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In 2012, the Daya Bay experiment made the first definitive observation of a non-zero neutrino
oscillation parameter θ13 using a sample of antineutrinos where neutrons captured on gadolinium
(nGd). Later on, the experiment provided another independent measurement with the sample
of neutrons captured on hydrogen (nH). Since the beginning of data taking, the experiment has
accumulated nearly 4 million reactor antineutrino candidates in about 2000 days and improved the
systematic uncertainties. We present the latest Daya Bay nGd and nH neutrino oscillation results,
as well as the most recent results of a search for a sterile neutrino.
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1. The Daya Bay Reactor Neutrino Experiment

The Daya Bay Reactor Neutrino Experiment was designed to conduct a precision measurement
of the θ13 mixing angle by studying reactor antineutrino disappearance at a ∼2 km baseline as a
result of neutrino oscillation. The experiment is located in the vicinity of the Daya Bay and Ling
Ao nuclear power plant complex, about 60 km northeast from Hong Kong. There are in total six
2.9 GWth pressurized water reactor cores, which makes it one of the most powerful nuclear reactor
sites in the world. Each reactor emits ∼6 × 1020 ν̄e/s isotropically, serving as an abundant source
of pure electron antineutrinos with . 10 MeV energy.

The Daya Bay experiment consists of 8 antineutrino detectors (ADs) in 3 underground exper-
imental halls (EHs), as shown in the left panel of Fig. 1. There are two near EHs, each with 2
ADs, located at ∼400 m close to the Daya Bay and Ling Ao nuclear cores to sample the reactor
antineutrino flux before any large oscillation effects take place. There is a far experimental hall
with 4 ADs located at the optimal distance of ∼1900 m to observe a maximal effect of reactor an-
tineutrino disappearance. The comparison of near-far measurements significantly suppresses those
systematic uncertainties that are correlated between ADs, allowing for a very precise measurement
of the oscillation parameters.

Figure 1: Layout of the Daya Bay experiment. The dots represent reactor cores. Each pair of cores forms a Nuclear Power Plant (NPP). The three
NPPs, Daya Bay, Ling Ao, and Ling Ao-II are between the Daya Bay coast and 400-m-high mountains inland. Eight antineutrino detectors (ADs)
were installed in three experimental halls (EHs). Additional halls were used for filling the detectors (LS Hall) or processing the water (Water Hall)
for the experimental hall water pools. The ADs were assembled in the Surface Assembly Building (SAB) before being moved underground. Not
shown are surface support buildings adjacent to the SAB containing the control room, electrical and ventilation utilities.

where Np,f and Np,n refer to the numbers of target protons at the far and near sites, and Lf and Ln are the distances
of the far and near detectors from the reactor core. The ratio of the detector e�ciencies (✏f/✏n) can be determined
more precisely than the individual e�ciency. The near-far relative measurement cancels nearly all reactor-related and
detector-related systematic errors.

The Daya Bay experiment uses eight antineutrino detectors (ADs) to monitor 6 nuclear reactor cores. To minimize
e�ciency di↵erences between the near and far detectors, interchangeable ADs of identical design were built and
assembled above ground using standardized procedures. Built in pairs, antineutrino detectors were filled with liquid
scintillator within eight days of each other to further minimize possible di↵erences in performance.

This paper describes all of the Daya Bay detector systems. After a brief overview of the experimental layout in
Section 2, the construction, assembly and installation of the detectors are presented in Section 3. Sections 4 and 5
describe the antineutrino detector and calibration systems. The muon detector system overview is given in Section 6,
followed by a description of the data acquisition system in Section 7 and o✏ine computing in Section 8. Several years
of calibration and antineutrino data measure detector performance over time and allow comparisons of the ADs in
Section 9.

2. Experimental Layout

As depicted in Fig. 1, the Daya Bay reactors are arranged in three pairs of reactor cores spread over nearly 2 km
of coastline in southern China. Each pair of cores is designated a Nuclear Power Plant (NPP). Experimental Hall 1
(EH1) measures the antineutrino rate and spectrum primarily from the Daya Bay (DYB) NPP. Similarly, Experimental
Hall 2 (EH2) measures the rate and spectrum primarily from the Ling Ao and Ling Ao-II NPPs. These near sites are
positioned as close to the reactor cluster as possible, given constraints on the desired overburden and rock condition.
The location of the far hall (EH3) was determined from a multi-parameter optimization of desired baselines for
maximum oscillation sensitivity given the mountain profile and rock quality [13]. The water equivalent overburden,
simulated muon rate and average muon energy at each site are listed in Table 1.

Daya Bay deploys two ADs in each near hall and four ADs in the far hall. Multiple, functionally identical, movable
detectors are unique to the Daya Bay experiment. Dividing the target mass in each hall into standard units, built above
ground, allowed the construction and assembly of the antineutrino detectors to proceed in parallel with preparation of
the experimental halls, considerably reducing the total project time. The large total target mass at the far hall enables
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FIG. 3. Diagram of a near site detector system. Two ADs were
immersed in a water Cherenkov muon detector which functioned as
both a passive radiation shield and an active muon tag. Tyvek sheets
divided the pool into two optically separate detectors, the inner and
outer water shields. An RPC system covered the pool, providing
additional muon identification.

within 5%. After an initial fast amplification, the FEE
split the signal for separate measurements of the charge and
relative arrival time. One copy of the signal was passed to
a discriminator with a threshold of ⇠0.25 pe, which served
as the start signal for a TDC with 1.6 ns resolution. The
other copy was sent to a CR-(RC)4 pulse shaping circuit
which provided an integral measure of the incoming signal
charge with a ⇠100 ns time constant [34]. The signal was
⇥10 amplified and then sampled by a 40 MHz 12-bit ADC,
which provided better than 0.1 pe resolution. To increase the
dynamic charge range for processing very large signals, an
additional copy of the shaper output was passed to a ⇥0.5
amplifier and sampled by an equivalent ADC. The peak
sample value obtained by each ADC, as well as a measure
of each ADC pedestal preceding the signal, was buffered and
awaited triggering of the detector.

Each detector (ADs, IWS, OWS) operated as an indepen-
dently triggered system using a Local Trigger Board (LTB).
Each FEE board accepted signals from up to 16 PMTs, and
transmitted a count of the number of channels over threshold,
as well as an analog sum of all signals, to the LTB. A trigger
was issued for each detector under the following conditions:

• AD: The total count of channels over threshold (NHIT)
was �45 or analog sum (ESUM) was �65 PE
(⇠0.4 MeV).

• IWS: The NHIT was �6 for an IWS.

• OWS: The NHIT was �7 for a near-hall OWS, or �8
for the far-hall OWS.

• RPC: 3 of 4 layers of a module were above threshold.

• Random: Randomly issued at a rate of ⇠10 Hz in
order to monitor the level of sub-threshold or accidental
activity in each detector.

• Calibration: Simultaneous with each pulse of light
emitted from a light-emitting diode (LED).

• Cross-detector: A Master Trigger Board (MTB) at each
site could forward triggers from one detector to another.
An intended use was to capture activity within the muon
systems when an AD detected a potential reactor ⌫e

(e.g. two AD triggers separated by 200 µs).

When a detector received a trigger, it served as a stop signal
for the TDCs. The TDC, peak ADC, and pedestal ADC values
for each channel over threshold within the past 1.2 µs were
then recorded. A digital hit map was recorded for each RPC
module which satisfied the 3 of 4 layer trigger threshold. A
GPS-synchronized time stamp (25 ns resolution) provided a
measure of the absolute time for each triggered event.

The analysis presented here relied on the combination
of data from two periods of operation. Extending from
Dec. 24, 2011, to Jul. 28, 2012, the first period consisted of
217 days of operation with the first 6 ADs: 2 in EH1, 1 in
EH2, and 3 in EH3. The final two ADs, AD7 and AD8, were
completed and installed in EH3 and EH2 respectively during
the Summer of 2012. An additional 1013 days of data were
collected from Oct. 19, 2012, to Jul. 28, 2015. For these two
periods, 189 days (87%) and 920 days (91%) of livetime were
accepted for the oscillation analysis, with the majority of the
downtime attributed to weekly detector calibration.

III. DETECTOR CALIBRATION

As a first step in the analysis, the recorded digital
information was converted to time and charge. From the
converted values we established the energy scale, and studied
the temporal and spatial response of the detectors to particle
interactions. The details of the calibration process are
discussed in this section. Descriptions of the calibration
systems are given in [32] and [33].

A. Time Calibration

As discussed in the previous section, the time at which
each detector triggered was recorded with 25 ns precision.
Calibration LEDs were used to measure the relative time
responses of the PMTs within a single detector. The time
delays observed in each channel were corrected for LED-to-
PMT distances and were fitted as a function of light intensity.
The results were recorded to a database and used to correct
TDC values during data analysis. The timing calibration was
repeated whenever a modification was made to a detector
system (e.g. replacement of FEE, LTB, or MTB board).

Figure 1: (Left) Layout of the Daya Bay experiment. Antineutrinos from six Daya Bay, Ling Ao and Ling
Ao II reactor cores are sampled by two ADs in each of two near experimental halls (EH1 and EH2) while
the largest oscillation effect is observed by 4 ADs placed in the far experimental hall (EH3). (Right) Section
of the detectors in one of the near halls. The ADs are immersed in a pool of ultra pure water that is covered
with RPCs. Section of one of the ADs shows the segmentation into three volumes.

ADs are submerged in instrumented pools of ultra pure water, as shown in the right panel
of Fig. 1. The water pool provides passive shielding against cosmogenic neutrons and ambient
radioactivity and serves as an active Cherenkov detector for cosmic-ray muon tagging. The water
pools are covered by an array of 4-layer Resistive Plate Chambers (RPCs) for further improvement
of muon detection. The ADs consist of three nested cylindrical volumes separated by two concen-
tric transparent acrylic vessels. The innermost volume contains 20 t of gadolinium-doped liquid
scintillator (LS) serving as a main target. The middle volume holds 22 t of pure LS that detects
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escaping gammas from the central volume of the detector. And the outermost volume is filled
with non-scintillating mineral oil working as a buffer zone. The most outer volume also hosts 192
inward-facing 8-inch photomultiplier tubes to collect the scintillation light.

Reactor antineutrinos are detected via the inverse beta decay (IBD) reaction: ν̄e + p→ e+ + n.
The incoming antineutrino interacts with a free proton, naturally abundant in organic LS, creating
a positron and a neutron. The positron quickly looses its energy and annihilates while the neutron
takes some time to thermialize and is captured on gadolinium (nGd) yielding a ∼8 MeV gamma
cascade, or on hydrogen (nH) producing a single 2.2 MeV gamma. The spatial (. 50 cm) and
temporal (∼30 µs for nGd, ∼200 µs for nH) coincidence of the prompt positron signal and the
delayed neutron capture allows for a powerful background rejection. The energy of the prompt
signal can be directly related to the incoming antineutrino energy as Eν̄e ' Eprompt + 0.78 MeV.

2. Oscillation Results

Neutrino oscillation, the consequence of mixing between flavor and mass neutrino states, is
nowadays a well-established phenomenon. Most measurements, including those from Daya Bay,
are consistent with mixing between three active neutrinos. The recent measurement of the reactor
antineutrino disappearance at Daya Bay using neutron capture on gadolinium is based on 1958 days
of data taking [1]. It uses nearly 4 million IBD candidates with about 0.5 million collected in the
far EH, which constitutes the largest data set of reactor antineutrinos in the world, and represents a
∼40% increase in statistics with respect to the previous result [2].

Apart from larger statistics, several major systematic improvements were conducted. The
absolute energy response uncertainty was reduced to better than 0.5% [3] mainly thanks to the
installation of a full Flash-ADC readout in one of the ADs, which allowed to decouple the non-
linearity intrinsic to the scintillator from the one in the electronic, and to a special calibration
campaign in 2017, during which radioactive sources with different enclosures were deployed to the
AD in order to constrain optical shadowing effects.

Daya Bay is a low-background experiment with a background to signal ratio better than 2%
for the nGd IBD sample. The dominant background uncertainty comes from the β-n decays of
cosmogenically produced isotopes, such as 9Li and 8He. Better separation of IBDs and 9Li/8He
decays was achieved by increasing the prompt energy cut in the background rate estimation analysis,
feasible only due to large statistics. The cleaner sample of cosmogenic isotope decays led to the
reduction of this background rate uncertainty from 50% to 30%.

Finally, the uncertainty on the antineutrinos from spent nuclear fuel, which contributes to
∼0.3% to the total antineutrino signal and was previously conservatively estimated to be 100%,
was reduced to 30% by a careful investigation of its history in collaboration with the nuclear power
plant [4].

A relative comparison of the rate and energy spectrum shape of the reactor antineutrinos
detected across all ADs, shown in left panel of Fig. 3, yielded sin2 2θ13 = 0.0856 ± 0.0029 and
∆m2

ee =
(
2.522+0.068

−0.070

)
× 10−3 eV2, where m2

ee is an effective mass-squared difference independent
on neutrino mass ordering [5]. The best fit with the confidence regions is shown in the right
panel of Fig. 3. Likewise, a value of ∆m2

32 =
(
2.472+0.068

−0.070

)
× 10−3 eV2 was obtained assuming
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the normal ordering and ∆m2
32 = −

(
2.575+0.068

−0.070

)
× 10−3 eV2 assuming the inverted ordering. This

represents the world’s most precise estimate of sin2 2θ13. Daya Bay is expected to further improve
this measurement and achieve <3% precision with the final data set, when the experiment stops
data taking at the end of 2020. This will be the most precise measurement of this parameter for the
foreseeable future. Similarly, ∆m2

32 is also measured with a leading precision, which is comparable
to that achieved by accelerator experiments.

5

TABLE I. Summary of signal and backgrounds. Rates are corrected for the muon veto and multiplicity selection efficiencies "µ · "m. The
procedure for estimating accidental, fast neutron, Am-C, and (↵,n) backgrounds is unchanged from Ref. [7].

EH1 EH2 EH3
AD1 AD2 AD3 AD8 AD4 AD5 AD6 AD7

⌫e candidates 830036 964381 889171 784736 127107 127726 126666 113922
DAQ live time (days) 1536.621 1737.616 1741.235 1554.044 1739.611 1739.611 1739.611 1551.945

"µ ⇥ "m 0.8050 0.8013 0.8369 0.8360 0.9596 0.9595 0.9592 0.9595
Accidentals (day�1) 8.27 ± 0.08 8.12 ± 0.08 6.00 ± 0.06 5.86 ± 0.06 1.06 ± 0.01 1.00 ± 0.01 1.03 ± 0.01 0.86 ± 0.01

Fast neutron (AD�1 day�1) 0.79 ± 0.10 0.57 ± 0.07 0.05 ± 0.01
9Li/8He (AD�1 day�1) 2.38 ± 0.66 1.59 ± 0.49 0.19 ± 0.08

Am-C correlated(day�1) 0.17 ± 0.07 0.15 ± 0.07 0.14 ± 0.06 0.13 ± 0.06 0.06 ± 0.03 0.05 ± 0.02 0.05 ± 0.02 0.04 ± 0.02
13C(↵, n)16O (day�1) 0.08 ± 0.04 0.06 ± 0.03 0.04 ± 0.02 0.06 ± 0.03 0.04 ± 0.02 0.04 ± 0.02 0.04 ± 0.02 0.04 ± 0.02

⌫e rate (day�1) 659.36 ± 1.00 681.09 ± 0.98 601.83 ± 0.82 595.82 ± 0.85 74.75 ± 0.23 75.19 ± 0.23 74.56 ± 0.23 75.33 ± 0.24

Nfar,pred
i , given in Eq. 2:

N far,pred
i = wi

�
✓13,�m2

ee

�
⇥ Nnear,obs

i . (2)

The predicted rate is based on the measurements in the
near halls, Nnear,obs

i , with minimal dependence on models
of the reactor ⌫e flux. Weight factors wi account for
the difference in near and far hall measurements, including
detection efficiencies, target mass differences, reactor power
and distance from each core, and oscillation probability.
The 6, 8, and 7 AD periods are treated separately in order
to properly handle correlations in reactor ⌫e flux, detector
response, and background.

To evaluate the oscillation parameters, a �2 is defined
in Eq. 3, where the statistical component of the covariance
matrix V is estimated analytically, and the systematic
component is evaluated from simulations:

�2 =
X

i,j

(N far,obs
j �N far,pred

j )(V �1)ij(N
far,obs
i �N far,pred

i ).

(3)
This approach is described in detail as Method A in Ref. [7].

Using this method, values of sin2 2✓13=0.0856±0.0029
and �m2

ee=(2.522+0.068
�0.070)⇥10�3 eV2 are obtained, with

�2/NDF = 148.0/154. Consistent results are obtained
using Methods B or C in Ref. [7]. Analysis using the exact
⌫e disappearance probability for three-flavor oscillations
yields �m2

32 = (2.471+0.068
�0.070) ⇥ 10�3 eV2 (�m2

32 =

�(2.575+0.068
�0.070) ⇥ 10�3 eV2) assuming normal (inverted)

hierarchy. Statistics contribute 60% (50%) to the total
uncertainty in the sin2 2✓13 (�m2

ee) measurement. The
systematic uncertainty of sin2 2✓13 is dominated by the
detection efficiency uncertainty uncorrelated among detectors
and the reactor ⌫e flux prediction, while that of �m2

ee is
dominated by the uncorrelated energy scale uncertainty.

The reconstructed prompt energy spectrum observed in the
far site is shown in Fig. 3, as well as the best-fit predictions.
The 68.3%, 95.5%, and 99.7% C.L. allowed regions in the
�m2

ee- sin2 2✓13 plane are shown in Fig. 4.
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FIG. 3. The background-subtracted spectrum at the far site (black
points) and the expectation derived from near-site measurements
excluding (red line) or including (blue line) the best-fit oscillation.
The bottom panel shows the ratios of data over predictions with no
oscillation. The shaded area is the total uncertainty from near-site
measurements and the extrapolation model. The error bars represent
the statistical uncertainty of the far-site data. The inset shows the
background components on a logarithmic scale. Detailed spectra
data are provided as Supplemental Material [14].

In summary, new measurements of sin2 2✓13 and �m2
ee are

obtained with 1958 days of data and reduced systematic
uncertainties. This is the most precise measurement of
sin2 2✓13, and the precision of �m2

32 is comparable to that
of the accelerator-based experiments [19–21].
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Figure 2: (Left) Energy spectrum of reactor antineutrinos detected in the far hall ADs (black points ) is
compared to the prediction based on the near halls data assuming no oscillations (red line) resulting in the
best oscillation fit (blue line). (Right) The best fit of sin2 2θ13 and ∆m2

ee and the 1, 2, 3σ confidence regions.

An alternative measurement of the θ13 mixing angle was performed, based on 621 days of data
taking, using an IBD sample identified via neutron capture on hydrogen [6]. This measurement is
largely independent of the nGd measurement, since the samples are completely different in statistics
and mostly decoupled in systematic uncertainties. However, the analysis poses more challenges
due to the larger systematics, particularly from the larger background dominated by the accidental
coincidence of two uncorrelated signals (the background to signal ratio reaches 1 for the far EH
ADs). A comparison of relative rates results in sin2 2θ13 = 0.071 ± 0.011. A spectral analysis is
under preparation.

3. Search for Sterile Neutrino Mixing

Despite the success of the three-neutrino mixing model, several experimental anomalies can
be explained by the existence of sterile neutrino(s) [7]. Daya Bay searched for light sterile neutrino
mixing within the minimal extension 3 (active) + 1 (sterile) neutrino model. With its unique layout
with multiple baselines, the experiment can explore several orders of |∆m2

41 |. The existence of
an extra neutrino could appear in the data as an additional spectrum distortion driven by the new
mass-squared difference ∆m2

41. However, no deviation from the three-neutrino model was found
analyzing a data set acquired over 1230 days [8]. Thus Daya Bay was able to place limits on
sterile neutrino mixing sin2 2θ14 for three orders of magnitude in |∆m2

41 |, yielding the most stringent
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constrains up to date for |∆m2
41 | < 0.2 eV2, as shown in the left panel of Fig. 3. 5
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Figure 1. The Feldman-Cousins (FC) exclusion region at 90% C.L.
from the analysis of 1230 days of Daya Bay data is shown as the solid
blue line. The 90% C.L. median sensitivity is shown as the dashed
red line, along with 1� and 2� bands. The excluded region for the
original Bugey-3 limit with the raster scan technique is shown in
green, while the resulting CLs contour from Daya Bay and its com-
bination with the reproduced Bugey-3 results with adjusted fluxes are
shown in grey and black, respectively. The regions to the right of the
curves are excluded at the 90% CLs or 90% C.L.

calorimeters composed of steel-scintillator planes read out by
multi-anode photomultiplier tubes [44]. The NuMI neutrino
beam is produced by colliding 120 GeV protons accelerated
by the Main Injector complex at Fermilab with a graphite
target. The emerging secondary beam of mostly ⇡ and K
mesons is focused by two parabolic electromagnetic horns
and allowed to decay in a 675 m long helium-filled pipe, re-
sulting in a neutrino beam composed predominantly of ⌫µ,
with a 1.3% contamination of ⌫e [45]. The detectors accumu-
lated a 10.56 ⇥ 1020 POT beam exposure during the MINOS
neutrino runs, with the observed neutrino energy spectrum
peaked at 3 GeV. In the MINOS+ phase, the detectors sampled
a higher-intensity NuMI beam, upgraded as part of the NOvA
experiment [46], with the neutrino energy peaked at 7 GeV.
The higher-energy neutrino beam, although less favorable for
three-flavor oscillation measurements (for MINOS’ baseline
and three-neutrino standard oscillations, the muon neutrino
disappearance maximum occurs at E⌫ ⇡ 1.6 GeV), provides
greater sensitivity to sterile-induced muon neutrino disappear-
ance by increasing the statistics in regions of L/E⌫ where os-
cillations driven by large mass-squared splittings would occur.
A new search for sterile neutrino mixing using an additional
exposure of 5.80 ⇥ 1020 POT of MINOS+ data has been re-
cently published [28]. Unlike the previous MINOS analysis
that was based on the ratio between the measured neutrino

energy spectra in the two detectors (Far-over-Near ratio) [47–
50] and that was limited by the statistical error of the lower-
statistics FD sample, the new analysis employs a two-detector
fit method, simultaneously fitting the reconstructed neutrino
energy spectra in both detectors [51]. The new technique ex-
ploits the full power of the large ND statistics for L/E⌫ re-
gions probed by the ND baseline.

The analysis employs both the charged-current (CC) ⌫µ and
the NC data samples from MINOS and MINOS+. The CC
⌫µ disappearance channel has sensitivity to ✓24 and �m2

41, in
addition to the three-flavor oscillation parameters �m2

32 and
✓23. The NC sample adds nontrivial sensitivity to ✓34, ✓24

and �m2
41, albeit with a worse energy resolution (due to the

missing energy carried by the outgoing final-state neutrino)
than in the CC case, as well as lower statistics due to the lower
NC interaction cross section. As detailed in Refs. [28, 51], the
analysis is approximately independent of the angle ✓14 and
the phases �13, �14, and �24, so these parameters are all set to
zero in the fit. The MINOS and MINOS+ combined search
for sterile neutrinos places the most stringent limit to date on
the mixing parameter sin2 ✓24 for most values of the sterile
neutrino mass-splitting �m2

41 > 10�4 eV2.
Following the same approach used in the first joint analysis

by MINOS and Daya Bay [24], the CLs contours for the new
two-detector fit of MINOS and MINOS+ data are obtained us-
ing a similar prescription to the one used by Daya Bay, but
where the test statistics ��2

3⌫ and ��2
4⌫ are approximated

by MC simulations of pseudo-experiments without assuming
they have Gaussian distributions. The consistency with the
published Feldman-Cousins corrected limits is displayed in
Fig. 2. The new MINOS and MINOS+ limits are combined
with the Daya Bay and Bugey-3 limits described above to ob-
tain a new improved limit on anomalous ⌫µ to ⌫e oscillations,
as discussed below.

The disappearance measurements from the three exper-
iments are combined using the same methodology as in
Ref. [24]. For each fixed value of �m2

41, the ��2
obs value and

the ��2
3⌫ and ��2

4⌫ distributions for each (sin2 2✓14, �m2
41)

point from the Daya Bay and Bugey-3 combination are paired
with those for each (sin2 ✓24, �m2

41) point from the MINOS
and MINOS+ experiments, resulting in specific (sin2 2✓µe,
�m2

41) combinations according to Eq. 7. Since systematic un-
certainties of accelerator and reactor experiments are largely
uncorrelated, the combined values of ��2

obs are obtained by
simply summing the corresponding values from the reactor
and accelerator experiments. Similarly, the combined ��2

3⌫

and ��2
4⌫ distributions are calculated by random sampling the

distributions from each experiment and summing. Since sev-
eral different combinations of (sin2 2✓14, sin2 ✓24) can yield
the same sin2 2✓µe, the combination with the largest CLs

value is conservatively selected to be used in the final result.
The new combined 90% and 99% CLs limits from searches

for sterile neutrino mixing in MINOS, MINOS+, Daya Bay,
and Bugey-3 in the 3+1 neutrino model are shown in Figs. 3
and 4, respectively. Constraints on the sin2 2✓µe electron
(anti)neutrino appearance parameter are provided over 7 or-
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Figure 4. Comparison of the MINOS, MINOS+, Daya Bay, and
Bugey-3 combined 99% CLs limit on sin22✓µe to the LSND and
MiniBooNE 99% C.L. allowed regions. The limit also excludes
the 99% C.L. region allowed by a fit to global data by Gariazzo et
al. where MINOS, MINOS+, Daya Bay, and Bugey-3 are not in-
cluded [55, 56], and the 99% C.L. region allowed by a fit to all avail-
able appearance data by Dentler et al. [57] updated with the 2018
MiniBooNE appearance results [21].
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Figure 3: (Left) Exclusion region at 90% C.L. from Daya Bay obtained with the Feldman-Cousins (red) and
CLs (gray) statistical methods, and its extension with the Bugey-3 data (black) (Right) Exclusion region at
99% CLs from the combination of the Daya Bay, Bugey-3, MINOS and MINOS+ experiments, together with
the 99% C.L. allowed region from the LSND and MiniBooNE experiments, is shown. A global fit [9, 10] as
well as a fit to appearance experiments only [11] is ruled out at >99% C.L. The regions to the right of the
curves are excluded.

This measurement was extended by the limits from Bugey-3 and further combined with the
results fromMINOS and MINOS+ experiments to scrutinize the allowed sterile neutrino parameter
space of the LSND [12] and MiniBooNE [13] experiments. The excess of electron (anti)neutrinos
in the muon (anti)neutrino beam might be explained by sterile neutrino mixing with ∆m2

41 ∼ 1 eV2

and an effective mixing angle sin2 2θµe ≡ sin2 2θ14 sin2 θ24. The θ14 and θ24 mixing angles can be
directly constrained by the electron andmuon (anti)neutrino disappearance experiments respectively,
hence the combination of Daya Bay and Bugey-3 with MINOS and MINOS+. Since no deviation
from a three-neutrino paradigm was observed, the combination yielded strong constrains on the
sterile neutrino mixing over seven orders of magnitude in ∆m2

41. The LSND and MiniBooNE
99% C.L. allowed regions were excluded at 99% CLs for ∆m2

41 < 1.2 eV2, as shown in right panel
of Fig. 3, suggesting that excess in those experiments might not be caused by sterile neutrinos.
Furthermore, global fit to the experiments searching for sterile neutrinos [9, 10] as well as fit only
to the appearance experiments [11] were fully excluded on more than 99% C.L..

4. Summary

The recent measurement of reactor antineutrino oscillation at Daya Bay experiment provides
the most precise determination of the θ13 mixing angle and an estimate of |∆m2

32 | with competitive
precision to accelerator experiments. A consistent estimate of θ13 is yielded from an independent
measurement using a sample using neutron capture on hydrogen. An improved search for light
sterile neutrino mixing results in the world’s most stringent limits for |∆m2

41 | < 0.2 eV2. The
combination of Daya Bay and Bugey-3 with MINOS and MINOS+ ruled out a significant part of
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allowed sterile neutrino parameter space of the LSND andMiniBooNE experiments. The Daya Bay
experiment will continue to take data until the end of 2020, expecting to push the θ13 uncertainty
bellow 3%.
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