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The reactor antineutrino anomaly (RAA)

➢  2011 : revision of predicted neutrino fluxes for U/Pu (+3%) PRC 83:054615 (2011)
➢  Appearance of a tension for very short baselines : “RAA” PRD 83:073006 (2011)

Extra disappearance 
→ sterile neutrino ?
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Losc ≈ 2-10 meters

https://doi.org/10.1103/PhysRevC.83.054615
https://doi.org/10.1103/PhysRevD.83.073006


  

The shape anomaly
Nature Physics 16, 558-564 (2020)
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➢ Excess of events (≈10%) 
around 5 MeV

➢ Observed by most recent 
experiments 

➢ But still unexplained…
• Origin ?
• Relation to fuel isotopes ?

Test the 2 anomalies:
1. Oscillation to sterile neutrino

→ Relative measurements with segmented detectors at close 
distance from source (reactor)

2. Accurate measurement of U and Pu spectra
→ Experiments at pure-235U reactors are helpful

STEREO
PROSPECT

https://doi.org/10.1038/s41567-020-0831-y


  

A worldwide effort
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NEOS
RENO

DayaBay

DANSS

DOUBLE 
CHOOZSTEREO

SOLID

PROSPECT

Neutrino-4

Commercial reactors (LEU)
- high power, high stat
- mixed isotopes
- extended core

Research reactors (HEU)
- lower power, lower stat
- pure 235U
- compact core

In this talk:
 - Relative 
measurements 
- Short distance 
from core

PROSPECT STEREO DANSS



  

STEREO
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PROSPECT

STEREO

DANSS

Experimental site (RHF, ILL):
• 58 MW HEU reactor
• Compact core Ø 40cm, h=80cm
• >99% of flux from 235U fissions 

Detector design:
• 6 cells: L in 9.4 – 11.2 m 
• Liq. Scintillator + Gd
• ≈ 360 ν/day, S/B = 0.8 
• Pulse Shape Discrimination

Reactor

anti-ν

Gamma-Catcher: unloaded liquid scintillator Target: Gd-loaded liquid scintillator

JINST 13 (2019) 07, P07009
www.stereo-experiment.org

https://doi.org/10.1088/1748-0221/13/07/P07009
http://www.stereo-experiment.org/


  

PROSPECT
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PROSPECT

STEREO

DANSS

Antineutrino 
Detector

HFIR Core

Experimental site:
• 85 MW HEU reactor core with 

46% duty cycle
• >99% of flux from 235U fissions 

Detector design
• Segmented, L = 6.7 – 9.3m
• Liq. Scintillator + 6Li 
• Optimized for bkgd suppression 

(no overburden, S/B = 1.4)
• ≈ 500 ν/day
• Pulse Shape DiscriminationHFIR, ORNL

anti-ν

NIM A922 (2019) 287-309
https://prospect.yale.edu

https://doi.org/10.1016/j.nima.2018.12.079
https://prospect.yale.edu/


  

DANSS
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PROSPECT

STEREO

DANSS

JINST 11 P11011 (2016)

• 3 GW reactor (Kalininskaya NPP)
• 5000 ν/day, ≈ 2% background
• Extended core

• Plastic scintillator, Gd coating
• Movable: L in 10.9 – 12.9m, 

changed 3x / week 

an
ti-

ν

https://doi.org/10.1088/1748-0221/11/11/P11011


  

Detection and data taking
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2. Delayed signal: neutron capture

1. Prompt signal: e+ annhilation

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

STEREO data taking: on-off alternation 
 → cosmogenic background control

→ Energy reconstruction

→ Efficiency estimation 
& norm measurement

→ Sterile searches

→ Spectrum analysis

STEREO data in this talk



  

STEREO : energy reconstruction
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Accurate energy reconstruction is crucial
- for oscillation analysis (L/E term)
- for spectrum analysis

Is Erec
MC consistent with Erec

Data? 

>1 Calibration sources
• in each cell, at 5 different heights

>2 12B spectrum
• Continuous spectrum, Qβ = 13.4 MeV

>3 Global fit
• Tested models: 

 polynomial (order 2-5)
 Kernel density estimation

±1% band

→ Data/MC agree with 1% accuracy 

PRD 102,052002 (2020)

https://doi.org/10.1103/PhysRevD.102.052002


  

STEREO : capture efficiency
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2. Delayed signal: neutron 
capture on C, H or Gd

→ de-excitation cascade

1. Cascade modelling
→ improved predictions by the FIFRELIN code
→ made available to the community

2. Correction for data/MC difference
→ Neutron physics, Gd uniformity...

Eur.Phys.J.A 55 (2019) 10, 183

Capture efficiency:
→ Key for absolute rate measurement 

https://doi.org/10.1140/epja/i2019-12886-y


  

STEREO : asolute neutrino rate
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Absolute normalization of pure 235U spectrum
→ Rate deficit

PRL 125,201801 (2020)

→ Most accurate 
HEU measurement!

https://doi.org/10.1103/PhysRevLett.125.201801


  

Oscillation analysis : How To
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>1 model-free sterile neutrino search
• allowed by segmented/movable detectors 

>2 Proper statistical treatment
• χ² (Δm², sin ϴ) does not follow 

standard χ²-law
→ use Feldman-Cousins (MC toys)

DANSS: ratio bottom/top
3ν
4ν best-fit
4ν RAASTEREO: free model parameters in χ²

→ only cell-to-cell dependence remains

+ … 

absorb model dependence

PROSPECT: ratio to the average spectrum

Eur. Phys. J. C 81, 2 (2021)

https://doi.org/10.1140/epjc/s10052-020-08774-2


  

Oscillation analysis : results
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STEREO
PRD 102,052002 (2020)

DANSS
arXiv:2012.10255

PROSPECT
PRD 103:032001 (2021)

RAA best-fit excluded > 99% CL

→ Strong experimental rejection 
of the RAA sterile hypothesis

→ More data to come!

RAA best-fit excluded > 95% CL RAA best-fit excluded > 5σ

Slide updated 
after the meeting

https://doi.org/10.1103/PhysRevD.102.052002
https://arxiv.org/abs/2012.10255
https://doi.org/10.1103/PhysRevD.103.032001


  

Shape analysis : methods & validation
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2 independent & complementary frameworks
>1 Covariance matrix

>2 Nuisance parameters

r tuned with General Cross Validation 
(information theory)
Wahba et al, Technometrics 21, n°2, 1979

r tuned to limit prior dependence

Validation with bumped toy models: → 
1- comparison of the two frameworks on a 
single pseudo-data set
2- average bias  <1%

Well controlled unfolding process

arXiv:2010.01876

´

https://doi.org/10.2307/1268518
https://arxiv.org/abs/2010.01876


  

➢ Significant bump (3.5σ)  is observed
➢ Amplitude between a bump from all isotopes equally (≈9%) and only 235U (≈16%)

STEREO’s antineutrino spectrum
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Measured spectrum Unfolded spectrum

arXiv:2010.01876

https://arxiv.org/abs/2010.01876


  

Measurement of the 235U spectrum by PROSPECT
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➢ 50560 ± 406 IBD signal events
➢ S:B of 1.4:1 in signal energy range (0.8 - 7.2 MeV)
➢ Energy resolution of < 5% at 1 MeV
➢ Best-fit bump size relative to Daya Bay:

➢ Still statistically limited 

 
➢

PRD 103:032001 (2021)

https://doi.org/10.1103/PhysRevD.103.032001


  

STEREO/PROSPECT joint analysis
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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

(regularization optimized wrt S/B JINST, 12, P10002 (2017) )

PRELIMINARYPRELIMINARY

→ Consistent results 

https://doi.org/10.1088/1748-0221/12/10/P10002


  

STEREO/PROSPECT joint analysis
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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
→ χ² = 22.3/17 (p-value: 0.17) → Statistically compatible

PRELIMINARY



  

Shape analysis : motivation & inputs 
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Investigation of the shape anomaly

→ Goal: provide a reference 235U spectrum in Eν (not Emeas) to the community
Allows: - model comparisons free of detector effects 

- comparison/combination between experiments  

Response matrix
transitions Epr → Eν

Regularization term 
controls sensitivity to noise 

in unfolding process

 + tunable r
Φ0: prior (Huber)

Filter matrix (encoding 
smoothing effects) to be 

provided
JINST, 12, P10002 (2017)

arXiv:2102.04614 

Uncertainty summary
→ statistically limited

arXiv:2010.01876

https://doi.org/10.1088/1748-0221/12/10/P10002
https://arxiv.org/abs/2102.04614
https://arxiv.org/abs/2010.01876


  

STEREO/PROSPECT joint analysis

Matthieu Licciardi – Moriond EW  – March 2021 20/23

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
→ χ² = 22.3/17 (p-value: 0.17) 

>3 Extension to a joint fit

➢ To be published with filter matrix
➢ Complementary to 235U extracted 

from LEU

PRELIMINARY



  

Summary
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Reactor antineutrinos:
• Since 2011, intense experimental effort for sterile searches & spectrum 

measurements
• Complementarity between HEU/LEU experiments to evaluate U/Pu contributions

Sterile neutrino search:
• Segmented detectors close to reactor cores

 (STEREO, PROSPECT, DANSS, etc)
• Strong experimental results against the RAA 

Final STEREO sensitivity with phase-III → 



  

Summary
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Reactor antineutrinos:
• Since 2011, intense experimental effort for sterile searches & spectrum 

measurements
• Complementarity between HEU/LEU experiments to evaluate U/Pu contributions

Sterile neutrino search:
• Segmented detectors close to reactor cores

 (STEREO, PROSPECT, DANSS, etc)
• Strong experimental results against the RAA 

235U spectrum analysis:
• Rate deficit probed by STEREO (-5.2%)
• Event excess at 5 MeV:

➢ Confirmed by HEU experiments
➢ Unfolded spectrum provides a new reference 
➢ On-going STEREO/PROSPECT joint analysis

More data to come!

U/Pu cross sections per fission ↓

[1] arXiv:2103.01684

Slide updated 
after the meeting

https://arxiv.org/abs/2103.01684


  

Thank you for your attention !
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