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Search for a Sub-eV Sterile Neutrino Using Daya Bay’s Full Dataset
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This Letter presents results of a search for the mixing of a sub-eV sterile neutrino with three active
neutrinos based on the full data sample of the Daya Bay Reactor Neutrino Experiment, collected during
3158 days of detector operation, which contains 5.55 x 10° reactor 7, candidates identified as inverse beta-
decay interactions followed by neutron capture on gadolinium. The analysis benefits from a doubling of the
statistics of our previous result and from improvements of several important systematic uncertainties. No
significant oscillation due to mixing of a sub-eV sterile neutrino with active neutrinos was found. Exclusion
limits are set by both Feldman-Cousins and CLs methods. Light sterile neutrino mixing with sin’26,, >
0.01 can be excluded at 95% confidence level in the region of 0.01 eV? < [Am3,| < 0.1 eV2. This result
represents the world-leading constraints in the region of 2 x 107 eV2 < |Am3,| £ 0.2 eV2.

DOI: 10.1103/PhysRevLett.133.051801

The existence of neutrino oscillation has been firmly
demonstrated by many experiments, ruling out the original
standard model’s postulate that all neutrino states are
massless. Although most of the findings agree with the
hypothesis that there are three neutrino mass states, there
exist a few anomalies [1,2] and indications [3] that may be
explained by the existence of extra neutrino mass states [4].
Precision measurements of the Z-boson width are consis-
tent with three light neutrino species that participate in the
weak interaction [5] so any additional neutrino species
must be “sterile,” that is, not subject to the weak interaction.

As for the mass of an extra neutrino state, in theory any
value is possible. A mass as large as 10" GeV is
considered by the seesaw mechanism, which can both
generate the very light active-neutrino masses and produce
the baryon asymmetry of the Universe [6—10]. In contrast, a

keV-range sterile neutrino is a possible candidate for warm
dark matter [11]. The most stringent limits on the mass of a
light relativistic sterile neutrino again come from cosmol-
ogy, which is sensitive to the sum of neutrino masses [4].
The current limit of » m, < 0.12 eV at 95% C.L. [12]
remains consistent with the existence of a sub-eV sterile
neutrino; this mass constraint is loosened to a few MeV
when sterile neutrino self-interactions are allowed [13].

In the minimal “3 + 17 extension of the three-neutrino
model, considering one sterile neutrino in addition to the
three active neutrinos, the flavor eigenstates v, (@ = e, y, ,
s) are related to the four mass eigenstates v; as

4
Va:ZUail/iv (1)
i=1
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TABLE I.

Summary of IBD signal and background for the full dataset for 3 detector configurations and 3 experimental halls (EHs).

The errors include statistical and systematic uncertainties. The effective live time is the product of live time, the efficiency of the muon

veto and the efficiency of the multiplicity selection.

6-AD 8-AD 7-AD
24 Dec 2011-28 Jul 2012 19 Oct 2012-20 Dec 2016 26 Jan 2017-12 Dec 2020
EH1 EH2 EH3 EH2 EH3 EH1 EH2 EH3
Number of active ADs 2 1 3 2 4 1 2 4
IBD candidates 199 637 92011 40531 1400061 1325843 389030 637112 1127 040 334 853
Effective live time [day] 148.987 155.973 178.056 1037.910 1095.292 1284.509 887.457 934.005 1095.468

Background [/AD/day] 12.36 £0.58 9.96 £0.59 3.16 £0.08 10.87 £0.57 8.26+0.42 1.11+0.03 10.61 £0.81 7.75+0.41 0.94 £0.03

Signal [/AD/day]

6576+ 1.6 580.0+20 727+04 633.6+0.8 597.0+0.7 74.6+0.1

707.3+1.2 595.6+0.7 7554+0.1

where U is a unitary 4 X 4 mixing matrix, analogous to the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix from
the three-neutrino scenario. The matrix is in general para-
metrized [14,15] by six mixing angles 6;; and three CP-
violating phases ;. The survival probability of electron
antineutrinos (P _, ) is a function of the neutrino energy E
and the distance traveled (i.e., baseline) L as

4
Py _p =1-4Y |U,P|U,;sin?A ;. (2)

Jj>i

where Aj; & 1.267Am3; [eV?]L [m]/E [MeV], and Am; =
m3 —m7 is the mass-squared difference of the mass
eigenstates v; and v;. The survival probability of &/, depends
only on three mixing angles 6,,, 6,3, and 6, and six mass-
squared differences, only three of which are independent.
According to Eq. (2) the survival probability oscillates with
wavelength proportional to E/Am?. Assuming m;, to be the
lightest and Am3, < Am3,, the survival probability may be
approximated for baselines below hundreds of meters and
for MeV-scale energies as [16]

Py, 5, & 1 —sin?20,4(cos?0;38in?Ay; + sin?6,3sin*Ay3)

— c0s*6,45in220,5in% A5,. (3)

One possible hint of a sterile neutrino would thus be a
deficit of the electron-antineutrino event rate, accompanied
by the dependence of the energy-spectrum distortion
pattern on the distance between source and detector.

Such a deficit would be visible in the Daya Bay Reactor
Neutrino Experiment with baselines spanning from 360 m
to 1900 m [17] that can provide world-leading sensitivity to
a sterile neutrino with |Amj;| < 0.2 eV2. This Letter
reports the search for such a state with the Daya Bay
experiment’s full data sample of inverse beta decay (IBD)
interactions identified by subsequent neutron-capture on
gadolinium.

From 2011 to 2020, the Daya Bay experiment operated
with up to eight identically designed antineutrino detectors
(ADs) near the Daya Bay and Ling Ao nuclear power plants

in southern China [18,19]. The ADs were distributed
among two near experimental halls (EH1 and EH2, each
with up to 2 ADs) and one far hall (EH3, with up to 4 ADs).
Each AD contained a target mass of ~20 tons of gadolin-
ium-doped liquid scintillator, observed by 192 8-inch
photomultiplier tubes (PMTs).

As usual for reactor-based experiments, the Daya Bay
experiment detects electron antineutrinos via the IBD
interaction: 7, + p — e' + n. The outgoing positron ion-
izes the scintillator and annihilates with an electron,
producing a signal corresponding to a “prompt” energy
with £, ~ E, — 0.8 MeV. The neutron is captured with an
average delay of 28 ps, predominantly by gadolinium,
which deexcites via a cascade of gamma rays totaling
~8 MeV, forming the “delayed” signal. In this channel, the
close temporal coincidence of the two signals, together
with the high energy of the delayed signal, allow for an
average background-to-signal ratio of ~1.5%.

The Daya Bay experiment operated with different
detector configurations in three consecutive periods, which
we label the 6-AD, 8-AD, and 7-AD periods, based on the
number of active ADs. In this analysis, we adopt the same
IBD data sample used in the most recent three-flavor
neutrino oscillation analysis [19]. This full dataset, with
a total of ~5.55x 10° IBD candidates, has twice the
statistics of the sample used in the previous sterile neutrino
search [20]. The daily IBD rates and the estimated back-
grounds in the three halls are summarized in Table I for the
three periods. In addition to the increased statistics, this
analysis benefits from improvements to four systematic
uncertainties: (i) The °Li/He background was estimated
using a new multidimensional fitting method [19]; (ii) the
effect of spent nuclear fuel was derived from detailed
history on reactor operation [21,22]; (iii) the channelwise
electronics nonlinearity was recalibrated using a FADC
readout system [22,23]; and (iv) the energy response model
was constrained with new calibration data [22,23].

The background rate is dominated by accidental coin-
cidences of uncorrelated signals satisfying the IBD selec-
tion criteria. To mitigate this background, in the summer of
2012, the 2 Am-'3C neutron sources were removed from
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two of the automated calibration units on each far AD,
halving the rate of delayed like uncorrelated signals in the
far hall [17]. Although these accidentals dominate the
background rate, the uncertainty of the total background
rate is dominated by the contribution from correlated pairs
induced primarily by cosmic-ray muons. In particular,
cosmogenic °Li/®He is a well-known background in liquid
scintillation detectors used for reactor neutrino experi-
ments, and in the Daya Bay experiment it is the leading
contributor to the background uncertainty. In this ana-
lysis, the relative uncertainty of the estimated °Li/®He
background rate has been reduced from ~35% [17] to <
25% by taking into account the correlated temporal and
energy information of the IBD candidates [19].

The antineutrino flux is predicted from thermal-power
data and from the calculated fission fractions of each fuel
cycle. Uncertainties in the thermal-power data lead to a
core-to-core uncorrelated flux uncertainty of 0.5%, while a
0.6% uncorrelated uncertainty per core in the 7, yield was
introduced by the uncertainties of the fission fractions. The
spent nuclear fuel in the cooling pools adjacent to each core
contributes 0.3 £0.1% to the predicted neutrino flux
[21,24]. The correlated flux uncertainty includes contribu-
tions from the 0.2% uncertainties of the mean energy
released per fission [25]. However, the primary contributors
to the correlated uncertainty are the theoretical uncertainties
on forbidden decays and the missing information in
published nuclear data tables [26], which lead to a
conservative total of 5% for the core-to-core correlated
flux uncertainty. The size of the reactor cores and ADs has
negligible impact on the sterile neutrino sensitivity due to
the relatively long baselines.

The nominal reactor antineutrino spectra from 23U, 23°Pu,
241py, and 2*8U were predicted using the models of Huber
[27] and Mueller et al. [28]. Multiple methods [17] were
used to account for the known disagreements between these
models and existing measurements [29]. One method
applied enlarged uncertainties, ranging from 10% to 40%
as a function of energy, to the neutrino spectra. An alter-
native method used the observations of the near detectors to
predict the observations of the far detectors, while another
used free parameters to modify the predicted antineutrino
spectra in the fit. As an additional cross-check, the analysis
was also repeated using summation spectra [30]. All of the
aforementioned methods produce consistent results.

To predict the IBD rate and reconstructed prompt-energy
spectrum at each AD, the reactor spectra were multiplied by
the neutrino oscillation probability [Eq. (2)], the IBD diffe-
rential cross section, the number of target protons, the detec-
tion efficiency, and the detector’s energy response, which
maps positron energy to reconstructed prompt energy. The
energy response model considers energy resolution and non-
linearity and possible energy loss in the inner acrylic vessel.

To further improve the energy nonlinearity model, in
December 2015 a full flash ADC (FADC) readout system

EH2 + DATA Total Unc.

-l
1.00 -—|—L|,h'-_'—'——u-..-h---..—5- '|'+

LS

1.05 A

_.l
IJ

0.95 A

—= |AmZ,| =4 x 1073 eV? i
-—- |dm}|=4x10"2eV? -

] rore
1.05 _._ S|n22914—01 - +L}

1.00 —I—'+“+.+ -P..|.'-|-.,,. 'h+""..|.'h-b-l-r:P" .H:'

« 1107 EH3

L1 . _1__r
0.95 -
1 2 3 4 5 6 7
Prompt Energy [MeV]
FIG. 1. Impact of sterile neutrino oscillation on the double

ratios (R) of the spectra, obtained at EH2(3), to EH1 as
R = (MEH2(3>/P%’;{2<3>)/(MEH1/P%‘;ﬂ), where M is the measured
prompt energy spectrum, and P is the three-neutrino prediction
with the best-fit parameters. The error bands represent the total
uncertainties (statistical and systematic) of the three-neutrino
prediction. The error bars represent only the statistical uncer-
tainties. For the predictions, sin?20;, = 0.1 and two |Am32,]
values are shown.

was installed in EH1-ADI, recording PMT waveforms at
1 GHz and 10-bit resolution [23]. A deconvolution method
was applied to the waveforms to minimize any dependence
on the single-photoelectron pulse shape (in particular, the
overshoot) and to extract the integrated charge with
minimal bias. The residual nonlinearity in the corrected
charge from a single waveform was estimated to be less
than 1%, resulting in a 0.2% nonlinearity in the total charge
measurement for each event [23]. In addition, a special
calibration campaign in January 2017 improved the knowl-
edge of optical shadowing by the radioactive source
enclosures, reducing the energy calibration uncertainties
of y rays from 1% to 0.5% [23]. This combination of
improvements, when applied to calibration data, led to a
significant improvement in the energy response model for
positrons. The uncertainty improved from ~1% [17,20] to
< 0.5% [22,23] for E,, > 2 MeV.

In the region of |Am3,| where the Daya Bay experiment
provides world-leading sensitivity on sin” 26, ,, the bulk of
the sensitivity comes from relative measurements between
the experimental halls. Figure 1 shows the double ratio of
the measured to three-neutrino-predicted spectra of EH2
and EH3 to that of EH1. The data are compared to two four-
neutrino predictions. The data are well contained in the
uncertainty band, indicating that the data are consistent
with the three-neutrino prediction.

To quantify our measurement, several different statistical
methods have been used in this analysis, yielding consistent
results. One method used a y? statistic based on the binned
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maximum likelihood ratio with systematic uncertainties
treated via Gaussian nuisance terms. An alternative method
built a y? function using a covariance matrix generated by a
toy Monte Carlo that includes fluctuations due to system-
atic uncertainties. Hybrids of the two approaches have also
been tested. The free parameters are sin>26,3, sin® 26,, and
Am3,. We used Am3, = (2.453 +0.034) x 1073 eV? [14]
(normal mass ordering).

To test the consistency between the Daya Bay exper-
imental data and the three- (3v) or four-neutrino (4v)
hypotheses, we first calculated y*(5) at each point in the
n = (sin’20y,|Am3,|) parameter space by profiling over
sin? 26,5 and the nuisance parameters. These parameters
are those which minimize y? at each point in . We then
defined a test statistic Ay* = y*(n(00)) — x> (myr) With
2 degrees of freedom (sin’26y,,|Am3,|), where 5
represents the 3v oscillation assumption and 7, represents
the global best fit under the assumption of 4v oscillation.
The Daya Bay experimental data gave Ay? = 2.3, corre-
sponding to a p-value [14] of 0.86, obtained from the Ay?
distribution generated by Monte Carlo samples under the
3v oscillation hypothesis including statistical and system-
atic variations. This indicates that no significant signal of a
sterile neutrino was observed.

The Feldman-Cousins (FC) method [31] was used to set
confidence intervals in the 5 parameter space. For each
point 7, a distribution of Ay? = y?(n) — x*(1,¢) was gen-
erated from 1000 pseudoexperiments with both statistical
and systematic variations considered. Based on the Ay?
distribution and the Ay? observed with the data, a p-value
for each 5 point was calculated. The 1 —a confidence
interval boundary was set where p-value = a.

An alternative method for determining limits is the
Gaussian CL,; method [32] based on a two-hypothesis test,
comparing the null hypothesis (3v) and the alternative
hypothesis (4v) for each point 7. Using the resulting test
statistic Ay? = y*(n) — x*(11(0,0))> the corresponding CL
value was calculated [14]:

cL, =P 4

S 4)

where p,, and ps, are the p-values of the two hypothesis.

The condition of CL, < a was used to set the (1 — a) CL;
exclusion region [14].

The results of the application of the FC and the CL
methods are shown in Fig. 2. The acronym “95% C.L.”
represents both the 95% confidence interval for the FC
method and the 95% exclusion region for the CL; method.
Both contours show consistent features. The CL, method
provides more stringent limits due to the different definition
of the test statistic Ay?. The decrease of sensitivity in the
region of |Am?,|~ Am2, is related to the fact that the
oscillations to the sterile neutrino state are not distinguish-
able from 3v oscillations. At the baseline of the Daya Bay

10°
95% C. L.
10—1 4
FC sensitivity
FC
& CLs
d
= 1072 1
o<t
S
g
10—3 N
1074 T .
1073 1072 107! 100

Sil’]2 2914

FIG. 2. Exclusion contours at 95% C.L., obtained by the FC
and CL, methods. For the FC method the 16 and 2¢ bands are
also shown, which account for the statistical and all systematic
uncertainties. The parameter space to the right of the contours is
excluded.

experiment, the choice of neutrino mass ordering has a
marginal impact on the results. The best sensitivity to
sin? 204 is achieved in the region 1072 eV? < |Am3,| <
0.1 eV?> where the measurement relies on the relative

10°
95% C. L.
1071 stats. only
—-=—=- stats.+background
— -~ stats.+reactor
g 1 N stats.+detector
L stats.+syst. total
— 1072 4
N
S
=k
10—3 .
1074 T T
103 1072 1071 10°
sin2 2614
FIG. 3. Sensitivity contours at 95% C.L. with the CL; method

for different combinations of statistical and systematic uncer-
tainties. The systematic uncertainties are split into three groups:
background, reactor, and detector.
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FIG. 4. Comparison of the Daya Bay experiment’s results with
those from other reactor experiments. The methods used to
generate these contours are not identical. The Daya Bay experi-
ment (DYB) used the CL, method, while RENO used a traditional
method based on Wilk’s theorem [34,35], and Double Chooz
(D-Chooz) [36], Bugey-3 [37], and NEOS [38] all used the raster
scan (RS) [39] method. The contours from applying the RS and
traditional method to the Daya Bay data are shown in the
Supplemental Material [40], and are consistent with the contour
from the CL, method.

spectral differences between the detectors of the near and
far experimental halls. For the higher mass-squared differ-
ence, the sensitivity decreases as the detectors become
insensitive to the shape of sterile-active oscillations. The
contour tends to a constant in the region |Am3,| 2 0.5 eV?
where the prediction becomes limited by the uncertainty in
the reactor antineutrino flux.

To demonstrate the effects of different types of uncer-
tainties [17], the sensitivity with the CL, method under
various scenarios is shown in Fig. 3. The main effect of the
reactor antineutrino flux uncertainties falls in the region of
|Am?,| 2 4 x 1073 eV?, where the sensitivity is dominated
by the relative spectral difference between the two near EHs
[15]. The sensitivity for [Am2,| <3 x 1072 eV? is affected
by the uncertainties of the detector energy response model,
where the relative difference between EH3 and the two near
EHs plays the most important role [15]. Background
uncertainties have a negligible effect on the sensitivity
contour due to both the low background level and the
accurate estimation of the background.

A comparison with the results of other short and medium
baseline reactor neutrino experiments is shown in Fig. 4.
The Day Bay experiment is able to set the most stringent
upper limits on light sterile-active neutrino mixing for

2 x 107 eV? < |Am?,| £ 0.2 eV? due to its high statistics
and well-controlled systematic uncertainties. Currently,
short baseline (<100 m) experiments like Bugey-3 and
NEOS give more stringent limits than Daya Bay in the
region of [Am3,| 2 0.2 eV2. In the future, the JUNO experi-
ment will dominate in the region of |[Amj,| <1073 eV?,
because of its long baseline (~53 km) and superb energy
resolution [33].

In summary, we report the results of a light sterile
neutrino search using the full dataset of the Daya Bay
Reactor Neutrino Experiment. The data are consistent with
the canonical extension of the standard model with three
massive neutrinos. No evidence of a light sterile neutrino
was found. The world’s most stringent limits on the sterile-
active neutrino mixing parameter sin” 26,, were obtained in
the region of 2 x 107 eV2 < |Am2,| £0.2 eV2.
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