = active pumping by TMPs
Cryogenic pumping = cryosorption on Ar-frost

β-decay
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KATRIN Working Principle - recap



• ff

Spectrometer system 

β-decay

Spectrometer SectionElectrostatic
filter selects high 

energy electrons
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KATRIN Working Principle - recap



β-decay

excellent energy 
resolution: ~ 3 eV 

large angle 
acceptance: ~ 500

Magnetic adiabatic 
collimation + electrostatic 

filter (MAC-E)
Electron momentum vector
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KATRIN Working Principle - recap



β-decay

Integral 
measurement
down to 40 eV 

below the
endpoint

148-pixel 
Si focal plane 
detector
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KATRIN Working Principle - recap



Sterile Neutrino Modeling

|Ue4|2

m4
2

B

E0,fit
N

Fit Parameters:

m2 neutrino mass (fixed/free/constrained)

E0,fit endpoint
N          signal normalization
B energy-independent

background rate

m4
2 4th neutrino mass

|Ue4|2 4th neutrino mixing

m2
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DANSS 95% C.L.
Daya Bay 90% C.L.
Double Chooz 95% C.L.
Prospect 95% C.L.
STEREO 95% C.L.
Neutrino-4 2
RAA 95% CL
BEST + GA 95.45% CL
0  NH 90% C.L.

0  IH 90% C.L.
Mainz 95% C.L.
Troitsk 95% C.L.
KATRIN 95% C.L. (KSN1)
KATRIN 95% C.L. (KSN2)
KATRIN 95% C.L. (KSN1+2)
KATRIN projected final
sensitivity 95% C.L.

Synergy with oscillation experiments

• Oscillation Electron Disappearance 
Experiments 
• Δm41

2 = m4
2 – m1

2 ≈ Δm42
2 ≈ Δm43

2

• sin22ϴ = 4|Ue4|2(1−|Ue4|2) 

• KATRIN
• mβ and m4

• sin2ϴ = |Ue4|2

• Conversion KATRIN -to- Oscillation
• Δm41

2 ≃ m4
2 – mβ 

2  
• sin22ϴ = 4 sin2ϴ(1− sin2ϴ)

• Projected KATRIN final sensitivity
(1000 days of data – reduced background)
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KATRIN 95% C.L. (KSN2)
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KATRIN and the sterile neutrino puzzle
üAnomalies observed at

reactors and BEST
G. Mention, Phys. Rev. D 83, 073006 (2011)
V. V. Barinov et al. Phys. Rev. C 105, 065502, 2022
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ü Anomalies observed at
reactors and BEST
G. Mention, Phys. Rev. D 83, 073006 (2011)
V. V. Barinov et al. Phys. Rev. C 105, 065502, 2022

ü Stereo (and similar experiments) do not observe a 
signal
DANSS, arXiv:1911.10140 (2019)
PROSPECT, Phys. Rev. D 103, 032001 (2021) – here new result in 2024
STEREO, Nature 613, 257–261 (2023)

KATRIN and the sterile neutrino puzzle
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üAnomalies observed at
reactors and BEST
G. Mention, Phys. Rev. D 83, 073006 (2011)
V. V. Barinov et al. Phys. Rev. C 105, 065502, 2022

üStereo (and similar experiment) do not observe 
a signal
DANSS, arXiv:1911.10140 (2019)
PROSPECT, Phys. Rev. D 103, 032001 (2021)
STEREO, Nature 613, 257–261 (2023)

üKATRIN is a complementary probe to oscillation-
based experiments
KATRIN Collab., PRL. 126, 091803 (2021)
KATRIN Collab. Phys. Rev. D 105, 072004 (2022)

KATRIN and the sterile neutrino puzzle
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KATRIN Last Results
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0 < mν < m4 

ü new exclusion limit
http://arxiv.org/abs/2503.18667

ü almost exclude the 
whole Gallium Anomaly 
allowed region

ü exclude Neutrino-4

ü synergy with Short 
Baseline Reactor 
Experiments 
§ Prospect

Stereo
DANSS …

§ KATRIN provides 
superior sensitivity 
for Δ𝑚!

" > 5𝑒𝑉"

http://arxiv.org/abs/2503.18667


Accelerator Experiments dedicated to the search for
 sterile neutrinos

91



Neutrinos from accelerators

• Protons hit a target (e.g. made of beryllium)
•  Generation of pions, kaons, and charmed mesons
• Mesons decay and produce neutrinos
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Accelerator ν proposals / projects 

Type Source App. /Dis. Oscillation 
Channels Projects

Isotope Decay 
at Rest

p + 9Be → 8Li + 2p
n + 7Li→ 8Li

8Li→9Be + e- + νe

Dis. νe → νe IsoDAR

Pion (Kaon) 
Decay at Rest

App. & Dis. νμ → νe 
νe → νe

OscSNS, KDAR, 
JPARC-MLF

Pion Decay
in Flight 

App. & Dis.

νμ → νe 
νμ → νe
 νμ → νμ  
 νe → νe

MINOS+, nuPRISM, 

SBN 

Low-E
Neutrino 
Factory

App. & Dis.

νe → νμ 
νe → νμ
 νμ → νμ 
 νe → νe

νSTORM

p+® µ+ nµ

e+  nµ ne

p+® µ+ nµ

e+  nµ ne

µ+® e+  nµ ne

µ-® e-  nµ ne
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The Fermilab SBN program
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The Fermilab SBN program
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Beam Experiment Sensitivities
(example)

Disappearance    Appearance

arXiv:1310.4340
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§   3 σ anomalies calling for clarification

à Δm2≈eV2 Sterile Neutrino? Or Experimental Artifacts?

§ Caveat: tensions in global fits – no global solution

§   Reactor Neutrinos – mostly reject the sterile neutrino hypothesis
§ Challenge: background mitigation (S/B close to 1)

§   Radioactive Source (51Cr) – confirm the Gallium anomaly

§  Confirm the Gallium anomaly

§  KATRIN – a new comer, somehow! 

§ Reject the sterile neutrino hypothesis – complementary! 

§    Neutrino Beams 

§ 5-10 years timescale – is going to shed light on the anomalies

§ Added value: allow studying sterile neutrino phenomenology, in case?

eV sterile 𝝂: Take Away
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Thanks for your attention
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KeV Neutrino Search
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keV Sterile Neutrino and Dark Matter

Dark Matter
26.8%

Ordinary
Matter
4.9% Dark Energy

68.3 %

ü Dark matter constitutes 27% of the energy
contents of the Universe

ü But no particle of the standard model can
explain the Dark Matter
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keV Sterile Neutrino and Dark Matter

Sterile
Neutrinos
m ≈ keV ? ü Sterile neutrinos with a mass of the order of

the kilo-electronvolt are viable candidates to
explain the observations
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How to Detect keV Sterile neutrino Relics? 

Neutrino Decay

ü If these neutrinos are present in abundance
in the galaxies and galaxy clusters

ü They could decay into a neutrino and a 
photon X, each taking half of the mass-
energy of the neutrino constituting the dark
matter particle
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Astrophysical Searches

Chandra Satellite 

ü These photons are searched for with X-ray satellites
such as Chandra or XMM Newton
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Is there a 7 keV Neutrino?

X-ray line not yet identified

νs ?
ü The expected signal is extremely weak and

the astrophysical backgrounds are
significant

ü Nevertheless two research teams recently
discovered a non explained signal that
could correspond to 7 keV neutrino

ü This remains obviously to be confirmed
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keV Neutrino Search in Laboratory

KATRIN Spectrometer ü It would thus be interesting to test this
hypothesis in laboratory

ü It may be possible by modifying the KATRIN 
experiment currently dedicated to the 
direct measurement of the Standard Model 
neutrino mass

ü This experiment, located in Germany, uses 
the most intense source of Tritium available
for the scientific community
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Tritium Beta Decay and Sterile Neutrinos 

ü Tritium decays into an electron and an electronic
antineutrino

ü The precise measurement of the electron energy
spectrum allows to search for neutrino in the keV
mass range
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Beta-decay experiments 

m1     m2     m3

New mass
eigenstate

m1     m2     m3

The sterile neutrino leaves 
a kink-like signature in the 

beta-spectrum

Sterile branch

Active 
branch

sin2𝜃

Measurement of full 
tritium spectrum

m4= 10 keV

𝑑Γ
𝑑𝐸

= cos2 𝜃
𝑑Γ
𝑑𝐸

(𝑚H) + sin2 𝜃
𝑑Γ
𝑑𝐸

(𝑚I)
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E (keV)

d
Γ
/
d
E
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0

1
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5

Expected signal without keV neutrino

Electron energy distribution

E0 = 18.6 keV
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E (keV)

d
Γ
/
d
E

0 5 10 15 20
0

1

2

3

4

5

Expected signal with a 10 keV Sterile Neutrino

E0 – 10 keV

E0 = 18.6 keV

Distortion of the spectrum(kink)

The effect has been exagerated
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The KATRIN experiment

70 m

HV @ -18 kV

110
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Measurement with KATRIN: the challenge

70 m

HV @ 0 kV

111
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70 m

112

• Less tritium activity
KATRIN, arxiv 2207.06337 (2022)

• New focal plane detector
Mertens et al, J. Phys. G46 (2019)

Measurement with KATRIN: the challenge
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KATRIN/TRISTAN sensitivity to steriles

Dark matter
candidate

Short-baseline oscillation 
anomalies

Preferred region from BEST
Phys. Rev. Lett. 128, 232501 (2022)

X-ray constraints (relaxed)
Phys. Rev. D 100, 115035 (2019)

Overproduction (relaxed)
Phys. Rev. D 100, 115035 (2019)

Current laboratory constraints
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Dark matter
candidate

Short-baseline oscillation
anomalies

KATRIN (1st & 2nd campaign)
Phys. Rev. Lett. 126, 091803 (2021) 
Phys. Rev. D 105, 072004 (2022)

KATRIN projection

„First deep look“

KATRIN + TRISTAN stat limit

KATRIN + TRISTAN

X-ray constraints

Overproduction

lab constraints

KATRIN/TRISTAN sensitivity to steriles
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Overview eV-keV-sterile hunt
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Backup
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nµ® ne?

MiniBooNE (FNAL) 

§ Beam: π+ (π−) decay in flight

§ Detection: Cherenkov + scintillation

§ L/E ≈ 1 m / MeV

§ Baseline: 541 m

§ 200 < E (MeV) < 3000

Primary goal: look for νe appearance in a νμ beam
   Check the LSND with similar L/E
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MiniBooNE old-Results
𝜈μ à 𝜈e

𝜈μ  à  𝜈	e

§ Results published from 2007-12

§ Channel: (anti-)𝜈μ → (anti-) 𝜈e

§ Detection: 𝜈e (p)n à e  p (CCQE)

§ Results:
§ An overall 3.8σ excess Mostly 
at low energy 

§ Backgrounds?
§ But MiniBooNE can’t 
differentiate between electrons 
and gammas! 
 

§ not conclusive…
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MiniBooNE new-Results in 2018
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MiniBooNE allowed regions
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