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A 10 years-long journey
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Few things about Neutrinos

What is known:
m Discovered in 1956
m Letpon particles with only 3 flavors
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Few things about Neutrinos

(V,) (v;)
Vil = (UPMNS) Vs What is known:
\VT ) \V3 ) m Discovered in 1956

m Letpon particles with only 3 flavors

m Mass and flavour eigenstates are not aligned
m Mixing angles known better than 10%
m Am2~2 %

Flavor Fraction

110

T Nature Com. 6 (2015) 1
1 10 100
Distance [km]

P(7, - v,) = | <v,(®]7,0) > \2 = f(sin*(20)sin®




Few things about Neutrinos

Combined Cosmological Observations

and Particle Physics Experiments
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What is known:

Discovered in 1956

Letpon particles with only 3 flavors

Mass and flavour eigenstates are not aligned
Masses are tiny: Z m,< 0.25 eV, m, <0.086 eV



Few things about Neutrinos

Normal hierarchy Inverted hierarchy What is known:
I ;> = Discovered in 1956
A
A : :
Vl& = Letpon particles with only 3 flavors
Am2, m Mass and flavour eigenstates are not aligned
0 m Masses are tiny: Z m,< 0.25 eV, m, <0.086 eV
v AmBl
I — 2
¢ Amy, v . .
IV Burning questions:
: A : :
L ) ; m The mass values, hierarchy and nature (Majorana
E mlightest mlightesti or DiraC) ?
v M

v

U
VR VM, U

Am;; =m, —m,




Few things about Neutrinos

........ J2Knine 1
: 0.034 ;_' —— T2K + reactors ;
0.032 P.— T2K only -
- Reactor -
0.030 — .- ]
OOZZE_ E What is known:
$ ool | E m Discovered in 1956
" oo\ Jifature SS8(2028) 855 2 = Letpon particles with only 3 flavors
0.022 |— — . .
oo @ B m Mass and flavour eigenstates are not aligned
b 065 B B 7o contdence lovel = m Masses are tiny: Z m,< 0.25 eV, m, <0.086 eV
3 99.73% confidence level 4 — 1o
0.60 [ ~
8 . .
- Burning questions:
F s ° m The mass values, hierarchy and nature (Majorana
= 4 or Dirac) ?
B 2 m The CP symmetry violation phase ?
0.40
c
Normal order H
Inverted order
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Few things about Neutrinos

Excess of v, in LSND v, beams: 87.9122.4+6.0 events (3.80)
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Not confirmed by MiniBooNe experiment but an
excess at lower energy

What is known:

m Discovered in 1956

m Letpon particles with only 3 flavors

m Mass and flavour eigenstates are not aligned

m Masses are tiny: Z m,< 0.25 eV, m, <0.086 eV

Burning questions:

m The mass values, hierarchy and nature (Majorana
or Dirac) ?

m The CP symmetry violation phase ?
m Origin of some anomalies ?



Few things about Neutrinos

 Deficit of v, produced by 51Cr and 37Ar

sources in Gallium solar neutrino detectors What is known:
P — - m Discovered in 1956
B i data PRC 73 (2006) 045805 m Letpon particles with only 3 flavors
o " / ] m Mass and flavour eigenstates are not aligned
g ”;.— N - ] m Masses are tiny: Z m,< 0.25 eV, m, < 0.086 eV
= = . R=0.88+0.05
g " | ' L] Burning questions:
§ f ? ] m The mass values, hierarchy and nature (Majorana
5 007: Best fit _ ] or Dirac) ?
Y% PP TPTOUTPTSY FEVRTUTTL FPPURTRUN FIPP m The CP symmetry violation phase ?

m Origin of some anomalies ?
« Confirm by the BEST experiment (R= 0.78+0.05)




The Reactor Antineutrino Anomaly (RAA)

PHYSICAL REVIEW C 83. 054615 (2011)

« Deficit of v, produced by nuclear reactors

Improved predictions of reactor antineutrino spectra
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Existence of ligth sterile neutrinos ?

Observed/Predicted Ratio
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The « 5 MeV bump » anomaly
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Reactor Antineutrino Experiments in the worlid

- Short Baselines (400-1000 m)
- Very short Baselines (10-100 m)
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The Sterile Neutrino

m hypothesis
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STEREO experiment
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High Flux Reactor @ Institut Laue Langevin
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HFRQ@ILL site

m Challenging mitigation of the

ﬂﬂ 4 background :

m reactor
m neighboring experiments
m COsmic-rays.

Reactor
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HFRQILL site
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Stereo data taking

x103
60 F 1 120

L = From Nov 2016 to Nov 2020

80
m ~ 273 days of reactor ON

60 - ~100°000 IBD events

Reactor power (MWgp,)

40

Detected neutrinos (counts)

m 520 days of reactor OFF

Phase-lI| Phase-Il| 20

m Deficient optical during Phase |

01/18 07/18 01/19 07/19 01/20 07/20
Date (MM/YY)
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Inverse Beta Decay event selection

Background rejection (cosmic rays)

* En-gd ~ 8 MeV

clean before At <70 HS clean after
(100ps) ! (100 pis)

clean between
prompt and delayed

NN XN | t

electronic gate

rompt delayed
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Pulse Shape Discrimination for background rejection

PSD in cell 1
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PSD allows to reject fast neutrons
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Neutrino rate extraction

Rates [0
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Accurate control of detector response

c

~ 0.03-
—— Mn data °l8 F ® - Source residuals
—— Mn simulation [} == Global fit

oozt § m Tuned MC of the detector
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Reconstructed energy (MeV) Reconstructed energy (MeV) 137CS, 54Mn’ GSZn, 42K’ GOCO, 24Na’

241Am9Be sources

o
o

a | 9@ 1.2F
g 0.12 B r = 12B residuals
2 g 15F B Global fit
5 041 ® E -
S ,:,; m Stability of the detector response
0.08 051 : ) )
: J: monitor with LED and n-H reaction,
0.06 .
j 095" better than 0,5%
0.04 0.9
—e— 12B data E
0'02; — 12B simulation | 0'855
T S N AT 08— g 0 iz 4
Reconstructed energy (MeV) Reconstructed energy (MeV)

Energy resolution 9% at 1 MeV, 5% at 8 MeV
A control of the systematic uncertainties at the 1% level
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STEREO results

(1/3)

PRL125, 201801 (2020)  |i] § PRL 118, 251801 (2017} 9
Nucifer ' 1 1.014 +0.108 Ay’
ILL —— | 0.792 +0.072 4
SRP-| el 0.941 +0.026 4 9
SRP-II IS ST 1.006 +0.029 5.5
2B.8m I A Daya Bay
Krasno arsk-87 —ht 3 +0. —
4 : 0.925 =0.046 c —— Huber mod 8% C.L.

Krasnoyarsk -99 : 0.946 +0.028 © 5.0
om : a Stereo
5r3asnoyarsk-94 : 0.936 +0.039 o

o a7 : . ~ 4.5
Krasnoyarsk-87 s : 1 0.942 +0.192 NE / .
STEREO : 0.945 +0.021 O

: 2 4.0
All HEU - pure 235U 0 0.951 +0.012 = o
g : : : =35 - 68%
DB+RENO (no osc) SHIE 0.923 +0.015 S | o 95%
. . O’zgg—(l() 1+1. 0))(10 —MJ 99.7%
llllllllllllllllllll E I!Illlllllllll]lllllllL 30 0241—'(604i060)><10
0-6 0-7 0-8 09 1 1 1 1 2 1.3 1-4 5.2 5.6 6.0 6.4 6.8 7.2
Expected

fObs'erveﬂl/ o935 [10~* cm? / fission]

Confirms the RAA in 235U and possibly 235U as the primary source of the RAA
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STEREO results (2/3)
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Confirms the « 5 MeV bump » in 235U and provides a new energy spectrum reference
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STEREO results (3/3)

Nature 613 (2023) 257

10'f
RAA 95% CL
* RAA: best fit
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- w= 2D sensitivity
2D exclusion
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10-2 101 1
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Rejects the hypothesis of a light Sterile neutrino to explain the RAA
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Summation method for fission [ spectra modeling

% 235U Tota
S (E t) —_— A (t-) I X Sb (E) § 10k Main fission fragments (¢" >1%) |
f ? : : f : ‘J b f é i“;_\ Other fission fragments
=
f b £ \\
o
©
g 107"
. [}
‘ S ;
)] 2 : 5 :
‘Q’. & ® b decay e
@ N 1073 : AN \
& R P | N }\
\0 B . % 1074 : ‘ : o8 _5;
2\ ) -
vi @ . NS
?g 0 1 2 3 4 5 6 7 8 9
v v kinetic energy [MeV]

More than 800 fission fragments, more than 10000 $-decay branches
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Summation method for fission [ spectra modeling

m Fission fragment activities

S(E.0)= Y A0[) 1,x Sh(E)
f b

| T 1 n
°0 95 100 105

1 [ I | T
£ 45 50 s5 60

* Neum)ll (N)l;’5
L 1 1D901VI1 )’ICIUD HuUIIl 11luvICadl ualua vaoco \JEFF,

ENDF, JENDL) or fission models (GEF)
m Evolution code (FISPACT) or cumulative yields
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Summation method for fission [ spectra modeling

m Beta branch intensities

Bdecay

S(E.0)y= ) Af0) ) |I,x St (E) X
f b

A

AY

m Intensities from evaluated nuclear
structure data base (ENSDF)
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Summation method for fission [ spectra modeling

m Beta branch intensities

Bdecay 2

SAE, 1) = ZAf(t)ZIbXSJIz (E) X ?
7 b

A

AY

m Intensities from evaluated nuclear
structure data base (ENSDF)

m But incomplete and Pandemonium effect
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Summation method for fission [ spectra modeling

m Electron/Antineutrino energy spectrum

S(E.)= ) A0 ) 1,x|S?(E)
f b

/

Fermi Golden rule: S(E.)dE. = (G7/27°) |H|*pe Ee(Eo — E.)*dE,
/V
G _ .
H = 7; 2.2 / [0FQ) (v = My ys) ] [0 (14 75)00]
ko p Y

|

Nuclear current Lepton current
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 spectrum modeling

SUE) = Kb x F(Z;,E) x pE(E — E};)? x CU(E) x (1 + 84(Z;,A;,E))
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= =+ 3™ forbbidden unique

. w h
W 0 s
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Integrated yield per 50 keV bins
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Comparison to ILL fission electrons
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Muller-Huber model converts the ILL fission electron spectra
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How to improve the summation method ?

m Pandemonium and missing data

SHE.y= ) A Y |L,XSHE) » T2
f b

- Bdecay 0}

n

- TAGS data

> 0.03F
S N 04
S - Rb
& L A
Z  Eij ENSDF data A

0.01

00 s N 110 :
E, (MeV)
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Phenomenological Gamow-

b 500 ‘ ' —
8 3
9 "*Sn(°He,t)'"®Sb o
§ 3754 E=140 MeV/nucleon L
&) 9=0°

250+

1251

12 16
E, (MeV)

m Below 2-3 MeV, ENSDF data are used or random
discrete transitions are generated

m Above, random resonances are generated using the
resonance parameter distributions from TAGS data.

m The strength is supposed to be proportional to the
nuclear level densities :

p(E*) = V¥ pupp(E”)

Particle Physics Seminar at University of Bonn - 13/07/2023

Teller strength model

Based on the observation that in charge exchange
reactions, resonance structures appear in the strength
of the reaction due to collective effects with universal
features.

s
o) -
% . ENSDF data 88Br
= 10
% |~ TAGSdata
L]
» — This work
?
m
10° —
a— | | | | | | | | 1 I 1 LA 11 1 | | | | |
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Excitation Energy [MeV]



Effect of o parameter

N, [MeV "' decay]
o o -

123456789

Energy [MeV]

\

123456789

/ \

Energy [MeV]

Overall in good agreement for o ~ 0,7
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Antineutrino and electron spectra for 235U
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Shape and Norm incompatibility between S1EREO antineutrino and BILL electron spectra tor 232U
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Number of electrons [1/fission]
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The norm anomaly is carried by 235U but the shape anomaly seems to be carried by both
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Conclusions and perspectives

m The Norm and Shape reactor antineutrino anomalies are 10 years long exciting scientific
adventure opening the possibility for the existence of a light sterile neutrino.

m This hypothesis is now rejected by the results of the STEREO experiment.

m Recent theoretical works points to biases in the ILL fission electron energy spectra used to
anchor the prediction as the origin of the anomalies.

m Progresses in the antineutrino energy spectra modeling and new measurements of the
fission electron energy spectra are needed for confirmation

m Neutrino physics is now in the precision area allowing testing non standard interactions.
Most systematic uncertainties are now on nuclear physics models.
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