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LATEST RESULTS FROM NEUTRINO
OSCILLATION EXPERIMENT DAYA BAY

The Daya Bay Reactor Neutrino Experiment was designed to measure 013, the smallest mizing
angle in the three-neutrino mixing framework, with unprecedented precision. The experiment
consists of eight identically designed detectors placed underground at different baselines from
three pairs of nuclear reactors in South China. Since Dec. 2011, the experiment has been run-
ning stably for more than 7 years, and has collected the largest reactor antineutrino sample to
date. Daya Bay greatly improved the precision on 613 and made an independent measurement
of the effective mass splitting in the electron antineutrino disappearance channel. Daya Bay
also performed a number of other precise measurements such as a high-statistics determination
of the absolute reactor antineutrino flux and the spectrum evolution, as well as a search for the
sterile neutrino mizing, among others. The most recent results from Daya Bay are discussed
in this paper, as well as the current status and future prospects of the experiment.
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1. Daya Bay Neutrino Experiment

The Daya Bay Reactor Neutrino Experiment was de-
signed to measure 6,3, the smallest mixing angle in
the three-neutrino mixing framework, with unprece-
dented precision [1|. The experiment profits from a
rare constellation of a nuclear power station com-
plex situated near Hong Kong and adjacent moun-
tains. The reactors serve as the source of neutrinos,
while the mountains provide a sufficient overburden
suppressing cosmic muons — the strongest background
source (see Fig. 1). The Daya Bay and Ling Ao nu-
clear power plant (NPP) reactors (red circles) were
situated on a narrow coastal shelf between the Daya
Bay coastline and inland mountains.

At the time of the measurement, the facility con-
sisted of six pressurized water reactors (PWRs). The
electron antineutrinos are emitted in the beta-decay
of fission fragments released in the chain reac-
tion. The antineutrino flux and the energy spectrum
is determined by the total thermal power of the re-
actor, the fraction of each fissile isotope in the fuel,
the fission rate of each isotope, and the energy spec-
trum of neutrinos from each isotope. All the reactors
have the same thermal power 2.9 GWy;, each and all
together produced roughly 3.5 x 10%! 7, /s with ener-
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gies up to 8 MeV making it one of the most intense
U, sources on the Earth.

Two antineutrino detectors installed in each under-
ground experimental hall near to the reactors (Hall 1
and Hall 2) measured the v, flux emitted by the re-
actors, while four detectors in the far experimental
hall (Hall 3) measured a deficit in the 7. flux due to
oscillations in the location, where the neutrino oscil-
lation effect is expected to be the strongest. Such con-
figuration allows one to suppress the reactor-related
uncertainty in the measured neutrino flux. The dis-
appearance signal is most pronounced at the first os-
cillation minimum. Based on the existing accelerator
and atmospheric neutrino oscillation measurements,
this corresponded to the distance Ly ~ 1.6 km for
the reactor v, with a mean energy of 4 MeV. The
detectors were built and initially tested in a surface
assembly building (SAB), transported to a liquid scin-
tillator hall for the filling, and then installed in an
experimental hall.

The detection of antineutrinos is based on the
same principle as in the famous experiment of Reines
and Cowan [2], who registered reactor antineutri-
nos in 1956. A sensitive part of the detector con-
sists of a hydrogen-rich liquid scintillator doped with
gadolinium (Reines and Cowan used Cd instead as
the dopant). Antineutrino interacts via the inverse
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Fig. 1. Layout of the Daya Bay Neutrino Experiment

beta-decay (IBD)
Ued+p—et +n

with a proton (hydrogen) giving rise to a neutron
and a positron. The positron deposits its kinetic en-
ergy to the scintillator, then annihilates on an elec-
tron, and generates two gamma rays, each 511 keV
which together with the deposited positron kinetic
energy cause a “prompt signal” within a few nanosec-
onds. The neutron is first moderated and then is cap-
tured on Gd typically 30 ns after the prompt sig-
nal. Consequently, a cascade of gamma quanta with
a total energy of 8 MeV is emitted and generates a
“delayed signal”. The appearance of the two signals
“prompt” and “delayed” is a signature of the antineu-
trino registration.

The Daya Bay antineutrino detector modules have
an onion-like structure (see Fig. 2, left). The inner-
most volume is filled with 20 tons of the Gd-loaded
liquid scintillator (GdLS) serving as the antineutrino
target. The second layer — the gamma catcher — is
filled with additional 20 tons of a normal liquid scin-
tillator (LS) which can register most of the gamma
energies from the neutron capture or positron anni-
hilation. Neutrino interactions in the gamma catcher
will not satisfy the trigger, since only the signal of
the neutron-capture on Gd will trigger a neutrino
event. The outer-most layer is normal mineral oil
(MO) that shields the radiation from the PMT glass
from entering the fiducial volume. The two inner ves-
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sels are fabricated of PMMA which is transparent for
optical photons and chemically resistant against the
used liquids, the outer-most 5 m by 5 m tank is made
of a stainless steel and is equipped with 192 8-inch
PMTs. Specular reflectors are located above and be-
low the outer PMMA vessel to improve the light col-
lection uniformity, while the vertical wall of the de-
tector is black. Three automated calibration units are
used to deploy radioactive sources (°°Co, %8Ge, and
241 Am-13C) and light-emitting diodes through nar-
row teflon-bellow penetrations into the GALS and LS
regions.

After the filling, the antineutrino detectors were in-
stalled in a 10 m deep water pool in each underground
experimental hall, as shown in Fig. 2, right. The wa-
ter shielded the detectors from ~-rays arising from
the natural radioactivity and muon-induced neutrons,
which were primarily emanated from the cavern rock
walls. The pool was optically separated into two in-
dependent regions, the inner (IWS) and outer wa-
ter shields (OWS). Both regions were instrumented
with PMTs to detect the Cherenkov light produced
by cosmogenic muons. A 4-layer resistive plate cham-
ber (RPC) system was installed over the pool, which
served in studies of muons and muon-induced back-
grounds. The identification of muons which passed
through the IWS, OWS, and RPC system enhanced
the rejection of the background from neutrons gen-
erated by muon interactions in the immediate vicin-
ity of the antineutrino detectors. Each detector (ADs,
IWS, OWS) operated as an independently triggered
system.

2. Results
2.1. Oscillation analysis based on n-Gd [3]

The presented results are from the analysis of data
collected in the Daya Bay experiment with 6 detectors
in 217 days (Dec/2011-Jul/2012), with 8 detectors in
1524 days (Oct/2012-Dec/2016), and with 7 detec-
tors in 217 days (Jan/2017-Aug/2017). During 1958
days of operation, the Daya Bay experiment collected
more than 3.5 millions inverse beta decays in the near
halls and more than 0.5 million IBD have been de-
tected in the far hall. The daily rate is ~2500 IBD
events in the near halls and ~300 IBD in the far hall.

The distortion of the energy spectrum at the far
hall relative to near halls was consistent with oscilla-
tions and allowed the measurement of |Am?2,|. The
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Fig. 8. Oscillation survival probability versus antineutrino proper time — left. The 68.3%, 95.5%, and 99.7%

C.L. allowed regions for sin? 2013 and |Am2,| — right

parameters of the three-flavor model in the best
agreement with the observed rate and energy spec-
tra were

sin 2263 = 0.0856 + 0.0029,

|Am?,| = [2.522700%] x 107% eV?,
Am2,(NH) = +[2.47110558) x 1072 eV?,
AmZ,(TH) = —[2.57570588] x 1073 eV?.

The Am3, values were obtained under the as-
sumptions of normal (NH) and inverted (IH) mass
orderings.
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Figure 3 — left, shows the observed electron sur-
vival probability as a function of the effective base-
line L.y; divided by the average antineutrino energy
(E,). Almost one full oscillation disappearance and
reappearance cycle was sampled, given the range of
L/E, values which were measured.

The confidence intervals for Am?2, versus sin 2263
are shown in Fig. 3 — right. The 1o, 20, and 30 2-D
confidence intervals are estimated using Ax? values
of 2.30 (red), 6.18 (green), and 11.83 (blue) relative
to the best fit. The upper panel provides the 1-D Ay?
for sin 22613 obtained by profiling |Am?2,| (blue line),
and the dash lines mark the corresponding 1o, 20,
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Fig. 4. Constraints for a sterile light neutrino provided by Daya Bay [13] — left, and the combined analysis
of data from MINOS and Daya Bay/Bugey-3 [14] — right

and 3o intervals. The right panel is the same, but for
|Am?2,|, with sin 2263 profiled. The point marks the
best estimates, and the error bars display their 1-D
lo confidence intervals.

The Daya Bay results are compatible with the
sin226015 results provided by other experiments:
RENO [4], D-CHOOZ [5], T2K [6], MINOS [7],
and |Am2,| values provided by RENO [4], T2K [6],
MINOS [8], NOvA [9], Super-K [10], and IceCube
[11]. While the accuracy of determination of |Am3,|
is comparable with T2K and MINOS, the determi-
nation of sin 2263 is more than twice more accurate
than other results.

2.2. Oscillation analysis based on n-H [12]

The alternative analysis of data taken in 621 days and
based on the events in which the neutron from IBD
is captured on hydrogen results in

sin 22615 = 0.071 + 0.011.

The combination of the n-H and n-Gd results from
1230 days data gives the 8% improvement in preci-
sion:

sin 226,35 = 0.082 4 0.004.

2.3. Search for Light Sterile Neutrino

The large statistics collected with the full configura-
tion of eight detectors in the Daya Bay experiment
allowed a new precise analysis with aim to search
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for a light sterile neutrino [13]. A relative comparison
of the rate and energy spectrum of reactor antineu-
trinos in the three experimental halls yields no evi-
dence of the sterile neutrino mixing in the 2 x 1074 <
< |Am3,;| < 0.3 eV? mass range. The resulting limits
on sin 2264 shown in Fig. 4 — left, constitute the most
stringent constraints to date in the |[Am?,| < 0.2 eV?
region.

Searches for a light sterile neutrino have been in-
dependently performed by the MINOS and Daya Bay
experiments using the muon (anti)neutrino and elec-
tron antineutrino disappearance channels, respective-
ly. Results from both experiments are combined with
those from the Bugey-3 reactor neutrino experiment
to constrain oscillations into light sterile neutrinos
[14]. The three experiments are sensitive to comple-
mentary regions of the parameter space, enabling the
combined analysis to probe the regions allowed by the
LSND and MiniBooNE experiments in a minimally
extended four-neutrino flavor framework. Stringent
limits on sin?26,,. are set over six orders of magni-
tude in the sterile mass-squared splitting Am?;. The
sterile-neutrino mixing phase space allowed by the
LSND and MiniBooNE experiments is excluded for
Am3, < 0.8 eV? at 95% CLs, see Fig. 4 — right.

2.4. Reactor antineutrino
flux and spectrum anomalies [15]

Data collected in 1230 days were used to measure
the IBD yield in four near detectors. The new av-
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Fig. 6. Combined measurement of 23°U and 239Pu IBD yields per fission o235 and o239 — left. De-
composition of the reactor anti-neutrino spectrum into two dominant contributions from 235U and 239Pu

erage IBD yield is determined to be (5.91 + 0.09) x
x 10743 cm? /fission, and the updated ratio of mea-
sured to predicted flux was found to be 0.952 +
0.014 £ 0.023 and 1.001 £ 0.015 +£ 0.027 for the Hu-
ber + Mueller and ILL 4 Vogel models, respectively,
where the first and second uncertainties are experi-
mental and theoretical model uncertainties, respec-
tively. The tension with respect to the theoretical
predictions is consistent with other experiments, see
Fig. 5 — left. In particular, an excess of events in the
region of 4—6 MeV was found in the measured spec-
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trum, with a local significance of 4.40, see Fig. 5 —
right.

2.5. Evolution of the reactor
antineutrino flux and spectrum [16]

The data taken by the detectors in two near halls in
1230 days spanning multiple fuel cycles for each of the
reactors were used for the investigation of the evolu-
tion of the antineutrino flux and spectrum. Weakly
effective fission fractions values corresponding to the
fission isotopes 23°U, 238U, 239Py, and 24!'Pu for each
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detector were calculated using thermal power and fis-
sion fraction data for each core, which were provided
by the power plant.

A decrease of the total IBD yield/fission with in-
crease of the effective fission fraction Fhzg of 239Pu
(larger fuel burn-up) was clearly observed. Individual
yields o935 and 0939 from the main flux contributors
235U and 239Pu, respectively, were fitted, see Fig. 6 —
left. The discrepancy in a variation of the antineu-
trino flux from 23U with respect to the reactor fuel
composition model prediction suggests a 7.8% overes-
timation of the predicted antineutrino flux from 23U
and indicates that this isotope could be the primary
contributor to the reactor antineutrino anomaly.

2.6. Reactor antineutrino
spectrum decomposition [17]

The analysis of 3.5 milions of events taken during
1958 days in four near antineutrino detectors allows
the partial decomposition of the antineutrino spec-
tra — see Fig. 6 — right. The IBD yields and prompt
energy spectra of 23°U and 23°Pu are obtained using
the evolution of the prompt spectrum as a function
of the fission fractions. The analysis confirms the dis-
crepancy between the measured spectrum shape and
the prediction. The deviation is 5.3¢0 and 6.3¢0 in the
energy interval 0.7-8 MeV and in a local energy in-
terval of 4-6 MeV, respectively.

The comparison of the measured and predicted
235U and 2?Pu IBD yields preferes an incorrect pre-
diction of the 23°U flux as the primary source of the
reactor antineutrino rate anomaly. The discrepancy
in the spectral shape for 23°U suggests the incorrect
spectral shape prediction for the 235U spectrum. Ho-
wever, no such conclusion can be drawn for the 239Pu
spectrum due to a larger uncertainty.
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B. Bopobea
610 imeni Konabopauii Daya Bay

HOBITHI PE3VYJIETATU
3 EKCIIEPUMEHTY HEUTPUHHNX
OCILIMJILIIIN DAYA BAY

Peszowme

Excnepument 3 peakropaumu meiirpuno DAYA BAY 3anymano
JIsi BUMiproBaHHst ©13 — HalIMEHIIIOro KyTa B paMKaxX TPUHeN-
TPHUHHOTO 3MinIyBaHHs — 3 6e3IpereeHTHOIO TouHicTIO. Excme-
PUMEHTAaJIbHA, CHCTEMA CKJIAJAETHCA 3 BOCbMU OIHAKOBUX JI€Te-
KTOPiB, PO3MIIIIEHUX TIiJ] 3eMJIEI0 Ha PI3HUX OA30BUX BiJICTAHSIX
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Biz Tphox map suepuux peaxrTopis IliBmernnoro Kwuraio. Ilo-
gqunao4n Big 2011 poky, eKcrnepuMeHTaJbHa CUCTEMa IIPAIIOE
cTabiIbHO BIPOROBK Ginbir HiXK 7 POKIB Ta HaKOMUYMIA HAi-
6ijIbIle SIK HA CHOT'OJIHI JAHUX PO PEAKTOPHI aHTUHEHATPHUHO.
DAYA BAY 3HauHO NOKpaluB TOYHICTH ©13 i BUKOHAB He-
3aJ/Ie’KHI BUMIpIOBaHHA €(PEKTUBHOIO PO3UIEIJIEHHA MacC B Ka-
HaJli 3BHUKHEHHsI eJleKTpoHHoro Heiirpuno. DAYA BAY nposis
TaKOXK IHII TOYHI €KCIIEpHMEHTH, TaKi K BHMIpDIOBaHHS 3 BU-
COKOIO TOYHICTIO abCOJIIOTHOI'O IIOTOKY PEaKTOPHUX HENTPHUHO
i IXHBOT'O CIIEKTpPa, a TAKOXK IIOUIyK 3MIIIyBaHHS CTEPUJIBHUX
HeliTpuHo. B maniit poboTi 06roBopro0ThHCs HOBITHI pe3yJibTa-
T 3 DAYA BAY, a Takox cydacHHIl CTaH Ta IE€PCIEKTHBU

€KCIIEPUMEHTY.
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