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R\ Established Neutrino Physics

= 3 flavor, spin Y2, neutral, left handed, o(1 MeV)=10-44/-40 cm?
* Tiny masses: 0.03 eV <m,<=0.5eV

» Mixing: two views on W-decay:

o'

Neutrino of mass m;
i=1,2,3, ...

* PMNS mixing matrix U: lv> =X U lv >
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Three known Active Neutrinos
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In numbers (example):

For Am2=104eV2:
1.27 x 10* x 10 000 = 7t/2
- L/E ~ 10 000 m/MeV

=sin? 20 sin%(1.27 Am? L, (km)/E, (GeV))

=sin? 20 sin%(1.27 Am? L,(m)/E, (MeV))



In numbers (example):

For Am2=1eV2:
1.27x1x1=m/2
-2 L/E~ 1 m/MeV

=sin? 20 sin%(1.27 Am? L, (km)/E, (GeV))

=sin? 20 sin%(1.27 Am? L,(m)/E, (MeV))



3v Oscillation Formalism

Atmospheric
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e Oscillation in vacuum : P(vy = vy) = 1 — sin?(20;) X sin? (1.3 - Am? - )
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(L violating processes)

0
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PMNS mixing
matrix

810> eV? & Am?,,=|m% —mf| ~21073eV?



Facts & open questions

» Masses of the mass eigenstates v;?

% | Vs I

S

é Arnza’cm
vo |
V? T > Am250|

?
o J I S
= Spectral pattern or ?

This lecturel

= Lepton Number conservation (Dirac or Majorana) ?

» Precise measurements of PMNS matrix?
= |s CP violated in the neutrino sector?

»= Are there additional (sterile) neutrino states






FUR KERNPHYSIK

Composition

Elementary Particle

Spin
Electric Charge
Strong Charge

Interaction

)‘4 ass

Oscillation

Status

1/2

0

0

None

Not yet known

Possible withv,, v, , Vv

wor Ve

Hypothetic
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N Caveat: v, and v, !

This is what we call
,,sterile” neutrino
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Active Neutrino Mass

V‘r @ V, > The neutrinos of the Standard Model have a mass < about 1 eV
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BN\ Sterile Neutrino Mass

—v,l
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Which Mass: 0.1-1 eV?

VS . .
e 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?

VS
g 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?

VS
Matter-antimatter asymmetry 7 qumpe == =¢

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

Without new theoretical insights
only new experiments shall bring
light on the sterile neutrino question
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How to detect sterile Neutrinos?

.. through their Mixing |



Light sterile neutrino — 3+1 model
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3+x Model

No SM interactions.
But mixing (oscillation) with active V's

A
' N\
@credit: C. Giunti
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Many Neutrino Sources can be used

Grand Unified Neutrino Spectrum at Earth

Edoardo Vitagliano, Irene Tamborra, Georg Raffelt. Oct 25, 2019. 54 pp.
MPP-2019-205
e-Print: arXiv:1910.11878 [astro-ph.HE] | PDF
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-\\\\5- Sterile- v Phenomenology (3+1)

o)
= v, disappearance (Reactor, Gallium, ...)

2 Amil
4E

= P_=1-sin"26_sin & sin’26,=[U['(1-U.[') x4
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Sterile- v Phenomenology (3+1)

()
= v, disappearance (CDHS, MiniBOONE, Minos, ICE Cube...)

2
. o Am,,

= P,=1-sin"26,sin IE & sin’26,,=

2 2
U,, (1—|UM4| )x 4
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Sterile- v Phenomenology (3+1)

(=)
" Vo appearance (LSND, Karmen, MiniBooNE, Opera, Icarus, JSNS...)

- 7 1 o 9 -0
& sin“26, zZsm 20,5726,

2
" P,=4sin"26,sin’ Amy,
4E

u

v,— V., appearance requires v & v, disappearance
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Sterile- v Phenomenology (3+1)

o) |
= v, disappearance (Reactor, Gallium, ...)

2 Amil
4E

" P _=1-sin"26_sin & sin’26 =

Ue4

2 (1_|Ue4

2
)X4

(=)
= v, disappearance (CDHS, MiniBOONE, Minos, ICE Cube...)

2
. o Am,,

= P,=1-sin"26,sin IE & sin’26,,=

2 2
U, (1-|UM4\ )x 4

()
" Vo appearance (LSND, Karmen, MiniBooNE, Opera, Icarus...)

- 7 1 o 9 -0
& sin“26, zZsm 20,5726,

2
" P,=4sin"26,sin’ Amy,
4E

u

v,— V. appearance (via v,) requires v, & v, disappearance
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Anomalous findings
&
Sterile Neutrinos
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... results against sterile neutrinos !

Short baseline reactor experiments
A

-~
[PROSPECT, PRD 2020]
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= .... anomalies at L, 1/Ejmey; ~ 1 m/MeV
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LSND (stopped ni* beam) — 1990’s

Anomaly on the electron antineutrino interaction rate

800 MeV proton beam from ,
LANSCE accelerator Baseline of 30 m

E=[20 - 50] MeV

— 3 —> \_,u w — Vu ‘\_/e e

Water target
L/E=1m/MeV
Wer beamstop
—n — vV Lv—>v v ¢ *\ E. LSND DeteCtor

Liquid Scintillator
Detector

Downstream of target
31

Detection reaction
Vo +'H— et +n



=T LSND (stopped n* beam) — 1990's

DAR

—> 5 —> Vu l“‘+_> Vp, Ve e’
p
> D t-Rest gi
ecay-at-Rest gives
iosocgn;xcor isotropic neutrino source

Captures
before

v decay

Appe%ce? TU+p—>n+y

Ve i
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By-product charged mesons

K mesons (493.677 MeV/c?)

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

TT mesons (139.6 MeV/c?)

 The great majority (~99%) capture on the target nuclei: m™ + 59X —» n+ 7_1Y

 Then decay and rarely produce neutrinos

T mesons (139.6 MeV/c?)

 Come to rest within the target (less than 1% disintegrate in flight)
 And then decay at rest

Th. Lasserre - Université de Strasbourg - 2025
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" decay at rest: the « relevant » v's

u VM
« Nt -sut+v, EE o
* Decay At Rest (DAR) : . | ]
* Prompt neutrino emission 0_/7'.'1'0. TN R '5‘0"' ) ‘g E ) "
2 bodydecay (Q=33.91 MeV) - % -
Monoenergetic 29.8 MeV v, emission =
Ve i

c 2Jut et +v, +V,

e Delayed emission (muon decays with a 2.2 us lifetime

Flux with Arbitary Scale

* 3 body decay (v energy between 0 and m,,/2)

* V., and Vv, have a well-defined « Michel » spectra
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LSND Search for v, + p — et +n -

Incident
antineutrino

N / Gamma rays

Gamma rays

Neutron capture

Inverse
beta

Positron decay

annihilation

Liquid scintillator
and cadmium

Th. Lasserre - Université de Strasbourg - 2025
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= PROFEsson PABLy

2URICH
MM vens

g5
PROF., w, AL

Reines et al. in Physical
Review 117 (159) 1960
reported 6=12*7, 104 cm?
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IBD: detecting (e*,n)
in time / space coincidence

Incident
antineutrino

/ Gamma rays

Gamma rays

Neutron capture

Inverse
beta

Positron decay

annihilation

Liquid scintillator
and cadmium

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

Step 1)
et detection

Step 2)
neutron detection

Step 3)
check that time-difference is
less than a few ps
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LSND Anomaly

800 MeV proton beam

water target
beamstop

+
Scintillation
Y
Cerenkov

Neutron
captureonH

LSND observed a 3.80 excess

150
125 |
100
750 |
5.00

250 |

0.00

102

107

102

—T —T ]

® Beam excess -
B3 p7,~7.en
p7.en
f other

- - KARMEN2, 90% CL
I LsND, 90% CL
[ LSND, 99% CL

103 102
sin2260
Annu. Rev. Nucl

1
10 1
3

. Part. Sci., 63(1), 45-67.

4t (sterile)
neutrino mass

and mixing
explaining the

LSND results
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Gallium Anomaly



>1Cr Mono-Energetic Neutrino Source

Electron capture isotopes decay to two bodies -
mono-energetic beam of neutrinos at low energies: >1Cr + s-shell e = 51V + v, (+ X-ray)

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

51
Decay scheme Cr (27.7 days)

* 90% of the time the capture goes
directly to the ground state of 1V
and you get a 750 keV neutrino

427 keV v (9.0%)
432 keV v (0.9%)

747 keV v (81.6%)

752 keV v (8.5%)
* 10% of the time it goes to an

excited state of >1V and you get a
320 keV photon plus a 430 keV

320 keV y

51V _
neutrino

~ 5 ~ S T
Decay scheme of *'Cr to *'V through electron capture.
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-~ Facts about the >'Cr neutrino generator

* Can be produced with thermal neutron capture (irradiation)

(°°Cr 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 x 10%¢ Bg !!!

* Has along, 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.

* 5cm of tungsten reduce 320 keV y rate from 1 MCi to 1 Hz



Production of >'Cr neutrino generator

First step:

* Enrichment of >°Cr by gas centrifugation in form of
chromium oxyfluoride *°CrO,F, — >°CrO; — >°Cr metal

Second step:

* |rradiation of °°Cr in a nuclear reactor core
(slow / thermal neutrons)

 May need multiple irradiations of a few tens of days

Th. Lasserre - Université de Strasbourg - 2025
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GALLEX

(1) 1.17 MCi 1994 -1995
(2) 1.87 MCi 1995 —1996

Examples in neutrino physics

35,5kg Cr
38,6% Cr-50

h =55cm

SAGE / BEST

Ve 2020-ish N\

2004

1994 -1995

140,0 mm 4‘

517 kCi >1Cr produced
by irradiating 512.7 g of 409 kCi 3’Ar produced

92.4%-enriched *°Cr in by irradiating 330 kg of
high-flux fast neutron CaO0 in the fast neutron
breeder reactor BN-350 breeder reactor BN-600

Th. Lasserre - Université de Strasbourg - 2025

3 MCi >1Cr produced by
rradiating 3 kg of 97%-
enriched >°Cr in the research
reactor SM-3

42



R The Gallex neutrino generator

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

e Two sources produced from the same enriched Cr (38.6% >°Cr)

Characteristics of the production of the two sources in the Siloé reactor.

First source Second source
Chromium weight (g) 35530 + 10 35575 + 10
Duration of the irradiation 23.8d 20.5d
Mean neutron flux (n/ ¢cm”.s) s.2x oY 56 x 10"
1.67 MCi 1.89 MCi
e Dismantled in Saclay and sent to INFN in 2017 —

W-shield

Cr capsule /

Th. Lasserre - Université de Strasbourg - 2025 43
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-~ Transportation of a >'Cr neutrino source

Challenge: % of the activity after irradiation is lost every 27 days !!!

e Step 1: from production site to airport

e By truck / train

e Step 2: from production airport to detector airport
® By plane

e |AEA Limits >1Cr transport in a type B(U) container by air: 90 PBq (2,4 MCi) per individual package

e Step 3: from detector airport to detector site

e By truck

Th. Lasserre - Université de Strasbourg - 2025



Se> Gallium Neutrino Anomaly

51Cr (27.7 days)

747 keV v (81.6%)
52 keV v (8.5%

= Test of solar neutrino radiochemical
detectors GALLEX and SAGE 427 keV v (9.0%)

432 keV v (0.9%)

= "1Ga/¥Ar + v, — "1Ge/3'Cl + e

= 4 calibration runs with 0.6 - 2 MCi 320 keV'y
Electron Capture v, emitters v
= Gallex, <L>=1.9 m o Ny cecr, 120
= 51Cr, 750 keV P

= Sage, <L>=0.6 m —
= >1Cr & 37Ar (810 keV)

= Deficit observed __ | =
(54 m
= 30 anomaly !
= Supported by "'Ga(*He,*H)"'Ge PO
cross section measurements —
Gallex

Th. Lasserre - Université de Strasbourg - 2025 45



(new neutrino mass)?

Sterile Neutrino Hypothesis

2 Am; o
P _=1-sin 29 sin 4 3 hewoscillationat =~ 1
4E E
4l 95% &:L T -2- T ."l:::’v
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10'F 5
- <
o
]
M
)
wn | .{A
-
S,
100 e gil
: =1 O i"-:
a1 2
I
o= c.
3 Ga :
g1 iy,
1 + |
10 - Data consistent with v, E I :
- . disappearance at L/E 1 m/MeV Q
o pp 5 _U)"_J. 1
10~ 10‘ 101

Mixing

[TOE €OE L :ATXIe "|e 1o ddoy

L m
MeV

-~

v, with @ mass of
eV and a mixing
angle at >1%
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The Reactor
Antineutrino Anomaly



o Nuclear Fission

Unstable
nucleus

Th. Lasserre - Université de Strasbourg - 2025

ENERGY
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H44Nd
144
O—» Neutron Pr
144Ce @ ®
O, Electron P At
« Anti-neutrino > 4 °
144B @ ° \A
Gamma é] O\
o ..
g, 2 * Fission fragments

235 236 @
@

89kr

“Kr & O—

* Radioactive too!

* Too large number of neutrons compared with protons
* Getrid of their extra neutrons via B-decays

* Emission of electron antineutrinos

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

e Chain reaction (1 GW / 200 MeV ~ 10% fissions/s )

Th. Lasserre - Université de Strasbourg - 2025
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O—»Neutron

0\‘ Electron

« Anti-neutrino

Gamma

':\U 236U

o—»+@—>@—> o> —>o—>+@—>@—> Og—»
@

H44Nd
144Pr
144Ce @ e
-~

144Ba @
e %a

144 / y (some loss)

@O/' 2351 238y @O/'

Chain Reaction =

89Kr \ 0
\

89yr @O\, +
-\.b N\ 239,
“Rb @ o, e
\" 3 N\ 239\

@.,

\.b (j \@, 35puy
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Continuous neutrino emission
(reactor ON / OFF periods)

Neutrino flux : 102° v/GW/s




-~ Overview of reactor neutrino spectra
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Fission-induced neutrino spectra
for 235U’ 238U’ 239PU, 241Pu

Spectra between 0 to 10 MeV

Shape and rate depend on the
considered isotope

Reactor v spectrum is a mixture of
the spectra of the 4 main fissile
isotopes, 23°U, 238U, 23°Pu, 41Pu,
weighted by their fission fractions

A y3s5, Ay3g, Xp39, Xogq
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Burn-up MWD/TU)

I\ Reactor Fuel evolution (burn-up)

fission fractions: «;

*>35
*y39
Uy3g

(ra1

4

z a; = 1 (100%)

=1
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- A closer look at the
~ reactor neutrino spectrum of 23U

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

e

235U

23U v spectra (v /MeV)

It is composed of a superimposition of
/ several thousand individual B-decay
branches

* |t 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

Ll ul llLlljl

6 7 8 9 10 IBD (V,p — e*n) threshold
Kinetic energy [MeV]
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== Reactor Neutrino Flux Evaluation

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

- T T | T 17T | T T 177 | T T 17T | T 17T | T T T T | T 17T | T T 177 l_
. 3 = E
¢ &>8>® g =2 — B spectra §
g éﬂ:' g ] c i —ff= Magnetic BILL ]
¢ & 9% ¢ % 107 £ ——= spectrometer 3
Ok %) - T—— -
N = - i .
q R

10% T— E
10° & ::_ 3
N = |
107 T
i += 3
N + ]
107 = %

:l 1 | 1111 | | .| | 1111 | 1111 | L 111 | 1111 | | .|

2 3 4 5 6 7 8 9
B kinetic energy (MeV)

2011: Reevaluation of the e — v conversion procedure
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New Reactor v-Fluxes / IBD - 2011

Increased prediction of
detected flux by 6.5%

T Emitted spectrum —1]—3 ™ Flux: Neutrino Emission:
_____ Cross-section = Improved reactor neutrino spectra - +3.5%
—— Detected spectrum \
\ m Accounting for long-lived isotopes in reactors
I New t,

//"’ OV-A (Eu) X ]-/Tn

(arbitrary units)

= |BD: Neutrino Detection:

: Reevaluation of o;gp > +1.5%
(evolution of the neutron life time)

2 3 4 5 6 7 8 9 = Reanalysis of all SBL experiments
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Observed/Predicted Ratio

The Reactor Anomaly (2011)
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Observed/Predicted Ratio

J. Kopp et al, JHEP 2013, 5, 1 — 52 (2013) o 3
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Reactor Experiments dedicated
to sterile neutrino search



- Searching for sterile v at reactors

IBD spectra (a.u.)

For two flavors:

L
P(v, — v,) = sin*20 - sin? (Amz E_)
v

—— No oscillation
—— Distance 1

—— Distance 2

sin?(20) = 0.17
Am? =23 eV?

1”'I2Il”3llll4””5””6””7
Visible energy (MeV)
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A\

N\
MAX-PLANCK-INSTITUT
FUR KERNPHYSIK

.= :
Testing v, disappearance anomalies

= Input from sterile neutrino fits (anomalies)
EM
“Am? ~ 0.1-10 V2 — L (m)=2.5—1eV)

e ———=2-10m
Am~(eV")
=sin2(20,.) ~ 0.01-0.15

= Experimental specifications
= Compact neutrino source (<< L)
= Good vertex and energy resolutions (<< L)
= High statistics (few % stat. uncertainty)

= Few % syst. uncertainty 2 Low Backgrounds

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

Th. Lasserre - Université de Strasbourg - 2025 61



= Sterile v Observable @Reactor

Am2. =23

new

sin?(20new) = 0.17
Blue Cell

Red Cell

D
S
o
III|III|III||I1I IIIIIII [ IIIIIII|III|III|I

| l 1 | i 1 | | | | 1 l | | | | | 1 | I | | | | I | | l |

3 4 5 6 7 8

NO
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N . . .
<<= Electron antineutrino Detection (IBD)

Incident
antineutrino

N / Gamma rays

Gamma rays

Neutron capture

Inverse
beta

Positron decay

annihilation
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A\

\\\\\\
FUR KERNPHYSIK

Experimental challenges

Typical reactor core sizes

Compact reactor core
= No oscillation smearing

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

Highly enriched fuel
- Well known 23U fission spectrum

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

But challenging reactor-induced backgrounds (y and n)
- Need Particle ID and comprehensive shieldings — S/B around 1!

Th. Lasserre - Université de Strasbourg - 2025
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- © =D
N\
e Source:
e Detector:

e Detection:

e Result:

eto
Water CherenkoV muon V

| -

The Stereo Experiment

electron-anti-neutrinos (from reactor)
segmented liquid-scintillator

101}

inverse beta-decay
No signature found

58-MW
compact
core

AmZ, (eV?)

Multilayer
shielding

-
=
\

1072

10"

Nature volume 613, pages 257-261 (2023)

—— RAA95% CL
%  RAA: best fit

STEREO 95% CL
== == CLs sensitivity
CLs exclusion
= == 2D sensitivity
— 2D exclusion

sin%(26,,)
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Phys. Rev. C 108 (2023) 5, 055501

N IBD v fluxes from U-235 and Pu-239

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

&

Reactor anomaly:

o5 < BESTIOLE
. \
~ \
© HM
)
-] \
Q y
2" 0.95-
N
o .-
g=
cr’CU 0.90 ;All rates (2021)
Summary of all rates info
Supports deficit in U-235
(uncertain for Pu-239) 085 | [ ] |
sterile v: deficit should be 0.85 0.90 0.95 1.00 1.05
the same for all isotopes = Ratio 23°U Data / HM

disagrees with these

observations.
Th. Lasserre - Université de Strasbourg - 2025

sterile v or biases
neutrino fluxes ?
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SILPA

WU3MEPEHUE OTHOLUEHUS KYMYJISITUBHbIX CIIEKTPOB
BETA-YACTHULL OT MPOAYKTOB JEJIEHUS 235U U 23°Pu
JJ1S1 PELUEHUS 3AJAY ®U3UKU PEAKTOPHBIX AHTUHEUTPUHO

© 2021 r. B.W. Koneiikun"*, 10. H. Manun", A. A. CaGeabuuxos'
Mocrynuna B penakiio 19.07.2020 r.; nocnie nopaGotku 19.07.2020 r.; npuusta K ny6aukauuu 19.07.2020 r.

Bbirnosiien nepBbifi LMK/ H3MePeHHii OTHOLIEHHs KyMyJSITHBHBIX CMIEKTPoB (B-uactui u3ortonos 35U u
239Py, jesisILMXCS! TEIUIOBBIMH HeliTpoHamu. OGHApyKeHo, UTO KPHBAsi OTHOLIEHHsI CIIEKTPOB [-UacTHLL
235 /239Pu, namepenHasi B HacTosiell paGoTe, JEKHUT Ha 5% HHXKe TAKOH JKe KPUBOH, IOJyUeHHOH U3
uamepenuit rpynmnbi ILL. ITpoBe/ieHHbIl aHAJIH3 TOKa3aJl, UTO 5TO CBSI3AHO € OLIMGOUHBIM 3aBbillieHHeM Ha 5%
uamepentoro rpynnoit ILL criextpa B-uactuu 235U, Kak caieicTBre 5T0ro, 0kasa/icsi 3aBblLICHHbIM Ha 5% 1
“crektp 7, 235U B MOMEHT pOrK/IeHHs”, KOTOPbIii BOCCTAHABJIMBAETCS H3 KYMYJISITHBHOTO CIIEKTPa [S-4acTHIL
235U. INoJtyueHHble JaHHbIe OGBSICHSIOT 5 MEKT “PeaKTOPHON aHTHHEHTPHHHOM aHOMaHK .

DOI: 10.31857/50044002721010128

BBEJEHHE

OLIEHKH CIIeKTPa aHTHHEHTPHHO (7, ) SIIEPHOTO pe-
aKkTopa BIepBble MoJyueHbl AJibBapecoM B 1949 r.,
cMm. paboty Paitneca u Koysua [1], B koropoii 1o
9THM JAaHHBIM OHH PACCUMTAlH OXKHJAeMoe CeueHHe
npolecca oGpaTHoro S-pacnana

et+p—nte (1)

B OTOKE PEAKTOPHBIX Ze. C Tex mnop npoBoasTcs
HCCJIEJIOBAHUS CIIEKTPA ¥, COPMHUPOBANIOCH U Pa3-
BHBAeTCsl HOBOE HalpaBJIeHHE — CIIEKTPOCKOIIHs pe-
AKTOPHBIX 7,. 3HaHHE CIIeKTpa ¥, HEOOXOJIHMO JIsi
HHTEpNpeTalyy BeAylUXCs U IJIAaHHPOBAHHSI HOBBIX
HEATPUHHBIX 3KcriepuMeHToB. Ocolylo aKTyalbHOCTh
H3y4yeHHe CIIeKTpa Ve l'IPI/IOépCJIO B IOCJIe[JHHE TOJbl
B CBSI3H C [OBbILLIEHHEM TOYHOCTH H3MEPEHHH, 10CTa~
HOBKOH psiia KpYINHbIX 3KCIEPUMEHTOB H pa3BUTHEM
HEHTPUHHOH HHJLyCTPHH Ha SIICPHBIX peaKTopax.
CrieKTp 7e B 06/1aCTH SHEPTHii, NPEBbILLIAOLINX M0~
por peakuuu (1) Ey, = 1.8 M3B, dopmupyercs ot 5-
pacrnajia pojlyKToB JieJIeHHst H30TONOB ToruBa 239U,
239pyy, 238, 241py, e 235U u 239Pu BHOCAT nojaB-
nstolnit BKaji. HanGouee TiatebHoe MojeMpoBa-
HHE CIIEKTPOB ¥, H30TOIOB YpaHa M ILIyTOHHS GbLIO
nposezero B 2011 1. [2, 3] mo naHHBIM H3MepeHHit
KyMYJISITHBHBIX CIIEKTPOB (-YaCTHLL 3THX H30TOIOB,
BBITOJIHEHHBIX IPynmoi HHCTHTYTa Jlays—JlaHKeBeHa
(ILL)[4—7]. Oka3asioch [8], uTo H3MepeHHbIi Ha CTaH-
JapTHOM ynasieHud ~15—100 M ot peakropa BBIXOX

DHauvonanbHbl# Hecae0BaTebCKuiT LeTp “KypuaToBekuit
uucrutyr”, Mocksa, Poccust.
E-mail: kopeikin46Q@yandex.ru

peakuun (1) Ha ~5% MeHblie, 4eM 0XKHIaeMblil BBIXOJ
10 JaHHBIM pa6or [2, 3]. OGHapyxenHblit 5% aedu-
LIMT M3MEPEHHOro BBbIXOJA K oxKuJaemomy (“‘reactor
antineutrino anomaly”) 06bIYHO CBA3LIBAIOT C ABYMsI
[PHYHHAMH:

— CYLIECTBOBAHHEM CTEPHJIbHbIX HEHTPHHO,

— OWMOKAMH B H3MEPEHHSIX CIIEKTPOB (3-4aCTHI{
235U u 9Py rpynnet ILL.

TunoTesa CylleCTBOBaHHsI CTEPHJIbHBIX HEATPHHO
NpoBepsieTcsl € MOMOLILIO HECKOJILKHX IETeKTOPOB 7,
PACIoNIoXKEeHHBIX Ha PACCTOSHUSX MeHee 15 M oT peak-
TopoB. Hacrosiast paGota KypuaToBckoro HHCTHTYTa
(KI) HauesieHa Ha pOBepKy U3MepEHHIi CrIeKTpoB -
yactui 2°U u 29Pu. CraThs ocTpoena celylouum
o6pa3oM. BHauasie Mbl KpaTKO paccMOTPHM CIOCOGbI
ONpeJIe/IeHHsl CIIeKTPa PeaKTOPHBIX e B TOH YacTH,
KOTOpasi HeoOXoJMMa [JIsl aHaju3a SKCIIePUMEHTA.
Jlaniee omuuleM METOJMKY OINbITa, NOJYYEeHHble pe-
3yJIbTAThI M IIPOBeJIeM UX o6cyxienne. OTMeTHM, 4TO
IKCIIEPHMEHT B HACTOsILIIee BPeMsl IPOJIOJIXKACTCS, O~
HaKo MOJIyYeHHbIil MaTepHal yKe M03BOJIsieT Clie/1aTh
OTpeJie/IeHHbIE BBIBOJBL.

1. O CITOCOBAX M3YYEHMUS CITIEKTPA
PEAKTOPHBIX 7,

1.1. PacyerHblii meTox

CrieKTpbl aHTHHEHTPHHO pf, IeJSILMXCS H30TOMOB
%, e UHaeKebl 2 = 5,9, 8, 1 oTHOCSATCSI COOTBETCTBEH-
Ho K u3otonam 235U, 239Py, 238U u 241 Py, nosyuator-
sl TyTeM CyMMHpPOBAHHs BKJIJIOB BCeX [3-MepexosioB
OT BCeX MNPOJIyKTOB JesieHnsi. Ha npakTuke criekrpbl

Remark on the v flux measurement

New reactor beta spectrum measurements performed at a
research reactor in National Research Centre Kurchatov Institute
(K1)

New relative measurements of the ratio between cumulative 8
spectra from U-235 and Pu-239

A 5% discrepancy with the B 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 ©
And then lower the interest for light sterile neutrino search
(back to the <2011 status-quo)
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Neutrino-4 Experiment

I .
= Overburden: 3-5 mwe
SM-3

= Baseline: 6-12m
I )/ 23000
: ol - : 235[ | ficc _
e a2l el F = Pure 23~U fission spectrum - compact core
LU i = 5 x 10 identical cells filled with LS-Gd

Aetivezone e Oscillation analysis independent of the prediction

- -
= s = = * High external background mitigated by

= Heavy shielding - PSD capability

—1= = 200 IBD/day —S/B ~ 0.5 - About 500 days of data
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=" Neutrino-4: claim for a « 2-3 o » signal

= No-oscillation rejected@30 = Best fit
(see arXiv:1809.10561) = Am? = 7.3 eV?
= sin?(20) = 0.44 (17% deficit)
2 2 .2 _ L/E; =4
Best fit Am’=7.34eV", sin’(20) = 0.44 . K
A Observed, 24p, 500keV 111 -
10_- L L VA II
1.5 - . :
2 91 == :
g 8 i
2 .;_l_' } :{1 *L\L L 1 l . F )/
d L s % ¢ .1. . | FAA l . = | 7 —|
ARLE B L |30y ,:-’}“t;.,.i,& o et pas SRS
= o ls .L;L ] lI*J. | l I l 5 -
'5: 1 [Ll v “" S 4
z Lo 31
0.5 Am’=7.34eV’, sin’(20) = 0 44 ' /DoF 16.49/25 GoF  0.90 ]
Unity y/DoF 301527 GoF 031 2]
I ' I ' 1 ' I ' 1 ' I ' I ' 1 1 7
1.0 1.5 2.0 25 3.0 35 4.0 4.5 v _
L/E 01 2 3 45 6 7 8
’ E;, MeV

" Large mixing solution!
= |n tension with DC/DB/Reno/Stéréo/Prospect/DANSS and excluded by KATRIN
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Neutrino Source Experiment
dedicated to
sterile neutrino search



MAX-PLANCK-INSTITUT
FUR KERNPHYSIK
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Neutrino Generator Experiment

For two flavors:
L

E,

P(v, — v,) = sin?20 - sin? (Am2 -

)

T T T T T T T T T T T T T T T T T T [
5— | | | | | ]—no— scillatiorJ ]
- = = 'Am?=1 eV? - sin%(20)=0.25 ]|
* 4 N = = 'am’=2 eV? - sin(20)=0.25 |
‘q&; 3 = = 'Am?=6 eV2 - sin?(20)=0.25_ |
5 —
% 2 —
1 J—
0 I | I | | | | | [ | [ | L 111 | [ | | | 1 | | I_
4 5 6 7 8 9 10 11 12 13
Distance to the source
1.05 T T T T T TT | T TT | T TT | T TT | T T | T T T T T
1 i i i i ' i i i -
0 0.95— ,,f.—.é...f"..s_\.;.\ _________ ............. ___________ __________ vvvvvvvv |
© B ¢ : RN : : : : .
o 09__,;?‘~‘ .......... \\r"‘x ......... B ’—_-’f—‘ ,,,,,, —
A N L SRR L G
085,74 TNt S TEm e | -
08 I | I | | | | | L 11 IﬁTI"I—IT L1 11 | L1 11 | I | [
4 5 6 7 8 9 10 11 12 13

Distance to the source (m)
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BEST experiment

Source: °1Cr (t,/, = 26 d) — electron neutrinos with 0.75 MeV
Detector: liquid-metal Ga in 2 zones
Detection: Vv, capture at two baselines — then count ’!Ge atoms

"1Cr (27.7 days)

427 keV v, (9.0%)
432 keV v, (0.9%)

| 747 keV v, {81.6Y%)
¥ 1320 keV
|

752 ke v, {8.5%)

Slv

V. V. Barinov et al. Phys. Rev. C 105, 065502, 2022

i | [ ]
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of the outer target (atoms/day)

Measured K+L peak rates

.......

Manipulator
Reactor for inner target
[ ]

EDEJ

—o —o —0
j Trolley
[ ] ] ]
Cooling system
R —————
1
Outer target I ‘
Ga Calorimetric

Inner target

_I

system  Chamber for
ron

GGNT chemical reactors

Rout — O 766:l20 05

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time since 14:02 on 05 Jul 2019(d)

80
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704
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60+

404

Measured K+L peak rates of the inner target (atoms/day)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Time since 14:02 on 05 Jul 2019(d)

BEST reSUItS - Rm; ROUt’ Rout / R|n

3.4-MCi >1Cr source at the center of two
nested Ga volumes.

Production measurements of 7Ge through
the CC reaction:

"1Ga(v, ,e7)"'Ge, at two average L; /o

The measured ratio (R) of the measured
rate of "!Ge production at each distance to
the expected rate from the known cross
section are:

* R,=0.791+0.05!

* R, =0.766+0.05 !

The ratio of the outer to the inner result is
Rout/ Ri,0.9710.07
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NN

©

1.21
-V Barinov et al. [BEST], Phys. Rev. C 105 (2022) no.6, 065502
1.1F
| 1.05_ ..............................................................................................................................................................................
T re ®
= 0.9F
N
R ?' --------------- } --------------- } -
0.7
0.6 | | ] l l | | |
Cr v Q> Y &
o & S
v o Q
O O

GALLEX: {

SAGE:{

BEST: {

R,(Cr) = 0.953 +0.11
R,(Cr) = 0.812 + 0.11
R4(Cr) = 0.95 + 0.12
R,(Ar) = 0.79 + 0.095
Rs(D) = 0.791 + 0.05

R,(0) = 0.766 + 0.05

0.80 £ 0.047

> 5 o deficit !
BEST results are
reaffirming the GA

BEST results compared to Gallex / Sage

0.80 + 0.047
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BEST results : sterile neutrino interpretation

| L

Am’ (eV?)
9,

B3 .
120 T
[ J1o

“ bips

NG

e
00 01 02 03

r v @ 01 T 1T T1° 17
04 05 06 07 08 09_ 10

sin’20

Proofed technology & methodology.
BEST results are robust

R, / Ryt consistent with 1: No specific sterile
neutrino signature

Results consistent with v, & v, oscillations with:
* Large Am?>1 eV?
* Large Mixing sin?26 (=0.4)

Considering the sterile neutrino hypothesis:
* Large Am? & Large mixing !
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FUR KERNPHYSIK

KATRIN experiment

Th. Lasserre - Université de Strasbourg - 2025
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SN\

KATRIN Neutrino Mass Imprint &.4; e T
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-~ Sterile Neutrino Signature in -decay

dr , ,dl ,
7 = oS 9 — (mﬁ) + sin H (m4)

o
o

The sterile neutrino leaves
a kink-like signature in the
beta-spectrum

o
o

Differential decay rate (a.u.)
o
D

New mass
eigenstate

ark )
......

1 1 1 1 | 1 1 1 1 I 1 1 1 1 I
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Energy (eV)
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A
v
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' 4

high stability
and luminosity super-allowed -decay

3H — Molecular Tritium

Ty, 12.3years
E, 18.6 keV

(1011 decays/sec)
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&} Windowless Gaseous

Molecular Tritium Source
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= KATRIN Working Principle - recap
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O . ..
=" KATRIN Working Principle - recap
&

~PLANC e
FUR KERNPHYSIK

Tritium flow
reduction by
14 orders of
magnitude

.’ -
NSO
==

Differential pumping = active pumping by TMPs
Cryogenic pumping = cryosorption on Ar-frost
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KATRIN Working Principle - recap

o

Electrostatic

FUR KERNPHYSIK

\\\\ \
MAX-PLANCK-INSTITUT

N
- © =

X\ A T \./ .l/.\.ﬁ X W\ \
[ eiag o
L) ﬂ/,

iy A\
\NA

@
Spectrometer Section
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filter selects high
energy electrons




N : .
~  KATRIN Working Principle - recap
&

excellent energy
resolution: ~ 3 eV

large angle
acceptance: ~ 50°

. Magnetic adiabatic
f / / T collimation + electrostatic
amo™ filter (MAC-E)
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MAX-PLANCK-INSTITUT
FUR KERNPHYSIK

== KATRIN Working Principle - recap

— S

, y . 148-pixel
% sifocal pl
i Si focal plane

" detector

Integral 4

measurement

down to 40 eV

below the

endpoint

B-decay

f  Measurement

18450 18500

18
Retarding energ °50

y [eV]
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\-c- ° ° °
NN Sterile Neutrino Modeling
 —3umodel ]
¢+ KATRIN data with errobars x50 |
dl" _ 2\ dI' 2 2drl 7...2
10"t 1 e =(1- U4l )d_E(mﬁ)+|Ue4| a5 1)
Q| ] L )\ J
o ] Y \
2 N : light neutrino heavy neutrino
T 100t EO,fi 3
m?2 L L L] Fit Parameters:
oo ]
1 01 -40 20 0 20 40 2 m2 neutrino mass (fixed/free/constrained)
a | ++ + + | + § E,«. endpoint
1F bebddeborqrpepenea- Y. 5 15 G —— . ’ . . .
% : HHHHHHWH l 5 N signal normalization
0C099F - 3-vmodel ' HitT my ] B ind dent
0985- 3+1 model ¢ 3+1 simulation m,=10.0 eV |Ue4|2=0.01 _ energy-inaepenaen
40 20 0 20 40 background rate
50 [T T ) : T : : : T : : T T : : T T ]
c | ]
e 20 ] m,2 4t neutrino mass
I |
0‘ 1 s N s 1 A N 2 1 A N
-40 -20 0 20 40

Retarding energy - 18573.7 (GM) Lasserre - Université de Strasbourg - 2025
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e Oscillation Electron Disappearance
Experiments
* Amyg? = my?—my? = Amy,? = Amys?
* Sin?28 = 4|Ue4|%(1-[Ues|?)

* KATRIN
* mgand my
* sin%0 = |Ug|?

* Conversion KATRIN -to- Oscillation
* sin?20 =4 sin%6©(1- sin%6)

* Projected KATRIN final sensitivity
(1000 days of data — reduced background

103
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=== Synergy with oscillation experiments

DANSS 95% C.L.

——Daya Bay 90% C.L.

—— Double Chooz 95% C.L.
Prospect 95% C.L.
STEREO 95% C.L.

—— Neutrino-4 20

—RAA 95% CL

—— BEST + GA 95.45% CL
OvBB NH 90% C.L.

OvB6 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.
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Am3, (eV?)

103 ¢

109

1071

“ KATRIN and the sterile neutrino puzzle

10% E
101 E

i

B
T

]

v 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

7 A

BEST-C

~—

[ |
1072

100
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Am3, (eV?)

103 ¢

107!

“ KATRIN and the sterile neutrino puzzle

102 ¢
101 E

10%

o ] T v 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

<G

E v’ Stereo (and similar experiments) do not observe a
N .

aal signal

DANSsS, arXiv:1911.10140 (2019)
PROSPECT, Phys. Rev. D 103, 032001 (2021) — here new result in 2024
STEREO, Nature 613, 257-261 (2023)
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Am3, (eV?)

103 ¢

10% E

1071

“ KATRIN and the sterile neutrino puzzle

101 E

10%

- ——r T v' Anomalies observed at

E reactors and BEST

G. Mention, Phys. Rev. D 83, 073006 (2011)
V. V. Barinov et al. Phys. Rev. C 105, 065502, 2022

v’ Stereo (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)

’T‘ _JST‘{_GA

v KATRIN is a complementary probe to oscillation-

based experiments

KATRIN Collab., PRL. 126, 091803 (2021)
KATRIN Collab. Phys. Rev. D 105, 072004 (2022)
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MAX-PLANCK-INSTITUT
FUR KERNPHYSIK

/

v" new exclusion limit %‘

http://arxiv.org/abs/2503.18667

v almost exclude the
whole Gallium Anomaly
allowed region

v" exclude Neutrino-4

v’ synergy with Short
Baseline Reactor
Experiments

Stereo
DANSS ...

=  KATRIN provides
superior sensitivity
for Am3 > 5eV/?

Am3; (eV?)

KATRIN Last Results

DANSS
(95% C.L.)

Stereo
(95% C.L.)

Prospect
(95% C.L.)

BEST+GA

(20)
BEST+GA+SAGE
best fit

RAA
(95% C.L.)

Neutrino-4
(20)

KATRIN exclusion
KNM1-5 (95% C.L.)

108 e
<
102 e
10? e
0
1003
0<m,<my
10_1 ™
1072

Sin‘ (26¢e)
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KATRIN sensitivity

" KNM1-5 (95% C.L.)

KATRIN exclusion
KNM1-2 (95% C.L.)
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http://arxiv.org/abs/2503.18667

Accelerator Experiments
dedicated to the search for
sterile neutrinos



N\

- © =D +

U W \\\\ | —e------- U
““Neutrinos from accelerators v T,
=,

* 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 v proposals / projects

. Oscillation .
Type Source App. /Dis. Projects
yP PP Channels )
p +7Be — 8Li + 2p
lSOtOpE Decay n + ‘Li— 8Li Dis. vV, >V, IsoDAR
at Rest 8Li—»Be + e + v,
Pion (Kaon) = Ut v, . v, v, OscSNS, KDAR,
Decay at Rest Lot o App- & Drs. V.V, JPARC-MLF
e’ v, Ve
° V - ve
Pion Decay | n*—ptv, N N, MINOSS+Bn[u\I]RIS|\/|,
. . o Pp. is. v v
in Flight L e Vi Ve N,
I_OW—E “-F_) e"' V ve Ve 2V,
Neutrino " App. & Dis. eV vSTORM
Factory H—€ Vv, Ve v, v,

Th. Lasserre - Université de Strasbourg - 2025
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R The Fermilab SBN program

MV\\‘I:IANL K-INSTITUT
FUR KERNPHYSIK

Length: 150m | | B.OOSter
2 Circumference: 468m-

Proton Ener :
gy: 400 MaV. - ik
y: 400 MeV. 51K Proton Energy: 8 GeV
Y . (0 LsNo 9%
: ‘ D\_sunw/-

ance sensitivity
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I Giobe! 201730

4 Global 2017 best it
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SBN sensitivities assume exposures of:

6.60x10° protons o1 target in ICARUS and SBND
13.2x10% protons o0 target in Micro

o etal., aXiv:l 703.00860 (hep-PN)
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— The Fermilab SBN program

FUR KERNPHYSIK

Short-Baseline Neutrino Program at Fermilab

Target SBND MicroBooNE ICARUS
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Beam Experiment Sensitivities
(example)

Disappearance Appearance

— 10

3 s (b)

o o nuSTORM

g g — LAn"
o OscSNS
x ICARUS/NESSIE
<
[
w
= 1
o
N
w
S

. o
10
95% CL
-1
10" 10 " 107 107 107 10
Fa2 F a2
sin“26_, sin“26
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eV sterile v: Take Away

3 o anomalies calling for clarification

> Am?=eV? Sterile Neutrino? Or Experimental Artifacts?

» Caveat: tensions in global fits — no global solution

Reactor Neutrinos — mostly reject the sterile neutrino hypothesis
» Challenge: background mitigation (S5/B close to 1)

Radioactive Source (°'Cr) — 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?
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Thanks for your attention



KeV Neutrino Search



Dark Matter
26.8%

Ordinary
Matter
4.9%

keV Sterile Neutrino and Dark Maftter

v’ Dark matter constitutes 27% of the energy
contents of the Universe

v' But no particle of the standard model can
explain the Dark Matter

ark Energy
68.3 %

Th. Lasserre - Université de Strasbourg - 2025
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Sterile

Neutrinos
m =~ keV ?

keV Sterile Neutrino and Dark Matter

v Sterile neutrinos with a mass of the order of
the kilo-electronvolt are viable candidates to
explain the observations

Th. Lasserre - Université de Strasbourg - 2025

101



Neutrino Decay

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

v 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

Th. Lasserre - Université de Strasbourg - 2025 102



Astrophysical Searches

Chandra Satellite

v’ These photons are searched for with X-ray satellites
such as Chandra or XMM Newton

Th. Lasserre - Université de Strasbourg - 2025
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\\\ s there a 7 keV Neutrino?

X-ray line not yet identified
v The expected signal is extremely weak and
VS ? the astrophysical backgrounds are
significant

v’ Nevertheless two research teams recently

| discovered a non explained signal that
¢ ‘ " .
) Y % | o could correspond to 7 keV neutrino

¥ e T 3 TR 3 b S B 3

=
oy et
()]
-
(o=
)
-
L

v This remains obviously to be confirmed

Th. Lasserre - Université de Strasbourg - 2025

104



keV Neutrino Search in Laboratory

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

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

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

SH - SHe + e~ + Ve |

v Tritium decays info an electron and an electronic
anfineutrino

v The precise measurement of the electron energy
spectrum allows to search for neutrino in the keV
Mass range

Th. Lasserre - Université de Strasbourg - 2025
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ar 9 dr T sin?g dr’
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dl’'/dE

Distortion of the spectrum(kink)

The effect has been exagerated

- E,=18.6keV

N

5 10 15 20
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Measurement with KATRIN: the challenge

I B T
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Measurement with KATRIN: the challenge

Th. Lasserre - Université de Strasbourg - 2025

-

Less tritium activity
KATRIN, arxiv 2207.06337 (2022)

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

~




= KATRIN/TRISTAN

sensitivity to steriles

10—1_
Preferred region from BEST Current laboratory constraints
10—3 i Phys. Rev. Lett. 128, 232501 (2022)
N
- Overproduction (relaxed)
10—5 i -Phys. Rev. D 100, 115035 (2019)
W
\l 1y
10_7 T v.\\ - X-ray constraints (relaxed)
| Phys. Rev. D 100, 115035 (2019)
J— \l
10 94 ‘n“
|/V/“\"‘
10—11 i \"p‘
Short-baseline oscillation Dark matter ;-
1 anomalies candidate
10-13 - >
10_15 AL | T T AL L L L L | T T AL L | AL | T T T T T T T T T
1073 102 101 10° 10! 10? 103
ms (keV)
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sensitivity to steriles

10—1 | \\\\\ ,’ ,First deep look”
3 o lab constraints
10731 _
—— KATRIN (1% & 2"¢ campaign) ~—_
10-51  Phys. Rev. Lett. 126, 091803 (2021) KaTRIN TR B Uction
Phys. Rev. D 105, 072004 (2022) # Y
-~ \ [} N
_____ . . KA ~\~~~ Vv
10_7 i KATRIN projection TR//V  Tpe~ei ‘w\ .
ISTAN — =~~~ N g
tat // .‘“~~~ L’
Mmijt = ,
— \
10 94 ‘n“
|/|l/“‘\ , 1
10_11 | "‘,,‘-" X-ray constraints
[
Short-baseline oscillation Dark matter Ve
1 anomalies candidate
10131 - -
10_15 ML | T T T T T T T T T T T T AL AL | T
1073 1072 1071 10° 10! 10? 103
ms (keV)
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Overview eV-keV-sterile hunt

10_5 1 =—— Laboratory limits
—— KATRIN (1%t + 274 campaign) ~~~<

1077 —— KATRIN 1% Tritium
10-9 — —. KATRIN/TRISTAN projection

— —. BeEST
10—11 | HUNTER

——. DUNE
10—13_ 2vBpB

MAGNETO-v
1073 102 101 10V 10! 102 103

ms (keV)
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Backup



AN MiniBooNE (FNAL)

Primary goal: look for v, appearance in a v, beam
Check the LSND with similar L/E

Booster

Magnetic
focusing horn

= Beam: n* () decay in flight

Detection: Cherenkov + scintillation

L/E=1m/ MeV
= Baseline: 541 m
= 200 < E (MeV) < 3000




NN MiniBooNE old-Results

= Results published from 2007-12
= Channel: (anti-Jv, — (anti-) v,
= Detection: v (p)n 2 e p (CCQE)

= Results:
= An overall 3.80 excess Mostly
at low energy

= Backgrounds?
= But MiniBooNE can't
differentiate between electrons
and gammas!

= not conclusive...

Events / MeV

Events/MeV

V2 Ve
3_
n e Data
25 ] Ve frompu
E* ] V. from K;
2 * LSND signal == Vg from K
—— 3 N 70 misid
I g A—> Ny
1.5 * I dirt
[ other
1 Total Background
0.5
0.2 0.4 0.6 0.8 1 1.2 14 15 3.
_ o ES® (GeV)
Vy 2 Ve
121 Antineutrino g
o e Data (staL_err.) ]
101 __{_, LSND signal = ve fromp”
v, from K"
I =3 v, from K°
0.8 3 =’ misid 7]
CIJA-> Ny
I dirt
0.6 ==+ 3 other ]
—— Constr. Syst. Error
0.4 ]
==
0.2 | - . ]
L A b4 L 4
0.0 =
0.2 0.4 0.6 0.8 1.0 1.2 14 15 3.0
ESE (GeV)
-2025
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AN MiniBooNE new-Results in 2018

MAX-PLANCK-INSTITUT
FOR KERNPHYSIK 3
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S MiniBooNE allowed reg;
-\§§ INIBOO allowed reglions
B oot 01'\102 ST T T T 1111 T T T 117 (\7'\102_ ! i — 3l T T T 11110 T T T 111

o —68% CL 3 [ x 335 —68% CL -
e —90% CL « | 3 —90% CL i

< r —95% CL < —95% CL
S ——99% CL i ——99% CL T

—30 CL —30 CL

10 _> e 10 g
s —40 CL - ——40 CL .
CN ) ==l | KARMEN2 1 O S~ | KARMEN2 ]
- 90% CL 90% CL .
- ___OPERA i ___OPERA i

- 90% CL 90% CL
hs v mode * L4 v + ¥V mode:

107" 107
; . LSND 90% CL - . LSND 90% CL
g |:| LSND 99% CL e I:I LSND 99% CL
10—2 Illllll | | IIlllII | L1 L1l | L1 111 10—2 IIIIIII | | Illllll | L1 1111l | L 111

[ 107 107" 1 i 1072 107" 1
sin®20 sin®20

(Am?,sin® 20) = (0.037 eV?,0.958)
x?/ndf = 10.0/6.6 (prob = 15.4%)

(Am?,sin? 20) = (0.041 eV?,0.958)
x%/ndf = 19.5/15.4 (prob = 20.1%)
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