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In March 2012 the Daya Bay reactor neutrino experiment oleskthe disappearance of electron
antineutrinos at about 2 km. Within the three-neutrino ftévamework this result can be used
for measuring a value of si026,3) for the least known neutrino mixing anges. The exposure
of 116.8 kton-GW,-day improved the result to 486,35 = 0.089+0.01044 + 0.005y¢, the most
precise measurement 8f3 to date. A short overview of the experiment, results andgeots are
presented.
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1. Neutrino mixing and oscillations

Neutrino flavor eigenstateg; originating in weak decays together with charged leptons of
three known flavorsf = e u, T are super-positions of three mass eigenstatas= 1,2,3 with
massesn, m, mz. The experimentally firmly established phenomenon of zimwhs of neutrino
flavors can be explained by a non-diagonal mixing matrix affdrént masses of neutrinos mass
eigenstates. The canonical representation of the mixingixrmia the ordered product of three
rotations with angle$,,, 613, 6,3 and one CP violating phage In the case of a Majorana origin
of the neutrino the mixing matrix contains another two sdecbMajorana phases. Oscillations of
neutrino flavors do not depend on Majorana phases and thefghe mixing matrix relevant for
oscillations is:

1 0 0 C13 0 s€f Cc si2 O
Ui=| 0 c3 3 o 1 0 -2 €2 O
0 —s3 Co3 —s136% 0 ¢z 0 0 1

wheresj andc;; denote sirh; and cosdj respectively.
With an approximation oAmg; = mé — m2 = m3 — mg = Am3, the survival probability for
electron antineutrino with enerdy at the distance from the source is given by the formula:

Py, v, <é) = 1—sir? (2643) sir? (igf’éx> — cod' (By3) sir? (261) sir? (A‘;Eéﬁ

The Daya Bay experiment [1] was designed to measure the ghthe least known oscillation
parameteiB; 3 with unprecedented precision by employing a relative rat@sarement of electron
antineutrinos between a far site and two near sites locateeaclear power plant in south China.

First hints of the non-zero mixing angl 3 arose from combinations of solar neutrino data
and KamLAND's reactor neutrino data [2]. It was followed Imgications in accelerator neutrino
measurements by T2K [3] and MINOS [4], and reactor neutrixgeement Double-CHOOZ [5]
with data departing fronf);3 = 0 hypothesis at 1.7 to 2c5level. With the first six 20-ton target-
mass detectors of identical design the Daya Bay Experintdmeported observation of non-zero
mixing angle B13with significance at 20 in March 2012. The measurement was subsequently
confirmed by RENO [7]. In June 2012 the Daya Bay experimentighuibd improved result with
increased statistics [8], the most precise measuremerateo d

2. Detection of reactor antineutrinos

Nuclear power reactors are very powerful sources of ele@raineutrinos. Fission products
are neutron rich isotopes that are transformed to stableinua a series o8~ decays. On average
~6 electron antineutrinos follow each fission producing a Biix-2- 10?° of V. per second per
1 GW;, of reactor thermal power. The energy spectrum of antineegrdecreases with the energy
and extends up ter10 MeV. Antineutrinos with energids, > 1.8 MeV can be detected by charged
current interactions (so called inverse beta decay IBD):

Ve+p—e+n
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on target protons of liquid scintillator. The detected a@titrinos energy spectrum is the product
of the original antineutrino flux and the neutrino energyatatent IBD cross section. The detected
spectrum has a typical shape with a maximurigatv4 MeV.

The positron losses its kinetic energy by ionization andhitates with an electron producing
a pair ofme = 511 keV gammas. This so called prompt sigBglis related to the neutrino energy
Eyv =Ep+0.8 MeV.

The kinetic energy of IBD neutrons is10 keV. Neutrons are thermalized by elastic colli-
sions with nuclei of liquid scintillator. In order to septgahe neutron signal from backgrounds,
liquid scintillator is doped with Gadolinium. The two ispies'°°Gd and!®’Gd have huge cross
sections for thermal neutrons capture (61 and 254 k barrs)trdh capture on these Gd isotopes
is followed by the emission of several gammas with total giesrof 8.54 MeV and 7.94 MeV
respectively. As the abundances'®¥Gd and'>’Gd are high (14.8% and 15.7%) the addition of
the small amount of 0.1% of Gd is enough to ensure a captureocd than 80% of neutrons on
Gd. The time differencét between the prompt signal from positron and the delayedasigom
the neutron follows an exponential distributien®/ (") with the value of capture timér) =229 us
that is inversely proportional to Gd concentration.

The number of detected IBD events is proportional to the ypeodf the detector mass and
power of the nuclear reactors. In addition the optimal s@iityi requires placing the far detector(s)
at a distance close to 2 km where the maximal disappearamo@éxted for neutrinos around the
peak energy of 4 MeV. Correlated systematic errors are tladcand uncorrelated reactor uncer-
tainties are minimized in a configuration with identical neatector(s) [9] placed closer to the
reactors where oscillations effects are small. The backgiacan be minimized by a large over-
burden. The near-far arrangement of the Daya Bay antimeutiétectors (ADs) is shown in Fig. 1
and relevant parameters are summarized in the following:tab

Reactor Power Detector mass [tf] Baseline [m] | Overburden [mwe]
[GWqh] Near Far Near Far Near Far
17.4 40, 40 80 498, 555 1628 250, 265 860

Each Daya Bay antineutrino detector [10] is a stainlesd st=sel with three nested cylindrical
volumes separated by two concentric acrylic vessels. Tinerimost volume serves as the target
and is filled with 20 t of Gd loaded liquid scintillator (Gd-).9n order to fully contain gammas
from positron annihilation and Gd de-excitation the cdnidume is surrounded by a gamma
catcher of 21t of Gd free liquid scintillator (LS) in an outmrylic vessel. The outermost volume
of 37 t of mineral oil serves as shielding of the inner volunfresn radiation originating from
the walls of stainless steel vessel and photomultipliers.in€rease the light yield and improve
the homogeneity reflector panels are installed at the topbattdm of the outer acrylic vessel.
Scintillating light is detected by 192 8-inch PMTs placedrgy the circumference of the stainless
steel vessel. The Daya Bay detectors are submerged inrmestted water pools such that at least
2.5 m of water is surrounding each detector. Purified watssipaly shields detectors from the
ambient and cosmic rays induced radioactivity and actideliects Cherenkov light produced by
cosmic muons. In addition, an array of resistive plate claniRPC) modules is placed on top of
the pools for increased background rejection.
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The detectors are equipped with three automated calibratits ACU A, B and C that in-
sert calibration sources along the vertical direction i ¢kentre of the detector, close to the edge
of target volume and in the middle of gamma catcher. The i@lidn near the IBD threshold is
done with®8Ge that decays by electron captureBto emitter®8Ga. Near the peak of the detected
antineutrino energy spectrum the detectors are calibrat#d®°Co radioactive source. Neutrons
from 24'Am-13C source are used to calibrate the detector’s response tmasifinom neutron cap-
ture on H and Gd. The PMT timing, gain and relative quantunciefficies are calibrated using
Light-Emitting Diodes (LED) light. The detector’s respens also calibrated by neutrons pro-
duced by cosmic rays. The energy resolution of the Daya Bégctigs has been measured to
satisfy the relatioro /E = 7.5%//E[MeV] +0.9%. The value of the statistical terms ab% is
in good agreement with the measured yield of 160 photoelestper MeV.

2.1 1BD candidates salection

The minimum value of the IBD signal at the threshold is 1.028WIDue to energy resolu-
tion and possible inhomogeneity of the response, the prampgl is selected in the region 0.7
MeV<Ep<12 MeV. The delayed signal 6 Me\&g<12 MeV from the neutron capture on Gd is
searched in the time windowt = ty —t, =1-200 us following the prompt signal. In addition
there should be no signal exceeding 0.7 MeV in 28Qdime windows preceding and following the
prompt signal and the delayed signal respectively (socafieltiplicity cut).

In order to suppress the background the Daya Bay detec®retoved for 0.6 ms, 1 msand 1 s
after so called pool muon, non-showering AD muon and shawekD muon signals respectively.

2.2 Systematic uncertainties and Background

Dominant contributions to detector related uncorrelatedettainties are uncertainties of the
delayed energy cut efficiency and of the fraction of neutmptares on Gd. Influences of uncorre-
lated reactor based uncertainties to the measured ratéy td hear IBD rates are highly reduced.

The signal of IBD events can be mimic by three major types okgeound events.

Accidental background are coincidences of prompt and aetike signals not caused by IBD
events. This background is estimated using data and it isecrated at low energies.

Fast neutrons background: Energetic neutrons createdotomiclear interactions of cosmic
muons could mimic IBD by recoiling off a proton before beirgptured on Gd. The number of
background events can be estimated by the extrapolatidre dfsickground shape at energies above
12 MeV.

Very neutron rich exotic nuclei created in interactions @$rmic muons. These are mo§lyi
and less frequently alsfHe. A large fraction ofLi andSHe B~ decays are accompanied by a free
neutron:

3Li » 20+n+e +Ve Q=13607MeV

®He — jLi+n+e +Ve Q=10651MeV
Due to the large Q valug—-n decays of these nuclei mimic IBD candidates spanning thalev
spectrum and because of their long half-lives of 178 and 14 @etectors must be vetoed for long

times after showering cosmic muon signals.
Daily rates of the most significant backgrounds are sumredtiiz Table 1.
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rates per day AD1 AD2 AD3 AD4 AD5 ADG6
accidentals 9.780.10 9.610.10 7.55-0.08 3.05:0.04 3.04£0.04 2.93+0.03
fast-neutron 0.7£0.24 0.720.24 0.58-0.33 0.05:0.02  0.05:0.02  0.05:0.02
9Li/8He(per AD) 2915 2.0t11 0.22£0.12
Am-C (per AD) 0.2+0.2
13C(a,n)t%0 0.08£0.04 0.040.04 0.05:-0.03 0.04:0.02  0.04:0.02  0.04t0.02

IBD rate

662.443.00 670.843.01 613.53-2.69 77.540.85 76.620.85 74.970.84

Table 1: Summary of significant contributors to the background ofiikaignal. Daily rates of the back-
grounds as well as the signal are shown. The uncertaintyedhth-C background was assumed to be fully
correlated among the detectors.

3. Results

The V¢ rate in the far hall was predicted with a weighted combimatib the two near hall
measurements assuming no oscillation. A ratio of the meddorexpected rate is defined as

My My
N aMa+BMy’

whereN; andM; are the predicted and measured rates in the far hall (sum of-8DM, andMy
are the measured, background-subtracted IBD rates intdetquaced in EH1 and EH2, respec-
tively.
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Figure 1: Left: Layout of the Daya Bay experiment. The dots represeattor cores, labelled as D1, D2,
L1, L2, L3 and L4. Six antineutrino detectors (ADs) were aiistd in three experimental halls (EHS).
Right:Ratio of measured versus expected signals in eaettdethall, assuming no oscillation. The oscil-
lation survival probability at the best-fit value is giventwe smooth curve. The data points of two ADs in
the far hall were displaced by -30 and +30 m for visual claffye x2 value versus si26: is shown in the
inset.[8].
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The values for weightsr and 3 were dominated by the baselines, and only slightly depen-
dant on the integrated flux of each core. The ratio observateafar hall was:R = 0.944+
0.007(stat) + 0.003(syst) where the statistical (systematic) uncertainties werainbt by prop-
agating statistical (uncorrelated systematic) unceisirin the measured IBD counts in the three
halls. The value of st26,3 was determined by minimizing @2 functional constructed with pull
terms accounting for the correlation of the systematicreymee details in [8]. The best-fit value is
sin? 26,3 = 0.089+ 0.010Q(stat ) & 0.005(syst ) with a x>/NDF of 3.4/4. All best estimates of pull
parameters are within one standard deviation based on thesponding systematic uncertainties.
The no-oscillation hypothesis is excluded at 7.7 standeviations.

4. Conclusion and Outlook

A non zero, surprisingly large value of the third mixing amél 3 has been measured by Daya
Bay experiment. The presented result?&ify3 = 0.089- 0.010(stat ) & 0.005(syst) is the most
precise measurement of the mixing an@lg to date. The result is extremely important as it is
opening future searches for violation of CP symmetry.

On October 19, 2012, the experiment started taking dateifuthconfiguration with 8 detec-
tors placed in the three experimental halls. With 3 yearsatd taking the Daya Bay experiment
will measure the value of sfr26,3 with ~ 5% precision.

Performing the spectral analysis, the Daya Bay experiméhbevable to measure the position
of the oscillation minimum (the effective mass splittihg®,) with precision better than 5%.

With highest statistics collected, Daya Bay will also givegise measurement of the energy
spectrum of the reactor antineutrinos. Such measuremesatiable not only for the future re-
actor neutrino experiments but also for investigation aégilsle new physics beyond 3-neutrino
oscillation.
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