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1. Introduction

The Daya Bay Reactor Neutrino Experiment [1, 2, 3, 4, 5, 6, 7] measures V, disappearance
using the nuclear reactors at the Daya Bay Nuclear Power Plant as neutrino sources. This 17 GW
(thermal) power plant has six reactor cores, in pairs at two separated locations on site. The antineu-
trino detectors were built as functionally identical pairs, yielding a very high level of performance
consistency between all detectors.

One detector near one of the two reactor locations was designed to be paired with a detector
located at a far site, whose distance was chosen to optimize sensitivity to 1 <+ 3 oscillations. In
this way, we could observe disappearance through a deficit relative to 1/r*> dependence, removing
the necessity of precisely predicting the reactor flux. The experiment has been taking data since
December 2011 with six active antineutrino detectors, three of which are mounted at the far site,
and since August 2012 with all eight detectors.

The phenomenology of neutrino oscillations is well understood [8] and the notation is now
rather standard. For an experiment such as Daya Bay, where we optimize sensitivity to mixing
between the first and third generations, it is convenient to write the disappearance probability as

P(V, — V.) = 1—cos*03sin>20)5sin* Ay

—sin? 203 (cos2 0> sin’ A3 + sin’ 01> sin’ A32) (1.1

where
Aji = 1.267Am3;(eV?)[L(m)/E(MeV)] (1.2)

and Am?i = m? — m,-2 is the difference in the squares of the masses for generations i and j. It is now
well known that Am3; < Am3,, so optimizing for 1 <+ 3 oscillations means that Az is order unity,

while Ayy < 1. Also, since Am3, = Am3, + Am3, ~ Am3,, we define a fit parameter Am2, through
sin? A, = cos’ 0} sin® Az; + sin’ 0}, sin® Az, (1.3)

in which case Am?2, is very close to Am3, and Am3,.

The experiment has performed very well, with all eight 20-ton (fiducial) detectors running with
nearly identical characteristics, and the overburden and other shielding providing an exceptionally
high level of background rejection. As usual for reactor neutrino experiments, we use the inverse
beta decay reaction V, + p — e’ +n to detect the V,, where the target protons are an intrinsic
component of the liquid scintillator detector. The scintillator is loaded with gadolinium, which has
a very high neutron capture cross section, leading to ~ 8 MeV of photons. The n+ Gd capture
signal is delayed by tens of tsec as the neutron thermalizes from np collisions in the scintillator.

Figure 1 summarizes the detector performance. The primary signal window encompasses
a well separated region that clearly shows neutron capture events on gadolinium, based on the
8 MeV delayed energy. Selecting this region and projecting out the prompt energy spectrum, gives
the histogram on the right, for a pair of detectors in one of the near halls. Various background
sources are highlighted in the inset, dominated by accidental coincidences at low energy, and °Li
spallation events up to high energy. The scatterplot also shows an inverse beta decay signal from
np capture, and also shows the very small contribution from fast neutron backgrounds that extend
up to high prompt energy.
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Figure 1: Performance of the Daya Bay detectors. On the left is a scatterplot of “prompt” versus “delayed”
energy, showing a very clear separation of the delayed neutron capture signal on gadolinium. The right side
histograms the prompt energy for events in the signal region. More detail is given in the text.

This talk covers updated and new results from our experiment in four areas. These are pre-
cision results on 03 oscillations [9, 10, 11], a cross check on 6,3 using neutron capture on pro-
tons [12], a search for sterile neutrinos [13], and measurements of the reactor spectrum flux and
shape. Some of these results have appeared in print since this talk was given, but all results were
presented at the XX VI International Conference on Neutrino Physics and Astrophysics (Neutrino
2014) and the 37th International Conference on High Energy Physics JCHEP 2014).

2. Precision results v, disappearance

The primary goal of the Daya Bay Reactor Neutrino Experiment was to measure, or put limits
on, sin®26;3. There was considerable speculation at the time when the current generation of reactor
experiments were being designed, that 6,3 might be very small, because the best existing limit [14]
put the value well below the known values of sin®>26;, and sin?26,3. Consequently, our approach
was to build an experiment with very high sensitivity, namely combined systematic and statistical
uncertainty below 1%.

We have indeed achieved this 1% sensitivity to V, disappearance, but of course we now know
that the size of the signal is much larger. Consequently, this sensitivity contributes to an especially
precise value for sin>26;3. Our previous publications [9, 10, 11] present results on data taken in
the initial configuration of six antineutrino detectors. In this talk, we show updated results for 621
days of data, including all data with six detectors and the first portion of our running with eight
detectors.

These updated results are shown in Figure 2. A fit is performed to the individual prompt energy
spectra, taking into account the distribution and distances of the various reactor cores, as well as the
individual detector calibrations. The absolute rate, integrated over all energies, is mainly sensitive
to sin>26;3, while the spectrum shapes at different distances is mainly determined by Am2,, as
defined in Equations 1.3 and 1.2. We find

sin®26;3 = 0.084+£0.005  and  |Am,| =2.447010 x 1077 eV?
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Figure 2: Most recent results from Daya Bay on V, disappearance, including a fit to both the rate dependence
on distance and the spectral shape distortion. See text for details.

The uncertainties are almost entirely due to statistical errors, with detector calibrations and reactor
spectrum shape being the largest contributions to systematic error.

The figure on the right is a demonstration of the how well this fit reproduces Equation 1.1,
using one approach to forming an effective distance Lg. The fit function shape is dominated by the
third term on the right of Equation 1.1, but the presence of the second term is noticeable as well.
Note that since we are using the “near” detectors to fix the absolute reactor flux, the red curve is
constrained so that P(V, — V,) = 1 for Leg = 0.

Our experiment is approved to run through 2017, at which time our statistical and systematic
uncertainties will be comparable to each other.

3. Independent measurement of 6,3 using nH capture

Figure 1 clearly indicates the presence of a delayed nH capture signal, where a 2.2 MeV
gamma ray is emitted in np — d7y. Although this cross section is orders of magnitude smaller than
neutron capture on gadolinium, the proton density is many orders of magnitude larger. Therefore,
we can use np capture to measure inverse beta decay, leading us to cross check our result using the
primary signal.

The difficulty is background. It is clear from Figure 1 that below ~ 4 MeV in prompt energy,
the nH capture signal overlaps strongly with accidental coincidence events. In order to see the
“turnover” in the neutrino oscillation signal at low energies, we need to recover that portion of
the spectrum. We do this by measuring the accidental coincidence spectrum using delayed events
far outside the time window for neutron capture, and testing that procedure by studying various
distributions after subtraction.

The left panel of Figure 3 shows the distribution in linear distance between the inverse beta
decay candidate signal and the np capture signal, before and after background subtraction. (Note
that our antineutrino detectors are right cylinders 5 m in diameter and 5 m high.) This and other
distributions give us confidence in the background subtraction procedure.

Figure 3 also shows the result of the same fitting procedure that we use for the primary signal,
once again showing V, disappearance with a large amplitude, consistent with the spectral distortion.
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Figure 3: Measurement of V, disappearance using delayed signal from np — dy. The figures are taken from
our recent publication [12]. The figure on the left demonstrates our background subtraction technique, aimed
mainly at low prompt energy events. The right panel demonstrates our fit for the rate deficit, including its
distortion on the neutrino spectrum shape.

From a rate-only analysis on 217 days of data, we find sin>26;3 = 0.083 + 0.018, completely
consistent with our more precise result from nGd capture.

4. A search for sterile neutrinos

Various anomalies in neutrino measurements have led some to speculate on the existence of
a fourth “sterile” neutrino, with which the other generations can oscillate. One example is the

so-called “Reactor Neutrino Anomaly” [15] which suggests that a systematic over-prediction of
2

j
however, many criticisms of this interpretation. For example, see [16].) Another example has to do

reactor V, flux is due to very short baseline, that is high Am?;, neutrino oscillations. (There are,

with short baseline accelerator experiments [17].

All examples taken together suggest a consistent picture, with a best fit given by sin®26 ~ 0.1
and Am? ~ 1.8 eV?, for one additional generation of neutrino [18]. However, the landscape is in
principle wide open for scenarios with more than one extra generation. In this case, any number of
new oscillation phenomena might be present.

Daya Bay recently published [13] a search for a sterile neutrino signal. Spectra were nor-
malized, as shown in the left in Figure 4, relative to that observed in Experimental Hall 1 (EHI,;
see Figure 1) located near one of the two nuclear reactor locations. This would allow us to see
distortions in the spectra for EH2 (the other near hall) and EH3 (the far hall) for the the range
1073 < Am? < 0.3 eV2. Figure 4 shows also shows the expected magnitude of the distortion for
two different values of Am?. Clearly our data is consistent with no large effects from sterile neutri-
nos in this mass range. The right panel shows our excluded region. Although we cannot exclude the
best fit global value for one additional sterile neutrino [18], this result does constrain other models.
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Figure 4: Spectral ratios and expected distortion from two different values of Am?, corresponding to a fourth
“sterile” neutrino, along with our excluded region in this parameter and mixing angle. Figures taken from
our recent publication [13] based on our first 217 days of data.

5. Preliminary results on reactor flux and spectrum

Our collaboration is nearing completion of an analysis of the absolute neutrino flux and spec-
trum shape. This necessitates tight control on systematic uncertainties associated with absolute
energy and efficiency calibrations, and this talk also presented preliminary results based on the first
217 days of data, using six antineutrino detectors.

A first principles calculation of the reactor neutrino spectrum is quite difficult, especially for
a commercial power plant reactor where the flux will change over time as the core evolves, pro-
ducing more fissions from isotopes of plutonium over time. Historically, calculations are done
using a technique that inverts measurements of beta spectra, taken under conditions that attempt to
recreate the environment in a reactor core. These inversions are not unique, however and require
additional assumptions that are, in some cases, difficult to quantify. For this work, we compare to
two inversion calculations [19, 20] based on data from ILL [21] as well as an older first-principles
derivation [22].

Figure 5 shows preliminary results from our analysis. We determine a neutrino yield Yj in
units of cm? /GW-day, or equivalently Oy in cm?/fission, from our observed inverse beta decay rate,
corrected for efficiencies and neutrino oscillations. The yield is calculated using calibrations for
each of the six detectors in this data set. Each detector gives consistent results with each other after
various corrections are applied. The common systematic error results in a value for Yy between
1.52 and 1.59 x 1078 cm?/GW-day, generally lower than the predicted values. (This deficit is
consistent with the reactor neutrino anomaly [15].)

Even though the general trend is to observe fewer neutrinos than predicted, the spectrum in
Figure 5 also shows an enhancement near 5 MeV. This “bump” is rather surprising, but it has
been seen in other recent high-statistics reactor neutrino experiments. A different approach [23]
to calculating the reactor neutrino spectrum, however, seems to suggest that this enhancement
is actually an inherent feature. Understanding this development thoroughly will require further
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Figure 5: Preliminary results on the absolute neutrino flux and spectral shape from the Daya Bay collabora-
tion. The left panel shows our flux determination with each of the six detectors from our initial data set. See
the text for a discussion of the predicted values. The right plots the prompt energy spectrum compare to one
calculation, showing the energy dependence of the overall deficit, but also an expected feature near 5 MeV.

analysis, new calculations, and quite possibly new experiments aiming more directly at measuring
the fundamental neutrino flux.
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