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Motivation 
•Reactor anomalies:    

Huber et al, Phys.Rev. C84 (2011) 024617  
& Mueller et al, Phys.Rev. C83 (2011) 054615  

 6% deficit in measured  
flux compatible with oscillation  
toward a light sterile neutrino  
with parameters  

  
and  eV2  
 
 

~10% Energy spectrum distortion around 5 MeV:    
- bad understanding of some isotopes  
contribution ?  
- prediction systematics ? 
- detector effects ?  

•STEREO can investigate oscillation hypothesis  
at short baseline L  10m and measure pure  

 antineutrino spectrum  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Measurement principle 
• Detector design:  

- ~2 tons Gd-doped liquid scintillator Target  
segmented in 6 identical cells  
- Surrounded by Gamma-catcher 
(Gd-free liquid scintillator)   
- Surmounted by water Cerenkov muon  
veto   
- >100 tons of shielding  
(Pb, polyethylene, B C) 

• Inverse beta decay (IBD):  
  

- prompt:  ionisation and annihilation  
- delayed: n capture on Gd (after ~18 s) 
gives  cascade with total energy ~ 8 MeV  

• Fast neutrons can mimic IBD signal  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Experiment site 
• Institut Laue-Langevin in France (Grenoble) 

• Compact research reactor core: 
- 40 cm ⌀  80 cm  
- P = 58.3 MW  
- highly enriched in   
(99% of fission events) 

• short baseline ~9-11 m 

• Surface level experiment:  
Additional shielding against  
cosmics provided by water channel:  
~15 m.w.e   

×
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• Data taking from  
Nov 2016 to Dec 2020:  
after dead time correction and runs selection  
 334 days reactor-on  
 543 days reactor-off  

• This talk:  
First presentation of  
Phase III analysis 

Oscillation analysis 
     Phases I + II +III   

Shape analysis  
    Phases II+III 
 

• Reactor-off data critical for background subtraction   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Detector control
• Energy calibration:  

- weekly  ( ~0.83MeV), monthly AmBe  
calibrations 
- Other  sources: 0.5 - 4.4 MeV  
- cosmogenic  spectrum 

• Separate MC tuning for Phase II and Phase III 

• Time stability monitored with n-H capture:  
-  mean energy stable at 0.3% level  

• Non-linearity:  
- Mn anchor of  
energy scale  
- Data/MC  
agreement  
better than 1% 

54Mn Eγ

γ
12B
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Neutrino signal extraction 
•Selection cuts: Energy, , , muon veto 

•Pulse Shape Discrimination (PSD):  
- Q /Q  
- electronic recoils have low Q /Q  
- proton recoils have large Q /Q  

•PSD model for PSD bin p:  
  

   

-  normalisation param. between ON and OFF  for cell  
and energy bin  
- accidentals measured with high stat. from shifted time  
 windows  
- neutrino: gaussian function   

•Simultaneous fit of OFF and ON PSD spectra  

•Signal-to-background ratio :  

Phase II         Phase III    
 

Δt Δ ⃗x

tail tot

tail tot

tail tot

ONl,i,p =al,i × mcorr,OFF
l,i,p +f acc,ON × macc,ON

l,i,p +Gν
p(Al,i, μl,i, σ2

l,i)
OFFl,i,p=mcorr,OFF

l,i,p + f acc,OFF × macc,OFF
l,i,p

al,i l
i

→
S
B

= 0.8 →
S
B

= 1.0

7

Time

 Phys. Rev. D 102, 052002 (2020)
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Data compatibility 
between Phases II & III

•High compatibility between  
Phase II & III datasets:  
 

  = 18.5/21 (stat. only)  
 
 
 

 = 17.9/21 (stat.+syst.)

→ χ2/ndf

→χ2/ndf
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Oscillation analysis
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• Spectrum shape only analysis, independent from absolute rate  

• Model parameterisation:  

 
 

 
 
- Systematic uncertainties parameterised by nuisance  
parameters  
- B possible syst. difference in Phase III norm w.r.t. Phase II 

• Comparison of energy spectra across cells  
independent from predictions: 

  

- Each energy bin normalised by param.   
common to all cells: 
  analysis independent from absolute rate  
  analysis independent from predicted spectrum  

• Combination of 3 phases:  
 

Ml,i(θee, Δm2
4,1}, ⃗α ) =

 oscillated Huber-Mueller
Hl,i({θee, Δm2

4,1}) ×

(1 + B + Rl,i × αReacBkg
l + αNormU

l + SEscale
l,i × αEscaleC + αEscaleU

l )

⃗α
→

χ2 = ∑NCells
l ∑NEbins

i ( Dl,i − ϕiMl,i

σl,i )
2

+∑NCells
l [( αReacBkg

l

σ ReacBkg
l )

2

+ ( αNormU
l

σNormU
l )

2

+ ( αEScaleU
l

σEScaleU
l )

2

] + ( αEScaleC

σEScaleC )
2

+ ( B
σB )

2

ϕi

→
→

χ2
I+II+III = χ2

I (ϕi, ⃗αI) + χ2
II(ϕi, ⃗αII )+χ2

III(ϕi, ⃗αIII)

Oscillation analysis
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•First preliminary result with  
STEREO’s full dataset  

•Contour obtained from CL  method 
on numerous pseudo-experiments  

•No-oscillation hypothesis not  
rejected (p-value = 0.17) 

•Most of RAA allowed parameter  
space rejected  

•RAA best fit point excluded at 
more than 4  level  
 
 
 
 
 

s

σ

Oscillation analysis results
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•Complementary/alternative oscillation analysis being developed:  
- Different from published (  between (GEANT4)MC and Data)  
- New approach include analytical model of detector response in the fit 
- Detector response described by small number of parameters 

•Advantages:  
- More flexible detector response 
- Easy integration of systematics on response model (E. scale, E. resolution, …) 

•Systematics from study of cosmogenic   

•   
 

: reactor spectrum common to all cells; free in fit  
: acceptance of cell  

: conditional PDF of analytical response model, depends on parameters  

•  

  

where the free parameters:  
-  and  parameters of interest  
-   pull terms on the detector response parameters  
-  bin of the  reactor spectrum  
 

χ2

12B

PDFi(Etrue, Erec) = N(Etrue)×ϵi(Etrue)×𝒫νe→νe
(θ, Δm2, Li, Etrue)×Ri(Erec |Etrue, ⃗pi )

N(Etrue)
ϵi(Etrue) i
Ri(Erec |Etrue, ⃗pi ) ⃗pi

χ2(sin2(2θ), Δm2, NEtrue
, ⃗π ) = ∑

i (
Di(Erec) − Ni × PDFErec

i (Erec, sin2(2θ), Δm2, N(Etrue), ⃗π i)
Ui )

2

+∑
i

∑
p (

πp,i

σp,i )
2

sin2(2θ) Δm2

⃗π
N(Etrue) Etrue
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•Analysis performed on Phase-II only:  
- contour from 2D scan on numerous pseudo-experiments  
- compatible with published phase I+II results 

•To determine the critical  value  distribution fitted by  
Generalised Extreme Value PDF   
value of  interpolated between grid  
points to have smoother contours  

• 700 000 h of computing time (CC IN2P3) 
 
 
 
 
 
 
 
 
 
 

Δχ2 Δχ2

GEV(μ, σ, ξ)
μ, σ, ξ

∼

Alternative oscillation analysis

13

Pre
lim

ina
ry

Pre
lim

ina
ry



Reactor spectrum 
analysis
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Spectrum shape unfolding 
•Prompt energy spectrum  unfolded in antineutrino energy spectrum  thanks to 

response matrix  :  

 

•Main uncertainty is statistical  

•Regularisation term to smooth unfolding of  
statistical fluctuations:  

  

 prior spectrum: Huber’s  spectrum  

•Regularisation strength  chosen to  
minimise dependence on prior spectrum  
 
 

Di ϕj
Rij

→χ2( ⃗α , ⃗ϕ ) = ∑
i

( Di−∑j ϕjRij( ⃗α )

σi )
2

+ ∑
s∈syst.

αs

σs
+rΛ( ⃗ϕ )

Λ( ⃗ϕ ) = (∑i
ϕi+1

ϕ0
i+1

−
ϕi

ϕ0
i )

2

⃗ϕ0 235U

r
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Unfolding results
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HM: Huber Model 
PRC 84, 024617 (2011) 
 
SM: Summation Model 
PRL 123, 022502 (2019) 
 

•Comparison with HM (free norm)  = 
40.5/17  

•Bump best-fit:  
 =11.6/14  

A=0.107 0.021  
=5.39 0.130 [MeV] 
=0.585 0.157 [MeV] 

•From  p-value of HM hypothesis  
<  

•Confirmation of 10% spectral distortion around 
5 MeV for  compatible with LEU reactor 

distortion  

•Pure  antineutrino spectrum, deconvolved 
from detector effects, with its covariance matrix 
will be available  

→χ2/ndf

χ2/ndf
±

μ ±
σ ±

Δ (χ2/ndf)
1 ⋅ 10-5

∼
∼ 235U

235U
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Conclusion & Outlook
•Preliminary results with all of STEREO data: 

 334 (543) days of reactor-on (off)   

•STEREO very successful:  
- Most of the RAA parameter space excluded, in particular RAA best fit point rejected at 
more than 4  level 
- More accurate pure  spectrum than  with PROSPECT reference 
will be available     

confirmation of ~10% spectral distortion at ~5 MeV with respect to HM predicted 
spectrum  

distortion of the same order as the one observed at LEU reactors  
 
- Improved previous limit for neutron to  
hidden neutron conversion by factor 13  
 

•Demonstrated a new approach that uses analytical  
detector response model instead of GEANT4  
          more natural treatment of systematics  
 

σ
235U previous joint analysis

→

→

→
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18 Thank you for your attention  ! 

The STEREO collaboration
Spokesperson:  
David Lhuillier (CEA) 
 
Contact:  
david.lhuillier@cea.fr  
 
Website:  
www.stereo-experiment.org

The STEREO Collaboration
Photo: S. Schoppmann
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Absolute rate measurement

• Observed neutrino rate: 364  3 stat.  4 syst.    = 0.948  0.024  

- in agreement with current world average  

• Main uncertainties are thermal power, proton number & neutron efficiency  

• Among the most precise measurement for pure  fuel

± ± →
Robs

Rpred
±

235U
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Hidden neutron study
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