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DYB Aims at Detecting Reactor Antineutrino to…
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Short-baseline reactor neutrino oscillation
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Determine θ13 & mass splitting by measuring disappearance of antineutrinos at ~2km 

Measure reactor antineutrino flux and spectrum

Search for Physics Beyond Standard Model

DAYA BAY
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Eight Detectors in Three Underground Halls
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Experimental layout
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Eight Identical Antineutrino Detectors (ADs)
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Antineutrino Detector composed of 3 nested vessels 
 

ADs are immersed in a water Cherenkov detector (bkg moderator & muon veto)

 filled with 0.1% Gd-doped liquid scintillator (LS)  
 filled with undoped scintillator  
 filled with mineral oil
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Eight Identical Antineutrino Detectors (ADs)
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Energy scale calibrated using 
neutrons at the detector center 
  
Time variation and position 
dependence corrected using 
gamma source 

Multiple sources with different 
spatial distributions to validate 
uncertainty on energy scale

Less than 0.2% variation in reconstructed energy between detectors 
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Selection of Antineutrino Candidates (Signal)
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Experimental signature: prompt+delayed coincidence

Selection Criteria:  

0.7 MeV < EPROMPT  < 12 MeV
6 MeV < EDELAYED < 12 MeV

1 μs <  (tD - tP)  < 200 μs

Muon veto to suppress cosmogenic bkg

n capture on Gd
n capture on H
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Backgrounds
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Background Near Far Uncertainty Method

Accidentals 1.4% 2.3% ~1% Computed statistically
from uncorrelated singles

9Li / 8He 0.4% 0.4% ~50% Measured with after-muon events

241Am-13C 0.1% 0.1% ~50% MC tuned to single gamma and  
strong Am-C source

Fast Neutrons 0.03% 0.2% ~50% Measured with tagged muon events

13C(α,n)16O 0.01% 0.1% ~50% Calculated from measured 
radioactivity
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Antineutrino Oscillation Spectrum

8

E
v
e
n
t
s
 
/
 
D

a
y
 
(
B

k
g
.
 
S

u
b
t
r
a

c
t
e
d
)

F
a
r
 
/
 
N

e
a
r
 
(
W

e
i
g
h

t
e
d
)

Reconstructed Positron Energy [MeV]

1 2 3 4 5 6 7 8

Far site data

Weighted near site data (best fit)

Weighted near site data (no oscillation)

2

4

6

8

12

12

14

16

18

0.85

0.9

0.95

1

1.05

1.1

Reco positron spectrum at far site 

Compared w/ expectation based 
on near-site measurements 
assuming no oscillation

sin2(2θ13) = 0.084±0.005
|Δm2ee| = (2.42±0.11)·10-3 eV2

χ2/ndf = 134.6/146
|Δm232| (NH) = (2.37±0.11)∙10-3 eV2

|Δm232| (IH) = (2.47±0.11)∙10-3 eV2

Uncertainties dominated by statistics

Total Exposure: 6.9∙105 GWth-ton-days ▶︎ more than 150k IBD candidates at far site

PRL 115, 111802 (2015)

◀
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Antineutrino Oscillation Spectrum
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Effective baseline takes into account 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PRL 115, 111802 (2015)
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Independent θ13 Measurement via n Capture on H
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Rate-only Result (217 days of data)
sin2(2θ13) = 0.083 ± 0.018

nH IBD Candidates: pros and cons
Large sample, stat. independent from nGd
Different systematics wrt nGd analysis
High accidental background from longer  
capture time and lower delayed energy

PRD 90, 071101(R) (2014)
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Search for Sterile Neutrinos
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Fig. 2. The sensitivity in the 0.01 eV2 < jΔm2
41j < 0.3 eV2

region originated predominantly from the relative meas-
urement between the two near halls, while the sensitivity
in the jΔm2

41j < 0.01 eV2 region arose primarily from the
comparison between the near and far halls. The high-
precision data at multiple baselines are essential for probing
a wide range of values of jΔm2

41j.
The uncertainty of the reactor flux model’s normalization

had a marginal impact in the jΔm2
41j < 0.3 eV2 region. For

jΔm2
41j > 0.3 eV2, spectral distortion features are smeared

out and the relative measurement loses its discriminatory
power. The sensitivity in this region can be regained by
comparing the event rates of the Daya Bay near halls
with the flux model prediction, which will be reported in a
future publication. In this Letter, we focus on the jΔm2

41j <
0.3 eV2 region.
Three independent analyses were conducted, each with

a different treatment of the predicted reactor antineutrino
flux and systematic errors. The first analysis used the
predicted reactor antineutrino spectra to simultaneously fit
the data from the three halls, in a fashion similar to what
was described in the recent Daya Bay spectral analysis [45].
A binned log-likelihood method was adopted with nuisance
parameters constrained with the detector response and the
backgrounds, and with a covariance matrix encapsulating
the reactor flux uncertainties as given in the Huber [49]
and Mueller [39] flux models. The rate uncertainty of the
absolute reactor ν̄e flux was enlarged to 5% based on
Ref. [40]. The fit used sin2 2θ12 ¼ 0.857" 0.024, Δm2

21 ¼
ð7.50" 0.20Þ × 10−5 eV2 [50], and jΔm2

32j ¼ ð2.41"
0.10Þ × 10−3 eV2 [51]. The values of sin2 2θ14, sin2 2θ13

and jΔm2
41j were unconstrained. For the 3þ 1 neutrino

model, a global minimum of χ24ν=NDF ¼ 158.8=153 was
obtained, while the minimum for the three-neutrino model
was χ23ν=NDF ¼ 162.6=155, where NDF represents num-
ber of degrees of freedom. We used the Δχ2 ¼ χ23ν − χ24ν
distribution obtained from three-neutrino Monte Carlo
samples that incorporated both statistical and systematic
variations to obtain a p-value [52] of 0.74 for Δχ2 ¼ 3.8.
The data were thus found to be consistent with the three-
neutrino model, and there was no significant evidence for
sterile neutrino mixing.
The second analysis performed a purely relative compari-

son between data at the near and far halls. The observed
prompt energy spectra of the near halls were extrapolated to
the far hall and compared with observation. This process was
done independently for each prompt energy bin, by first
unfolding it into the corresponding true antineutrino energy
spectrum and then extrapolating to the far hall based on the
known baselines and the reactor power profiles. A covariance
matrix, generated from a large Monte Carlo data set incor-
poratingboth statistical and systematic variations,was used to
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FIG. 1 (color online). Prompt energy spectra observed at
EH2 (top) and EH3 (bottom), divided by the prediction from
the EH1 spectrum with the three-neutrino best-fit oscillation
parameters from the previous Daya Bay analysis [45]. The gray
band represents the uncertainty of the three-neutrino oscillation
prediction, which includes the statistical uncertainty of the EH1
data and all the systematic uncertainties. Predictions with
sin2 2θ14 ¼ 0.1 and two representative jΔm2

41j values are also
shown as the dotted and dashed curves.
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FIG. 2 (color online). Comparison of the 95% exclusion limit
sensitivities based on the confidence levels CLs method for
various combinations of EH’s data (see text for details).
The sensitivities were estimated from an Asimov Monte Carlo
data set that was generated without statistical or systematic
variations. All the Daya Bay sensitivity curves were calculated
assuming 5% rate uncertainty in the reactor flux except the
dot-dashed one, which corresponds to a comparison of spectra
only. Normal mass hierarchy was assumed for both Δm2

31 and
Δm2

41. The dip structure at jΔm2
41j ≈ 2.4 × 10−3 eV2 was caused

by the degeneracy between sin2 2θ14 and sin2 2θ13. The green
dashed line represents Bugey’s [32] 90% confidence level (C.L.)
limit on ν̄e disappearance and the magenta double-dot-single-
dashed line represents the combined KARMEN and LSND
95% C.L. limit on νe disappearance from νe-carbon cross section
measurements [33].
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account for all uncertainties. The resulting p-value was 0.87.
More details about this approach can be found in Ref. [53].
The third analysis exploited both rate and spectral

information in a way that is similar to the first method
but using a covariance matrix. This matrix was calculated
based on standard uncertainty propagation methods, with-
out an extensive generation of Monte Carlo samples. The
obtained p-value was 0.74.
The various analyses have complementary strengths.

Those that incorporated reactor antineutrino flux constraints
had a slightly higher reach in sensitivity, particularly for
higher values of jΔm2

41j. The purely relative analysis was
more robust against uncertainties in the predicted reactor
antineutrino flux. The different treatments of systematic
uncertainties provided a thorough cross-check of the results,
which were found to be consistent for all the analyses in the
region where the relative spectral measurement dominated
the sensitivity (jΔm2

41j < 0.3 eV2). As evidenced by the
reported p-values, no significant signature for sterile neu-
trino mixing was found by any of the methods.
Two methods were adopted to set the exclusion limits in

the ðjΔm2
41j; sin2 2θ14Þ space. The first one was a frequent-

ist approach with a likelihood ratio as the ordering
principle, as proposed by Feldman and Cousins [54].
For each point η≡ ðjΔm2

41j; sin22θ14Þ, the value Δχ2cðηÞ
encompassing a fraction α of the events in the χ2ðηÞ −
χ2ðηbestÞ distribution was determined, where ηbest was the
best-fit point. This distribution was obtained by fitting a
large number of simulated experiments that included
statistical and systematic variations. To reduce the number
of computations, the simulated experiments were generated
with a fixed value of sin2 2θ13 ¼ 0.09 [45], after it was
verified that the dependency of Δχ2cðηÞ on this parameter
was negligible. The point η was then declared to be
inside the α confidence level (C.L.) acceptance region
if Δχ2dataðηÞ < Δχ2cðηÞ.
The second method was the confidence levels CLs

statistical method [55] described in detail in Ref. [56]. A
two-hypothesis test was performed in the (sin2 2θ14,
jΔm2

41j) phase space with the null hypothesis H0 (3-ν
model) and the alternative hypothesis H1 (3þ 1-ν model
with fixed value of sin2 2θ14 and jΔm2

41j). The value of θ13
was fixed with the best-fit value of the data for each
hypothesis. Since both hypotheses have fixed values of
sin2 2θ14 and jΔm2

41j, their χ2 difference follows a Gaussian
distribution. The mean and variance of these Gaussian
distributions were calculated from Asimov data sets with-
out statistical or systematic fluctuations, which avoided
massive computing. The CLs value is defined by

CLs ¼
1 − p1

1 − p0

; ð3Þ

where p0 and p1 are the p-values for the 3-ν and 3þ 1-ν
hypotheses models respectively. The condition of CLs ≤
0.05 was required to set the 95% CLs exclusion regions.

The 95% confidence level contour from the Feldman-
Cousins method and the 95% CLs method’s exclusion
contour are shown in Fig. 3 [57]. The two methods gave
comparable results. The detailed structure is due to the
finite statistics of the data. The impact of varying the bin
size of the IBD prompt energy spectrum from 200 to
500 keV was negligible. Moreover, the choice of mass
ordering in both the three- and four-neutrino scenarios had
a marginal impact on the results. For comparison, Bugey’s
90% C.L. exclusion on ν̄e disappearance obtained from
their ratio of the positron energy spectra measured at
40=15 m [32] is also shown. Our result presently provides
the most stringent limits on sterile neutrino mixing at
jΔm2

41j < 0.1 eV2 using the electron antineutrino disap-
pearance channel. This result is complementary to those

from the νμ
ð−Þ

→ νe
ð−Þ

and νμ
ð−Þ

→ νμ
ð−Þ

oscillation channels. While

the νe
ð−Þ

appearance mode constrains the product of jUμ4j2

and jUe4j2, the νμ
ð−Þ

and νe
ð−Þ

disappearance modes constrain
jUμ4j2 and jUe4j2, respectively.
In summary, we report on a sterile neutrino search

based on a minimal extension of the standard model, the
3ðactiveÞ þ 1ðsterileÞ neutrino mixing model, in the Daya
Bay Reactor Antineutrino Experiment using the electron-
antineutrino disappearance channel. The analysis used the
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FIG. 3 (color online). Exclusion contours for the neutrino
oscillation parameters sin2 2θ14 and jΔm2

41j. Normal mass hier-
archy is assumed for both Δm2

31 and Δm2
41. The red long-dashed

curve represents the 95% C.L. exclusion contour with Feldman-
Cousins method [54]. The black solid curve represents the 95%
CLs exclusion contour [55]. The parameter space to the right side
of the contours is excluded. For comparison, Bugey’s [32]
90% C.L. limit on ν̄e disappearance is also shown as the green
dashed curve.
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Sterile: not participating in V-A interactions 
Appealing non-baryonic DM candidate 

Experimental signature: 
Modification of active-neutrino oscillation  
New mixing params: θ14  Δm14

Few hundred meter baseline 
Relative measurement between near halls

~2 thousand meter baseline 
Comparison between near and far halls

DYB’s unique configuration allows to scan Δm14

World’s best limit on θ14 in |Δm14 |2 < 0.1 region

PRL 113, 141802 (2014)
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Reactor Antineutrino Flux

12

AD1 AD2 AD3 AD4 AD5 AD6 Model

 / 
G

W
 / 

da
y

2
 c

m
-1

8
 1

0
×

Y 

1.5

1.6

1.7

 / 
fis

si
on

2
 c

m
-4

3
 1

0
× f

σ

5.8

6.0

6.2

6.4Daya Bay (stat.)
Daya Bay w/ fission fraction corr. (stat.)
Daya Bay near site combined (syst.)
Huber + Mueller
ILL + Vogel

Distance (m)
10 210 310

D
at

a 
/ P

re
di

ct
io

n

0.6

0.8

1

1.2

Previous data
Daya Bay
Global average

 Experiments Unc.σ1-
 Model Unc.σ1-

Measure ν flux from reactors

Average IBD yields in 3 Near ADs

Ratio Data/Prediction 
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R(ILL+Vogel) = 0.991 ± 0.023 

Rate vs reactor distance
Normalised to Huber+Muller

DYB data consistent with 
existing “reactor anomaly”

Global Fit 
0.943 ± 0.008 (exp) ± 0.025 (model)

Daya Bay Measurements

Comparison with previous measurements

1508.04233 (PRL Accep.)
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Antineutrino Prompt Energy Spectrum
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Conclusions

14

Huge reactor antineutrino sample (1.2M IBDs) allowed Daya Bay Experiment to:

Deliver the world’s best measurement of sin2(2θ13)  

Determine Δm2ee with precision competitive to neutrino-beam experiments 

Set best limit on sterile neutrino in the case of mass splitting smaller than 0.1 eV2 

Confirm the existence of a spectral distortion in the reactor antineutrino spectrum 

New data release (2x more statistics) expected in Summer 2016!
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Independent θ13 Measurement via n Capture on H
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Independent sin2 2✓13 measurement via n capture on H
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⌅ Drift in background rates taken into account

⌅ Consistent spectra from near and far detectors
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Rate-only Result (217 days of data)
sin2(2θ13) = 0.083 ± 0.018

nH IBD Candidates: pros and cons
Large sample, stat. independent from nGd
Different systematics wrt nGd analysis
High accidental background from longer  
capture time and lower delayed energy

nH Analysis Strategy
Prompt Energy cut raised to 1.5 MeV 
50 cm vertex correlation cut applied 
Residual accidental bkg evaluated  
w/ event mixing technique and  
statistically subtracted

PRD 90, 071101(R) (2014)
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Energy Response Model
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Non-linear (NL) energy response originated from:  
✤ particle-dependent NL light yield of LS 
✤ charge-dependent NL in the PMT readout electronics

Model parameters computed with unconstrained χ2 fit to calibration datasets: 
✤ 12 gamma lines from both deployed and naturally occurring sources
✤ β decay spectrum of 12B produced by muon spallation inside the Gd-LS volume

Resulting uncertainty in absolute energy scale < 1%
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Positron Response Model
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Uncertainty band obtained using other  
response functions consistent with fitted 

calibration data within 68% C.L.

Resulting unc. in absolute energy scale <1%

Cross-check: response computed using:

53 MeV cutoff in the Michel electron  
spectrum from muon decay at rest  

β+γ spectra from natural Bi and Tl decays
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Constraining non-linearity parameters: fit results
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Response Model  Validation

19

Cross-validation with additional data

Michel electron spectrum Compton scattering data

208Thallium decay spectrum 214Bismuth decay spectrum
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Validated using additional AD data and benchtop measurements

⌅ All data consistent with prediction from gamma+boron constrained energy model

⌅ Best fit model stable within 68% CL when including additional data constraints
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Summary of Signal and Backgrounds

20

13C(α,n) 16O 
α from natural radioactivity may interact with a nucleus and emit a neutron.  
α come from 238U, 232Th, and 210Po decay chains (in the case of Gd-LS also from 227Ac)  
The nucleus 13C is a natural component of carbon, commonly found in LS.
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History of sin2(2θ13)
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T2K 1.43×1020 PoT

MINOS 8.2×1020 PoT 

MINOS 13.9×1020 PoT 

T2K 3.01×1020 PoT

T2K 6.57×1020 PoT

KamLAND

RENO 403 Days 

RENO 222 Days 

RENO 795 Days 

Daya Bay 190 Days 

Daya Bay 49 Days 

Daya Bay 139 Days 

Daya Bay 190 Days n-H 

Daya Bay 563 Days 

DC (1 det) 228 Days 

DC (1 det) 97 Days 

DC (1 det) 240 days nH

DC (1 det) RRM Analysis

DC (1 det) 468 Days

Accelerator 
Experiments*

Normal 
Hierarchy
Inverted 
Hierarchy

*All results assuming:
δCP = 0,
θ23  = 45°

**Number of days refers
   to far site live time
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Rate+Spectral
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Rate only
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NuFit v2.0

Best Fit +
68% C.L.

Global Fit
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Two fissile antineutrino spectrum models

1) ILL + Vogel
ILL model  of 235U, 239Pu, 241Pu
 
Vogel’s theoretical model of 238U  

2) Huber + Muller
Huber’s model of 235U, 239Pu and 241Pu 
Muller’s model of 238U

Phys. Lett. B 118, 162 (1982)
Phys. Lett. B 160, 325 (1985) 
Phys. Lett. B 218, 365 (1989)
Phys. Rev. C 24, 1543 (1981)

Phys. Rev. C 84, 024617 (2011)
Phys. Rev. C 83, 054615 (2011) 

Chosen as reference because of improved treatment of 
beta-to-antineutrino conversions
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Muon Veto
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Muon veto to suppress cosmogenic bkg
Muon crossing Water Pool only: veto 0.6ms

20 MeV<E<2.5 GeV: veto 1ms 
E>2.5 GeV: veto 1s

Muon  
crossing AD 


