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M Check for updates

Anomalies in past neutrino measurements have led to the discovery that these
particles have non-zero mass and oscillate between their three flavours when they
propagate. Inthe 2010s, similar anomalies observed in the antineutrino spectra
emitted by nuclear reactors have triggered the hypothesis of the existence of a
supplementary neutrino state that would be sterile, that is, not interacting by means
of the weak interaction’. The STEREO experiment® ® was designed to investigate this
conjecture, which would potentially extend the standard model of particle physics.

Here we present an analysis of the full set of data generated by STEREO, confirming
observed anomalies while rejecting the hypothesis of a light sterile neutrino.
Installed at the Institut Laue-Langevin (ILL) research reactor, STEREO accurately
measures the antineutrino energy spectrum associated to the fission of 2*U. The
segmentation of the detector and its very short distance to the compact core are
crucial properties of STEREO for our analysis. The measured antineutrino energy
spectrum suggests that anomalies originate from biases in the nuclear experimental
data used for the predictions™. Our result supports the neutrino content of the
standard model and establishes a new reference for the 2*U antineutrino energy
spectrum. We anticipate that this result will allow progress towards finer tests of the
fundamental properties of neutrinos but also to benchmark models and nuclear data
of interest for reactor physics®° and for observations of astrophysical or

geoneutrinos™?,

Reactor antineutrinos have played an important role in the history
of neutrino physics contributing to the discovery of that particle in
1956 (ref. ). They are produced after the fission process during the
beta decay of fission fragments. Thus intense antineutrino fluxes with
a known flavour are produced by nuclear reactors, allowing to study
precisely their properties. The increased accuracy in both prediction
and measurements has paved the way for the study of neutrino oscilla-
tions with essential results in the determination of mass splitting and
mixing angles' ™ that define the frequency and amplitude of such oscil-
lations. A great advance in this field was the measurement of total beta
spectraassociated with the fission of °U, 2°Pu and *Pu performedin
the 1980s'82°, The shape of these spectra was measured with a mag-
netic spectrometer® and the absolute normalization determined by
neutron capture reactions ongold and lead targets replacing the fissile
isotopes for the calibration of the apparatus. A numerical procedure
was then defined to convert these betaspectrainto antineutrino spec-
tra®?, which served as a reference for decades. In 2011, a reevaluation
of this procedure, called the Huber-Mueller (HM) model”, led to the
reactor antineutrino anomaly (RAA) in the comparison with data: the
measured antineutrino rates were about 6% below predictions on aver-
age'. Afew yearslater, ashape distortion was observed by experiments
at power reactors in the form of a ‘bump’ between 5 and 6 MeV, with
anamplitude of about 10% (refs. *"”%%), The disappearance of reactor
antineutrinos as a function of their distance travelled from the reac-
tor being the expected manifestation of an oscillation phenomenon,

it was proposed that a new, fast oscillation towards an extra neutrino
could explain the RAA deficit. From the existing constraints on the
electroweak sector of the standard model?, this neutrino must be
sterile, that is, not coupling with the weak interaction; to be compat-
ible with previous neutrino data, its mass would be expected in the
1-eVrange'. The mixing of fission electron antineutrinos with asterile
neutrino state of such a mass can be approximately described by the
two-flavour oscillation formula

Am3 L
pee=1—sin2(20ee)sin2[4—b‘fl] 1

withsin?(26,.) the amplitude of the mixing, Am? the square mass split-
ting between sterile and standard neutrino states, L the distance
between the emission and detection vertices and £ the energy of the
antineutrino.

Sterile neutrino states are acommon feature of models explain-
ing the neutrino masses® or can also be dark-matter candidates,
triggering a worldwide experimental programme to search for these
particles?.

The STEREO experiment

The STEREO detector wasinstalled in2016 at the ILL high-flux research
reactor in Grenoble. From equation (1), a coupling with a1-eV sterile
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Fig.1| Configuration of the STEREO experiment. Thisdrawingillustrates the
proximity totheILL compact coreand the detector structure. The six identical
cellsofthe target, numbered from1to 6 starting from the reactor side, are
filled with 1.8 m* of gadolinium-doped liquid scintillator. Energy leakage
fromanantineutrino event close to atarget edge is mitigated by the presence
ofay-catcher surrounding the target volume and filled with Gd-unloaded
liquid scintillator. The walls are all reflective and improve the collection of
scintillationlight to PMTs located at the top of each cell. A20-cm-thick acrylic
buffer separates the PMTs from theliquid to ensure ahomogeneous response
inthe whole cell volume. A1.5-mm layer of mu-metal protects the detector
from external magnetic fields and a polyethylene and lead shield isolates it

neutrino would result in spectral distortions over a few metres, as
afunction of the distance to the reactor core. This phenomenon is
exploited by the segmentation of the target volume of STEREQO into
sixidentical cells (Fig.1). The sterile neutrino hypothesisis thus tested
by the comparison of the six measured spectra, independent of any
prediction of the emitted spectrum.

Antineutrinos are detected through the inverse beta decay (IBD)
described by v, + p > € + n, with a mature technology of gadolinium-
loaded liquid scintillator”. The kinetic and annihilation energies depos-
itedintheliquid by the positron form a prompt signal, followed by the
delayed signal of the neutron capture on gadolinium (17 us mean cap-
ture 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 (Extended Data Fig. 1), the average rate of detected antineu-
trinos after all the selection cuts (see Methods) is 394 per day. For the
STEREO experiment exposed to cosmic rays at the Earth surface and
surrounded by other experiments using the ILL neutron beams, back-
ground rejectionis asubstantial challenge. Therefore, heavy lead and
polyethylene shielding, distributed in the walls of the casemate and in
the support structure around the detector, isolate the target volume
from external y 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 discrimination (PSD)
capabilities of the liquid scintillator are exploited. The latter allows
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fromneutronandyfluxes. Thewhole structure is covered by awater Cherenkov
detector allowingto veto cosmic muons passing near the target volume. A layer
of softironand boron-loaded rubber (not shown) completes the protection
against magnetic fields and thermal neutrons, respectively. Furtherlead and
polyethylene shielding at the front and sides of the detector is not shown for
clarity. The presence of awater channel above the detector offers crucial
protection against the cosmic background by reducing the vertical muon flux
by afactor ofabout 4 and by stopping the hadronic showers. The inset
illustrates the spectral distortions expected in the first and the last cellin case
of sterile-neutrino-driven oscillations with parameters corresponding to the
bestfitofthe RAA.

to reject the signals of fast neutrons coming from the interaction of
cosmic rays around the detector. The combination of all these tech-
niques brings the residual rate of accepted cosmic background events
comparable with that of the antineutrinos. It is then precisely measured
and subtracted thanks to the alternation of 50-day 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 period. For this
purpose, all the reactor and detector parameters are continuously
monitored to correct for instabilities. Weekly calibration campaigns
correct the slow drifts of the detector response and the same procedure
of energy reconstruction is applied to the data and the simulation,
which is akey tool to describe this response. To mitigate long-term
effects, the parameters of the simulation are fine-tuned to match cali-
bration data at central dates of each of the two main data-collection
phases. Thus detection systematic uncertainties could be reduced to
the 1% level (see Extended Data Fig. 2 and Methods).

Here we present the STEREO results based on 107,558 antineutrinos
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 defects in summer 2017 (ref. *). It corre-
spondsto 273 reactor-ON days and 520 reactor OFF days, divided into
two main data-taking periods, labelled as phase Il and phase IlI. We
discuss the impact of the complete analysis of our data (sterile neutrino
rejection, neutrino deficit and spectral shape).
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Fig.2|Results of the STEREO oscillation analysis. The exclusion contour
(solidredline) and exclusion sensitivity contour (dashed red line) at 95% CL
areshownin the plane of the sterile neutrino parameters: the oscillation
amplitude, sin*(26,.), related to sterile-active neutrinos mixing angle 6.,

and the oscillation frequency, Am?,, which is also the difference of the square
masses of the extraneutrino mass eigenstate and the lightest one. High

values of sin?(26,.) are excluded (right of the exclusion curve). These results are
derived ina2D Feldman-Cousins framework (red). We verify our conclusions
by following an alternative statistical prescription, the Gaussian CLs method*,
whichyields a very similar exclusion contour (blue). The 95% CL parameter
spaceregionof the sterile neutrino as an explanation of the RAA (grey area) is
rejected by STEREO below mass splittings of 4 eV2. Theinitial RAA best-fit
point, marked by astar, isrejected with very high CL (P-value <107*).

Rejection of the sterile neutrino hypothesis

The discrepancies between the predicted and observed antineutrino
spectrarender difficult the choice of an external oscillation-free refer-
ence spectrum for the sterile neutrino search. Thus, to realize a
prediction-independent sterile neutrino search, in STEREO, we exploit
the marked dependence with the distance of the induced oscillation
pattern for our baseline range (roughly 9 to 11 m). The different hypoth-
eses Hy(sinz(zeee), Am3,) for the parameters of the sterile neutrino
were tested by comparing the six independent antineutrino spectra
recorded from the six cells toacommon modelin which all experimen-
tal systematic uncertainties are propagated. We adopt a profile Ay?
approachanduseasateststatistic the difference between the minimum
stinz(zaee),Amil (in which all but the (sin?(26,.), Am?,) parameters are
left freein the fit) and the global minimum Xﬁest s (inwhich the sterile
neutrino parameters have also been optimized). Because Wilks’ theo-
rem conditions are not met?®, we follow Feldman and Cousins’ prescrip-
tion?” and compute the Ay? distributions for each hypothesis using
pseudo-experiments. When the P-value for the observed data given
the hypothesis 74, (sin®(26,,), Am3,) is <0.05, we exclude the corre-
sponding (sin(26,.), Am3,) point in the parameter space at the 95%
confidence level (CL).

Our analysis excludes the parameter space favoured by the RAA up
toafeweV?at 95% CL or greater (see Fig. 2). Furthermore, we find that
the best-fit points of the oscillation signals reported by the Neutrino-4
(ref.3%) and the NEOS-RENO?! 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 the explanation of the RAA by a few-eV-mass
sterile neutrinois strongly disfavoured by STEREO data. Other experi-
ments reach the same conclusion®*,

Interest in the high Am? region (short-wavelength oscillation) has
been renewed recently by the results of the BEST experiment, which
confirm the gallium anomaly. Sensitivity in this part of the parameter
spaceis limited for STEREO owing to the baseline ranges of our setup.
Suchsterile neutrino mass values are, however, in strong tension with
cosmic microwave background analyses* and are investigated by the
KATRIN experiment?®.

Reference >**U antineutrino spectrum

The precise control of the detector response* combined with agood preci-
siononthereactor power® allows to extend the analysis of STEREO to study
the shape and absolute normalization of the antineutrino spectrum. The
highly enriched U fuel used at the ILL gives access to the antineutrino
spectrum emitted by the fission of this single isotope, complementary
to commercial reactors whose low enriched fuel induces fission frac-
tions distribution between U, *Pu, 28U and *'Pu. As the six single-cell
spectraare compatible with each other, the analysis of the antineutrino
spectrum is performed by combining the selection of events in the six
cells of the target volume. A spectrum is thus obtained as a function of
the reconstructed energy deposited in the scintillator by the positron.
However, we provide a reference spectrum directly usable by the com-
munity by using a procedure to deconvolute the energy spectrum from
the response of the detector. The method is based on afit of the spec-
trum in antineutrino energy to the spectrum in reconstructed positron
energy through the detector response matrix, the latter being derived
fromthe Monte Carlo simulation of the detector. The statistical fluctua-
tions and the finite energy resolution of the detector induce numerical
instabilities in this procedure. They are regularized by a Tikhonov-type
approach®¥.Biases of the method are encoded inafilter matrix provided
in ref.; applying this filter matrix to a spectrum prediction ensures an
unbiased comparison with the unfolded STEREO spectrum, shown in
Fig. 3a. This spectrum corresponds to the largest sample of pure 25U
fission antineutrinos from a single experiment so far. The details of the
systematic uncertainties relevant for this analysis are givenin Methods.

A specificity of STEREQ is to control the absolute normalization
of the measurement. Thus the integral of the spectrum provides the
most precise measurement of the production of antineutrinos by the
fission of U from a highly enriched *°U reactor. It shows a deficit of
5.5+2.1% compared with the HM model, in excellent agreement with
theworld average (Extended DataFig. 9), and confirms the prominent
role of U in the RAA.

Beyond this global deficit, the STEREO measurement also clearly
highlights aspectral distortion compared with the HM model (Fig. 3b)
that cannot be explained by an oscillation. Thereis thus a strong tension
between this prediction, derived fromthe conversion of the total beta
spectrum from 2*U fissions, and that of the measured total antineu-
trino spectrum. A much better agreement with the STEREO results is
obtained by the most recent summation models®°. Such approach,
complementary to the conversion (HM) method, builds a prediction
with the sum of the antineutrino spectra of all fission products taken
fromthe nuclear databases. A key ingredient of these modelsis the cor-
rection of the betastrengthsinvolved in the decay of fission products.
Experimentally, itis difficult to measure beta transitions to the highly
excited levels of the daughter nucleus, because of the high density of
states and the complex y-cascades that are associated®. This results
inawell-known biasin nuclear databases that tends to underestimate
the contribution of low-energy beta transitions. It seems that correct-
ing this bias is a key element in bringing the summation models into
agreement with the STEREO results'™.

Impact and outlook

The STEREO experiment provides the most accurate measurement so
far of the antineutrino spectrum from pure **U fission, corrected for
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Fig.3|Newreference >**Uantineutrino spectrum. a, The unfolded
antineutrino spectrumassociated to the fission of 2*U (black points) is
shownwith the HM prediction (blue) in the true antineutrino energy space.
Thevertical barsand blueband represent the respective total uncertainties
ata68%CL (noted 1o hereafter) and the vertical axis provides the absolute
IBDyield. To obtain the HM prediction, the emitted spectrum was multiplied
by the theoretical IBD cross-section*®, The matrixillustrates the bin-to-bin
correlations. Because 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 notable discrepanciesinnormandin shape. However,

thedetectorresponse. Itisintended to be used by the particle physics
community as a reference spectrum for future high-precision reac-
tor experiments, such as the determination of the mass hierarchy of
neutrinos*® or the low-energy tests of the standard model with the
recently accessible process of coherent elastic neutrino-nucleus scat-
tering*. Observations of astrophysical™ or geoneutrinos™ consider
reactor antineutrinos as a background source and would also benefit
fromanimproved description of their flux. For these purposes, all the
results as well as the elements necessary to reproduce them are made
publicly available®,

We find marked deviation in normalization and shape with respect
to the HM prediction while, at the same time, we reject with high CL
the hypothesis of a sterile neutrino of mass around 1 eV. Our findings
supportthe conclusions of arecent global analysis of all neutrino data
collected at reactors*?, which points to anormalization biasin the beta
spectrum from?*U fission on which the HM predictionis anchored as
the most probable explanation for the overall deficit. The involved
nuclear data (neutron capture onlead and associated electron conver-
sion) are being questioned. Arecent direct measurement of the ratio of
25U to »°Pu fission beta spectra*®®, found to be 5% lower than the ratio
of the initial beta spectra'®?, supports this hypothesis.

The comparison of our reference >*U spectrum with the most recent
summation modelsillustrates a shiftin trend in which a direct measure-
ment of fission antineutrino spectra such as that of STEREO becomes
abenchmark for nuclear data. Beyond its relevance for fundamen-
tal physics of neutrinos, this measurement of the total antineutrino
spectrum from?*>U has the potential to constrain the evaluated fission
datawith, in particular, a sensitivity to the fission yields*** and to the
description of the beta transitions of fission products®. Our reference
spectrum, as well as the associated gain in reliability and accuracy of
the nuclear data, finds direct applications in the operation and surveil-
lance of reactors*.
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abetteragreementis obtained with two recent summation models. The
prediction of Estienne et al.” (magenta) corrects the evaluated nuclear data

by including the most recent measurements of the B-strengths of the main
fission products. Itisin good agreement with the mean deficit measured by
STEREO and could indicate the beginning of ashape distortion at high energy.
Acomplementary approach® (red band of louncertainties) generalizes the
correction of the B-spectrato all nuclei by completing the 3-decay schemes of
the ENSDF nuclear database* with a simple phenomenological Gamow-Teller
B-decay strength model. Remarkable agreement with the STEREO spectrumiis
obtained inboth normalization and shape.
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Methods

Datataking

The STEREO experiment has taken data from November 2016 to Novem-
ber2020. Inthefirst phase of the experiment (November 2016 to Febru-
ary2017), the response of the detector was affected by several defects
oftheacryliccomponents of the inner detector: the light collectionin
cell 4 and in the front y-catcher was reduced by a factor of about 2.5
owing to a leak of mineral oil optically coupling the photomultiplier
tubes (PMTs) and the acrylic buffers; the cross-talk between cells sub-
stantiallyincreased over time as aresult of ingress of liquid scintillator
inside the sandwich structure of most acrylic walls. Taking advantage
ofalong maintenance period of the reactor, the detector was repaired
during summer 2017 and the subsequent phase Il (October 2017 to April
2019) and phase Il (April 2019 to November 2020) of data taking were
showntobe far more stable with very similar responses fromall target
cells. Allresults reported here are based on the high-quality datafrom
these last two phases® 8 (see Extended Data Fig. 1). They contain about
twice as much data as in previous STEREO publications®®,

Weekly calibration runs are performed by inserting a *Mn source
at five different heights above the bottom of the target (z=10, 30, 45,
60 and 80 cm) in each of the six cells, with the exception of cell 3, in
which a similar tube is present but used to fill the liquid scintillator.
Also, full calibration campaigns are performed every few months with a
completeset of sources (*’Cs,**Mn, ®Zn, *K, ®°Co, **Na and **Am-°Be),
coveringthe neutrino energy range and inducing various topologies of
energy deposits (single y, multi-y, y+neutron). Some of these sources
had much higher rates than antineutrino interactions. To be sure that
the baseline voltage of the electronics has recovered between every
two events, only events with at least 10 ps to the previous 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 descrip-
tion of the detector response in the GEANT4 (ref. ) simulation, which
describes the propagation andinteraction of particlesin the detector,
thescintillation process including quenching, the light transportand
conversion into photoelectrons in the PMTs*, 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-ray interac-
tions were also studied: the y-peak at 2.2 MeV induced by the capture
of spallation neutrons, created predominantly in the surrounding lead
shielding, on hydrogen, and the B-decay spectrum of 2B nuclei, gener-
ated by muon capture on>Cin the scintillator. These cosmogenic events
are more uniformly distributed in the detector volume than source
events (produced around calibration tubes) and provide complemen-
tary information. The calculation of the beta spectrum of ?B has been
revised withrespect to previous analyses® by including more complete
calculations of the correction terms to Fermi theory. The prediction
of the BetaShape code® is chosen as the new reference and provided
inthe supplementary materials™,

Energy scale. The quality of the energy scale is estimated from the
residuals between data and simulation using all the control data men-
tioned above. For radioactive sources, it is the position of the recon-
structed y-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 propagationinthe shape of
thebetaspectrum, whichis more complex, is described by the formal-
ism presented in ref. ®. 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 amodel for the distortions. Higher-order

polynomial as well as a very general kernel density estimation approach
arealsoused. The energy-scale uncertainty for any given cell is found
tobe1%, 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 simulated to the experimental distributions of charges on central
dates of each phase (28 April 2018 for phase Il and 28 February 2020 for
phaselll). The evolution of the detector before, between and after these
tuning datesis accurately monitored with the weekly**Mn calibration
runs by computing calibration coefficients (CCs) using the formalism
described inref. *. Extended DataFig. 3a shows a continuous decrease
of collected photoelectronsin each cell for the same energy deposits
ofthe source. The10-20% amplitude across the whole duration of the
experimentis mainly attributed to theloss 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. 3b), demonstrates a remarkable time stability of
the energy reconstruction with 0.25% associated uncertainty (1olevel)
achieved foreach cell. The decrease of collected photoelectrons results
inaslow degradation of the energy resolution (Extended Data Fig. 3c).

Stability of the PSD variable. The PSD variable is an important
observable used to discriminate electron-like and proton-like energy
deposits, the prompt signal of an IBD event being electron-like, whereas
the dominant fast neutron background induced by cosmic rays being
proton-like. The liquid scintillator used in STEREO has the ability to
perform PSD: the time distribution of emitted scintillation photons, and
ofthe subsequent charge output of the PMTs, depends on the density of
energy depositionintheliquid. Proton recoils produce excited states of
thescintillator molecules that have longer de-excitation time, leading
toanenhancementofthelate part (Q.,;) of the outputelectronic pulse
(see Extended Data Fig. 4a). The PSD variable, defined as the fraction
of chargeinthelate part of the pulse, Q.,;/Q..., therefore discriminates
between electron-like deposits and proton-like deposits?. The discrimi-
nation between these two populations can be seen with antineutrino
datain Extended Data Fig. 5b.

However, the shape of the light pulses is sensitive to the time evo-
lution of the liquid scintillator properties. Increase in temperature
dilatestheliquid and reduces the effective density of energy deposition,
shifting the PSD variable to a lower value. Degradation of the optical
properties of the liquid (transparency) reduces the separation of the
electron-like and proton-like populations. An example of the discrep-
ancy of PSD distributions between the beginning and end of phase Il
isshown in Extended Data Fig. 4b.

The evolution of the PSD variable is not taken into account by the
calibration strategy presented in the previous paragraph. It requires a
dedicated correction, based onthe Am-Be source (n+y type) thathasa
PSD spectrum comparable with that of antineutrinos. The principleis
as follows: Am-Be calibration data, taken every 1-2 months, are used
to monitor the PSD variable (in each cell independently); the param-
etersruling 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 reference date
t.s(takenin the middle of the data taking, 28th May 2019) is expressed
with ascaling factor fand a shift S:

PSD(£) =fx PSD(t,p) +S. )
The quantities fand S are determined for each Am-Be calibration run,

every 1-2 months. The continuous evolution is obtained by a fit with a
polynomialfunction of time (second order) and temperature (first order):



f(t, T):aft+bft2+CfT+df

. 3

|S(¢, T) =ayt+byt*+c,T+d; )
The values of S from Am-Be runs and the fitted S(¢, T) are shown for
illustration in Extended Data Fig. 4c for cell 4. The expression of the
fit function was chosen to be as simple as possible. A first-order poly-
nomial of the temperature provides a good fit to the data (Extended
DataFig.4d1); however, alinear dependence on time was not sufficient
to correctly describe the evolution of the PSD variable (Extended Data
Fig. 4d2).

It was found that thefit coefficients (a;, by, ¢, d) and (a, b;, ¢,, d;) do
notstrongly depend oneither the height of the sourceinthe calibration
tube or the energy of the events. Therefore the correction was built
with calibration runs in the centre of each cell (z=45 cm), combining
eventsfromawide energy range, from1.625t04.125 MeV. The value of
the PSD variable for each physics run (either reactor-on or reactor-off)
at date ¢, with detector temperature T, is then corrected on the basis
of thefitted f(¢, T) and S(¢, 7).

Signal and backgrounds
Theextraction of the IBD signal relies ontwo steps. First, the cuts listed
inExtended DataFig. 5aare applied: they use the topology of IBD events,
with a prompt signal (e* kinetic energy deposit and annihilation) fol-
lowed by a delayed signal (n capture). There are four types of cut:
(1) cuts defining the energy range of the prompt and delayed events,
(2) cuts to select pairs of prompt-delayed events with appropriate
time and space coincidence, (3) topology cuts to ensure that most of
the prompt energy is deposited in a single target cell (cells 1-6) and
(4) cuts removing cosmogenic background. The cut on PMT asymmetry,
for instance, requires the charge to be evenly distributed among all
four PMTs of the vertex cell, thus removing events happening very close
toasingle PMT, such as muon decays. The selection cuts are applied on
bothreactor-on (‘ON’) and reactor-off (‘OFF’) samples. The amount of
random coincidences passing these cutsis estimated using an off-time
method. Amore complete description of all cuts can be found inref. *.
Inthe second step, ajoint fit of ON and OFF PSD distributions is per-
formed in each energy bin; the difference between ON and OFF, fitted
by a Gaussian, gives the number of IBD candidates* (Extended Data
Fig. 5b). Event rates are extracted separately for each phase of data
taking to suppress residual effects from detector ageing. The average
signal-to-background ratio is 0.8 for phase Il and 1.0 for phase III; the
higher value for phase Il is because of the higher mean reactor power.
Extended DataFig.5c shows the energy-dependentsignal-to-background
ratio: it is limited by random coincidences at low energy and by the
decrease in signal 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 to 7.125 MeV). Data from
the six target cells are merged for the spectrum analysis, giving two input
spectra (one per phase) with finer energy binning (22 bins 0of 250 keV).
The PSD fit method only accounts for cosmogenic backgrounds that
aremonitored when the reactor is turned off. To check for correlated
background related to reactor operation, we directly compared the
ON and OFF PSD distributions corrected for the atmospheric pressure
instead of fitting arelative normalization parameter. Any discrepancy
couldbeanindication of backgrounds fromthe reactor or other instru-
ments neighbouring STEREO in the reactor hall of the ILL. A hint of an
excessof eventsisfound atlow energy for the two phases, asshownin
Extended Data Fig. 5d. It is fitted by a power law, which is used to cor-
rect the antineutrino 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
inthe detector. Such events would not be confused with the e* annihila-
tion from the IBD signal thanks to PSD; therefore a100% uncertainty
isadded to this background component.

For a global validation of the extraction of antineutrino rates, the
STEREO dataset has been divided into seven ‘mini-experiments’,
each consisting of one reactor cycle flanked by OFF reactor periods.
Extended Data Fig. 6 shows that the seven neutrino spectra thus
obtained are compatible with each other with a distribution of fluc-
tuations as expected from pure statistics. This cross-check rules out
notable spectrum distortions that could be induced by residual effects
of the time evolution of the detector response or background.

Neutron efficiency

Anaccurate computation of the selection efficienciesis akey aspect to
normalize the experimental rates and compare them with flux predic-
tions. 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 tagging the delayed signal (called neutron efficiency)
is validated with calibration data. The 2’Am-°Be source, producing
correlated pairs (y, n) mimicking IBD events, is used to evaluate this
efficiency. Its deploymentinto the target cells at five different heights
allows to examine the entire detector volume.

All selection cuts of the delayed signal described in Extended Data
Fig.5aare applied, except the 600-mm distance between the prompt
and delayed vertices, which are not relevant for this study. The result-
ing amount of (y, n) pairs is compared with a sample without these
cuts, giving the neutron efficiency for measured and simulated events.

A precise modelling of the de-excitation of Gd isotopes after neu-
tron captureis obtained using the FIFRELIN code®. New features have
beenimplemented to improve the reliability of the STEREO detector
response compared with the previous version®: the physics of conver-
sion electrons and the subsequent X-ray emission has been treated
more accurately; a better description of the high-energy part of the
y-ray spectrum has been achieved by taking into account available
experimental dataon primaryy-rays; acomplete treatment of angular
correlations between y-rays has been implemented®*.

Owing 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 obtain a clean sample of (y, n) pairs. They are estimated
with an off-time windows search and subtracted statistically. The esti-
mation was improved with respect to the work presented inref. *. The
procedure has been validated with two Am-Be simulations: one with
highintensity (27 kHz, similar to the data) and another at low intensity
(1Hz), in which random coincidences are negligible.

The neutron efficiency is shown as a function of the source posi-
tionin (X, 2) in Extended Data Fig. 7. The spatial dependence of the
efficiency is well reproduced in the simulation, although there is
anapproximately 1.5% global difference between data and simulation.
A 3D spatial model of the efficiency €,(X, Y, 2) is built by fitting the
Am-Be points in data or simulation, assuming the same behaviour in
the two horizontal dimensions (Xand Y). The coefficient

(X, Y, 2)=e%%X, v, Z)/eNX, Y, Z) (4)

corrects the bias on the selection efficiency owing to the imperfect
modelling of neutron physics in simulation. The integration of ¢, over
each cell volume gives a correction factor for the amount of IBD candi-
dates detectedineachcell. The cell-averaged coefficient ¢, is the same
forall cells:

0.9824+0.0063 [uncorr] £0.0019 [corr] phase-1I,
Co= Q)
0.9847+0.0063 [uncorr] £0.0027 [corr] phase - 1II,

inwhich partoftheuncertaintyis correlated [corr] between cells (change
ineMCowing to sourceintensity insimulation, discrepancies on ¢, owing
tothe choice of the 3D spatial model) and partis uncorrelated [uncorr]
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between cells (statistical error on &, measurements, uncertainty on the
positions of the Am-Be source in each calibration tube).

Sterile neutrino search

The datarecordedin thesix cells of STEREO are binned in 11equally wide
500-keV energy bins from1.625to0 7.125 MeVin reconstructed energy,
separately for the running periods phase Il and phaselll, and are fitted
to the predicted spectra by minimizing the following x*

. I Neelis
X2(sin?(20.0), Am3y; @, ) = Y
p=ll I=1

- \2
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inwhich D, ; stands for the measured IBD rate in the ith energy bin of
cellnumber [for running phase p, M, ; (sin®(26,.), Am3,, a’)is the pre-
dicted IBD rate inthe corresponding bin for the sterile neutrino param-
eters (sin®(26,.), Am3;) and o’ are the nuisance parameters. The ¢,
variables apply a cell-independent correctionto the predicted spectra
of each cell M, ;;, thus absorbing any possible difference between the
spectrum predictionand the observed reactor antineutrino spectrum,
rendering the analysis prediction-independent. The statistical uncer-
tainty ,,;, stemming from the background subtraction and the signal
statistics, is parameterized as a function of the expected number of
signal events, which depends on the values of ¢;and the sterile neutrino
parameters. Indeed, some values of these parameterslead to predicted
rates M, that are substantially different from the measured values,
preventing use of the statistical uncertainty directly obtained from
the signal extraction. Finally, the nuisance parameters ¢ address the
systematic uncertainties by allowing for adjustments of the predicted
rates within the constraints given by auxiliary measurements of detec-
tor response and backgrounds. These constraints are at the percent
or sub-percent level and are either uncorrelated (part of energy scale

fFscaley NormU reactor background o} **“'®€) or corre-

i=1

(6)

aj , normalization a;
lated (part of energy scale a®¢, selection cuts a®*, relative normal-
ization of phases a"**""""™) between cells. Good systematics control is
paramount in the low Am? region, as an energy-scale shift can mimic
slow oscillations. Asummary of uncertainties can be found in Extended
DataTable 1a.

The Ax? distributions required for the statistical analysis of a given
hypothesis (sin®(26,.), Am3,) are computed by generating pseudo-
experiments and fitting them with the y? of equation (6) (Feldman-
Cousins approach). The pseudo-experiments are produced by taking
the predicted spectrum in each cell and independently fluctuating
each energy bin according to a normal distribution whose standard
deviation is the statistical uncertainty of the bin g, ;. 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 (sin%(26,.), Am3)) is given in ref. *.

Simultaneous optimization of ¢; and o’ while fixing sin*(26,.) and
Amj;tozeroallow us to compare our datawith the predicted spectrum
for the no-oscillation hypothesis. This hypothesis is a good fit of the
data (goodness-of-fitis 25%), as can be seen in Extended Data Fig. 8.

A further independent sterile neutrino search was performed as a
cross-check®. Ananalytical parameterization of the detector response
was built for the phase Il period. The systematic uncertainties on this
detector-response model were determined by fitting the cosmogenic

2B data and comparing the resulting response model to the one
obtained from the GEANT4 simulation. The phase Il 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 convolving
acommon reactor antineutrino spectrum with the detector response
function of each cell. This approach allows for amore natural treatment
ofthe systematics, detector-related as well as spectrum-related, as 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. Furthermore, 15 detector-response
parameters per cell were left free in the fit, including three for energy
scale and four concerning the energy resolution. The resulting exclu-
sion contour was found to be compatible with the published analysis
of the phase Il data*.

Spectrum analysis

The systematic uncertainties relevant for the spectrum analysis are
givenin Extended Data Table 1b. A survey of the diaphragm used to
determine the flow of heavy water inside the primary circuit of the ILL
reactor has been performedin 2022. It has shown an excellent stability
of the geometry of the aperture, thus confirming the accuracy of the
evaluation of the reactor power (1.4% uncertainty®).

Two complementary implementations of the Tikhonov approach
developed by the STEREO Collaboration give the same results. They
are presented in detail in refs. %, The strength of the Tikhonov regu-
larizationis carefully chosento preserve the shape information of the
spectrumat the scale of afew bins, but—by definition—it dampens the
fluctuations between neighbouring bins, which become correlated.
For the same reason, a real high-frequency (two-bin) feature in the
spectrum will be smoothed out. These two effects are encoded in the
covariance matrix and inafilter matrix, available in the supplementary
materials®. Notably, models should be folded through the filter matrix
toensure an unbiased comparison with STEREO unfolded spectrum®.

The HM-based prediction for the IBD rates is built as follows. The
antineutrino flux (v per fission) is taken as the exponential of a
sixth-order polynomial based on ref. . We then multiply the antineu-
trino flux by the IBD cross-section from ref. *, To characterize the
spectral distortionaround 5.5 MeV, we describe the excess by aGaussian
and build the following model based on the HM prediction ®"™:

(EV _Mgaus)2

M(E,) = a- O"™(E,)| 1+ Agy,sexp — -,
20gaus

(7)

The comparison with the STEREO spectrum is done by passing the
predictionin equation (7) through the filter matrix. The fit with the four
parametersimproves the y>by 29.0 units compared with 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 experiments with power reactors with similar parameters.
Our result for pure 25U thus indicates that a similar bump is probably
present in the fission spectrum of 2*°Pu. On the basis of the summa-
tion model', the distortion in the neutrino spectrum would imply a
similar distortion in the beta spectrum. As a possible explanation for
why it was not seen in the reference fission beta spectrum measured
inthe 1980s, we suggest that it could be the result of aslight changein
the calibration of the magnetic spectrometer® during the scan of the
2-9-MeV energy range. The high sensitivity to such a kink in energy
scale has been discussed in ref. *.

Data availability

All the results (sterile neutrino search and spectrum analysis) and
the elements necessary to reproduce them are provided in the



supplementary materials available in ref. %%, In accordance with the
ILL data policy, all raw data are available in refs. 8, Further informa-
tionis available on request by contacting the STEREO Collaboration.

50. Lhuillier, D. et al. STEREO run - cycle 181. https://doi.org/10.5291/ILL-DATA.ST-9 (Institut
Laue-Langevin (ILL), 2018).

51.  Lhuillier, D. et al. STEREO run cycle 2018/02. https://doi.org/10.5291/ILL-DATA.ST-10
(Institut Laue-Langevin (ILL), 2018).

52. Lhuillier, D. et al. STEREO run - cycle 184. https://doi.org/10.5291/ILL-DATA.ST-11 (Institut
Laue-Langevin (ILL), 2018).

53. Lhuillier, D. et al. STEREO run shutdown 2018-19. https://doi.org/10.5291/ILL-DATA.ST-12
(Institut Laue-Langevin (ILL), 2018).

54. Lhuillier, D. et al. STEREO phase Il run shutdown 2019-0. https://doi.org/10.5291/ILL-DATA.
ST-13 (Institut Laue-Langevin (ILL), 2019).

55. Lhuillier, D. et al. STEREO phase Il run cycle 19-1. https://doi.org/10.5291/ILL-DATA.ST-14
(Institut Laue-Langevin (ILL), 2019).

56. Lhuillier, D. et al. STEREO phase IIl run cycle 2019-2. https://doi.org/10.5291/ILL-DATA.ST-15
(Institut Laue-Langevin (ILL), 2019).

57.  Lhuillier, D. et al. STEREO phase IIl run cycle 2020-1. https://doi.org/10.5291/ILL-DATA.ST-16
(Institut Laue-Langevin (ILL), 2020).

58. Lhuillier, D. et al. STEREO phase IIl run cycle 2020-2. https://doi.org/10.5291/ILL-DATA.ST-17
(Institut Laue-Langevin (ILL), 2020).

59. Agostinelli, S. et al. GEANT4—a simulation toolkit. Nucl. Instrum. Methods Phys. Res. A
506, 250-303 (2003).

60. Mougeot, X. BetaShape: a new code for improved analytical calculations of beta spectra.
EPJ Web Conf. 146, 12015 (2017).

61.  Mention, G. et al. Reactor antineutrino shoulder explained by energy scale nonlinearities?
Phys. Lett. B 773, 307-312 (2017).

62. Litaize, O., Serot, O. & Berge, L. Fission modelling with FIFRELIN. Eur. Phys. J. A 51,177 (2015).

63. Almazan, H. et al. Improved STEREO simulation with a new gamma ray spectrum of
excited gadolinium isotopes using FIFRELIN. Eur. Phys. J. A 55, 183 (2019).

64. H.Almazan et al. Improved FIFRELIN de-excitation model for neutrino applications.
Preprint at https://arxiv.org/abs/220710918 (2022).

65. Labit, L.-R. Very Short Baseline Neutrino Oscillations Study with the STEREO Detector at ILL;
Calibration of the STEREO Detector. PhD thesis, Univ. Savoie Mont Blanc (2021); https://
hal.archives-ouvertes.fr/tel-03596718

66. Gariazzo, S., Giunti, C., Laveder, M. & L, Y. F. Updated global 3+1 analysis of short-baseline
neutrino oscillations. J. High Energy Phys. 2017,135 (2017).

Acknowledgements This work is financed by the French National Research Agency (ANR)
within the project ANR-13-BS05-0007 and the ‘Investments for the Future’ programme
ENIGMASS LabEx (ANR-11-LABX-0012). The authors are grateful for the technical and
administrative support of the ILL for the installation and operation of the STEREO detector. We
further acknowledge the support of the CEA, the CNRS/IN2P3 and the Max Planck Society.

Author contributions All listed authors have contributed to the present publication. The
different contributions span from the design and construction of the STEREO detector and its
installation on the reactor site to the acquisition of data and the development of the simulation
and analysis software. The manuscript was reviewed by the whole collaboration (https://www.
stereo-experiment.org/) and all authors approved its final version; the authors’ names are
listed alphabetically.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/101038/s41586-022-05568-2.

Correspondence and requests for materials should be addressed to D. Lhuillier.

Peer review information Nature thanks Patrick Huber, Junpei Maeda and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer reviewer
reports are available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.5291/ILL-DATA.ST-9
https://doi.org/10.5291/ILL-DATA.ST-10
https://doi.org/10.5291/ILL-DATA.ST-11
https://doi.org/10.5291/ILL-DATA.ST-12
https://doi.org/10.5291/ILL-DATA.ST-13
https://doi.org/10.5291/ILL-DATA.ST-13
https://doi.org/10.5291/ILL-DATA.ST-14
https://doi.org/10.5291/ILL-DATA.ST-15
https://doi.org/10.5291/ILL-DATA.ST-16
https://doi.org/10.5291/ILL-DATA.ST-17
https://arxiv.org/abs/2207.10918
https://hal.archives-ouvertes.fr/tel-03596718
https://hal.archives-ouvertes.fr/tel-03596718
https://www.stereo-experiment.org/
https://www.stereo-experiment.org/
https://doi.org/10.1038/s41586-022-05568-2
http://www.nature.com/reprints

Article

- x103
2 [
60 F 4 120 ¢
= -]
= o
w L
) 100
2 3
o c
. 80 E
—
S
2 9]
% c
] ©°
2 60 9
O
(0]
40 ©
o
Phase-lI Phase-IlI 20
0
01/18 07/18 01/19 07/19 01/20 07/20
Date (MM/YY)
Extended DataFig.1|STEREO data taking. The left-hand axisrefers to the Thealternation of reactor-on (‘ON’) and reactor-off (‘OFF’) periodsis akey
reactor power graph (orange), whereas the associated cumulative number of aspectoftheexperimentto accurately control the subtraction of cosmogenic
detected antineutrinos (dark green) can beread on the right-hand axis. Three background.

reactor cycles occurred during phase Il and four other cyclesin phaselll.
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Extended DataFig.2|Accurate control ofthe energyscale. a, Experimental
and simulated reconstructed energy spectraof the **Mn source, with the
sourcebeing 45 cmabove thebottomof cell 4. b, Experimental and simulated
2B betaspectra. Only statistical uncertainties are shownin these two first
plots. ¢, Relative difference of the experimental and simulated position of
y-peaks from various radioactive sources (red points). For multi-y sources, all
photonsarereconstructed in the same event. n-H and n-Gd peaks originate
fromthe Am-Be source. The reconstructed energies differ from the physical
onesbecause of the quenching effect. The statistical uncertainties are
negligible for both the simulation and the data. The dominant contribution
comes from the systematics in the determination of the peak positions
(including time stability, choice of fit function and fit range). d, Ratio of
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measured and simulated ?B spectrum (red points). The error barsinclude
the systematic uncertainties of the simulated ?B spectrum (dominant
contribution) and the statistical uncertainty of the measured spectrum.In
candd, theblacklineand blue band correspond to the global fit of all residuals
anditsassociated uncertainty, respectively. Here a third-order polynomial is
used asamodel of therelative distortions between the experimental and
simulated energy scales. This function applies directly to the residualsin
c,whereasitis convertedinto spectrum shape distortions to fit the pointsin
dfollowing the formalism described in ref. ®*. Alluncertainties are taken ata
68% CL (noted 1o hereafter). Only phase Il results are shown here; similar
results are obtained for phase Il (ref. *).
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Extended DataFig.3|Timeevolution of the detectorresponse. a, Evolution

ofthe CCs for the six target cells of the STEREO detector. The decrease over
time can mostly be explained by areduction of the attenuation length of the
liquid scintillator. The two dashed lines represent the fine-tuning dates of the
simulation. The solid line marks the transition between phasesIland Illand the
corresponding change of parameter set for the simulation fine-tuning. The
very small discontinuity of the CCs at this point validates the fact that two
fine-tunings of the simulation are sufficient for a precise control of the
detectorresponse over the whole experiment. b, Residual fluctuations over
time of the position of the 2.2-MeV peak from capture of cosmic neutrons on
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hydrogen (n-H peak), obtained after application of the energy reconstruction

with the evolving CCs. The louncertainty of each point is taken from the fit of
the experimental peaks with a crystal-ball function. The root mean square of
therelative deviations to the mean value (0.25%) is used as an estimate of the
systematic uncertainty on the time stability of the energy reconstruction.

¢, Time evolution of the energy resolution of the n-H peak, setting the scale for
theaverageresolutionin the full target volume andits time evolution owing to
theslow decrease of collected light. The fine-tuning of the MC accounts for the
different meanresolutionsin phasesIlandIIl.
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Extended DataFig. 4 |Stability of the PSD variable. a, lllustration of the PSD shiftrequired to align the PSD distribution of any given date to the reference of
method, which separateselectronrecoils and protonrecoilsbased onthe May 2019. The time-temperature polynomial fitis shown. d1, Evolution of the
shapeofthecollected light pulse. The PSD variableis defined as Q,,;/Q.... b,PSD  shiftwithtemperature:oncethetime dependenceiscorrected, theevolution
distributions of Am-Be events fromaruninMay 2019 (reference date for the follows afirst-order polynomial. d2, Evolution of the shift over time: once the
correction) and anotherin November 2020 (end of the data taking), showing temperature dependence s corrected, the evolution follows asecond-order
thedistortion over time (mostly a shift of the distribution). All plots are for cell polynomial. Alluncertainties shown are statisticalat 10 CL.

4andreconstructed energiesbetween1.625and 4.125 MeV. ¢, Evolution of the
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Extended DataFig. 5|IBD signal and backgrounds. a, Selection cuts for IBD
candidates (see text for details). The topology cuton E;e,'gmmwas loosened for
phaselllbecause of detector ageing. b, Illustration of the extraction of the
IBD signal using event distributions based on the PSD variable Q,,/Q. (after
application of the selection cuts) for phase lll. The two populations (electron
recoilsand proton recoils) are well separated. The pair ratein ON (blue) is

the sumof: (1) correlated background pairs (red, rescaled from OFF data),

(2) accidental pairs (grey squares), (3) the IBD signal (green, modelled by a
Gaussianwhose integral gives the IBD rate in this bin). The scaling factor a
onthe OFF distribution depends on environmental parameters (such as
atmospheric pressure) and ON/OFF relative running time; itistreated asafree
parameterinthefit. ¢, Signal-to-background ratios obtained at the target level

(combining thesix cells), for phase lland phase Ill. Higher reactor powerin
phaselllled to more IBD signal. Only events with PSD values in the signal range,
defined aslower than the ‘mean position + 2.5 sigmas’ of the electronic recoils,
areused to produce this plot.d, Search for reactor-related background events
inthe proton-recoil region fromthe ON - a x OFF distributions at the target
level. Alow-energy excess s found and fitted by apower law f(E) = p,E P1. Here
the a parameteris not fitted but fixed from the measured sensitivity of the
cosmic background to atmospheric pressure and the mean pressure difference
betweenthe ON and OFF periods; the consistency withzero athighenergyisa
good validation of the extraction method (fitted and computed values of a are
inagreement). All uncertainties shown are statistical at 10 CL.
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Extended DataFig. 6 | Time stability of the extracted antineutrinospectra. residuals withrespect to the average of all other spectraare computed.

IBD spectraare extracted from each of the sevenacquired reactor cycles using Thedistribution of all these residuals is found to be compatible withanormal
adjacent OFF data for background subtraction. The coloured bandsillustrate distribution.

thelostatistical uncertainties. Inset, for each individual ON spectrum, the
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Extended DataFig. 8| Antineutrinospectraineach cellrelative to the remain. No marked deviationis found between data and the no-oscillation
no-oscillationmodel. Antineutrino spectraareshownasaratiotothe prediction. Forillustration, we also show the spectrainducedin each cell by the
adjusted no-oscillation prediction ¢l Io,1,i(0, 0;a’)forcellle{l,..., 6} and phase best-fit sterile oscillation parameters (dashed red line). All uncertainties shown
p el 1lI}. The best- f1t¢iparameters,commontoallcellsand phases, absorb arestatisticalat1oCL.

anoverall spectrum shape so that only relative distortions between cells
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Extended DataFig. 9| Antineutrino yield of2*’Ufission. Overview of the
measured antineutrino flux from pure fission of U (highly enriched nuclear
fuel) relative to the HM model. For a direct comparison of data from different
detectorswithdifferent thresholds and resolutions, the quantity of interest is
theratio of the measured to expected cross-sections per fission, o, defined as
theintegral of antineutrino spectrum multiplied by the IBD cross-section. The
measurement by STEREO (0.945 + 0.021) is the most accurate so far and found
tobeinexcellentagreement with the previous world average of 0.954 + 0.014
taken fromref. ®®. For comparison, we also show the measurement from Daya Bay
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and RENO withcommercial reactors (low enriched nuclear fuel, green),
althoughitrelies onreactor evolution simulations to separate the contribution
of U from other isotopes. The size of the error bars corresponds to the total
uncertainty of therespective measurement. The uncertainty of the HM model,
common to allmeasurements and notincludedintheerror bars, isillustrated
by thewidth of the grey band, whereas the purple pointand band represent the
central value and the uncertainty of the new world average, after including our
result. Alluncertaintiesshownareat1oCL.



Extended Data Table 1| Systematic uncertainties

a. Oscillation analysis systematics

Type Source Nuisance Uncertainty Correlations
parameter Energy\CeII\Phase
Energy reconstruction qfscaleC 1% 1 0 1
Energy scale ! " ’
Time stability aPfscalel 0.25% 1 1 0
: Selection cuts oCuts 0% t0 2% 1 1 1
Slgnal ReactorB
Reactor background Q; £ | 5% to 0% 1 0 1
Relative cell volume o NormU 0.83% 1 0 1
Normalization Neutron efficiency ! 0.63% 1 0 | 0.91
Relative norm phase-Il/phase-lll o!f vs T norm| q 5oz, 1 1 -

b. 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
Signal Selection cuts 0% 10 2% 1 1
Reactor background 5% to 0% 1 1
Non-235U flux Off ec;lsjilibrium 30% 1 1
Al 5% 1 1
Reactor thermal power 1.4% 1 0.46
Proton number 1.0% 1 1
Normalization Neutron efficiency 0.7% 1 0.92
Neutrino extraction method 0.7% 1 1
Solid angle 0.5% 1 1
Others® 0.3% 1 1
— Total 2.1% 1 0.72

c. Selection cuts: f(Fiec) = p2(Frec — Eo)? + p3(Erec — Ep)?
Phase |Eo MeV)] p» | ps |
Phase-lI 9.99 x1073|7.74 x1073
1.625
Phase-lll 1.06 x1072{1.04 x10~2

a, The oscillation analysis studies relative distortions between spectra in each cell, so systematics related to the overall spectrum shape (such as non->**U antineutrino flux) or to a common
normalization of antineutrino rates in all cells (such as 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 equation (6). b, 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 (for example, energy reconstruction). In a and b, the energy dependence for uncertainty from selection cuts is given by the f(E,,.) function defined in ¢; for reactor
background, it corresponds to the power law fitting the observed low-energy excess divided by the signal-to-background ratio (both shown in Extended Data Fig. 5). €, Parameters describing
the energy dependence of the uncertainty associated to selection cuts for each phase. Their extraction is detailed in ref.°.
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