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Reactor Antineutrino Anomaly Alessandro Minotti (CEA - IRFU)

• Estimation of reactor ν̄ₑ spectrum → ~2.6 σ rate excess wrt short baseline measures


• Explained by oscillation involving extra sterile neutrino(s) 
with Δm2 ~ 0.1-1 eV

Reactor Antineutrino Anomaly
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Global fit 3+1  arXiv:1703.00860

Phys.Rev.D83, 073006 (2011)

~ 6%
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Reactor Antineutrino Anomaly Alessandro Minotti (CEA - IRFU)

The STEREO experiment
• STEREO detector: 9 m from ILL research reactor core (⦰ = 37 cm, 93% 235U, 58.3 MWth)


• Compare 6 target cells to measure oscillation-driven distortion in the Eν̄ₑ spectrum 

• Main challenges: surface level, reactor noise  
…and competition
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DANSS

NEOS

NuLat

Neutrino4
Stereo

SoLiδ

Prospect

Chandler
SOX

• 6 Target Cells (Gd-doped LS)

• γ-catcher Outer Crown (Gd-free)

Acrylic Buffers   
(oil & 48 PMTs)

Cherenkov Muon Veto 
(H2O & 20 PMTs)

Reactor

arXiv:1604.08877

Neutrino target: 2.2x1.5x1m3 

Shielding         
(soft-Fe, μ-metal, 

PE, B4C, Pb)

Pb + PE + 
B4C walls

⌫s evidence

Oscillation pattern robust analysis :
I Distortion of the energy spectrum.
I Phase evolution with distance.
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Signal and Background
• Signal: Inverse Beta Decay


• Background


- Cosmic induced (fast n, n-γ from μ spallation)


- Reactor-induced (accidental coincidences between 
nth leakage, high-E γ’s from n-capture on metals)
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Reactor Antineutrino Anomaly Alessandro Minotti (CEA - IRFU)

• Phase I (from Nov 2016): 70 days reactor ON (~1.5 cycles), 25 days OFF 

• Phase II (from 4 Oct 2017): expecting 7 additional cycles in 2018-19

STEREO Timeline and Data Taking
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April May June July Aug Sept Oct Nov Dec April May June July Aug Sept Oct Nov DecJan Feb March Jan

Install/maintenance

Commissioning

Reactor ON
Reactor OFF
Reactor Shutdown

STEREO Phase I STEREO Phase II
2016 2017 2018

Lead

Borated PolyethyleneMu-Metal

Soft Iron

Water Channel (~15 MWE)

93 tons 
moved on 

air cushions

B4C cover

STEREO 
Detector
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• STEREO detector calibrated regularly with γ and n sources using 3 independent systems


• Energy peaks: low z-dependence, reproduced by MC
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internal
calibration
(cell 1,4,6)

underneath
calibration

external
calibration
(2D, inside
shielding)
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Reactor Antineutrino Anomaly Alessandro Minotti (CEA - IRFU)

Energy Reconstruction
• Deposited energy is obtained from charges collected in each cell (matrix inversion)


• Very good data-MC agreement on 54Mn peak


• Validation with n-H capture peak stability
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Calibration: Detection Efficiency
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• Neutron calibration using AmBe coincidences


• n-capture time in agreement with IBD candidates


• Correction factor for Gd-capture fraction in MC          
→ MC validation for global n-capture efficiency 
calculation
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Neutrino Selection and Cuts
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prompt delayed
electronic gate

clean between
prompt and delayed

clean afterclean before
ΔT

t

5 MeV < Edepdet < 10 MeV 
& EdepTg > 1 MeV

2 MeV < Edep
det < 8 MeV 

& Edep
GC < 1.1 MeV

clean after 
(100 μs)

∆t < 70 μs

n

Gd
e+

e-

ν̄e
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IBD 
• Ee+ = 1-8 MeV

• En-Gd ∼ 8 MeV

• Δt ∼ 18 μs

μ e

τμ = 2.2 μs

np

n

Gd

p

Stopping Muon 
• Δt ∼ 2.2 μs

Fast Neutron

clean before 
(100 μs)

clean between 
prompt and delayed

prompt delayed

Cuts Fast 
Neutrons

Stopping 
Muons

Neutrino 
efficiency

100 μs after-μ 
veto ✘

~6.5 % 
deadtime

PMT charge 
homogeneity ✘ 98 %

PSD (Qtail/Qtot) ✘ ✘
98 % with 

2σ cut

Cell multiplicity ✘ >99 %
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Neutrino Rate
• Accidental coincidences measured online using multiple off-time windows and subtracted


• After all cuts applied and atmospheric pressure correction: neutrino efficiency >95%, 
neutrino rate ~300 /day 

• Next analysis steps: refine cuts, define systematics for reactor-OFF subtraction, finalise 
energy reconstruction for spectral analysis
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Candidates rates

Proposal cuts :
I Veto 100µs after muon

IBD signature Rough topology Nuclear recoils
Prompt 1.5 MeV < E

Tot

< 8 MeV E
GC

< 1.1 MeV 2.5� PSD cut
Delayed 5 MeV < E

Tot

< 10 MeV E
Target

> 1 MeV
�T

coinc

< 70µs
+ cleaning cuts

Neutrino rate : ⇠ 300/day
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Cuts from proposal 
Additional set of cuts (topology)

Preliminary

ON OFF ON OFF
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Accidental Coincidences
• Accidental γ’s/n’s coincidences (reactor-induced, influenced by neighbouring experiments)


• Remaining accidentals measured online & subtracted statistically with off-time windows


• Prompt-delayed vertices strongly correlated for IBD → cut on spatial distance
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Pulse Shape Discrimination
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• Pulse Shape Discrimination: disentangle particles with large dE/dx (recoil protons, low-
energy decaying μ’s)


• Intrinsic property of LS


• Use Qtail/Qtot ratio (@ read-out)
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III. Scintillation Detectors

Both the light output and the decay time of organic
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Correlated Rate Variation with Atmospheric Pressure

�16

• Residual cosmic background is measured during reactor off 

• Subtraction must take into account differences in μ rates between on and off periods


• Correction for μ rate variation with atmospheric pressure patm is made by extracting the 
dependency (on-off combined fit) and re-normalising to a pref

Pressure correction to be applied
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STEREO Sensitivity & the 5 MeV Distortion
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• STEREO will provide a new reference measurement of pure 235U 
ν spectrum ⇒ isolate source of the distortion, constrain models


• Sensitivity after 300 days reactor ON, not reduced by distortion

HEU to LEU Ratio

⇒ ratio of HEU to LEU spectrum for different hypotheses

arXiv:1512:xxx
C. Buck, A.P. Collin, J. Haser, M. Lindner

◾ 2 y runtime

◾ uncertainties: statistical +
reference spectra

◾ significance of discrepancy
[5, 7]MeV:

▸ only 235U: 4.2σ
▸ no excess in HEU: 5.5σ

◾ significance including energy
resolution:

▸ only 235U: 3.7σ
▸ no excess in HEU: 4.7σ

2015/12/07 15 / 16

Introduction Site and backgrounds Stereo detector Simulations and sensitibility Prospects

Bump at 5 MeV

Neutrino excess at 5 MeV in several experiments : DC, RENO, Chooz, Rovno ...

Scale with reactor power so
• bias in the conversion procedure ?
• bias in the reference electron spectrum ?
• another neutrino interaction ?

Which impact on Stereo sensibility ?
æ No significative impact on the contour.
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Maxime Péquignot - GDR Neutrino 2014 (Orsay) The Stereo Experiment - Search for Sterile Neutrino 15 / 16

- 400 ν/day in 300 days - S/B = 1.5

- Ee+ > 2 MeV, En > 5 MeV - εdet = 60%

- δEscale = 2%, δΦν = 4%
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• In LEU facilities the fuel evolution (burnup) involves mostly 235U and 239Pu


• Single ν̄ spectra Sk(E) not available, obtained from β spectrum  


• Model currently most used: Mueller (238U) - Huber (235U, Pu)

Antineutrino Spectrum Estimation
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Neutrinos per fission per MeV (prediction)

CS (theoretical + corrections)

NOW 2014 Double Chooz | José I. Crespo-Anadón (CIEMAT) 8
MURE (NEA-1845/01 (2009))

DRAGON (PRD 86 (2012) 012001)

Reactor flux prediction
Expected antineutrino

 

spectrum:
Thermal power

Mean cross-section per nuclide:

Fission fractions

Reference spectra

Mean energy per fission:

Mean cross-section per fission:

New 238U: PRL 112 (2014) 122501

Average E released per fission

k = isotope (235U, 238U, 239Pu, 241Pu)

Average Cross Section per fission

Mueller et al., Phy. Rev. C 83.5 (2011): 054615

Huber P., Phys. Revi. C 84.2 (2011): 024617
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Light Sterile Search @ Reactors

�19

Core PTh Core Size Overburden Segmentation Baseline Material

Chandler 72 MW (235U) ⦰ = 50 cm ~10 mwe 6.2 cm (3D) 5.5 m PS + Li layer 

DANSS 3 GW (LEU) h = 3.6 m     
⦰ = 3.1 m ~50 mwe 5 cm (2D) 10.7-12.7 m Gd-doped PS 

NEOS 2.8 GW (LEU) h = 3.7 m     
⦰ = 3.1 m ~20 mwe - 23.7 m Gd-doped LS

Neutrino4 90 MW (235U) 35x42x42 
cm3 few mwe 22.5 cm (2D) 6-12 m Gd-doped LS

NuLat 40/1790 MW 
(235U/LEU) few mwe 6.35 cm (3D) 4.7/24 m Li-doped PS

Prospect 85 MW (235U) h = 0.5 m    
⦰ = 0.2 m few mwe 15 cm (2D) 7 m Li-doped LS

SoLiδ 72 MW (235U) ⦰ = 0.5 m ~10 mwe 5 cm (3D) 5.5 m PS + Li layer 

Stereo 58 MW (235U) ⦰ = 37 cm ~15 mwe 25 cm (1D) 8.9 m Gd-doped LS
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• Daya Bay slightly favours 235U ν̄ₑ flux suppression over sterile hypothesis


• Situation is reversed for other experiments (flux deficit independent from fuel composition)


• 235U and 239Pu fluxes are normalised on separate “vintage” β-spectrum measurements @ ILL


• Daya Bay (but also DANSS and NEOS) are LEU experiments (mixed fuel)


• Need results from short baseline HEU experiments to solve the conundrum

Sterile Neutrino vs Flux Normalisation
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Giunti et al., arXiv:1708.01133v1 (Aug 2017)

6

sin
22ϑee

∆
m

4
12
  
  
[e

V
2
]

10−3 10−2 10−1
1

10−1

1

10
Daya Bay
Rates

Combined

1σ

2σ

3σ

FIG. 6. Allowed regions in the sin2 2#ee–�m2
41 plane ob-

tained from the fit of the Daya Bay evolution data [1] (Daya
Bay), from the fit of the reactor rates (Rates), and from the
combined fit (Combined) with the 239+OSC model. The
best fit points are indicated by crosses, except for the fit of
the Daya Bay evolution data for which the best fit is the ver-
tical dash-dotted line. For the Daya Bay and Rates fits the
1�, 2�, and 3� allowed regions are limited, respectively, by
solid, dashed, and dotted lines.

illustrated in Figs. 7 and 8.
From Tab. II one can see that all the model have an ex-

cellent goodness-of-fit, but the modelsOSC, 235+OSC,
and 239+OSC with active-sterile neutrino oscillations
have a significantly lower value of �2

min. This is due
to the di↵erent source-detector distances in the experi-
ments. As one can see from Fig. 7, where the reactor data
are ordered by increasing values of the source-detector
distance L. One can see that active-sterile oscillations
can fit better the data of the short-baseline experiments
which have a source detector distance between about 10
and 100 m. On the other hand, the poor fit of the data
with the 235 model is explained by the lack of a trend
Fig. 8, where the reactor data are ordered by decreasing
values of F235.

The comparison of the nested models 235 and
235+OSC give ��2

min = 8.1 with two degrees of free-
dom. Hence, the p-value of the null hypothesis 235 is
1.7% and it can be rejected in favor of the introduction
of active-sterile neutrino oscillations at 2.4�. As a check,
with a Monte Carlo simulation we obtained a p-value of
1.3%, which corresponds to 2.5�.

The 235 and OSC models have ��2
min = 7.9 and our

Monte Carlo comparison disfavors the null hypothesis
235 at 3.1�.

The 235+239 and OSC models have ��2
min = 4.9
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FIG. 7. The top panels show the fits of the reactor rates in
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the experimental uncertainties.

and our Monte Carlo comparison disfavors the null hy-
pothesis 235+239 at 2.8�.
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tained from the fit of the Daya Bay evolution data [1] (Daya
Bay), from the fit of the reactor rates (Rates), and from the
combined fit (Combined) with the 239+OSC model. The
best fit points are indicated by crosses, except for the fit of
the Daya Bay evolution data for which the best fit is the ver-
tical dash-dotted line. For the Daya Bay and Rates fits the
1�, 2�, and 3� allowed regions are limited, respectively, by
solid, dashed, and dotted lines.

illustrated in Figs. 7 and 8.
From Tab. II one can see that all the model have an ex-

cellent goodness-of-fit, but the modelsOSC, 235+OSC,
and 239+OSC with active-sterile neutrino oscillations
have a significantly lower value of �2

min. This is due
to the di↵erent source-detector distances in the experi-
ments. As one can see from Fig. 7, where the reactor data
are ordered by increasing values of the source-detector
distance L. One can see that active-sterile oscillations
can fit better the data of the short-baseline experiments
which have a source detector distance between about 10
and 100 m. On the other hand, the poor fit of the data
with the 235 model is explained by the lack of a trend
Fig. 8, where the reactor data are ordered by decreasing
values of F235.

The comparison of the nested models 235 and
235+OSC give ��2

min = 8.1 with two degrees of free-
dom. Hence, the p-value of the null hypothesis 235 is
1.7% and it can be rejected in favor of the introduction
of active-sterile neutrino oscillations at 2.4�. As a check,
with a Monte Carlo simulation we obtained a p-value of
1.3%, which corresponds to 2.5�.

The 235 and OSC models have ��2
min = 7.9 and our

Monte Carlo comparison disfavors the null hypothesis
235 at 3.1�.

The 235+239 and OSC models have ��2
min = 4.9
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FIG. 7. The top panels show the fits of the reactor rates in
Table 1 of Ref. [5]. The data are ordered by increasing values
of the source-detector distance L, shown in the bottom panel.
The error bars show to the experimental uncertainties.
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FIG. 8. The top panels show the fits of the reactor rates in
Table 1 of Ref. [5]. The data are ordered by decreasing values
of F235, shown in the bottom panel. The error bars show to
the experimental uncertainties.

and our Monte Carlo comparison disfavors the null hy-
pothesis 235+239 at 2.8�.

5

spectively, are incompatible at 2.6� confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2

was also used to measure the individual IBD yields of 235U
and 239Pu. For each F239 bin a in Fig. 2, the measured IBD
yield can be described as

�a
f =

X

i

F a
i �i, (5)

where F a
i are the effective fission fractions for each isotope,

and �i is the IBD yield from that isotope. Measurements from
all bins can be summarized with the matrix equation

�f = F�, (6)

where �f is an eight-element vector of the measured IBD
yields, � is a vector containing the IBD yields of the four fis-
sion isotopes, and F is a 8⇥4 matrix containing fission frac-
tions for the data in each F239 bin. This matrix equation was
used to construct a �2 test statistic

�2 = (�f � F�)>V�1(�f � F�), (7)

which allows a scan over the full � parameter space. The
matrix V is a covariance matrix containing the previously dis-
cussed statistical, reactor, and detector uncertainties, and their
correlation between measurements �f .

FIG. 3. Combined measurement of 235U and 239Pu IBD yields per
fission �235 and �239. The red triangle indicates the best fit �235

and �239, while green contours indicate two-dimensional 1�, 2� and
3� allowed regions. Contours utilize theoretically predicted IBD
yields for the subdominant isotopes 241Pu and 238U as indicated in
the lower left panel. Predicted values and 1� allowed regions based
on the Huber-Mueller model are also shown in black. The top and
side panels show one-dimensional ��2 profiles for �235 and �239,
respectively.

In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was

accomplished in Eq. 7 by adding terms (�i � �̂i)2/✏2i for
238U and 241Pu, where �̂i and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for �̂i were taken from Ref. [4]
for 238U (10.1⇥10�43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10�43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.

The IBD yields from 235U and 239Pu, �235 and
�239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10�43 cm2/fission, respectively. Allowed regions and
one-dimensional ��2 profiles for �235 and �239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
�f . The 10% uncertainties assigned to �238,241 provide a
subdominant contribution to the uncertainty in �235 and �239.
This �235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15) ⇥10�43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
�235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured �239 value is consistent with the predicted value
of (4.36±0.11) ⇥10�43 cm2/fission within the 6% uncertainty
of the measurement.

By applying additional constraints on �f in Eq. 7, these
�235 and �239 results were tested for consistency with hypo-
thetical �f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured �235 should devi-
ate from its predicted value while �238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by ��2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by ��2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by ��2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8� and 3.2� confidence
levels, respectively.

To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where �f =

P
j Sj , the sum of IBD yields in

all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.
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• If we include NEOS and DANSS recent results in the game, the sterile hypothesis cannot still 
be rejected


• This is mainly due to (matching) features in the experimental spectra, reflected in the 
exclusion plot, that prefer oscillation rather than scaling


• A global analysis from multiple experiments can discriminate whether these are 
fluctuations or there is an oscillatory pattern

The Global Picture

�21
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