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Anomalies in reactor antineutrino spectra

>1. Rate anomaly (“Reactor Antineutrino Anomaly”)

> 2011 : revision of predicted neutrino fluxes for U/Pu (+3%) prc 83:054615 (2011)
> Appearance of a deficit for very short baselines prp 83:073006 (2011)
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+ Distance detector-source — see oscillations develop
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+ Size of detector - observe, compare several baselines
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Anomalies in reactor antineutrino spectra

>1. Rate anomaly (“Reactor Antineutrino Anomaly”)

>2. Shape anomaly (“5-MeV bump”)

> Excess of events (x10%) around 5 MeV

> Observed by recent experiments @ commercial reactors (mixed U-Pu fuel)

Nature Physics 16, 558-564 (2020)
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A worldwide effort

Research reactors (HEU) Commercial reactors (LEU)§
- lower power, lower stat : % - high power, high stat '

- pure 35U T e - mixed isotopes
- compact core oo (T e extended core
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The STEREO detector

e Experimental site (RHF, ILL):
- 58 MW HEU reactor

- Compact core @ 40cm, h=80cm
- >99% of flux from 2*°U fissions

- Partial 15 m.w.e. overburden

e Detector design:

- 6cells:Lin9.4-11.2m

- Liquid Scintillator + Gd

- Pulse Shape Discrimination
- = 360v/day, S/B=0.8

© L.Scola

Gamma-Catcher: unloaded liquid scintillator Target: Gd-loaded liquid scintillator
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https://doi.org/10.1088/1748-0221/13/07/P07009
http://www.stereo-experiment.org/

Analysis principle

Detection = inverse beta decay (IBD) - time and space coincidence

1. Prompt signal: e* annihilation
— p %e' Epr = EV — AM + me = Ey — 0.782 MeV

o :
5% 2. Delayed signal: neutron capture on Gd nucleus

Analysis flow Pulse shape discrimination,
Selection cuts On / Off joint fit

IBD sample
N, (L, E)

Reactor-on
and -off pairs

‘ \ :
: N© L
Energy reconstruction o’o’\e ,&(o\ Monitoring of PSD observable
Neutron capture efficiency o w.r.t. time, temperature
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Search for sterile neutrinos (2020)

Model-free sterile neutrino search

Thanks to a segmented detector PRD 102,952007 (202,0)
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https://doi.org/10.1103/PhysRevD.102.052002

Rate deficit measurement (2020)

Absolute normalization of pure ?**U spectrum
Measured #*°U deficit (5.2 + 0.8]stat] + 2.3[sys| + 2.3[model])%

PRL 125,201801 (2020)
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— Global picture: Huber normalization for ***U = 5-6% too high, 2°Pu = OK
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.022502

Spectral analysis (2021)

Investigation of the shape anomaly

— Goal: provide a reference **U spectrumin E (notE__ ) to the community

Allows: - model comparisons free of detector effects
- comparison/combination between experiments

Response matrix Uncertainty summary . - Regularization term :
transitionsE = E — statistically limited . . controls sensitivity to noise !
) pr " v Pl a0y in unfolding process
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https://arxiv.org/abs/2102.04614
https://iopscience.iop.org/article/10.1088/1361-6471/abd37a

Spectral analysis (2021)

Measured spectrum Unfolded spectrum
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> Significant bump is observed on the #°U spectrum A = 12.1 4+ 3.4%
> Bump at LEUs would lead to :

+ A=9% if equally shared by all isotopes
« A=16% if due to pure >*°U

> Unfolded spectrum available for reference on HEPData

— no strong preference
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http://doi.org/10.17182/hepdata.99805
https://iopscience.iop.org/article/10.1088/1361-6471/abd37a

STEREO/PROSPECT joint spectral analysis (coming soon)

Goal: increase the physics reach of both experiments by combining data sets
— Joint collaboration

>1 Validation of frameworks

- #1: STEREO’s method with covariance matrix - Consistent results
- #2: PROSPECT’s method: Wiener-SVD unfolding
(regularization optimized wrt S/B JINST, 12, P10002 (2017) )
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STEREO/PROSPECT joint spectral analysis (coming soon)

Goal: increase the physics reach of both experiments by combining data sets

- Joint collaboration

>1 Validation of frameworks

- #1: STEREO’s method with covariance matrix
- #2: PROSPECT’s method: Wiener-SVD unfolding

>2 Compatibility of spectral measurements
> x> =22.3/17 (p-value: 0.17)

— Statistically compatible
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1 .1 IR RO PR RO TN URURRURRURURURTORURRRUNTUURURUPRRY [SUURUUTS TRUUUUIUL AUUUURURY FERURUTEY FEUOROTOTRRURRRR R

Ratio to mean
[T l_L|| [ TTT
——
F
——
—p | 1
=, "
.—’.—F._'
——

3 4 5 6 7
Antineutrino energy [MeV]

Matthieu Licciardi — IRN Neutrino — June 2021




STEREO/PROSPECT joint spectral analysis (coming soon)

Goal: increase the physics reach of both experiments by combining data sets

- Joint collaboration

>1 Validation of frameworks

- #1: STEREO’s method with covariance matrix
- #2: PROSPECT’s method: Wiener-SVD unfolding

>2 Compatibility of spectral measurements
> x> =22.3/17 (p-value: 0.17)

>3 Extension to a joint fit

XQ((I)) - (RST(I) — l)ST)TVST]j1 (RST(I) — DST)

Event rate [v/day]

+ (Rpr® — DPR)TV]_D_R1 (Rpr® — DpR) + 1 - Ry (D)

> To be published with filter matrix
encoding unfolding effects
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Future of STEREO

+ December 2020: dismantling

+ Phase-lll data currently analyzed ( = half of total data)
- Improved sensitivity for sterile search
- Improved spectral analysis

Final STEREO sensitivity with phase-lIIl
10!

RAA 95% C.L.
RAA: Best fit

*

Amiy(eV?)

- STEREO:
=1 Expected STEREO final sensitivity 95% C.L.

' q E——1 Sensitivity Phase-l + Phase-Il 95% C.L.
Detector extracted from shielding 0 0= 1 ]
sin?(26,.)
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Summary

STEREO has successfully run for 5 years, 160k+ antineutrinos detected !

>1. Rate anomaly

- Sterile hypothesis (RAA best-fit point) rejected at >99% CL by a model-independent
analysis

- Most accurate 2*°U deficit, HEU world-average now at (5.0+1.3)%

- Global picture: 2°Pu norm about right, 2**U carries most of the deficit

>2. Shape anomaly
- Confirmation of a 0O(10%) bump in pure-***U spectrum
- Unfolded antineutrino spectrum:

+ available to the community

+ complementary to 2**U spectrum extracted at LEU
- Joint analysis with PROSPECT to be released soon

And twice more data to come!
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Laboratoire d'Annecy-le-Vieux
de Physique des Particules

NEUTRONS
FOR SOCIETY

MAX-PLANCK-INSTITUT
FUR KERNPHYSIK
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Supplementary slides
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Calibration and response

— Accurate energy reconstruction — Neutron capture efficiency
+ Weekly calibration runs with sources + Improved cascade modelling
+ Cosmogenic 12B spectrum (continuous) thanks to the FIFRELIN code

Eur.Phys.J.A 55 (2019) 10, 183
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https://doi.org/10.1140/epja/i2019-12886-y

STEREO : energy reconstruction

PRD 102,052002 (2020)

Accurate energy reconstruction is crucial _ 0.02 5

- for oscillation analysis (L/E term) o8 . 3

- for spectrum analysis - U i e St S S
P Y £ +1% band

E

Is E_MC consistent with E_ Pa? 0 | T A
rec rec
>1 Calibration sources —0.01
- in each cell, at 5 different heights 00 lee i | = Sources Ratio |
gén 1.2 _ [} 128 Ratio
>2 12B spectrum & F . | = Global Fit
. Continuous spectrum, Q, = 13.4 MeV Eo R ae
w
>3 Global fit
- Tested models:
+ polynomial (order 2-5)
+ Kernel density estimation S N U S A RV S
- 0 2 4 6 8 10 12 14
— Data/MC agree with 1% accuracy Reconstructed Energy [MeV]
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https://doi.org/10.1103/PhysRevD.102.052002

STEREO : capture efficiency

Capture efficiency: SUE T -
2 5 ~ AmBe S R —
—> Key for absolute rate measurement 0 IO - i
k) 4 — ]
5 E | —FIFRELIN fL ]
K 2
< 2 3
2. Delayed signal: neutron 1 E :
capture on C, H or Gd . .
—> de-excitation cascade g 1o
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1.000 —
1. Cascade modelling T 1 R
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https://doi.org/10.1140/epja/i2019-12886-y

Data taking

on-off alternation

Cumulative days at 58 MWth

..................................................................................................................................................................................
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Detector maintenance
no data acquisition
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Published STEREO data

Currently analyzed
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Number of counts

Number of counts
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Oscillation analysis : methods
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RAA predictionls*—v

Oscillation analysis : results o
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https://arxiv.org/abs/2012.10255
https://doi.org/10.1103/PhysRevD.103.032001
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevLett.118.121802&v=c2e22488

Neutrino-4 best-fit point
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Kopeikin et al.

Measurement of the B-spectrum ratio ,0%/,0% RiilRi
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https://arxiv.org/abs/2103.01684
https://sciencejournals.ru/view-article/?j=yadfiz&y=2021&v=84&n=1&a=YadFiz_2101001Kopeikin

Shape analysis : methods & validation

2 independent & complementary frameworks

O

r tuned with General Cross Validation
(information theory)

>1 Covariance matrix Wahba et al, Technometrics 21, n°2, 1979

(@) = (RE — D) V' (RS — D)

>2 Nuisance parameters

2 _ - Ty ,—1 -
X (P) = (R(@)(D_D) Vstat(R(a)q)_D) T
19 :E, g True spectrum
+ |Oﬁ| 1((1)) .:é 1.4 o e Average unfolded spectrum
c‘.:“ \aF..____ —e— Fitwithnuisance parameers, 1=53
r tuned to limit prior dependence - ————Fit with covariance marix, r=30
1.2F
1.13
Validation with bumped toy models: - iE
1- comparison of the two frameworks on a 0.9f
single pseudo-data set o5l
2- average bias <1% T £
B 0.5 E
m pE el U B m—
) —0.5 ks e L
Well controlled unfolding process B

55 6 65 7
Antineutrino energy [MeV]
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https://doi.org/10.2307/1268518

Shape analysis :

best-fit bump

Antineutrino energy

Prompt energy

Parameter HM + bump SM + bump HM + bump SM + bump
Amplitude A (%) 121 £34 11.8 3.6 10.1 =29 10.1 £3.1
Mean energy p (MeV) 5.20 £ 0.18 5.47 £ 0.21 475 £ 0.21 4.94 = 0.25
Width o (MeV) 0.55 £ 0.17 0.60 = 0.20 0.63 £ 0.17 0.69 = 0.19
Goodness of fit y*/nbins 12.3/18 9.1/18 15.6/22 12.5/22

Daya Bay (2017): u= 5.7 MeV, 0 = 0.6 MeV
Daya Bay (2021): p = 6.0 MeV, o = 0.6 MeV

Matthieu Licciardi — IRN Neutrino — June 2021




Filter matrix

Unfolding matrix (depends on regularization parameter A ifany) s = H (\)|- D

The unfolding matrix may be factorizedas  H(\) =| Ay (M| H(0)
-> all reg. effects contained in filter matrix Filter matrix Un-regularized unfolding

How to use?

. A . — Hypothetical unfolded
Comparison of unfolded spectrum § with model s sgfctru_m with o
— pass model through filter matrix (A ) before comparison regularisation

/

= (Ac8—{3) Vi (AcT —8) = (5= dunin) " VL (5 — Sunie)

Sunfilt

Filtered model Unfolded spectrum \ Its covariance

(filtered)

Comparison in “filtered space” Comparison in “unfiltered space”

—> comparison as if there was no regularisation
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