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Interpreting Reactor Antineutrino Anomalies with STEREO data
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Anomalies in past neutrino measurements have led to the discovery that these particles have non-zero mass
and oscillate between their three flavors when they propagate. In the 2010’s, similar anomalies observed in
the antineutrino spectra emitted by nuclear reactors have triggered the hypothesis of the existence of a sup-
plementary neutrino state that would be sterile i.e. not interacting via the weak interaction [1]. The STEREO
experiment [2H6]] was designed to study this scientific case that would potentially extend the Standard Model
of Particle Physics. Here we present a complete study based on our full set of data with significantly improved
sensitivity. Installed at the ILL (Institut Laue Langevin) research reactor, STEREO has accurately measured
the antineutrino energy spectrum associated to the fission of 2*U. This measurement confirms the anomalies
whereas, thanks to the segmentation of the STEREO detector and its very short mean distance to the core (10 m),
the same data reject the hypothesis of a light sterile neutrino. Such a direct measurement of the antineutrino
energy spectrum suggests instead that biases in the nuclear experimental data used for the predictions [7, 8] are
at the origin of the anomalies. Our result supports the neutrino content of the Standard Model and establishes
a new reference for the 233U antineutrino energy spectrum. We anticipate that this result will allow to progress
towards finer tests of the fundamental properties of neutrinos but also to benchmark models and nuclear data of

interest for reactor physics [9l[10] and for observations of astrophysical or geo-neutrinos [11}[12].

INTRODUCTION

Reactor antineutrinos have played an important role in the
history of neutrino physics contributing to the discovery of
that particle in 1956 [[13]. They are produced after the fission
process during the beta-decay of fission fragments. Thus, in-
tense antineutrino fluxes with a known flavour are produced
by nuclear reactors, allowing to study precisely their proper-
ties. The increased accuracy in both prediction and measure-
ments has paved the way for the study of neutrino oscillations
with essential results in the determination of mass splitting
and mixing angles [[14-17]] that define the frequency and am-
plitude of such oscillations. A major advance in this field was
the measurement of total beta spectra associated with the fis-
sion of 23°U , 23Pu and ?4!Pu performed in the 1980s [18-
20]. The shape of these spectra was measured with a magnetic
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spectrometer [21]] and the absolute normalisation determined
by neutron capture reactions on gold and lead targets replac-
ing the fissile isotopes for the calibration of the apparatus. A
numerical procedure was then defined to convert these beta
spectra into antineutrino spectra [22]] which served as a ref-
erence for decades. In 2011, a re-evaluation of this proce-
dure, called the "Huber-Mueller” model (HM) [7, 8] led to
two “Reactor Antineutrino Anomalies” (RAA) in the compar-
ison with data: the measured antineutrino rates were about
6% below predictions on average [1]] and a shape distortion
was observed by experiments at power reactors in the form of
a “bump” between 5 and 6 MeV with an amplitude of about
10% [I15H17, 23]]. The disappearance of reactor antineutrinos
as a function of their distance travelled from the reactor being
the expected manifestation of an oscillation phenomenon, it
was proposed that a new, fast oscillation towards an additional
neutrino could explain the RAA deficit. From the existing
constraints on the electroweak sector of the Standard Model
[24]], this neutrino must be sterile, i.e. not coupling with the
weak interaction; to be compatible with previous neutrino data
its mass would be expected in the 1 eV range [1]. The mixing
of fission electron antineutrinos with a sterile neutrino state of
such a mass can be approximately described by the two-flavor
oscillation formula

2
P.. = 1 — sin2(26,.) sin® (AZ‘;;L> (1)

with sin?(26,.) the amplitude of the mixing, Am3, the square
mass splitting between sterile and standard neutrino states, L
the distance between the emission and detection vertices and
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E the energy of the antineutrino.

Sterile neutrino states are a common feature of models ex-
plaining the neutrino masses [25] or can also be dark matter
candidates, triggering a worldwide experimental program to
search for these particles [26].

THE STEREO EXPERIMENT

The STEREO detector was installed in 2016 at the ILL high-
flux research reactor in Grenoble. From Eq[I] a coupling with
an 1-eV sterile neutrino would result in spectral distortions
over a few metres, as a function of the distance to the reactor
core. This phenomenon is exploited by the segmentation of
the target volume of STEREO into 6 identical cells (Figure [I).
The sterile neutrino hypothesis is thus tested by the compari-
son of the 6 measured spectra, independent of any prediction
of the emitted spectrum.

Antineutrinos are detected via the inverse beta decay (IBD)
described by 7. + p — et + n, with a mature technology
of Gadolinium-loaded liquid scintillator [27]]. The kinetic and
annihilation energies deposited in the liquid by the positron
form a prompt signal followed by the delayed signal of the
neutron capture on gadolinium (17 ps mean capture time) and
its subsequent de-excitation y-cascade of 8 MeV total energy.

With a mean reactor power of 52.76 £ 0.77 MW during the
STEREO lifetime, the average rate of detected antineutrinos
after all the selection cuts (see Methods section) is 394/day.
For the STEREO experiment exposed to cosmic rays at the
Earth surface and surrounded by other experiments using the
ILL neutron beams, background rejection is a major chal-
lenge. Therefore, heavy lead and polyethylene shielding, dis-
tributed in the walls of the casemate and in the support struc-
ture around the detector, isolate the target volume from ex-
ternal v and neutron fluxes. Active rejection of the dominant
cosmic ray background is also implemented: the top of the
detector is covered by a muon veto and the pulse shape dis-
crimination (PSD) capabilities of the liquid scintillator are ex-
ploited. The latter allows to reject the signals of fast neutrons
coming from the interaction of cosmic rays around the detec-
tor. The combination of all these techniques brings the resid-
ual rate of accepted cosmic background events comparable to
that of the antineutrinos. It is then precisely measured and
subtracted thanks to the alternation of 50 days reactor cycles
with nuclear fuel reloading or maintenance periods.

This ON-OFF” subtraction implies a very precise control
of the detector response throughout the whole data taking pe-
riod. For this purpose, all the reactor and detector parameters
are continuously monitored in order to correct for instabili-
ties. Weekly calibration campaigns correct the slow drifts of
the detector response and the same procedure of energy recon-
struction is applied to the data and the simulation, which is a
key tool to describe this response. In order to mitigate long-
term effects the parameters of the simulation are fine-tuned to
match calibration data at central dates of each of the two major
data collection phases. Thus detection systematic uncertain-
ties could be reduced down to the 1% level (cf. Extended Data
Fig. ]and Methods section).

Here we present the STEREO results based on 107558 an-
tineutrinos detected from October 2017 until the experiment
was shut down in November 2020. This period gathers all
the high quality data collected after the repair of detector de-
fects in summer 2017 [4]]. It corresponds to 273 reactor-ON
days and 520 reactor OFF days, divided in two main data tak-
ing periods labelled as phase-II and phase-III (Extended Data

Fig.[I).

REJECTION OF THE STERILE NEUTRINO HYPOTHESIS

The discrepancies between the predicted and observed an-
tineutrino spectra render difficult the choice of an external
oscillation-free reference spectrum for the sterile neutrino
search. Thus, to realise a prediction-independent sterile neu-
trino search, in STEREO we leverage the significant depen-
dence with the distance of the induced oscillation pattern for
our baseline range (roughly 9 to 11 m). The different hypothe-
ses H,,(sin*(20.c), Am?,) for the parameters of the sterile
neutrino were tested by comparing the 6 independent antineu-
trino spectra recorded from the 6 cells to a common model
where all experimental systematic uncertainties are propa-
gated. We adopt a profile Ax? approach and use as a test

statistic the difference between the minimum Xfm? (20.0),Am2
£ ee); 41

(where all but the (sin”(26..), Am3, ) parameters are left free
in the fit), and the global minimum %, g, (Where the ster-
ile neutrino parameters have also been optimised). Since
Wilk’s theorem conditions are not met [28]], we follow Feld-
man and Cousins’ prescription [29] and compute the Ax?
distributions for each hypothesis using pseudo-experiments.
When the p-value for the observed data given the hypothe-
sis H,,(sin?(20,c), Am?;) is < 0.05, we exclude the corre-
sponding (sin?(26,.), Am?,) point in the parameter space at
the 95% Confidence Level (CL).

Our analysis excludes a large fraction of the parameter
space favoured by the RAA at 95% CL or greater (see Figure
[2). Additionally, we find that the best-fit points of the oscil-
lation signals reported by the Neutrino-4 [31] and the Neos-
Reno [32]] collaborations are excluded with significances of
3.30 and 2.80, respectively. We also observe that our data are
compatible with the no oscillation hypothesis #(0,0) with a
p-value of 0.52. Thus, a few eV mass sterile neutrino expla-
nation to the Reactor Antineutrino Anomaly is ruled out by
STEREO data. Other experiments reach the same conclusion
[33134].

Interest in the high Am? region (short wavelength oscilla-
tion) has been renewed recently by the results of the BEST
experiment [35], which confirm the Gallium anomaly. Sensi-
tivity in this part of the parameter space is limited for STEREO
due to the baseline ranges of our setup. Such sterile neutrino
mass values are however in strong tension with Cosmic Mi-
crowave Background analyses [36], and will be probed by the
KATRIN experiment [37].
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FIG. 1. Configuration of the STEREOQ experiment. This drawing illustrates the proximity to the ILL compact core and the detector structure.
The 6 identical cells of the target are filled with 1.8 m® of gadolinium-doped liquid scintillator. Energy leakage from an antineutrino event
close to a target edge is mitigated by the presence of a crown surrounding the target volume and filled with Gd-unloaded liquid scintillator.
The walls are all reflective and improve the collection of scintillation light to photomultipliers tubes (PMT) located at the top of each cell.
A 20 cm thick acrylic buffer separates the PMTs from the liquid to ensure a homogeneous response in the whole cell volume. A 1.5 mm
layer of mu-metal protects the detector from external magnetic fields, and a polyethylene and lead shield isolates it from neutron and gamma
fluxes. The whole structure is covered by a water Cerenkov detector allowing to veto cosmic muons passing near the target volume. A layer
of soft iron and boron-loaded rubber completes the protection against magnetic fields and thermal neutrons respectively. Additional lead and
polyethylene shielding at the front and sides of the detector is not shown for clarity. The presence of a water channel above the detector offers
a crucial protection against the cosmic background by reducing the vertical muon flux by a factor of about 4 and by stopping the hadronic
showers. The inset illustrates the spectral distortions in different cells due to sterile-neutrino driven oscillations, accessible thanks to STEREO

’s segmentation, that are crucial to the sterile neutrino search.

REFERENCE URANIUM-235 ANTINEUTRINO SPECTRUM

The precise control of the detector response [4] combined
with a good precision on the reactor power [3] allows to ex-
tend STEREO ’s analysis to study the shape and absolute nor-
malisation of the antineutrino spectrum. The highly enriched
2350 fuel (HEU) used at ILL gives access to the antineutrino
spectrum emitted by the fission of this single isotope, com-
plementary to commercial reactors whose low enriched fuel
(LEU) induces fission fractions distribution between 23°U ,
239py , 238U and 2*'Pu . As the 6 single-cell spectra are com-
patible with each other, the analysis of the antineutrino spec-
trum is performed by combining the selection of events in the
6 cells of the target volume. A spectrum is thus obtained as a
function of the reconstructed energy deposited in the scintilla-
tor by the positron. However we provide a reference spectrum
directly usable by the community by using a procedure to de-
convolute the energy spectrum from the response of the detec-
tor. The method is based on a fit of the spectrum in antineu-
trino energy to the spectrum in reconstructed positron energy
through the detector response matrix, the latter being derived
from the Monte-Carlo simulation of the detector. The statisti-
cal fluctuations and the finite energy resolution of the detector

induce numerical instabilities in this procedure. They are reg-
ularized by a Tikhonov type approach [6] [38]. Biases of the
method are encoded in a filter matrix provided in [39]; apply-
ing this filter matrix to a spectrum prediction ensures ensures
an unbiased comparison with the unfolded STEREO spectrum,
shown in Figure ga. This spectrum corresponds to the largest
sample of pure 23U fission antineutrinos from a single ex-
periment to date. The details of the systematic uncertainties
relevant for this analysis are given in the Methods section.

A specificity of STEREO is to control the absolute normal-
ization of the measurement. Thus the integral of the spectrum
provides the most precise measurement of the production of
antineutrinos by the fission of 23°U from a HEU reactor. It
shows a deficit of 5.5 + 2.1 % compared to the HM model, in
excellent agreement with the world average (Extended Data
Fig.[10), and confirms the prominent role of 2°U in the RAA.

Beyond this global deficit, the STEREO measurement also
clearly highlights a spectral distortion compared to the HM
model (Figure [3]b) that cannot be explained by an oscillation.
There is thus a strong tension between this prediction, derived
from the conversion of the total beta spectrum from 23°U fis-
sions and that of the measured total antineutrino spectrum. A
much better agreement with the STEREO results is obtained
by the most recent summation models [9,[10]. Such approach,
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FIG. 2. Results of the STEREO oscillation analysis. The exclusion
contour (solid red) and exclusion sensitivity contour (dashed red) at
95% CL are shown in the plane of the sterile neutrino parameters:
the oscillation amplitude, sin®(26.. ), related to sterile-active neutri-
nos mixing angle .., and the oscillation frequency, Amil, which
is also the difference of the square masses of the additional neutrino
mass eigenstate and the lightest one. High values of sin®(20..) are
exluded (right of the exclusion curve). These results are derived in
a 2D Feldman-Cousins framework (red). We verify our conclusions
by following an alternative statistical prescription, the Gaussian CLs
method [30], which yields a very similar exclusion contour (blue).
The 95% CL parameter space regions of the sterile neutrino as an ex-
planation of the RAA (grey area) is rejected by STEREO below mass
splittings of 4 eV2. The initial RAA best fit point, marked by a star,
is rejected with very high confidence level (p-value < 10™%).

complementary to the conversion (HM) method, builds a pre-
diction with the sum of the antineutrino spectra of all fission
products taken from the nuclear databases (Figure [3|b). A
key ingredient of these models is the correction of the beta
strengths involved in the decay of fission products. Experi-
mentally it is difficult to measure beta transitions to the highly
excited levels of the daughter nucleus, because of the high
density of states and the complex gamma cascades that are
associated [42]. This results in a well-known bias in nuclear
databases that tend to underestimate the contribution of low
energy beta transitions. It seems that correcting this bias is a

key element in bringing the summation models into agreement
with the STEREO results [10].

IMPACT AND OUTLOOK

The STEREO experiment provides the most accurate mea-
surement to date of the antineutrino spectrum from pure
235U fission, corrected for the detector response. It is in-
tended to be used by the particle physics community as a
reference spectrum for future high precision reactor exper-
iments, such as the determination of the mass hierarchy of
neutrinos [43] or the low-energy tests of the Standard Model
with the since recently accessible process of Coherent Elastic
Neutrino-Nucleus Scattering [44]]. Observations of astrophys-
ical [[L1]] or geo-neutrinos [12] consider reactor antineutrinos
as a background source and would also benefit from an im-
proved description of their flux. For these purposes, all the
results as well as the elements necessary to reproduce them
are made publicly available [39].

We find significant deviation in normalisation and shape
with respect to the HM prediction while at the same time we
reject with high confidence level the hypothesis of a sterile
neutrino of mass around 1 eV. Our findings support the con-
clusions of a recent global analysis of all neutrino data col-
lected at reactors [45]], which points to a normalisation bias in
the beta spectrum from 235U fission on which the HM predic-
tion is anchored as the most likely explanation for the overall
deficit. The involved nuclear data (neutron capture on lead
and associated electron conversion) are being questioned. A
recent direct measurement of the ratio of 235U to 23°Pu fission
beta spectra [46], found to be 5% lower than the ratio of the
initial beta spectra [[19}20], supports this hypothesis.

The comparison of our reference 23°U spectrum with the
most recent summation models illustrates a paradigm shift
where a direct measurement of fission antineutrino spectra
such as that of STEREO becomes a benchmark for nuclear
data. Beyond its relevance for fundamental physics of neutri-
nos, this measurement of the total antineutrino spectrum from
2351 has the potential to constrain the evaluated fission data
with, in particular, a sensitivity to the fission yields [47) 48]
and to the description of the beta transitions of fission prod-
ucts [9}10]. Our reference spectrum as well as the associated
gain in reliability and accuracy of the nuclear data finds di-
rect applications in the operation and surveillance of reactors
[49150].
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FIG. 3. New reference >*U antineutrino spectrum. a. The unfolded antineutrino spectrum associated to the fission of 23U (black points)
is shown with the HM prediction (blue) in the true antineutrino energy space. The vertical bars and blue band represent the respective total
uncertainties and the vertical axis provides the absolute IBD yield. To obtain the HM prediction the emitted spectrum was multiplied by the
theoretical IBD cross section [40]]. The matrix illustrates the bin-to-bin correlations. Since the STEREO measurement is statistically limited, the
pattern of correlations observed around the diagonal is mainly induced by the unfolding process. b. Relative deviations (black points) to the HM
prediction (blue), exhibiting significant discrepancies in norm and in shape. However a better agreement is obtained with two recent summation
models. The prediction of M. Estienne et al. [9] (magenta) corrects the evaluated nuclear data by including the most recent measurements
of the -strengths of the main fission products. It is in good agreement with the mean deficit measured by STEREO and could indicate the
beginning of a shape distortion at high energy. A complementary approach [[10] (red band of uncertainties) generalises the correction of the 5-
spectra to all nuclei by completing the 5-decay schemes of the ENSDF nuclear database [41] with a simple phenomenological Gamow-Teller

[-decay strength model. Remarkable agreement with the STEREO spectrum is obtained both in normalisation and in shape.
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METHODS
Data taking

The STEREO experiment has taken data from November
2016 to November 2020. In the first phase of the experi-
ment (Nov. 2016 - Feb. 2017) the response of the detector
was affected by several defects of the acrylic components of
the inner detector: the light collection in cell 4 and in the
front gamma-catcher was reduced by a factor about 2.5 due
to a leak of mineral oil optically coupling the PMTs and the
acrylic buffers; the cross-talk between cells significantly in-
creased over time due to ingress of liquid scintillator inside
the sandwich structure of most acrylic walls. Taking advan-
tage of a long maintenance period of the reactor the detector
was repaired during summer 2017 and the subsequent phase 2
(Oct. 2017 - Apr. 2019) and phase 3 (Apr. 2019 - Nov. 2020)
of data taking were shown to be far more stable with very sim-
ilar responses from all target cells. All results reported here
are based on the high quality data from these last two phases
(see Extended Data Fig.[T). They contain about twice as much
data as in previous STEREO publications [3H6].

Weekly calibration runs are performed by inserting a ®**Mn
source at 5 different heights above the bottom of the target
(z =10 cm, 30 cm, 45 cm, 60 cm and 80 cm) in each of the
6 cells, with the exception of cell 3 where a similar tube is
present but used to fill the liquid scintillator. In addition, full
calibration campaigns are performed every few months with a
complete set of sources (}37Cs, >*Mn, 6°Zn, 42K, °Co, 24Na
and 24! Am-?Be) covering the neutrino energy range and in-
ducing various topologies of energy deposits (single ~y, multi-
v, v+neutron). Some of these sources had much higher rate
than antineutrino interactions. In order to be sure that the
baseline voltage of the electronics has been recovered between
every two events, only events with at least 10 us to the previ-
ous event are considered in the analysis of calibration runs.

Detector response

The precise control of the STEREO detector response is
a prerequisite to extract all observables for neutrino physics.
The accurate description of the detector response in the
GEANT4 [51] simulation is thus validated with a dataset as
complete as possible and independent of the neutrino data. In
addition to calibration data from sources, two cosmic rays in-
teractions were also studied: the vy-peak at 2.2 MeV induced
by the capture of spallation neutrons, created predominantly
in the surrounding lead shielding, on hydrogen; and the -
decay spectrum of 2B nuclei, generated by muon capture on
12C in the scintillator. These cosmogenic events are more uni-
formly distributed in the detector volume than source events
(produced around calibration tubes) and provide complemen-
tary information. The calculation of the beta spectrum of 2B
has been updated with respect to previous analyses [6] by in-
cluding more complete calculations of the correction terms to
Fermi theory. The prediction of the BetaShape code [52] is

chosen as the new reference and provided in the supplemen-
tary materials [39].

Energy scale

The quality of the energy scale is estimated from the
residuals between data and simulation using all the control
data mentioned above. For radioactive sources it is the
position of the reconstructed -peaks that is used, whereas
in the case of !?B it is the shape of the beta spectrum. These
two pieces of information are combined in a global fit of
the possible relative distortions between the energy scales of
the data and the simulation. The source residuals provide a
direct measure of these distortions. Their propagation in the
shape of the beta spectrum, more complex, is described by
the formalism presented in [53]]. Extended Data Fig. |2 shows
all residuals at the target level (averaged over all cells) with
an example of global fit using a polynomial of order three as
a model for the distortions. Higher order polynomial as well
as a very general Kernel Density Estimation (KDE) approach
are also used. The energy scale uncertainty for any given cell
is found to be 1%, not correlated between cells, and 0.4% at
the target level. The same results apply to both data collection
phases.

Stability of energy reconstruction

As the detector response evolves with time, two fine-
tunings of the simulation are performed to align the simu-
lated to the experimental distributions of charges on central
dates of each phase (28/04/2018 for phase-II and 28/02/2020
for phase-III). The evolution of the detector before, between
and after these tuning dates is accurately monitored with the
weekly °*Mn calibration runs by computing calibration coef-
ficients (CCs) using the formalism described in [4]. Extended
Data Fig.[3]a shows a continuous decrease of collected photo-
electrons in each cell for the same energy deposits of the
source. The 10 to 20% amplitude across the whole duration of
the experiment is mainly attributed to the loss of transparency
of the liquid scintillator. The monitoring of the position of the
n-H peak from cosmic events, performed for the same period
of time using this set of CCs (Extended Data Fig.[3]b), demon-
strates a remarkable time stability of the energy reconstruction
with 0.25% associated uncertainty achieved for each cell.

Stability of Pulse Shape Discrimination variable

The Pulse Shape Discrimination (PSD) variable is an im-
portant observable used to discriminate electron-like and
proton-like energy deposits, the prompt signal of an IBD event
being electron-like while the dominant fast neutron back-
ground induced by cosmic rays being proton-like. The liquid
scintillator used in STEREO has the ability to perform Pulse



Shape Discrimination: the time distribution of emitted scin-
tillation photons, and of the subsequent charge output of the
PMTs, depends on the density of energy deposition in the lig-
uid. Proton recoils produce excited states of the scintillator
molecules that have longer de-excitation time, leading to an
enhancement of the late part (Qt.;1) of the output electronic
pulse (cf. Extended Data Fig. @a). The PSD variable, de-
fined as the fraction of charge in the late part of the pulse:
Q+tail/ Qtot, therefore discriminates between electron-like de-
posits and proton-like deposits [27)]. The discrimination be-
tween these two populations can be seen with antineutrino
data on Extended Data Fig. [5a.

However the shape of the light pulses is sensitive to the
time evolution of the liquid scintillator properties. Increase in
temperature dilates the liquid and reduces the effective den-
sity of energy deposition shifting the PSD variable to lower
value. Degradation of the optical properties of the liquid
(transparency) reduces the separation of the e-like and p-like
populations. An example of the discrepancy of PSD distribu-
tions between the beginning and end of phase-III is displayed
on Extended Data Fig. [d]b.

The evolution of the PSD variable is not taken into account
by the calibration strategy presented in the previous para-
graph. It requires a dedicated correction, based on the Am-
Be source (n+v type) that has a PSD spectrum comparable to
that of antineutrinos. The principle is the following: Am-Be
calibration data, taken every 1-2 months, are used to monitor
the PSD variable (in each cell independently); the parameters
ruling the PSD evolution with time and temperature are fitted
to Am-Be data to provide a continuous correction of the PSD
variable; this correction is applied to antineutrino runs before
the extraction of the IBD signal.

The distortion of the PSD at date ¢ with respect to a ref-
erence date t.¢ (taken in the middle of the data taking: May
28th, 2019) is expressed with a scaling factor f and a shift .S

PSD(t) = f x PSD(tyet) + S. )

The quantities f and S are determined for each Am-Be cal-
ibration run, every 1-2 months. The continuous evolution is
obtained by a fit with a polynomial function of time (second-
order) and temperature (first order):
f@t.T) = agt+bpt* + cyT + dy 3
S, T) = ast + bst? + ¢, T +ds ~ )

The values of S from Am-Be runs and the fitted S(¢,7T") are
shown for illustration in Extended Data Fig. @ for cell 4. The
expression of the fit function was chosen to be as simple as
possible. A first-order polynomial of the temperature pro-
vides a good fit to the data (Extended Data Fig. 4]d1); how-
ever, a linear dependence on time was not sufficient to cor-
rectly describe the evolution of the PSD variable (Extended
Data Fig. [4]d2).

It was found that the fit coefficients (ay,bys,cr,dy) and
(as,bs,cs,ds) do not significantly depend on either the
height of the source in the calibration tube or the energy of
the events. Therefore the correction was build with calibra-
tion runs in the center of each cell (z = 45 cm), combining

TABLE 1. Selection cuts for IBD candidates (see text for details).

Due to detector ageing, the topology cut on E;f(l)lmpt was loosened

for phase-III.

Type [Requirement for passing cut

1.625 MeV < Egeiector < 7.125 MeV

4.5 MeV < EgSiects” < 10.0 MeV

2 s < ATprompt—delayed < 70 s

AXprompt—delayed < 600 mm

Vertex cell in target (cells 1-6)

Cell next to vertex cell: Ef,fgmpt < 1.0 MeV (phll)
Bl ot < 1.1 MeV (phlIl)

Cell far from vertex cell: nggmpt < 0.4 MeV

EEet > 1.0 MeV

delaye

Energy

Coincidence

Topology

No muon in veto 100 us before the prompt

Cosmic | No muon in detector 200 s before the prompt

No event in detector 100 us before the prompt and
100 s after the delayed

PMT asymmetry < 0.5

background

events from a wide energy range: from 1.625 to 4.125 MeV.
The value of the PSD variable for each physics run (either
reactor-on or -off) at date ¢, with detector temperature 7T, is
then corrected based on the fitted f(¢,7") and S(t,T).

Signal and backgrounds

The extraction of the inverse 5-decay (IBD) signal relies on
two steps. First, the cuts listed in Table|ljare applied: they use
the topology of IBD events, with a prompt signal (e™ kinetic
energy deposit and annihilation) followed by a delayed sig-
nal (n capture). There are four types of cuts: i) cuts defining
the energy range of the prompt and delayed events, ii) cuts
to select pairs of prompt-delayed events with appropriate time
and space coincidence, iii) topology cuts to ensure that most
of the prompt energy is deposited in a single target cell (cells
1-6), and iv) cuts removing cosmogenic background. The cut
on PMT asymmetry, for instance, requires the charge to be
evenly distributed among all 4 PMTs of the vertex cell, thus
removing events happening very close to a single PMT such as
muon decays. The selection cuts are applied on both reactor-
on ("ON”) and reactor-off ("OFF”) samples. The amount of
random coincidences passing these cuts is estimated using an
off-time method. A more complete description of all cuts can
be found in [4].

In the second step, a joint fit of ON and OFF PSD distri-
butions is performed in each energy bin; the difference be-
tween ON and OFF, fitted by a Gaussian, gives the number
of IBD candidates (Extended Data Fig. [5]a) [4]. Event rates
are extracted separately for each phase of data taking in order
to suppress residual effects from detector ageing. The aver-
age signal-to-background ratio is 0.8 for phase-II and 1.0 for
phase-I1I; the higher value for phase-III is due to higher mean



reactor power. Extended Data Fig. [B]b displays the energy-
dependent signal-to-background ratio: it is limited by ran-
dom coincidences at low energy and by the decrease in sig-
nal intensity at high energy. For the oscillation analysis, the
procedure described above provides 12 spectra (6 cells x 2
phases) with 11 energy bins (500 keV wide, from 1.625 MeV
to 7.125 MeV). Data from the 6 target cells are merged for the
spectrum analysis giving 2 input spectra (one per phase) with
finer energy binning (22 bins of 250 keV).

The PSD fit method only accounts for cosmogenic back-
grounds that are monitored when the reactor is turned off. To
check for correlated background related to reactor operation
we directly compared the ON and OFF PSD distributions cor-
rected for the atmospheric pressure instead of fitting a relative
normalisation parameter. Any discrepancy could be an indi-
cation of backgrounds from the reactor or other instruments
neighboring STEREO in ILL’s reactor hall. A hint of an ex-
cess of events is found at low energy for the two phases, as
shown in Extended Data Fig. [5k. It is fitted by a power law,
which is used to correct the neutrino rates (few % correction
at low energy, negligible above 3 MeV). However, the origin
of this reactogenic background is unclear. It may be produced
by fast neutrons, inducing proton recoils in the detector. Such
events would not be confused with the e™ annihilation from
the IBD signal thanks to Pulse Shape Discrimination; there-
fore, a 100% uncertainty is added to this background compo-
nent.

For a global validation of the extraction of neutrino rates
the STEREO dataset has been divided into seven “mini-
experiments” each consisting of 1 reactor cycle flanked by
OFF reactor periods. Extended Data Fig. [f] shows that the 7
neutrino spectra thus obtained are compatible with each other
with a distribution of fluctuations as expected from pure statis-
tics. This cross-check rules out significant spectrum distor-
tions that could be induced by residual effects of the time evo-
lution of the detector response or background.

Neutron efficiency

An accurate computation of the selection efficiencies is a
key aspect to normalize the experimental rates and compare
them to flux predictions. These efficiencies are computed with
the Monte-Carlo simulation of the experiment. However, the
description of low-energy neutron physics may be imperfect
in this simulation; therefore, the efficiency associated to tag-
ging the delayed signal (called neutron efficiency) is validated
with calibration data. The 24! Am-?Be source, producing cor-
related pairs (v,n) mimicking IBD events, is used to evaluate
this efficiency. Its deployment into the target cells at five dif-
ferent heights allows to probe the entire detector volume.

All selection cuts of the delayed signal described in Table 1
are applied, except the 600 mm distance between the prompt
and delayed vertices, not relevant for this study. The resulting
amount of (,n) pairs is compared to a sample without these
cuts, giving the neutron efficiency for measured and simulated
events.

A precise modeling of the de-excitation of Gd isotopes af-

ter neutron capture is obtained using the FIFRELIN code [54].
New features have been implemented to improve the relia-
bility of the STEREO detector response compared to the pre-
vious version [S5]: the physics of conversion electrons and
the subsequent X-ray emission has been treated more accu-
rately; a better description of the high-energy part of the y-ray
spectrum has been achieved by taking into account available
experimental data on primary ~y-rays; a complete treatment
of angular correlations between -rays has been implemented
[S6].

Due to the high intensity of our Am-Be source inducing a
27 kHz event rate in the detector, many random coincidences
have to be removed to get a clean sample of (v,n) pairs. They
are estimated with an off-time windows search and subtracted
statistically. The estimation was improved with respect to the
work presented in [4]. The procedure has been validated with
two Am-Be simulations: one with high intensity (27 kHz,
similar to the data) and another at low intensity (1 Hz) where
random coincidences are negligible.

The neutron efficiency is displayed as function of the source
position in (X, Z) in Extended Data Fig.[7| The spatial depen-
dence of the efficiency is well reproduced in the simulation,
although there is a ~1.5% global difference between data and
simulation. A 3D spatial model of the efficiency €, (X, Y, Z)
is built by fitting the Am-Be points in data or simulation, as-
suming the same behaviour in the two horizontal dimensions
(X and Y). The coefficient

a(X,Y,Z) = d(X,Y, Z2)/eNC(X,)Y, Z). @)

corrects the bias on the selection efficiency due to the imper-
fect modelling of neutron physics in simulation. The integra-
tion of ¢, over each cell volume gives a correction factor for
the amount of IBD candidates detected in each cell. The cell-
averaged coefficient ¢, is the same for all cells:

__0.9824 +£ 0.0063 [uncorr] £0.0019 [corr] ph-2,

Cn = 5
0.9847 £ 0.0063 [uncorr] £0.0027 [corr] ph-3, )

where part of the uncertainty is correlated [corr] between cells
(change in eM€ due to source intensity in simulation, discrep-
ancies on ¢, due to the choice of the 3D spatial model) and
part is uncorrelated [uncorr] between cells (statistical error on
€n Measurements, uncertainty on the positions of the Am-Be
source in each calibration tube).

Sterile neutrino search

The data recorded in STEREO ’s 6 cells are binned in 11
equally wide 500 keV energy bins from 1.625 to 7.125 MeV in
reconstructed energy, separately for the running periods Phase
IT and 111, and are fitted to the predicted spectra by minimising



the following x2:

X2 (sin2 (20cc), Amil; i, ozj) =

i ]% %s (Dp,l,i — ¢ Mp,l,i(SiHQ(Qaee)a Amiy; O‘j)>

o
p=Il I=1 i=1 il

Neelis a?scaleU 2 a?lormU 2 a?eaclBg 2
T (UEscaleU) T (O.NormU> T\ ~ReacBe
1=1 l l 9

BscaleC \ 2 aCuts\ 2 T VS I norm \ 2

+ (O-Escalec> + <0-Cuts> + (O.IIVS IHnorm)

where D, ;; stands for the measured IBD rate in the
i-th energy bin of cell number [ for running Phase p,
M, 1;(sin® (20 ), Am3;,a7) is the predicted IBD rate in
the corresponding bin for the sterile neutrino parameters
(sin?(20..), Am3,), and o’ are the nuisance parameters. The
¢; variables apply a cell-independent correction to the pre-
dicted spectra of each cell M, ; ;, thus absorbing any possi-
ble difference between the spectrum prediction and the ob-
served reactor antineutrino spectrum, rendering the analy-
sis prediction-independent. The statistical uncertainty o, ; ;,
stemming from the background subtraction and the signal
statistics, is parameterised as a function of the expected num-
ber of signal events, which depends on the values of ¢; and
the sterile neutrino parameters. Indeed, some values of these
parameters lead to predicted rates M, ; ; that are significantly
different than the measured values, preventing to use the sta-
tistical uncertainty directly obtained from the signal extrac-
tion. Finally, the nuisance parameters o/ address the system-
atic uncertainties by allowing for adjustments of the predicted
rates within the constraints given by auxiliary measurements
of detector response and backgrounds. These constraints are
at the percent or sub-percent level and are either uncorre-

lated (part of energy scale af**°V normalisation oo™V,

2

reactor background oy <*“”"%) or correlated (part of energy
scale afsc@eC gelection cuts o, relative normalisation of
phases o!Tvs1Tnormy hetween cells. Good systematics control
is paramount in the low Am? region as an energy scale shift
can mimic slow oscillations. A summary of uncertainties can
be found in Extended Data Fig. [g]b.

The Ax? distributions required for the statistical analy-
sis of a given hypothesis (sin?(26,.), Am?2,) are computed
by generating pseudo-experiments and fitting them with the
X2 of eqn. @ (Feldman-Cousins approach). The pseudo-
experiments are produced by taking the predicted spectrum
in each cell and independently fluctuating each energy bin ac-
cording to a normal distribution whose standard deviation is
the statistical uncertainty of the bin o, ; ;. Variations within
the systematic uncertainties are also included. A detailed
account of the statistical analysis leading to the exclusion
contour in the sterile neutrino parameter space (sin2(29€e),
Am3,) is given in [4].

Simultaneous optimisation of ¢; and o’ while fixing
sin?(20..) and Am3, to zero allow us to compare our data
to the predicted spectrum for the no sterile neutrino hypothe-
sis. This hypothesis is a good fit of the data (goodness-of-fit
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is 25%), as can be seen in Extended Data Fig. @}

A further independent sterile neutrino search was per-
formed as a crosscheck [57]]. An analytical parameterization
of the detector response was built for the Phase II period. The
systematic uncertainties on this detector response model were
determined by fitting the cosmogenic ‘2B data and compar-
ing the resulting response model to the one obtained from the
Geant4 simulation. The Phase II data, binned in 250 keV bins,
was then fitted to the predicted spectra for each cell. The
prediction was computed on the fly by the software by con-
volving a common reactor antineutrino spectrum with each
cell’s detector response function. This approach allows for a
more natural treatment of the systematics, detector- as well as
spectrum-related, since the corresponding parameters can be
left free to vary during the fit. Thus, all reactor spectrum bins
between 2.75 and 7.25 MeV in antineutrino energy were free
to vary in the fit. Additionally, 15 detector response param-
eters per cell were left free in the fit, including 3 for energy-
scale and 4 concerning the energy resolution. The resulting
exclusion contour was found to be compatible with the pub-
lished analysis of the Phase-II data [4]].

Spectrum analysis

The systematic uncertainties relevant for the spectrum anal-
ysis are given in Extended Data Fig. [8p. The measurement of
the aperture of the calibration diaphragm measuring the flow
inside the primary circuit of the ILL reactor showed excellent
stability, thus confirming the accuracy of the evaluation of the
reactor power (1.4% uncertainty).

Two complementary implementations of the Tikhonov ap-
proach developped by the STEREO collaboration give the
same results. They are presented in details in [6, [38]. The
strength of the Tikhonov regularisation is carefully chosen to
preserve the shape information of the spectrum at the scale of
a few bins, but by definition it dampens the fluctuations be-
tween neighbouring bins, which become correlated. For the
same reason, a real high-frequency (2-bin) feature in the spec-
trum will be smoothed out. These two effects are encoded in
the covariance matrix and in a filter matrix, available in the
supplementary materials [39]]. Importantly, models should be
folded through the filter matrix to ensure an unbiased compar-
ison with STEREO unfolded spectrum [38]].

The HM-based prediction for the IBD rates is built as fol-
lows. The antineutrino flux (v/fission) is taken as the expo-
nential of a sixth-order polynomial based on Ref. [8]. We
then multiply the antineutrino flux by the IBD cross section
from Ref. [40]]. In order to characterize the spectral distortion
around 5.5 MeV, we describe the excess by a Gaussian and
built the following model based on the HM prediction ®HM:

E, —pn)?
M(E,) =a-®"™(E,) 1+AGXP—(272'M) @)
o
The comparison with STEREO spectrum is done by passing
the prediction through the filter matrix. The fit with the
four parameters improves the x? by 29.0 units compared to
the fit with only the normalization offset, corresponding to



a statistical significance of 4.60 for the 5.5 MeV distortion.
The maximum amplitude of the Gaussian A is fitted to be
(15.6 £ 5.2)%. This distortion was initially observed by ex-
periments with power reactors with similar parameters. Our
result for pure 235U thus indicates that a similar bump is prob-
ably present in the fission spectrum of 239Pu . Based on the
summation model [[10] the distortion in the neutrino spectrum
would imply a similar distortion in the beta spectrum. As a
possible explanation of why it was not seen in the reference
fission beta spectrum measured in the 1980s we suggest that it
could be due to a slight change in the calibration of the mag-
netic spectrometer [21]] during the scan of the 2-9 MeV energy
range. The high sensitivity to such a kink in energy scale has
been discussed in [53]].

11
DATA AVAILABILITY

All the results (sterile neutrino search and spectrum anal-
ysis) and the elements necessary to reproduce them are pro-
vided in the supplementary materials available in Ref. [39].
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EXTENDED DATA FIG. 2. Accurate control of the energy scale. a. Experimental and simulated reconstructed energy spectra of the 5*Mn
source, with the source at 45 cm above the bottom of cell 4. b. Experimental and simulated 2B beta spectra. ¢. Relative difference of the
experimental and simulated position of «-peaks from various radioactive sources. For multi-y sources, all photons are reconstructed in the
same event. n-H and n-Gd peaks originate from the Am-Be source. The reconstructed energies differ from the theoretical ones because of the
quenching effect. d. Ratio of measured and simulated '?B spectra. In ¢ and d the black line and blue band correspond to the global fit of
all residuals and its associated uncertainty, respectively. Here a third order polynomial is used as a model of the relative distortions between
the experimental and simulated energy scales. This function applies directly to the residuals in ¢ while it is converted into spectrum shape
distortions to fit the points in d following the formalism described in [S3]]. All graphs are for Phase III, similar results are obtained for Phase II.
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The two dashed lines represent the fine-tuning dates of the simulation. The solid line marks the transition between phases II and III and the
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that two fine-tuning of the simulation are sufficient for a precise control of the detector response over the whole experiment. b. Residual
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EXTENDED DATA FIG. 4. Stability of the Pulse Shape Discrimination variable. a. Illustration of the Pulse Shape Discrimination method,
that separates electron recoils and proton recoils based on the shape of the collected light pulse. The PSD variable is defined as Qtai1/Qtot-
b. PSD distributions of Am-Be events from a run in May 2019 (reference date for the correction) and another in November 2020 (end of the
data taking), showing the distortion over time (mostly a shift of the distribution). All plots are for cell 4 and reconstructed energies between
1.625 MeV and 4.125 MeV. c. Evolution of the shift required to align the PSD distribution of any given date to the reference of May 2019. The
time-temperature polynomial fit is displayed. d1. Evolution of the shift with temperature: once the time dependence is corrected, the evolution

follows a first-order polynomial. d2. Evolution of the shift over time: once the temperature dependence is corrected, the evolution follows a
second-order polynomial.
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EXTENDED DATA FIG. 5. IBD signal and backgrounds. a. Illustration of the extraction of the IBD signal using event distributions
based on the PSD variable Qyai1/Q1ot (after application of the selection cuts) for phase-III. The two populations (e-recoils and p-recoils) are
well separated. The pair rate in ON (blue) is the sum of: i) correlated background pairs (red, rescaled from OFF data), ii) accidental pairs
(grey squares), iii) the IBD signal (green, modelled by a Gaussian whose integral gives the IBD rate in this bin). The scaling factor a on the
OFF distribution depends on environmental parameters (e.g. atmospheric pressure) and ON/OFF relative running time; it is treated as a free
parameter in the fit. b. Signal-to-background ratios obtained at the target level (combining the 6 cells), for phase-II and phase-III. Higher
reactor power in phase-III led to more IBD signal. ¢. Search for reactor-related background events in the proton-recoil region from the ON
— axOFF distributions at the target level. A low-energy excess is found and fitted by a power law f(E) = poE~P'. Here the a parameter is
not fitted but fixed from the measured sensitivity of the cosmic background to atmospheric pressure and the mean pressure difference between
the ON and OFF periods; the consistency with zero at high energy is a good validation of the extraction method (fitted and computed values of
a are in agreement).
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these residuals is found compatible with a normal distribution.
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EXTENDED DATA FIG. 7. Neutron efficiency. Top panels: neutron efficiency e, obtained with the Am-Be source as function of (a)
horizontal and (b) vertical position for phase-II (red) and phase-III (blue). Measurements (circles) are performed in cells 1, 2, 4, 5 and 6 at
heights Z =10 cm, 30 cm, 45 cm, 60 cm and 80 cm. Simulated efficiencies obtained for the same positions are shown as triangles. A 3D
spatial model is fitted and gives a continuous description of the efficiency in the detector: aﬁata(X ,Y, Z) (solid lines) and EDMC(X Y, Z)
(dashed lines). Bottom panels: the coefficient ¢, = gdata / eM€ is used to correct for efficiency biases due to neutron simulation imperfections.
It is consistent with a constant function of X and a 2nd order polynomial in Z; the difference in the integrated ¢, coming from the choice of a

(X,Y, Z) model for ¢, is considered as systematic uncertainty.
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a. Spectrum analysis systematics

Type Source Uncertainty Correlations
Energy | Phase
Energy reconstruction 0.41% 1 1
Energy scale Time stability 0.25% 1 0
— Total 0.5% 1 0.73
. Selection cuts 0% to 2% 1 1
Signal
Reactor background 5% to 0% 1 1
Non-23U flux Off eq;;lhbrlum 30% 1 1
Al 5% 1 1
Reactor thermal power 1.4% 1 0.46
Proton number 1.0% 1 1
. Neutron efficiency 0.7% 1 0.92
Normalization . .
Neutrino extraction method| 0.7% 1 1
Solid angle 0.5% 1 1
Others [3] 0.3% 1 1
— Total 2.1% 1 0.72
b. Oscillation analysis systematics
Type Source Nuisance Uncertainty Correlations
parameter Energy ‘Cell ‘ Phase
. EscaleC
Energy scale Energy reconstruction afE . 1% 1 0 1
Time stability o e 0.25% 1 1 0
. Selection cuts aCuts 0% to 2% 1 1 1
Signal ReactorB
Reactor background o "8 | 5% to 0% 1 0 1
Relative cell volume o NormU 0.83% 1 0 1
Normalization|  Neutron efficiency ! 0.63% 1 |o0]o91
Relative norm ph-2/ph-3 ! vs 1T norm 1.5% 1 1 -

c. Selection cuts: f(Frec) = p2(Frec — Fo)? + p3(Erec — Eo)?

’ Phase ‘Eo (MeV)‘ D2 ‘ p3 ‘

Phase-II 9.99 x1073|7.74 x1073
1.625

Phase-I1I 1.06 x1072|1.04 x10~2

EXTENDED DATA FIG. 8. Systematics uncertainties. a. The spectrum analysis is based on the target spectrum (sum over all cells):
uncertainties that are uncorrelated between cells are thus reduced at the target level (e.g. energy reconstruction). b. The oscillation analysis
studies relative distortions between spectra in each cell, so systematics related to the overall spectrum shape (e.g. non-23*U flux) or to a common
normalization of neutrino rates in all cells (e.g. solid angle) are not included. Specifically, only part of the neutron efficiency uncertainty is
relevant to the oscillation analysis. Nuisance parameters refer to the x> expression of Eqn. (6). In a. and b. the energy dependence for
uncertainty from selection cuts is given by the f(Frec) function defined in c.; for reactor background, it corresponds to the power law fitting
the observed low-energy excess divided by the signal-to-background ratio (both displayed in Extended Data Fig.[3). ¢. Parameters describing
the energy dependence of the uncertainty associated to selection cuts, for each phase. Their extraction is detailed in [6].
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EXTENDED DATA FIG. 9. Antineutrino spectra in each cell relative to the no-oscillation model. Antineutrino spectra are displayed as a
ratio to the adjusted no-oscillation prediction ¢; M, ;;(0,0; &) for cell I € {1,...,6} and phase p € {II, III}. The best-fit ¢; parameters,
common to all cells and phases, absorb an overall spectrum shape so that only relative distortions between cells remain. No significant deviation
is found between data and the no-oscillation prediction. For illustration we displayed also the spectra induced in each cell by the best-fit sterile
oscillation parameters (dashed red line).
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EXTENDED DATA FIG. 10. Antineutrino yield of ?*>U fission. Overview of the measured antineutrino flux from pure fission of 23*U
(highly enriched nuclear fuel) relative to the HM model. For a direct comparison of data from different detectors with different thresholds
and resolutions, the quantity of interest is the ratio of the measured to expected cross sections per fission, oy. oy is defined as the integral
of antineutrino spectrum multiplied by the IBD cross section. The measurement by STEREO is the most accurate to date and found to be in
excellent agreement with the world average. For comparison, we also display the measurement from Daya Bay and RENO with commercial
reactors (lowly enriched nuclear fuel, green) although it relies on reactor evolution simulations to separate the contribution of 23°U from other
isotopes.
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