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This Letter reports an improved search for light sterile neutrino mixing in the electron antineutrino
disappearance channel with the full configuration of the Daya Bay Reactor Neutrino Experiment. With an
additional 404 days of data collected in eight antineutrino detectors, this search benefits from 3.6 times the
statistics available to the previous publication, as well as from improvements in energy calibration and
background reduction. A relative comparison of the rate and energy spectrum of reactor antineutrinos in the
three experimental halls yields no evidence of sterile neutrino mixing in the 2 × 10−4 ≲ jΔm2

41j≲ 0.3 eV2

mass range. The resulting limits on sin2 2θ14 are improved by approx imately a factor of 2 over previous
results and constitute the most stringent constraints to date in the jΔm2

41j ≲ 0.2 eV2 region.

DOI: 10.1103/PhysRevLett.117.151802

The three-neutrino mixing framework, in which the
flavor eigenstates (νe, νμ, ντ) mix with the mass eigenstates
(ν1, ν2, ν3) via the Pontecorvo-Maki-Nakagawa-Sakata
matrix [1–3], has been extremely successful in explaining
the results observed in most solar, atmospheric, reactor, and
long-baseline accelerator neutrino oscillation experiments
[4]. Despite this success, the exact mechanism by which
neutrinos acquire their mass remains unknown, and the
possible existence of additional neutrinos is under active
consideration. To be consistent with precision electroweak
measurements [5], these additional neutrinos are called
“sterile” [2], that is, noninteracting within the standard
model and thus with no known mechanism for direct
detection. Nonetheless, an unambiguous signal of their
existence can be sought in neutrino oscillation experiments,
where they could affect the way in which the three active
neutrinos oscillate if they mix with the latter.
In the simplest extension of the standard model, where

only one sterile neutrino is considered in addition to the
three active ones, the mixing can be expressed as

να ¼
X4

i¼1

Uαiνi; ð1Þ

where U is a unitary 4 × 4 mixing matrix and Uαi is the
neutrinomixingmatrixelement for the flavor eigenstateνα and
themass eigenstateνi. The survival probability for a relativistic
να with an energy E and a traveling distance L is given by

Pνα→να ¼ 1 − 4
X3

i¼1

X4

j>i

jUαij2jUαjj2sin2Δji; ð2Þ

where Δji ¼ 1.267Δm2
jiðeV2Þ½LðmÞ=EðMeVÞ� and

Δm2
ji ¼ m2

j −m2
i is the mass-squared difference between

the mass eigenstates νj and νi. As indicated in Ref. [6], in
the case of electron antineutrino disappearance the neutrino
mixing matrix elements Uei can be parametrized in terms of
the θ14, θ13, and θ12 mixing angles. Compared with standard
three-neutrino mixing, the neutrino oscillation probability
includes three additional oscillation frequencies associated
with Δm2

41;Δm2
42, and Δm2

43. When jΔm2
41j ≫ jΔm2

31j these
three parameters are virtually indistinguishable, and for the
Daya Bay baselines Eq. (2) approximates to

Pν̄e→ν̄e ≈ 1 − 4ð1 − jUe4jÞ2jUe4j2sin2Δ41

− 4ð1 − jUe3j2 − jUe4j2ÞjUe3j2sin2Δ31

≈ 1 − sin22θ14sin2Δ41 − sin22θ13sin2Δ31: ð3Þ

PRL 117, 151802 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

7 OCTOBER 2016

151802-2

http://dx.doi.org/10.1103/PhysRevLett.117.151802
http://dx.doi.org/10.1103/PhysRevLett.117.151802
http://dx.doi.org/10.1103/PhysRevLett.117.151802
http://dx.doi.org/10.1103/PhysRevLett.117.151802


Thus, to first order, evidence for light sterile neutrino mixing
consists of an additional spectral distortion with a frequency
different from standard three-neutrino oscillations.
No conclusive evidence for the existence of sterile

neutrinos has been obtained. A few anomalies in short
baseline neutrino oscillation experiments [7–13] can be
explained with additional sterile neutrinos, but these results
are in tension with the limits obtained from other experi-
ments [14–17]. The majority of experimental searches have
centered on mass-squared differences around 1 eV2 and
higher, whereas the Daya Bay and other medium baseline
reactor antineutrino experiments can make unique contri-
butions in the sub-eV scale [6,18–25]. In 2014, the Daya
Bay Collaboration reported on a search for light sterile
neutrino mixing based on the first 217 days of data acquired
with a partial configuration of six functionally identical
antineutrino detectors (ADs) deployed at three experimen-
tal halls (EHs), the results of which excluded a large,
previously unexplored region of parameter space in the 3 ×
10−4 ≲ jΔm2

41j≲ 0.1 eV2 range [26]. In this partial con-
figuration, three ADs were installed in two near halls (two
in EH1 and one in EH2) and another three in a far hall
(EH3). This Letter reports on an improved search made
with the full eight-detector configuration shown in Fig. 1
that resulted from the installation of two additional ADs,
one in EH2 and another in EH3, in the summer of 2012.
The additional 404 days of eight-detector data collected
from October 2012 to November 2013 amount to a 3.6
times increase in statistics.
Each AD is a three-zone cylindrical detector composed

of two nested acrylic vessels within a concentric stainless
steel vessel. The central vessel is filled with 20 tons of
gadolinium-doped liquid scintillator (Gd-LS) that serves as

the primary target for antineutrino detection. A 22-ton pure
LS volume encloses the central target and enables the
detection of γ rays that escape from the Gd LS volume. The
outermost cylinder contains 40 tons of mineral oil that
provide shielding against γ-ray radiation from the detector
components. A total of 192 photomultiplier tubes are
installed on the vertical surfaces, and the top and bottom
surfaces are covered with optical reflectors. Three auto-
mated calibration units [27] that store and deploy calibra-
tion sources and Light Emitting Diodes sit on top of the
stainless steel vessel. The ADs are housed inside a muon
veto system consisting of two optically separated inner and
outer water pools [28] that provide shielding from ambient
radiation and serve as active water Cherenkov muon
detectors. Four layers of resistive plate chambers are
installed on top of each water pool. More information
on the Daya Bay detectors and their performance can be
found in Refs. [29,30].
Reactor antineutrinos are detected via the inverse beta

decay (IBD) reaction ν̄e þ p → eþ þ n. The positron
deposits its energy in the scintillator and then annihilates
with an electron. This generates a prompt signal that can be
measured with a resolution of σE=E ∼ 8% at 1 MeV and
which preserves most of the incident antineutrino’s energy.
The neutron is primarily captured by the gadolinium inside
the central target, yielding an ∼8 MeV delayed signal.
Requiring coincidence of the prompt and delayed signal
pair effectively suppresses backgrounds.
A summary of the IBD candidates for the six-AD and

eight-AD periods, together with the estimated background
levels and the baselines of the three experimental halls to
each pair of reactor cores, is shown in Table I. In the eight-
AD period the backgrounds amount to only 2% of the total
candidate samples in the near and far halls [31]. Two out of
three Am-C calibration sources in the automated calibration
units on the top of each far AD were removed during the
installation of the two additional ADs in the summer of
2012, which reduced the far hall’s Am-C background by a
factor of 4 compared to that in the previous publication.
This data set also incorporates a reduction in the AD-
uncorrelated energy scale uncertainty from 0.35% to 0.2%
due to the implementation of better vertex- and time-
dependent corrections [31]. This is one of the dominant
systematic uncertainties, and is quantified by studying the
differences in detector response using various calibration
and natural radioactive sources.
The search for sterile neutrino mixing at the Daya Bay

Reactor Neutrino Experiment is carried out through a
relative comparison of the antineutrino rates and energy
spectra at the three experimental halls. The unique con-
figuration of multiple baselines to three pairs of nuclear
reactors allows exploration of Δm2

41 spanning more than 3
orders of magnitude. Figure 2 shows the ratios of the
observed prompt energy spectra at EH2 and EH3 to the best
fit prediction from EH1 in the three-neutrino case. In this

FIG. 1. Layout of the Daya Bay Reactor Neutrino Experiment.
The dots represent reactor cores, labeled as D1, D2, L1, L2, L3,
and L4. The Daya Bay experiment started data taking with six
antineutrino detectors (AD1–AD6) installed in three experimen-
tal halls (EH1–EH3). From August to October 2012, two addi-
tional detectors (AD7 and AD8) were installed in EH3 and EH2,
respectively.
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figure, the data are compared with the four-neutrino mixing
scenario assuming sin2 2θ14 ¼ 0.05 for two representative
Δm2

41 values, illustrating that the sensitivity at Δm2
41 ¼

4 × 10−2ð4 × 10−3Þ eV2 originates primarily from the rel-
ative spectral shape comparison between EH1 and EH2
(EH3). The physical size of the Daya Bay reactor cores and
detectors as well as the nonuniform distribution of the
fission isotopes inside the cores have a negligible impact on
the sensitivity.
The two different analysis methods used in the previous

search [26] were updated to include the eight-AD data
sample. Both methods, referred to as method A and method
B, use the full expression in Eq. (2) to predict the neutrino
oscillation signatures. The oscillation parameters sin2 2θ14,
sin2 2θ13, and jΔm2

41j are set as free variables, while the
others are constrained through external measurements:
sin22θ12¼0.846�0.021, Δm2

21¼ð7.53�0.18Þ×10−5 eV2,
and jΔm2

32j ¼ ð2.44� 0.06Þ × 10−3 eV2 [32]. The normal
mass ordering is assumed for both Δm2

31 and Δm2
41,

although this choice has only a marginal impact on the
results.

Method A explicitly minimizes the dependence on the
reactor antineutrino flux modeling [31] by predicting the
prompt energy spectrum at the far hall from the measured
spectra at the near halls. This process is done independently
for each prompt energy bin i, by applying a weighting
factor wiðΔm2

41; sin
2 2θ14; sin2 2θ13Þ calculated from the

known baselines and the reactor power profiles. The
oscillation hypothesis is tested by evaluating a χ2

defined as

χ2 ¼
X

i;j

ðNf
j − wjNn

j ÞðV−1ÞijðNf
i − wiNn

i Þ; ð4Þ

where NfðnÞ
i is the observed number of events after back-

ground subtraction in the ith bin at a far (near) detector, and
V is a covariance matrix including both systematic and
statistical uncertainties. The sensitivity to a spectral dis-
tortion between the two near sites is retained by treating
their data separately and by having indices i, j run over
both the EH3-EH1 and EH3-EH2 combinations. A χ2

constructed with an alternative combination of the near and
far detectors, such as EH2-EH1 and EH3-EH1, yields an
equivalent sensitivity. All the sources of systematic error
included in the most recent oscillation analysis of Ref. [31]
are considered, in addition to the uncertainty in the
estimation of Δm2

32.
Method B simultaneously fits the spectra from all ADs

using the predicted reactor antineutrino flux. A binned log-
likelihood function is constructed with nuisance parameters
for the various systematic terms, including the detector
response and the backgrounds. The reactor antineutrino
flux is constrained based on the Huber [33] and Mueller
[34] fissile antineutrino models. The spectral uncertainties
in the models are enlarged as motivated by the observed
discrepancy between the predicted reactor antineutrino
spectrum and the data [35–38], as well as by the recent
reexamination of the systematic uncertainties in Ref. [39].
Specifically, the uncorrelated spectral uncertainties for
235U, 239Pu, and 241Pu are conservatively increased to
above 4%, while that of 238U is kept above 10%. The
uncertainty of the predicted reactor ν̄e rate is also increased
to 5%.
The two complementary analysis methods produce

practically identical sensitivities for jΔm2
41j≲ 0.3 eV2.

Method A is more robust against uncertainties in the

TABLE I. Summary of total number of IBD candidates and backgrounds, and baselines of the three experimental halls to the reactor
pairs. Statistical and systematic errors are included.

Site
IBD candidates Backgrounds Mean distance to reactor cores (m)

(Six ADs) (Eight ADs) (Six ADs) (Eight ADs) Daya Bay Ling Ao Ling Ao–II
EH1 205 135 408 678 4076.6� 462.4 7547.9� 908.0 365 860 1310
EH2 93 742 383 402 1580.3� 147.8 5791.2� 586.5 1348 481 529
EH3 41 348 108 907 1878.9� 94.6 2105.2� 208.1 1909 1537 1542
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FIG. 2. Prompt energy spectra observed at EH2 (top) and EH3
(bottom), divided by the prediction from EH1 with the three-
neutrino best fit oscillation parameters from the most recent Daya
Bay analysis [31]. The gray band represents the one-standard-
deviation uncertainty of the three-neutrino oscillation prediction,
which includes the statistical uncertainty of the EH1 data, as well
as all the systematic uncertainties. Predictions with sin2 2θ14 ¼
0.05 and two representative Δm2

41 values are also shown as the
dotted and dashed curves.
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predicted reactor antineutrino flux, while method B has a
slightly higher reach in sensitivity for jΔm2

41j ≳ 0.3 eV2 as
a result of its incorporation of absolute reactor antineutrino
flux constraints. The different treatments of systematic
uncertainties provide a thorough cross-check of the results.
For method A, the minimum χ2 value obtained with a free-
floating Δm2

41, sin2 2θ14, and sin2 2θ13 is χ24ν=NDF ¼
129.1=145, where NDF stands for the number of degrees
of freedom. The corresponding value in the three-neutrino
scenario, in which sin2 2θ13 is the only free parameter, is
χ23ν=NDF ¼ 134.7=147. The p-value of observing Δχ2 ¼
χ23ν − χ24ν ¼ 5.6 without sterile neutrino mixing is deter-
mined to be 0.41 using a large sample of Monte Carlo
pseudo-experiments. Similarly, the minimum χ2 values for
method B are χ24ν=NDF ¼ 179.74=205 and χ23ν=NDF ¼
183.87=207, with a corresponding p-value of 0.42. As
indicated by these p-values, no apparent signature for
sterile neutrino mixing is observed.
The limits in the ðjΔm2

41j; sin2 2θ14Þ plane are also set by
two independent approaches, the first of which follows
the Feldman-Cousins method [40]. For each point
η≡ ðjΔm2

41j; sin2 2θ14Þ, the value of Δχ2ðηÞ ¼ χ2ðηÞ−
χ2ðηbestÞ is evaluated, where χ2ðηÞ is the smallest χ2 value
with a free-floating sin2 2θ13. This Δχ2ðηÞ is then com-
pared with the critical value Δχ2cðηÞ encompassing a
fraction α of the events, estimated by fitting a large number
of pseudo-experiments that include statistical and system-
atic fluctuations. The point η is then declared to be inside
the α confidence level (CL) acceptance region
if Δχ2dataðηÞ < Δχ2cðηÞ.
The second approach to set the limits is the CLs

statistical method [41,42]. For each point in the
(sin2 2θ14, jΔm2

41j) parameter space, a two-hypothesis test
is performed in which the null hypothesis H0 is the three-
neutrino model and the alternative hypothesis H1 is the
four-neutrino model with fixed sin2 2θ14 and jΔm2

41j. The
CLs value is defined as

CLs ¼
1 − p1

1 − p0

; ð5Þ

where p0 and p1 are the p-values for the three-neutrino and
four-neutrino hypotheses, respectively. These p-values are
calculated from the χ2 difference of those two hypotheses.
The value of sin2 2θ13 is independently set for each
hypothesis based on a fit to the data. The condition of
CLs ≤ 1 − α is required to set the CLs exclusion region at
[α] confidence level.
When used with the same analysis method (method A or

method B), the difference in sensitivity between the
Feldman-Cousins and CLs approaches is found to be
smaller than 10%. The Feldman-Cousins approach pro-
vides a unified method to define confidence intervals, but
has the drawback that it involves fitting a large amount of

simulated data sets. Hence, it is used only for method A,
which eliminates all of the nuisance parameters by utilizing
a covariance matrix. In contrast, the CLs implementation is
significantly less computationally intensive, and also pro-
vides an alternative for combining the results between
multiple experiments [41,42]. Accordingly, both the
Feldman-Cousins limit from method A and the CLs limit
from method B are presented in this work.
Figure 3 shows the 95% confidence level contour from

the Feldman-Cousins approach and the 95% CLs exclusion
contour. Both contours are centered around the 95% CL
expectation and are mostly contained within the �1σ band
constructed from simulated data sets with statistical and
systematic fluctuations. The high-precision data at multiple
baselines allow exclusion of a large section of (sin2 2θ14,
jΔm2

41j) parameter space. The sensitivity in the 0.01≲
jΔm2

41j≲ 0.3 eV2 region originates predominantly from
the relative spectral comparison between the two near halls,
and in the jΔm2

41j≲ 0.01 eV2 region from the comparison
between the near and far halls. The dip structure at
jΔm2

41j ≈ jΔm2
32j ≈ 2.4 × 10−3 eV2 is due to the degen-

eracy between sin2 2θ14 and sin2 2θ13. The fine structure of
the data contours compared to the expectation originates
from statistical fluctuations in the data.
In Fig. 3, there is a slight difference between the CL

contour from method A and the CLs contour from method
B for jΔm2

41j≲ 2 × 10−3 eV2. In this region, most of the

14θ22sin

-310 -210 -110 1

]2
| [

eV
412

mΔ|
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-210

-110

Daya Bay 95% C.L.

s
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)σ1±Daya Bay 95% expected (

Bugey 90% C.L.

FIG. 3. Exclusion contours in the (sin2 2θ14, jΔm2
41j) plane,

under the assumption of Δm2
32 > 0 and Δm2

41 > 0. The red long-
dashed curve represents the 95% CL exclusion contour with the
Feldman-Cousins method [40] from method A. The black solid
curve represents the 95% CLs exclusion contour [41] from
method B. The expected 95% CL 1σ band in yellow is centered
around the sensitivity curve, shown as a thin blue line. The region
of parameter space to the right side of the contours is excluded.
For comparison, Bugey’s [43] 90% CL limit on ν̄e disappearance
is also shown as the green dashed curve.
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oscillation effects appear in the far hall at prompt energies
≲2 MeV, where the statistics are more limited. A study
based on a large sample of Monte Carlo pseudo-
experiments determined that the two methods react differ-
ently to statistical fluctuations and produce slightly
different limits in this region. The difference observed in
Fig. 3 is found to be consistent with the expectation from
this study at the ∼1σ level.
The resulting limits on sin2 2θ14 are improved by

roughly a factor of 2 compared to the previous publication
[26]. The increased statistics are the largest contributor to
this improvement, although the reductions in background
and in the AD-uncorrelated energy scale uncertainty also
play a role. The uncertainty in jΔm2

32j is the dominant
systematic uncertainty in the jΔm2

41j≲ jΔm2
32j region,

while for higher values of jΔm2
41j the AD-uncorrelated

energy scale and detector efficiency uncertainties are
dominant. The total uncertainty is dominated by the
statistics; another factor of 2 improvement in sensitivity

is expected by 2017. This result can be combined with ν
ð−Þ

μ

disappearance searches [44] in order to constrain ν
ð−Þ

μ →

ν
ð−Þ

e transitions [45], since the oscillation probability of

ν
ð−Þ

μ → ν
ð−Þ

e in the four-neutrino scenario is approximately
proportional to jUe4j2jUμ4j2, and the individual sizes of

jUe4j2 and jUμ4j2 can be constrained with ν
ð−Þ

e and ν
ð−Þ

μ

disappearance searches, respectively.
In summary, we report an improved search for light

sterile neutrino mixing with the full configuration of the
Daya Bay Reactor Neutrino Experiment in the electron
antineutrino disappearance channel. No evidence of a light
sterile neutrino is found through a relative comparison of
the observed antineutrino energy spectra at the three
experimental halls. With 3.6 times the statistics of the
previous publication, these results set the most stringent
limits to date on sin2 2θ14 in the 2 × 10−4 ≲ jΔm2

41j ≲
0.2 eV2 region.
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