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Established Neutrino Physics

= 3 flavor, spin 2, neutral, left handed, o(1 MeV)=1044 cm?
* Tiny masses: 0.03 eV <m,<=0.5eV

= Mixing: two views on W-decay:

W

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

= PMNS mixing matrix U: lvi> =X U; lv >
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Three known Active Neutrinos HIf
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https://cds.cern.ch/record/2103251/files/9789814644150_0004.pdf?subformat=pdfa&version=1
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Neutrino Oscillations (for 2 Flavour)

P(v, —>v)én Dm@ IE))

Amplitude Frequency

In numbers (example):

For Am2=10%eV?:
1.27 x 10 x 10 000 = m/2
- L/E ~ 10 000 m/MeV

=sin2 20 sin?(1.27 Am? L,(km)/E,(GeV))
=sin2 20 sin?(1.27 Am? L,(m)/E,(MeV))

TUT



Neutrino Oscillations (for 2 Flavour)

P(v, —>v)én Dm@ IE))

Amplitude Frequency

In numbers (example):

For Am2=1eV?Z:
1.27x1x1=mn/2
- L/E~ 1 m/MeV

=sin2 20 sin?(1.27 Am? L,(km)/E,(GeV))
=sin2 20 sin?(1.27 Am? L,(m)/E,(MeV))
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Atmospheric
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3v Oscillation Formalism

Majorana CP phases
(L violating processes)

e

0
0

* Oscillation in vacuum: P(vy, > vy) = 1 — sinz(ZBi) X sin? (1.3 -Am% _E>

iy /2

PMNS mixing
matrix

3massesm,,;: AmZ,, =m5—mi ~8107°eV? & Am?,,=|m% —m?| ~ 21073 eV?



Facts & open questions

» Masses of the mass eigenstates v;?

[Nl A
m V3 2015 NOBEL PRIZE IN PHys|Cg
\E/ Arnzatm |
V2 _l_> Am?
m
\Z —Ti sol
?
0doo o b
= 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






Composition Elementary Particle

Spin 1/2
Electric Charge O
Strong Charge 0

Interaction None

‘Mass Not yet known
Oscillation Possible with v, , v, , v;
Status Hypothetic
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Caveat: vo,and v !

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

Ve
V.

“ V, O—t v, The neutrinos of the Standard Model have a mass < about 1 eV
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Sterile Neutrino Mass
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Which Mass: 0.1-1 eV?

Vs . .
o—¢ 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

‘ | HHH\I | HH\H‘ | \HHH‘ | H]HH‘ | JHHHI | HH]H‘ | JHHHI | HJHH‘ | HHJH‘ | HJHH‘ | H\HHI | H]HHI | HJHH‘ | JHHHI | HHH\‘ [l
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Which Mass: GeV?

VS
Matter-antimatter asymmetry 7 qumpem = =

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 |
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TUT

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

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

A
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@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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Sterile- v Phenomenology (3+1) LTI

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

2

. Pee=1—sin22ﬁeesin2% & sin’26,=[U,['(1-U.[ )
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Sterile- v Phenomenology (3+1) LTI

()

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

i ., Am>
m PW= 1—sm220wsm2 4l

& 5in*26,,=[U,.[ (1-V,.[
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Sterile- v Phenomenology (3+1) LTI

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

Il .

Am;
2 41 e 2 ~ 2 c 2
— & sin"26, =~—sin"26,5n°26

] _ .2 .
P,=4sin"26 sin

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

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

2
= P_=1-sin’260_sin’ Amy, & sin°26_ =
4E

Ue4

’ (1-]Ue4

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

i ., Am>
m PW= 1—sm220wsm2 4l

& 5in*26,,=[U,.[ (1-V,.[

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

2
. P,= 4sin’ 2¢9Mesin2 Amy, & sin22ﬁm ~ lsin2 296esin22HW

v,— V., appearance (via v,) requires v, & v, disappearance

M

Th. Lasserre - ISAPP 2024



Anomalous findings
&
Sterile Neutrinos



... results against sterile neutrinos !

Short baseline reactor experiments
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Signal Region

.... anomalies at Ly /Ejmev) ~ 1 m/MeV
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LSND (stopped ni* beam) — 1990's  TLT

Anomaly on the electron antineutrino interaction rate

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

E=[20 - 50] MeV

‘ Water target
L/E=1m/MeV
Ei@er beamstop
—— ey w—= v v e
— “ " Ha 4 LSND Detector
800 MeV or e  OF vVow 7 e- \
1.5 GeVic TV, b=V

Liquid Scintllator Detector

Ve+'H—e*+n
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LSND (stopped n* beam) — 1990’s

DAR

J'|:+ > ,vu u"’ S ‘Vu 'Ve e+
P
> D t-Rest gi
ecay-at-Rest gives
?050&3;:" isotropic neutrino source

Captures |
before

v decay

Appea%ce? TU+p—>n+y

Ve
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T[+

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

mesons (139.6 MeV/c?)
The great majority (~99%) capture on the target nuclei: m™ + ‘%X - n+ QL\:}Y

Then decay and rarely produce neutrinos

mesons (139.6 MeV/c?)

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

" decay at rest: the « relevant » v's

| "V
. 1)7T+_’H++VM éz Y
* Decay At Rest (DAR) E .
e Prompt neutrino emission 0_/7"-'1\0- NUTTORN FOUUTIRIOTS R | “ié E ) ’
* 2 body decay (Q=33.91 MeV) - % -
Monoenergetic 29.8 MeV v, emission =
Vo |

.40.. .

. l20. L ‘30. L
F (Me\\

c QQut-set+v,+v,

iy v

e Delayed emission (muon decays with a 2.2 us lifetime

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

Flux with Arbitary Scale

1T T T T T T T T 1

* V., and v, have a well-defined « Michel » spectra

. Rt
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LSND Searchfor 7, +p — e +n

Incident
antineutrino

" / Gamma rays

T
=4 ’ZUR'C'( Wiveps) vy .,
ey 2

=

Gamma rays

Neutron capture

Inverse
beta

decay Reines et al. in Physical

Review 117 (159) 1960
reported 0=12*"_, 10 cm?

Positron
annihilation

Liquid scintillator
and cadmium
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IBD: detecting (e*,n)

in time / space coincidence

Incident
antineutrino

i / Gamma rays
\

Gamma rays

Neutron capture

Inverse
beta
decay

Positron
annihilation

Liquid scintillator
and cadmium

T. Lasserre — Mona 2022

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

36

TUT



LSND Anomaly

800 MeV proton beam

water target
beamstop

+
Scintillation
Vo ,
Cerenkov

Neutron
capture on H

LSND observed a 3.80 excess

17.5

15.0

125

10.0

7.50

T T T T T

® Beam excess
& pe,~7.n
p(7 e*n
@ other

IR

. N
>~ o

-

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

) I )
103 102 10!
sin2260

Annu. Rev. Nucl. Part. Sci., 63(1), 45-67.

1

3

4t (sterile)
neutrino mass

and mixing
explaining the
LSND results
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TUT

>1Cr Mono-Energetic Neutrino Source

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

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

5
* Decay scheme 1Cr (27.7 days)

* 90% of the time the capture goes
directly to the ground state of >V
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 °'V and you get a
320 keV photon plus a 430 keV
neutrino

320 keV y

51y

~ 51 51y r
Decay scheme of *!Cr to *'V through electron capture.
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. TUm
Facts about the >'Cr neutrino generator

e 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 1016 Bq !!!

* 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 MCito 1 Hz
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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 - ISAPP 2024
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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
A

- . 2004

1994 -1995 ﬁ
84,0 mm

140,0 mm 4‘

517 kCi >1Cr produced
by irradiating 512.7 g of 409 kCi 37Ar produced

92.4%-enriched *°Cr in by irradiating 330 kg of
high-flux fast neutron Ca0 in the fast neutron
breeder reactor BN-350 breeder reactor BN-600

Th. Lasserre - ISAPP 2024

2020-sh N\

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

42



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 26.5d
Mean neutron flux (n/ cm”.s) s.2x 10" 5.6 x 10
1.67 MCi 1.89 MCi

e Dismantled in Saclay and sent to INFN in 2017
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° 51 ° m
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 >!Cr 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
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Gallium Neutrino Anomaly

51Cr (27.7 days)

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

432 keV v (0.9%)

= 1Ga/¥Ar + vo — "1Ge/¥Cl + e

52 keV v (8.5%
= 4 calibration runs with 0.6 - 2 MCi 320keVy
Electron Capture v, emitters v
= Gallex, <L>=1.9m
= >1Cr, 750 keV
= Sage, <L>=0.6 m _
= >1Cr & 3’Ar (810 keV)

= Deficit observed L

= 30 anomaly

= Supported by lates 7'Ga(*He,*H)"'Ge
cross section measurements —

Th. Lasserre - ISAPP 2024
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Sterile Neutrino Hypothesis

2 L
. 2 .2 Al L m
Pee= 1-sin ZHCCSIH 4 3 new oscillationat= ~ 1——
AF E MeV
i 95% .CL ' .cn. '
1 5 -
10* 13} ]
i < h . f
o~ bt k v, with a mass 0
a - 1 ~e\/ and a MIXINg
g 7 .lé angle at >1%
70 |
o <= |
= ol
S 100 eooesse 5! {c
o = 1 I C ....'.: A
c (| ~12713
= 3 o
O [ =
= =l g | o
| all; |
.\2 | Hlum %
<
-1 + | =,
107 ¢ 5 . . = 18
. ata consistent with v, < @
- - disappearance at L/Ex1 m/MeV 2 ! I
10-3 10~2 10!

Mixing


http://arxiv.org/abs/1303.3011




Nuclear Fission

Unstable
nucleus

Th. Lasserre - ISAPP 2024
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ENERGY

92
& Kr

141
56

Ba

48



#neutrinos released / fission

144N g
O—» Neutron 4pr P 4
o, Electron » Hce /@O\;
. Anti-neutrino La /@O\:
Gamma 144% /@O\;
o’ ..
i, A * Fission fragments
Ba . . |
a5y 23 @0/' * Radioactive too! .
o—»+@—>@—> O * Too large number of neutrons compared with protons
@O\ * Getrid of their extra neutrons via B-decays
8Kr * Emission of electron antineutrinos
“Kr @ o, * On average, for each fission:
v * 200 MeV
*Rb @ o * b6 electron antineutrinos emitted
”Sf@iga « Chain reaction (1 GW / 200 MeV ~ 10%° fissions/s )
:_-;;Y@
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'_'.,'.Nd
O— Neutron Hpr P 4
144Ce @ °
O\ Electron P> 4 O\
144
« Anti-neutrino La /@O\;
144p @O °
Gamma - “a
-
1444 / O\‘ y (some loss)

5 | Chain Reaction )—» @

AN
\

89k @O\‘ @
\. \ 239,
89pp @O\‘ @

\’ o \ 239
“sri@ o, ' @ °
¥° ? \ 439py

89y @

T. Lasserre — Mona 2022

controlled

#neutrinos released / GW

Containment Steam
ucture Line
=

Control Co— Generat

ds Generator |

o
w/ \
L) mn e
Pump

.....

Condenser

Continuous neutrino emission
(reactor ON / OFF periods)

Neutrino flux : 1020 v/GW/s
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TUT

Overview of reactor neutrino spectra

— 10 * Fission-induced neutrino spectra
> 235 for 2351, 238(), 239py 241py,
- 1 — 238
'CC) i * Spectra between 0to 10 MeV
g 10_1;
E _2: e Shape and rate depend on the
T;m 107 considered isotope
10—3 E [ d [ 4 —
- fISSIOn ve * Reactor v spectrum is a mixture of
10 spectra the spectra of the 4 main fissile
- isotopes, 23°U, 238U, 239Pu, 241Pu,
) ) ——— ol | weighted by their fission fractions
0 2 4 6 8 10

()35, )38, X239, Xpg1

Energy [MeV]
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TUT

Reactor Fuel evolution (burn-up)

~ 100
IS 23515
.5 920 239Pu
S 80
(g 2 —— 238U
5 70 —— 24lPu
&3 60 Others
50 v
40 v
30
20 F ////
10 NP = /
- R TR —
O . H H H H ! H H H ! H i I i i i 3 l 1
0 5000 10000 15000 20000

Th. Lasserre - ISAPP 2024

Burn-up MWD/TU)

fission fractions: a;

*y35
*y39
a)3g

oYL

4

z a; = 1(100%)

=1
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A closer look at the T
reactor neutrino spectrum of 235U

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

e

235[] |

235U v spectra (v /MeV)

It is composed of a superimposition of
10% several thousand individual B-decay
~ branches
10
104 It can painfully be calculated (15%
uncertainty), or measured by a dedicated
105 & experiment (ie. ILL in the 80’s, Double
i Chooz/Daya Bay, few% uncertainty)
10|
i [ Not (yet) measured below 1.8 MeV
WA e

6 7 8 9 110 IBD (V,p = e*n) threshold

Kinetic energy [MeV]
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Reactor Neutrino Flux Evaluation TUT

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

‘|_> _I T | T T 17T | T T 17T | T T 17T | T T 17T | T T 17T | T T 17T | T T 17T '_
) 1 §=__::_ 3
= F T B spectra .
(=2 —— Magnetic BILL
-% 10 = = spectrometer 3
D - T ]
102 & - =
10° & —_ 3
N - i
107 -
= R
- T+
10° = %

: 11 | I 1 1 1 | L1 11 | L1 11 | | | | | | | |
9

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

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

Increased prediction of
detected flux by 6.5%

e

- Emitted spectrum —3 ™ Flux: Neutrino Emission:

_____ Cross-section u Improved reactor neutrino spectra - +3.5%

—— Detected spectrum \
2 \ u Accounting for long-lived isotopes in reactors
< > +1%
> I New T,
:‘g ‘\\\ :’// UV—A(EU) X 1/T1L
2 |\
o \ . .
~ = |BD: Neutrino Detection:

n Reevaluation of ojgp > +1.5%
(evolution of the neutron life time)
2 3 4 5 6 7 8 9 u Reanalysis of all SBL experiments
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Observed/Predicted Ratio

The Reactor Anomaly (2011)

77?77 Atm. oscillation Solar oscillation
AL AL AL
s N\ N\ Y
1.2 ||||| | | |||||| | | ||||||| T T III-IIII T T T TTTTIT T T T TTTTTT T T T TTTTTI
L G. Mention, Th. Lasserre, et al, Phys. Rev. D 83, 073006 (2011)
1.1
1 ==============================
0.9
0.8
0.7
0.6 30 anomaly
—— — -No oscillation
0.5 With oscillations (3 active v’'s + 1 sterile v)
— T Experiments 1l
[111] A | |||||||| | |||||||| | |||||||| | |||||||| R

10° 10’ 10° 10° 10’ 10° 10°
Reactor To Detector Distance (m)
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Sterile Neutrino Interpretation T

Gallium & Reactor Neutrino Anomalies

J. Kopp et al, JHEP 2013, 5, 1 — 52 (2013) ‘ ’
' v, with a mass
of ~eV and a
-~ 101 : mixing angle at

v, with a mass >1%

of ~eV and a
mixing angle at
1-10%

SBL reactors |

&

I
!

FSolar +Kam L =========

N,+ GeCly

: A

!

[LBL react

1-2\\H‘ T TTTTIT T TTTTI T TTTTI T TTTTTT T TTTTT T TTTTT

Am 2 [eV?]

1

F 95% CL
£ 95% C

~ — 'No oscillation E |

0.5 = With oscillations (3 active v’s + 1 sterilev) = —

oaliil FREAM® il vl el crc Yl 10-3 ‘ .‘i(‘)l—Q - 10—1

10° 10' 10° 10° 10* 10° 10°
U A 2
| (S |

[ — — — A ——— — —
3
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&
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w

|

Observed/Predicted Ratio
o
o«

SRS TR S S e

Reactor To Detector Distance (m)
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S g NuStorm
Minos+ v % z

SBN % 5. \ | Ll S
NuStorm pble.
Deadaleus

Neutrino Beam

3 lot of projects involved!
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Reactor Experiments dedicated
to sterile neutrino search
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TUTI

Searching for sterile v at reactors

For two flavors:

L
P(v, — v,) = sin*20 - sin® (Am2 F)
v

—— No oscillation
—— Distance 1

—— Distance 2

sin?(20) = 0.17
AmM?=2.3 eV?

IBD spectra (a.u.)

1””2””3””4”“5”“6””7
Visible energy (MeV)
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. (=) . .
Testing v, disappearance anomalies LTI

= Input from sterile neutrino fits (anomalies)
*"Am? = 0.1-10 eV2 — L__(m)=2.5 AE(yezz)
"s5in%(20..) =~ 0.01-0.15

~2-10 m
m-(e

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

= Few % syst. uncertainty - Low Backgrounds
= Search for a new oscillation pattern in E & L completed by normalization information
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TUT

Sterile v Observable @Reactor

Am2,, = 2.3
= 22000 .
= sin?(20new) = 0.17
20000 Blue Cell
© 18000
2 16000 Red Cell
<

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

2 3 4 5 6 7 8
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g2l Electron antineutrino Detection (IBD) T

Incident
antineutrino

N / Gamma rays

Gamma rays

Neutron capture

Inverse
beta

Positron decay

annihilation
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Experimental challenges

Typical reactor core sizes

Compact reactor core
= No oscillation smearing

High statistics (few 100 evts/day/1)
- High Power (10-3000 MW)
- Short baselines (5-50 m)

1 meter

Highly enriched fuel
- Well known 23°U 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 - ISAPP 2024
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Source:

Detector:

Detection:

Result:

Water

The Stereo Experiment

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

inverse beta-decay

No signature found

58-MW

compact

eto
CherenkoV muon Vv core

\s
Target oel 21

4
6 5

Multilayer
shielding

| —
q |

Am?, (eV?)

10'f

101

102
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Nature volume 613, pages 257-261 (2023)

—— RAA95% CL
%  RAA: best fit

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

101 1
sin?(26,.)
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Phys. Rev. C 108 (2023) 5, 055501

~ . BESTIOL
1.05]

T

©

+5 1.00 , A

@ 0.95

oN

o ;

'4(:0 ’i&ll tes (2021)

‘All rates (2

e 0.90
Summary of all rates info
Supports deficit in U-235 TERFQ
(uncertain for Pu-239) 0.85. , ] ,
sterile v: deficit should be 7 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 - ISAPP 2024

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

™. Example of state-of-the-art neutrino flux

conversion model. Reference model for
the evaluation of the RAA

' 4

Reactor anomaly:
sterile v or biases
neutrino fluxes ?
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SANEPHASI ®H3HKA, 2021, mom 84, Ne 1, ¢. 3—11

SAAPA

U3MEPEHUE OTHOLUEHHUS KYMYJIATUBHBIX CIIEKTPOB
BETA-YACTHL, OT MPOAYKTOB JEJIEHUSA 235U U 23°Pu
JN51 PELLEHUS 3AJAY ®U3UKU PEAKTOPHBIX AHTUHEATPUHO

© 2021 r. B.MW.Koneitkun"*, 10. H. Mauuu?, A.A. Cabeabuukos"
TMocrynuna B pepaxuuio 19.07.2020 r.; nocsie nopaGotku 19.07.2020 r.; npunsta K nyGankaiuu 19.07.2020 r.

BbinosHen NepBblil LMK H3MEPEHHII OTHOLIEHHs KyMyJSTHBHBIX CNIeKTpoB S-uacTdi usoronos 2*°U u
239Py, sensiuuXcst TEMVIOBBIME HefiTponamu. OGHapy)KeHo, UTo KPHBAsi OTHOUIEHHSI CIIEKTPOB 3-UaCTHLL
235U /239Pu, uamepennas B HacTosiweil paGoTe, JeXHT Ha 5% HHXKe TaKoil Jke KPHBOI, TOJyUeHHOM H3
namepenuit rpynnbi ILL. ITpoBeieHHbIi aHAJIN3 N0KA3aJ1, UTO STO CBSI3AHO C OLUIHGOUHbIM 3aBbillieHHeM Ha 5%
uaMepentoro rpynnoit ILL crekrpa B-uactui 22°U. Kak cJieficTBHe 5T0r0, 0Kasasicst 3aBblLeHHbIM Ha 5% 1
“CreKTp 7, 235U B MOMEHT PO2K/IeHHs! ", KOTOPbIil BOCCTAHABJIHBAETCS! H3 KyMyJISITHBHOTO CIIEKTPa 3-4aCTHLL
235U. Toastyuennbie faHble 0GBSCHSIOT 5PQEKT “PeakTopHOi aHTHHEATPHHHOM aHOMAHH”.

DOI: 10.31857/50044002721010128

BBEJEHHUE

OLIeHKH CIeKTPa aHTHHEHTPHHO (7, ) SIIPHOTO pe-
aKktopa BrepBble nosyueHsl AsibBapecom B 1949 r.,
cm. paGoty Paiineca n Koysma [1], B koTopoii mo
STHM JaHHBIM OHH PACCYHTAIIH OXKHIAEMOE CeueHHe
npolecca oGpaTHoro -pacnaja

Vet+p—on+e” (1)

B IOTOKE PeaKTOPHbIX . C TeX I0p MPOBOAATCS
HCCJIE/IOBAHHS CIIEKTPA U, CHOPMHPOBAJIOCH H pa3-
BHBAETCsl HOBOE HANPABJICHHE — CIIEKTPOCKOIIHsI pe-
AKTOPHBIX .. 3HaHHE CIEKTPA U, HEOOXOAMMO sl
HHTEPIIpEeTalMH BEAyLIHXCS H ﬂJlaHHpOBaHMﬂ HOBBIX
HEHTPHHHBIX SKCIePHMEHTOB. OCOOYIO aKTyalIbHOCTb
H3yueHHE CIIEKTPa Ve NMPHOOPEJIO B MOCIIEIHHE TOLbI
B CBSI3H C NOBbILIEHHEM TOYHOCTH H3MEPEHHH, NOCTa~
HOBKOJ{ Psijla KPYIHBIX SKCIIEPHMEHTOB U Pa3BHTHEM
HEHATPUHHOI HHlyCTPHH Ha sIEPHBIX PeaKTOpax.
CIeKTp Ve B 06/IACTH SHEPTHiA, [1PEBBILAIOLIHX 10~
por peakimH (1) Ey, = 1.8 M3B, dopmupyeresi ot 5-
pacriajia IpojlyKToB Ae/IeHHs H30TOMNOB ToruuBa 239U,
239py, 238 241py e 235U y 239Pu BHOCAT nojaB-
nstoluit BKaaj. HauGosiee TiaTe/ibHoe MoeIHPOBa-
HHE CIIEKTPOB ¥, W30TOIOB ypaHa H ILIYTOHHs ObLIO
nposesieHo B 2011 . [2, 3] no jaHHBLIM H3MepeHHHt
KyMYJISSTHBHBIX CIIQKTPOB B—uaCTMLL 3TUX HU30TOIIOB,
BBIIOJIHEHHBIX IPyMIIoi uueTuTyTa Jlays—JlamxkeBena
(ILL)[4—7]. Oka3asoch [8], uTo u3MepeHHblil Ha CTaH-
JlapTHOM yjiajienud ~15—100 M oT peakTopa BBIXOX

DHaumonanbHbii Hecae0BaTebeKHii LeHTp “KypuaToBeknit
uetutyr”, Mockea, Poccust.
E-mail: kopeikin46@yandex.ru

peakuun (1) Ha ~5% MeHbLue, 4eM 0XKHIAEMbIi BBIXOL
o aHbIM pa6ot [2, 3]. OGHapyxenHblit 5% nedu-
LIMT U3MEPEHHOro BhIXOJa K OxHJaemomy (“reactor
antineutrino anomaly”) oGbIYHO CBSI3BIBAIOT C JABYMsI
NPHYHHAMH:

— CYILIECTBOBAHHEM CTEPHJIbHBIX HEHTPHHO,

— OIIMOKAMH B M3MEPEHHSIX CIEKTPOB [-YacTHI
2351  239Pu rpynnst ILL.

TunoTesa CylleCcTBOBaHHsI CTEPHJIbHBIX HEHTPHHO
npOBCpﬁeTCﬂ C IOMOLILbIO HECKOJIBKHX JIETEKTOPOB Ve,
PACIIOJIOKEHHBIX Ha PACCTOSIHHSIX MeHee 15 M oT peak-
Topos. Hacrosias paGora KypuatoBckoro HHCTHTYTa
(KI) HauesieHa Ha IpoBepKy H3MepeHHi crieKTpoB -
yactui 239U u 29Pu. Crathsi OCTPOSHA CJIEyIOLIHM
oGpa3oM. Brauasie Mbl KPaTKO PacCMOTPHM CIIOCOGBI
OIpeJie/IeHHs! CIIeKTPa PeaKTOPHBIX e B TOil YacTH,
KOTOpasi HeoOXOIMMA VIS AHAJW3a SKCIePHMEHTa.
ﬂanee OIHIIEM METOJMKY OIlbITa, MOJIyY€HHbIE pe-
3yJIbTAaThl U POBEJEM HX 06CyKeHHe. OTMETHM, UTO
3KCIIEPHMEHT B HaCTosilLee BPeMsi [POI0JKACTCH, O~
Hako l'lOle‘-leHHblﬁ MaTrepHall y>Ke Mo3BoJisieT ce/1aTh
OrpeJieIeHHbIe BBIBOJBI.

1. O CITOCOBAX M3YYEHHS CITIEKTPA
PEAKTOPHBIX 7,

1.1. PacuerHblii MeTox

CnieKTpbl aHTHHEHTPHHO p}, JIJISLIMXCS H30TOTIOB
1, Tjie HHAeKebl ¢ = 5,9, 8, 1 0THOCSITCSI COOTBETCTBEH-
Ho K u3otonam 23U, 289Py, 238U y 241Py, nonyyaor-
sl IyTeM CyMMHPOBAHHSI BKJIJlOB BeeX B-1epexojioB
OT BceX MPOJYKTOB Jieiehns. Ha npakrtike cnekrpbl

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 ower the interest for light sterile neutrino search
(back to the <2011 status-quo)
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Neutrino-4 Experiment T

| .
= Overburden: 3-5 mwe
 SM-3
— " Baseline: 6-12m
il o j | A1
| . — ) = Pure 23°U fission spectrum - compact core
[ B, = 5 x 10 identical cells filled with LS-Gd
5000 ) . .
Active zone i ik Oscillation analysis independent of the prediction
- >\
e . = High external background mitigated by
i ‘T‘T‘“}” 2 ( = Heavy shielding - PSD capability
| O — D- | [

= 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 1t

A

= No-oscillation rejected@30o = Best fit
(see arXiv:1809.10561) = Am? = 7.3 eV?

* sin?(20) = 0.44 (17% deficit)

Best fit Am°=7.34eV", sin’(20) = 0.44
Observed, 24p, S00keV

~ 64

1.5 4
&

/‘\E . JAi
:: .r—l—i tj;{‘l. :Li L.},’ »14 '_l_' ,_I_, I
% 1.0 - L 2 L ¢ L. / ‘I:;:\ko;.t%i‘l*ﬂio" ..,"....0.1 -~ : . 0.0':'_. _'._:“ ., . .. .
R IS (N A S ) S S B
T 1 1Al rA —A—
S [ 1 1 |

05 Am’=7.34eV’, sin’(20) =0.44 3’ /DoF 16.4925 GoF 0.90

Unity 1 /DoF 301527 GoF 031
1:0 1:5 ' 2:0 ' 215 ' 3f0 ' 3t5 I 410 ' 4:5
L/E

= Large mixing solution!
= |n tension with DC/DB/Reno/Stéréo/Prospect/DANSS ...
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Neutrino Source Experiment
dedicated to
sterile neutrino search
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TUTI

Neutrino Generator Experiment

For two flavors:

L
P(v, — v,) = sin*20 - sin? <Am2 F)
v

T T T T T TT FTTT T TT T TT FTTT T 1T T T T
— | | | | | I— no-— scillatiorJ | —
= = ‘Am?=1 eV2 - sin%(20)=0.25 |

= = 'Am?=2eV? - sin%(20)=0.25 |
= = 'Am?=6 eV2 - sin%(20)=0.25__|

IIIIIIII|IIIIIIIII|IIII|IIII|IIII|IIII|I
4 5 6 7 8 9 10 1 12 13
Distance to the source

#events
© = N @ & o

1.05 T T T T ||||||||||||||||||||||||||||| T T T
1 |
L e |
o 0.95— . ,”. .~\\ . . . . o e |
T PN N - 7
24 0-9__ Y3 :\ TN .- f" S
:,"<~,, ~\\,’—~\¢_’f‘;‘-:<:‘~-::“~_;"~~:‘ n
0857ﬁ' L . ~.-7 Mo L S PRGNS f—
Lo \\ ’f . |
08 | | [ | LI | L L1 | [ I*TF-I—ITI [ | [ | L1 | |1

4 5 6 7 8 9 10 11 12 13

Distance to the source (m)
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BEST experiment

* Source: >1Cr (ty/, = 26 d) — electron neutrinos with 0.75 MeV
* Detector: liquid-metal Ga in 2 zones
* Detection: V. capture at two baselines — then count 7!Ge atoms

S1Cr (27.7 days)

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

, 747 keV ve {81.6%)
¥ 320 keV
|

752 ke v, {8.5%)

SIV

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

a1

cooling system

O—
source
——
— T
< V\"v’ I
A
7 '\. »
AR z
— 4N I‘
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TUT

BEST results—R,_,R...,R.../R.

- T - % Ej . —— ., * 3.4-MCi >Cr source at the center of two
(( comteasmn nested Ga volumes.
@ Q @ @ ' * Production measurements of 7Ge through
S—— °“‘2',,""“"J the CC reaction:
@ "1Ga(v, ,e7)"'Ge, at two average L, /oy
TS
_ * The measured ratio (R) of the measured

rate of 1Ge production at each distance to
the expected rate from the known cross
section are:
* R,,=0.791£0.05 !
Rout = 0.76610.05 !

‘» O, —3
GGNT chemical reactors /Q
Rout = 0. 766:‘:0 05

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

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

W 5T e 0 1 o The ratio of the outer to the inner result is
"I 30 30 0 50 60 To s %0 100 110 130 10 o -0 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 ROUt/ Rln 0'97i007

Time since 14:02 on 05 Jul 2019(d) Time since 14:02 on 05 Jul 2019(d) 73



TUT

&=l BEST results compared to Gallex / Sage

12 \
[ V. Barinov et al. [BEST], Phys. Rev. C 105 (2022) no.6, 065502 caLLgy. 1R (Cr) = 0953 £0.11
B R,(Cr) = 0.812 £ 0.11

L1 Ry(Cr) = 0.95 + 0.12
= SAGE: + = | 0.80 £ 0.047
- R,(Ar) = 0.79 % 0.095

1.0 __ ............................................................................................................................................................................ R5(I) —0.791 + 0.05
B BEST:
N ® R((0) = 0.766 + 0.05 |

pmeas. /rpred.
-
O

0.8 ?' --------------- { --------------- } - 0.80+0.047
0.7F -
: > 5 o deficit !
0.6_ | | [ 0 | | |
NS & & & BEST. res.ults are
S & & &F &> < reaffirming the GA
\a \a $ $ > S
S S 3 ) NG NS
F &0 ® "



=JEST results : sterile neutrino interpretatio.lr.jln-I

Am® (eV?)

1 ! 1 7| 1 ! 1

g I

| T |

I | B ]

SN | o |

i | “' > bfp-

7 = ‘ il ‘|| 1

6 - | l“ .

54 ",' 2

e | i

3- .

5.1 : — i

14 e =
0 T

T
00 01 02 O

3

-
0.4

T T 1T 1
05 06 07 08 0.92 1.0
sin 26

S~

Proofed technology & methodology.
BEST results are robust

Ri, / Rout cONsistent with 1: No specific sterile
neutrino signature

Results consistent with v, =& v, oscillations with:

* Large Am?>1eV?
* Large Mixing sin?26 (=0.4)

Considering the sterile neutrino hypothesis:
* Large Am? & Large mixing !
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KATRIN experiment
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KATRIN Neutrino Mass Imprint

rel. rate (arb. units)
,O B N W A~ U1 O N O

%1012

=0eV§
=1eV |
=2eV |

E - E0 (eV)

3H \ e_
3He q F
15 o | T
- - \\ -
1t 2N s/B>1for :
09F Vo 3
08 :' \\ \\ _;
0.7E Signaliv::\ g | =
osk BIELA A E<Ey10e _5
: Y b ;
\ ]
\ ]
0.4F . \ ;
\ : )
\ \.s |
03 R e —— = -
Background \\
\
0.2 ‘\ t data — -background = |-tritium
-20 -15 -10 -5 0 5

retarding energy - 18573.7 (eV)




New mass
eigenstate

dr
dE

dr
— = cos? 9— (mﬁ) + sin? 9 (m4)

o o
[0)} 0]
1 | 1 1 1 I

Differential decay rate (a.u.)
o
B
T

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

Th. Lasserre - ISAPP 2024

Energy (eV)

1 I 1 1 1 1 | 1 1 1 1 |
18565 18570 18575

v

m,= 10 eV
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KATRIN Working Principle - recap 10"
&

3H — Molecular Tritium

high stability

and luminosity super-allowed B-decay
12.3 years

(10! decays/ sec) y

18.6 keV

Windowless Gaseous

] \’ Molecular Tritium Source
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KATRIN Working Principle - recap

&

Tritium flow

reduction by

14 orders of
magnitude

active pumping by TMPs

Differential pumping

Cryogenic pumping = cryosorption on Ar-frost

81
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KATRIN Working Principle - recap

&

Electrostatic

Spectrometer Section

(=)

P ./_\m‘d’/dbﬁ \
g 3\
wiamutany, N\
,i‘tﬂ——ﬂﬁi—iﬂﬂ.ﬂdd,’
,a‘v%—ﬁii-lll,ﬂ.
o ‘ﬁ——nﬁ!ﬂl A

Th. Lasserre - ISAPP 2024

filter selects high
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KATRIN Working Principle - recap 1
&

excellent energy
resolution: ~ 3 eV

large angle R
acceptance: ~ 50

Pt Magnetic adiabatic
ff ///wm\'ed collimation + electrostatic
° filter (MAC-E)
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KATRIN Working Principle - recap

148-pixel
Si focal plane

detector

%*r\\

Measurement

i

& N »
\\ QAN .&.‘nﬂmy- e

down to 40 eV

measurement
below the
endpoint

Integral

18600

18550
g energy [eV]

18500

18450
Retardin
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TUT

Sterile Neutrino Modeling

 —3vmodel
I ¢+ KATRIN data with errobars ><50
dr 2dr
1E 4 _ = —
_10'} 5 L =(1-Uasl?) & £ (M) +|Uesl® g5 (m])
@ ' \ ' )\ ‘ J
2 N - light neutrino heavy neutrino
T 100 3 Eo fit ;
m2 L . Fit Parameters:
, _ . rrr r 1T
00 40 -20 0 20 40 B m2 neutrino mass (fixed/free/constrained)
T | + + + | + | * § Esse  endpoint
(@) 1_ YD L TIIITIIINIT T TS Gis VIS IS W —— - . . .
= | HHHHHH%H l ' N signal normalization
oC099fF - 3-vmodel ' T my ] B Sind dent
0985- 3+1model ¢ 3+1simulation m,=10.0eV [U_| _0 01 ; energy-indepenaen
a0 20 0 20 20 background rate
50 [T T T T T T T T T T T T T T T T T ]
= | :
“5’25_ I m ‘ | ‘ | ‘ ‘ ] m,2 4% neutrino mass
= | .
0-1||J||I|l|||| . 1 . .
-20 40
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s Synergy with oscillation

e Oscillation Electron Disappearance
Experiments
* Amy® =mg?-my® = Amy,’ = Amyy?
* sin26=4 | Ue4|2(1_ | Ue4|2)

* KATRIN
* mgandm,
* sin%0 = |Uy,|?

* Conversion KATRIN -to- Oscillation
* sin?20 =4 sin’6(1- sin’0)

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

experiments Ll

DANSS 95% C.L.

—— Daya Bay 90% C.L.

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

——Neutrino-4 2o

—RAA 95% CL

—BEST + GA 95.45% CL
OvBB NH 90% C.L.

OvBEIH 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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TUT

KATRIN and the sterile neutrino puzzle

. — T v'Anomalies observed at

10° E reactors and BEST
C ] G. Mention, Phys. Rev. D 83, 073006 (2011)
V. V. Barinov et al. Phys. Rev. C 105, 065502, 2022
| <
102 D) a
- -H
Py =
< n
T =
~T ]_01 - —
g : o
q é eutring--
0L i
10° et S
RAA
_1 L L L 1 1 l L 1 1 L 1 L l_1 l 1 L L 1 1 1 1
10 1072 1071 10°
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TUT

KATRIN and the sterile neutrino puzzle

. e T v" Anomalies observed at

10° 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 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)

Am3, (eV?)
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TUT

KATRIN and the sterile neutrino puzzle

- S — 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

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)

Am3, (eV?)

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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Accelerator Experiments
dedicated to the search for
sterile neutrinos



n
° 9> ------- -< H
Neutrinos from accelerators ? we T,
------- —
D~ w= Vz
Decay tunnel Shielding
Ejection
/ / Focussing of Not to scale! \
Proton beam Target neutrino parents Neutrino detector
* Protons hit a target (e.g. made of beryllium)
* Generation of pions, kaons, and charmed mesons
* Mesons decay and produce neutrinos

Mona 2022



Accelerator v proposals / projects

: Oscillation :
Type Source App. /Dis. Channels Projects
p +7Be —8Li + 2p
Isotopz Decay n + ’Li— 8Li Dis. Ve — Ve IsoDAR
at Rest 8 i—'Be + e + v,
Pion (Kaon) nr— ut Vi . vV, >V OscSNS, KDAR,
App. & Dis. H ©
Decay at Rest P ’ Ve = Ve JPARC-MLF
Vi Ve
. Vy — Ve
Pion Decay ™ ut vy | v: v MINOS+, nuPRISM,
in Flight et v, v reRoe N, SBN
pre Ve — Vg
LOW—.E M+_) e+ Vu Ve xe : zp
Neutrino _ App. & Dis. v oy vSTORM
Factory H— € V, Ve v: — v:

Th
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“Linac . - '
Length: 150m — B.oos.ter
: Circumference: 468m-

£

Proton Energy: 5 ¥
gy: 400 MV 51K Proton Energy: 8 GeV

BN sensiivities assume PO t:
6.60x10% protons O target in ICARUS an¢ SBND
13.2x10% protons o arget in MicroBooNE
2017: 5. Gariazo @t arx:1703.00860 (he P

Giobal

476 tons

i
[Tt

|
il y
T\
SN TN
)

W Glove 217>

4+ Global 2017 best

—— sBN 3¢
ees SBNSO

SBN sensitivities 8ssum® exposures of:
6.60x107 protons o targetin ICARUS and SBND
rarget in Mice

al, arXiv:1703.00860 Thep-ph)

13.2x10% protons O°

107
Sin?20,.
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The Fermilab SBN program

Short-Baseline Neutrino Program at Fermilab

SBND MicroBooNE ICARUS

94




Am? (eV?)

Beam Experiment Sensitivities

Disappearance

(example)

TUT

-1
10

Appearance

o 10

s ()

[y] — nuSTORM

<E] ~—— LAr
2 OscSNS
Z<. ICARUS/NESSIE
<
[E=Y
w
= 1
o
D
w
D
o

95% CL
-1
10 10~ 107 1072 10"
sin®20

: 2
sin 26ee

Th. Lasserre - ISAPP 2024

ue

95



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?



Thanks for your attention
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KeV Neutrino Search

sssssssssssssssssssss



keV Sterile Neutrino and Dark Matter

Dark Matter .
6.8% v' Dark matter constitutes 27% of the energy
20.670 contents of the Universe
v But no particle of the standard model can
explain the Dark Matter
Ordinary
Matter
4.9%

ark Energy
68.3 %



keV Sterile Neutrino and Dark Matter

Sterile
Neutrinos
m =~ keV ?

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



Neutrino Decay

v

v

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

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



Astrophysical Searches

Chandra Satellite

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




Is there a 7 keV Neutrino?¢

X-ray line not yet identified

v The expected signal is extremely weak and
the  astrophysical backgrounds are
significant

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

v This remains obviously to be confirmed



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 mass

v This experiment, located in Germany, uses
the most intense source of Tritium available
for the scientific community



Tritium Beta Decay and Sterile Neutrinos

\ \_)/
d\ * v Tritium decays into an electron and an electronic

antineutrino
3H \ e

v The precise measurement of the electron energy
3He spectrum allows to search for neutrino in the keV
mass range

SH > 3He + e + Vg |



Beta-decay experiments

ar dr
\d\ @ = = cos? 9— (mﬁ) + sin? 9 (m4)

3H \ :
Zo05F
(L VA . Measurement of full
3He 2o4r Active™.. tritium spectrum
= a branch
> [
S 0.3F
Q
° -
2 02F
@ - Sterile branch
£O01F 4 m,= 10 keV
New mass a - I sin2 @ T~~~ - >
E|genstate 0-0 [ 1 1 1 | 1 1 \I\\J | I 1 1 B’\L 1

Energy (keV)
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Expected signal without keV neutrino

5-
4-.~~
. -
/! s Elect distributi
4 e A . ectron energy distripution
Vi \‘ /
.
‘\
“

[ 3 heN
e .
~ \
e ,

2* ‘\

N
.
.
.
\
1t *
*e E,=18.6 keV
AN
.. l
o | | | it W J
0o 5 10 15 20



Expected signal with a 10 keV Sterile Neutrino

dl'/dE

Distortion of the spectrum(kink)

/ The effect has been exagerated

|

E, — 10 keV
E, = 18.6 keV

!

10 15 20
E (keV)



a.u.)

Differential decay rate (

°o o o o
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o

The KATRIN experiment
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easurement with KATRIN: the challenge
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Measurement with KATRIN: the challenge

4 )

* Less tritium activity
KATRIN, arxiv 2207.06337 (2022)

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

)
°
n

o
'S

I
w

o
N

Differential decay rate (a.u.
o
=

M porsssssseresr e ONN
- »‘A‘\‘\‘“‘,‘\“\“‘ SAA \
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KATRIN/TRISTAN

sensitivity to steriles

10—1_
Preferred region from BEST Current laboratory constraints
1031 Phys. Rev. Lett. 128, 232501 (2022)
™
\ Overproduction (relaxed)
10-5 1 v"‘." ; hys. Rev. D 100, 115035 (2019)
(W
" 1
& 107 “\ -
S 10 Vo _rg X-ray constraints (relaxed)
é ~ 1 Phys. Rev. D 100, 115035 (2019)
|l
101 B
"
|/‘t"\\'\"
10711 ] \""p‘
Short-baseline oscillation Dark matter ‘===
13 anomalies candidate
10 . -a =
10715 T T T T T T
103 1072 101 10V 10t 102 103
ms (keV)
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KATRIN/TRISTAN

sensitivity to steriles

10—1 - \‘*~>\ / ,First deep look”
-3 - lab constraints
1034 )
KATRIN (1t & 2 campaign) Py .
1075 4 Phys. Rev. Lett. 126, 091803 (2021) ATR//V ;TT‘?/“‘\“::‘lL | Overproduction
Phys. Rev. D 105, 072004 (2022) STAN T Mho ]
o0 —_— =~ LY
—7 | - KATRIN projection KATRIN =< ~~<_ \
.g 10 /V TR/S §s§~~~ »\\—",\, ’l
S @t limjy ===
10_9 T ‘n
"
LV}
., :
1011 & X-ray constraints
[
Short-baseline oscillation Dark matter Ve
anomalies candidate
10_13 T - .
10715 T T T T T T
103 1072 101! 10° 101 102 108
ms (keV)
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TUT

Overview eV-keV-sterile hunt

TR IR —
—3 ~\\\\——/
1077 1
10724 — Laboratory limits T~ \*\1[ \‘x\:~\\ \\,i/':
\\;N ‘,!.=.Sts,777\ ) 7:,—— -
50 —— KATRIN (1% + 2" campaign) ~~~. B |
G 10_7_ \\\\\ . \\\\\\:\ // I;
B —— KATRIN 1% Tritium Rl J T~y
o= S~ A e ,/-‘
> 10-91 == KATRIN/TRISTAN projection TR
— —. BeEST T~~~
10-11{ —- HUNTER
——. DUNE
10—13 4 2uBs
MAGNETO-v
10_15 T T T ML | T T T T T AL | T T ML | T T ML | T T T
10-3 102 101 10° 10! 102 103
ms (keV)
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Backup
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MiniBooNE (FNAL)

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

Booster

Magretic Decay
Absorber

focusing horn region

» Beam: n* (n7) decay in flight
= Detection: Cherenkov + scintillation

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




MiniBooNE old-Results

V> Ve
> 3
= Results published from 2007-12 = o Daa
"2 — v: from K*
. . Q . v, from K°
= Channel: (anti-Jv,, — (anti-) v, 3 b o B2 # mid
+ I dirt
. [ other
- DeteCtlon: ve (p)n 9 e p (CCQE) Total Background
= Results:
= An overall 3.80 excess Mostly T e
at low energy T
> T T i
» Backgrounds? S 12 Antineutrino :
» But MiniBooNE can't Z 10 I +_Dan et i
differentiate between electrons o — = rom ;
and gammas! . =F ;
' E g?:;tr. Syst. Error 7
. 0.4
» not conclusive...
0.2
%2 0.4 0.6 0.8 1.0 1.2 14 15 3_.0
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Events/MeV

IIIIIIIIIIII
| +
'

Excess Events/MeV
o ey
© o (S

o
o

©
IS

0.2

MiniBooNE new-Results in 2018

LI B B B S B B N L

6.46x102%0

e

Previous

POT

. Daté (stat err.)
1 v, from u*"

1 v, fromK*

I v, fromK°

I ~° misid
CA-Ny

I dirt

[ other

——— Constr. Syst. Error
------- Best Fit

T

Ililllllllllllllllllllll'llll

Events/MeV

S

e  Data (stat err.)
NeW ] v, from u*"
6.38x102°

T

= v, from K™
I v, from K°

I ~° misid
e\

I dirt

I other

——— Constr. Syst. Error
------- Best Fit

25

POT

IlIIllllIIlIlI|IIlI|I|IIIlIlI

3.0 82 0.4 0.6 0.8 1.2 1.4 3.0

E* (GeV) E% (GeV)

LA R L R R I L O L DL BELENL R B %1,2_||||||||||||||||||||||||||||_
- % - .

. Data - expected background - ‘qc'; 1_— . Data - expected background ]

i g N ]

Statistical error only ] w B Statistical error only 7

— 8 08 —

_ i & B i

------- Best Fit = | ------- Best Fit =]

— 0.6— —

(sin?20,Am?)gr = § ¥ (sin?26,Am?)gp = 5

+ (0.002, 3.14 eV?) - oaf- (0.88, 0.048 eV?) ]

+ . 02— -

= —— = = =
[ R A | L A Y] S RPN U R R B B B
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MiniBooNE allowed regions

(\,’\102 TTT T T T 11110 T T T 117 (\,’\102_ i T T T TTTI T 1 T 17171
3 —68% CL : s ;31 —68% CL i
c B —90% CL ! « [ —90% CL :
< —95% CL . < —95% CL ]
$ —99% CL l - —99% CL y
> —3cCL o B e |
10F —40 CL ] 1OE —406 CL ]
N N &=l | KARMEN2 1 - ) = | KARMEN2
. 90% CL . . 90% CL .
- ___OPERA ] - ___OPERA y
8 90% CL | g 90% CL E
hs v mode " 3 v + ¥ mode-
107 E 107E E
: .LSND 90% CL : . LSND 90% CL J
n il {
. |:| LSND 99% CL ) . |:| LSND 99% CL
10—2 IIlIIIl 1 | IIlIII| 1 L1111l | L1111 10—2 I[IIII| | 1 IIIIII| | L1 1111l | ||
107 107 107" o1 107 16~ 107" 1
sin®20 sin®26
. 2 oin2 _ 2
(Am?,sin? 26) = (0.037 eV?,0.958) (Am?=,sin“ 260) = (0.041 eV+, 0.958)
2 _ _
x?%/ndf =10.0/6.6 (prob = 15.4%) x%/ndf = 19.5/15.4 (prob = 20.1%)
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