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• Smooth progress


- Two ADs in Daya Bay Near Hall 
installed


- Dry-run test completed


- Muon system for Daya Bay Near 
Hall completed. Water pool fill in 
August


- Hall 1 physics data taking soon

INFO 11 (Jul 18)
• Many important results


- Most precise measurement of 
sin22θ13 with 621 days of data 


- Comparable precision of Δm232 
with accelerator experiments


- Light sterile neutrino search


- Precise measurements of reactor 
antineutrino spectrum

INFO 15 (today)

Another Encouraging Picture�



The Daya Bay Collaboration
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The Daya Bay Experiment
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⌅ 17.4 GWth power

⌅ 8 operating detectors

⌅ 160 t total target mass

⌅ 17.4 GWth power

⌅ 8 operating detectors

⌅ 160 t total target mass

Daya Bay was designed for 
a sensitivity to  
sin22θ13 < 0.01 at 90% C.L.



Chooz, France 
RENO, Korea 
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How Small is θ13?

7

�

⇤
cos �12 sin �12 0
� sin �12 cos �12 0

0 0 1

⇥

⌅

�

⇤
cos �13 0 sin �13e�i�

0 1 0
� sin �13ei� 0 cos �13

⇥

⌅

�

⇤
1 0 0
0 cos �23 sin �23

0 � sin �23 cos �23

⇥

⌅

�

⇤
1 0 0
0 e�i�1/2 0
0 0 e�i�2/2

⇥

⌅

θ12 ~ 35˚ 
Solar ν


Long-Baseline Reactor ν

θ23 ~ 45˚ 
Atmospheric ν

Accelerator ν

θ13 < 10˚ 
Short-Baseline Reactor ν


Accelerator ν

�

⇤
�e

�µ

�⇥

⇥

⌅ = UPMNS

�

⇤
�1

�2

�3

⇥

⌅

INSS, July 11-12, 2012 Karsten Heeger, Univ. of Wisconsin

At !m2
31 = 2.5x10-3 eV2,

  sin22"13 < 0.15

Search for Neutrino Oscillations at Reactors

early experiments tried to probe “atmospheric neutrino anomaly”
early oscillation experiments didn’t know the length scales involved

Karsten Heeger, Univ. of Wisconsin INSS, July 11-12, 2012 

Oscillation Parameters

Rate-Shape-Time Analysis KamLAND only
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(combined under assumption of 
CPT invariance)
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FIG. 2: Allowed region for neutrino oscillation parameters from

KamLAND and solar neutrino experiments. The side-panels show

the ∆χ2-profiles for KamLAND (dashed) and solar experiments

(dotted) individually, as well as the combination of the two (solid).

unbinned data is assessed with a maximum likelihood fit to

two-flavor neutrino oscillation (with θ13 = 0), simultaneously

fitting the geo-neutrino contribution. The method incorporates

the absolute time of the event to account for time variations

in the reactor flux and includes Earth-matter oscillation ef-

fects. The best-fit is shown in Fig. 1. The joint confidence

intervals give ∆m2
21 = 7.58+0.14

−0.13(stat)+0.15
−0.15(syst) × 10−5 eV2

and tan2 θ12 = 0.56+0.10
−0.07(stat)+0.10

−0.06(syst) for tan2 θ12<1. A

scaled reactor spectrum without distortions from neutrino os-

cillation is excluded at more than 5σ. An independent anal-

ysis using cuts similar to Ref. [2] finds ∆m2
21 = 7.66+0.22

−0.20 ×

10−5 eV2 and tan2 θ12 = 0.52+0.16
−0.10.

The allowed contours in the neutrino oscillation parame-

ter space, including ∆χ2-profiles, are shown in Fig. 2. Only

the so-called LMA-I region remains, while other regions

previously allowed by KamLAND at ∼2.2σ are disfavored

at more than 4σ. When considering three-neutrino oscilla-

tion, the KamLAND data give the same result for ∆m2
21,

and a slightly increased uncertainty on θ12. The parame-

ter space can be further constrained by incorporating the re-

sults of SNO [15] and solar flux experiments [16] in a two-

neutrino analysis with KamLAND assuming CPT invariance.

The oscillation parameters from this combined analysis are

∆m2
21 = 7.59+0.21

−0.21 × 10−5 eV2 and tan2 θ12 = 0.47+0.06
−0.05.

In order to assess the number of geo-neutrinos, we fit the

normalization of the νe energy spectrum from the U and Th-

decay chains simultaneously with the neutrino oscillation pa-

rameter estimation using the KamLAND and solar data; see

Fig. 3. The time of the event gives additional discrimination

power since the reactor contribution varies. The fit yields 25

and 36 detected geo-neutrino events from the U and Th-decay

chains, respectively, but there is a strong anti-correlation. Fix-
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FIG. 3: The low-energy region of the νe spectrum relevant for geo-

neutrinos. The main panel shows the data with the fitted back-

ground and geo-neutrino contributions; the upper panel compares

the background and reactor-νe-subtracted data to the number of geo-

neutrinos for the decay chains of U (dashed) and Th (dotted) calcu-

lated from a geological reference model [8].
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FIG. 4: Ratio of the background and geo-neutrino subtracted νe

spectrum to the expectation for no-oscillation as a function of

L0/E. L0 is the effective baseline taken as a flux-weighted aver-

age (L0 = 180 km); the energy bins are equal probability bins of the

best-fit including all backgrounds (see Fig. 1). The histogram and

curve show the expectation accounting for the distances to the indi-

vidual reactors, time-dependent flux variations and efficiencies. The

error bars are statistical and do not include correlated systematic un-

certainties in the energy scale.

ing the Th/U mass ratio to 3.9 from planetary data [17], we

obtain a combined U+Th best-fit value of 73± 27 events cor-

responding to a flux of (4.4± 1.6)×106 cm−2s−1, in agree-

ment with the geological reference model.

The KamLAND data, together with the solar ν data, set an

upper limit of 6.2 TW (90% C.L.) for a νe reactor source at the

Earth’s center, assuming that the reactor produces a spectrum

identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,

including the subtraction of geo-neutrinos, to the expectation

assuming no neutrino oscillation is plotted in Fig. 4 as a func-

tion of L0/E. The spectrum indicates almost two cycles of the
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FIG. 4. The 90% C.L. contour region for sin2(2θ23) and
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32| for the primary T2K analysis is calculated by the
profiling over the octant. The T2K 2011[3], SK[27], and
MINOS[6] 90% C.L. contours with different flavor assump-
tions are shown for comparison.
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Discovery of non-zero θ13
Daya Bay  

Measurement T2K Measurement

Early Hints for CP phase

Daya Bay 55 days
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sin22θ13(=(0.092(±(0.016((stat)(±(0.005((syst)(

• First 5σ discovery of non-zero θ13 
PRL 108 (2012),171803
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Scientific Goals After 2012
• Precision measurement of 

sin22θ13


- aim to determine sin22θ13 to better 
than 3% by the end of 2017


• Precision measurement of 
atmospheric mass splitting    
|Δm232| (to better than 3%)


• Search for new neutrino 
physics such as a light 
sterile neutrino


• Precision measurement of 
reactor antineutrino flux and 
spectrum

9
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Scientific Goals After 2012
• Precision measurement of 

sin22θ13


- aim to determine sin22θ13 to better 
than 3% by the end of 2017


• Precision measurement of 
atmospheric mass splitting    
|Δm232| (to better than 3%)


• Search for new neutrino 
physics such as a light 
sterile neutrino

!

• Precision measurement of 
reactor antineutrino flux and 
spectrum
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Relative measurement


- Reactor-related 
systematics:  
Far/Near relative 
measurement 


- Detector-related 
systematics:  
multiple functionally identical 
detectors (4 Near + 4 Far)

Absolute measurement


- Extensive calibration and 
Data / MC comparison



Reactor Antineutrinos
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• pure      source (Free!)

• 6      / fission

• 6 x 1020        / sec / 3GWth
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• 235U, 239Pu, 241Pu neutrino spectra converted from 
β-spectra measurements at ILL


• ~ 2.7% uncertainty (conversion from β-spectra 
to antineutrino spectra) 
 
 

• 238U neutrino spectrum calculated theoretically


• ~ 10% uncertainty (but only ~10% of the flux)

 Phys. Lett. B160, 325 (1985), !
 Phys. Lett. B118, 162 (1982) 
 Phys. Lett. B218, 365 (1989), !

Comparison of Bugey 3 spectrum relative to 
ILL+Vogel model.!
Phys. Lett. B 374, 243 (1996)!

ILL+Vogel Model



Reactor Antineutrino Anomaly
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G.Mention et. al, PRD 83, 073006 (2011)  
P. Huber, PRC 84, 024617 (2011)

• Reanalysis of reactor antineutrino flux in 2011 improved the theoretical 
uncertainty (to ~2%), but lead to a few % increase in flux prediction that 
doesn’t agree with previous reactor antineutrino flux measurements.

Huber + Muller

ILL + Vogel

• However, recent re-evaluation of the systematics in the flux calculation 
suggests that the uncertainty should be > 4% due to forbidden beta decays.

A.C. Hayes et. al, PRL 112, 202501 (2014)  



Far/Near Relative Measurement

• Far/Near measurement to 
largely cancel reactor flux 
uncertainty (a factor of ~1/20)


• “Functionally Identical 
detectors” to cancel 
detector systematics
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Anti-neutrino Detector (AD)
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3m

4m

5m

Automated Calibration Units

Each detector has 3 nested cylindrical zones  
separated by Acrylic Vessels:

    Inner: 20 tons Gd-doped LS (target volume)

    Mid: 20 tons LS (gamma catcher) 

    Outer: 40 tons mineral oil (buffer)

Each detector has:

    192 8-inch Photomultipliers (PMTs)

    Optical reflectors at top/bottom of cylinder

    - effectively 12% photocoverage 
    ~ 160 photoelectrons / MeV

    ~ 8%/√E (MeV) energy resolution

8 functionally identical detectors

LS



Anti-neutrino Detection Method

15

• Ethreshold = 1.8 MeV


• ‘Large’ cross section σ~10-42 cm2


• Distinctive coincidence signature in a 
large liquid scintillator detector

Inverse Beta Decay (IBD) �̄e + p� e+ + n

n + AGd ! A+1Gd + �0s

Gd-LS defines the target volume.  
Fiducial volume cut is not necessary.

~30μs&
~8#MeV#

Gd(n,γ)(

Ev - 0.8 MeV

!12

❖ AntiEneutrinos$are$detected$via$the$inverse$betaEdecay$reaction:

νe$+$p$→$e+$+$n$$(prompt$signal)

→$+$p$→$D$+$γ$(2.2$MeV)$$$$(delayed$signal)

→$+$Gd$→$Gd*$!
$$$$$$$$$$$$$$$$$$$$$$$$→$Gd$+$γ’s$(8$MeV)$$(delayed$signal)

➢ Powerful$background$rejection!$

~180µs

~30µs$
for$0.1%$Gd

➢ Positron$carries$information$of$incoming$neutrino:

Eν$≈$Te+$+$Tn$+$(mn$T$mp)$+$m$e+$≈$Te+$+$1.8$MeV$

10T40$keV

Prompt$Energy$Signal

Delayed$Energy$Signal

Antineutrino Detection
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→$+$p$→$D$+$γ$(2.2$MeV)$$$$(delayed$signal)

→$+$Gd$→$Gd*$!
$$$$$$$$$$$$$$$$$$$$$$$$→$Gd$+$γ’s$(8$MeV)$$(delayed$signal)

➢ Powerful$background$rejection!$

~180µs

~30µs$
for$0.1%$Gd

➢ Positron$carries$information$of$incoming$neutrino:

Eν$≈$Te+$+$Tn$+$(mn$T$mp)$+$m$e+$≈$Te+$+$1.8$MeV$

10T40$keV

Prompt$Energy$Signal

Delayed$Energy$Signal

Antineutrino Detection



Muon Veto System

16

Multiple muon veto detectors 
>2.5m thick two-sector active water shield and RPC 

Water Cherenkov 
    - Detectors submerged in water 
shielded against external neutrons 
and gammas 

!
    - Optically separated with Tyvek 
sheets into inner / outer region for 
better muon tracking

!
    - 8-inch PMTs mounted on 
frames, 288 @Near, 384 @Far

Resistive Plate Chamber (RPC) 
    - Independent muon tagging 

    - Retractable roof above pool

    - 54 modules @Near, 81 @Far



17

Antineutrino Detector Installation



The Timeline of Detector Installation
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Analysis Results

19

- Oscillation analysis: sin22θ13 and Δm2ee


- 4 times more statistics than our 
previously published results (PRL 
112, 061801 (2014))

EH1: Daya Bay Near Hall

EH2: Ling Ao Near Hall

EH3: Far Hall

6AD period 8AD period

Using 6-AD period (217 days):

Using Combined 6+8AD period (621 days):

- Independent measurement of sin22θ13 
using neutron capture on hydrogen


- Light sterile neutrino search


- Measurement of reactor antineutrino 
flux and spectrum

6-AD period:  2011/12/24 - 2012/07/28 (217 days) 
8-AD period:  2012/10/19 - 2013/11/27 (404 days)



Antineutrino Candidate Selection
• Reject PMT flashers


• Muon veto:


- Water pool Muon: reject 0.6ms


- AD Muon (>20 MeV): reject 1 ms 

- AD Shower Muon (>2.5 GeV): reject 1s 

• Prompt positron Energy: 0.7 MeV < Ep < 12 MeV


• Delayed neutron Energy:  6 MeV < Ed < 12 MeV


• Neutron Capture time: 1 us < Δt < 200 us 

• Multiplicity cut: only select isolated candidate pairs

20

E�ciency Uncertainty
Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed Energy cut 92.7% 0.97% 0.12%
Prompt Energy cut 99.81% 0.10% 0.01%
Capture time cut 98.70% 0.12% 0.01%
Gd capture ratio 84.2% 0.95% 0.10%
Spill-in correction 104.9% 1.50% 0.02%

Combined 80.6% 2.1% 0.2%

Table 3: Detector E�ciency

2



Calibration System

21

3 Automated Calibration Units 
(ACUs) per detector

R=0$R=1.7725$m$ R=1.35m$

• Simultaneous, fully-automated 
weekly deployment for all 8 ADs 

• Special calibration campaign during 
summer  2012 with temporary sources

- 137Cs, 54Mn, 40K, 241Am9Be, 239Pu13C


• Also have methods to calibrate in-situ

- PMT gains: dark noise


- Energy (light-yield): spallation neutron

!"#$%�&'(#)**)#&+'

• 3 sources for each z axis on a turntable 
(position accuracy < 7 mm)

!
!
!
!
!
!
!
!
!

- 10 Hz 68Ge ( 2 x 0.511 MeV γ’s)


- 100 Hz 60Co  gamma source (1.173 + 1.332 MeV 
γ’s) + 0.7 Hz 241Am13C neutron source (3.5 MeV n 
without γ)


- LED diffuser ball for PMT gain and timing


• MCS installed on AD#1 
in summer 2012


• 60Co + 239Pu13C 
composite source


• 4π deployment

Manual Calibration 
System (one-time)



Relative Energy Scale

22 < 0.2% variation in reconstructed energy between ADs

spallation neutron  
capture spectrum
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Over 1 million antineutrino interactions!  
(150k at the far site)

Detected rate strongly correlated with reactor flux
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Background Near Far Uncertainty Method

Accidentals 1.4% 2.3% negligible statistically calculated from 
uncorrelated singles 

AmC source 0.03% 0.2% ~50% MC benchmarked with single 
gamma and strong AmC source

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

Fast neutron 0.1% 0.1% ~30% measured from AD/water/RPC 
tagged muon events

Alpha-n 0.01% 0.1% ~50% calculated from measured 
radioactivity

Background Budget
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Far v.s. Near Comparison 
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* AD 5+6 data points are displaced 
by -50m and 50m for visual clarity
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Results from Neutrino 2014

Oscillation Results

• Most precise measurement of 
sin22θ13, precision reached < 6%


• Most precise measurement of  
atmospheric mass splitting in 
the electron neutrino 
disappearance channel


• consistent and of comparable 
preciseness with the muon 
neutrino disappearance 
experiments

“A new measurement of antineutrino oscillation 
with the full detector configuration at Daya Bay” 

arXiv:1505.03456, accepted by PRL

sin2 2✓13 = 0.084± 0.005

|�m2
ee| = (2.42± 0.11)⇥ 10�3 eV2

�2/NDF = 134.6/146



L/E Oscillation in Daya Bay
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• There are three types of neutrinos 
(electron, muon, tau)
• one species changes into another
• neutrinos oscillate
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• There are three types of neutrinos 
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• There are three types of neutrinos 
(electron, muon, tau)
• one species changes into another
• neutrinos oscillate
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Daya Bay

Both atmospheric scale and 
solar scale oscillations are 
beautifully demonstrated by 
reactor neutrino experiments!



• Further improve world’s most precise 
measurement of  sin22θ13

- Enhance the CPV sensitivity for DUNE

- Test unitarity of PMNS matrix

Operations through 2017

• Further improve the precision 
measurement of atmosphere mass 
splitting in the electron neutrino channel

- competitive with and complementary 

to accelerator based experiments, 
testing 3-flavor model


- potential hints for neutrino mass 
hierarchy

Projected Sensitivity in Oscillation Parameters

|�m2
32|

sin2 2✓13

MINOS

28



Independent sin22θ13 measurement through nH
• Advantage


- High statistics (15% capture in the 20-
ton Gd-LS region and 100% in the 20-
ton LS region)


- Different systematic uncertainties from 
nGd analysis


• Challenge


- High accidental background


‣ longer capture time


‣ lower delayed energy


• Strategy


- Raise prompt energy cut Ep > 1.5 MeV


- Require prompt to delayed distance 
ΔR < 0.5 m


- Relative measurement to reduce 
systematics 29

2

also required to be greater than 1.5 MeV to reject the84

low-energy background. The surviving AD events are85

denoted as “good” events for further study. Coincident86

events are identified within a 399 µs time window, Tc,87

beginning at 1 µs after each prompt signal candidate.88

This procedure classifies all good events into single, dou-89

ble coincidence (DC), and multi-coincidence categories.90

Events in the latter category account for ∼2% of the total91

and are not included for further analysis.92

Since the DC events are dominantly accidental coinci-93

dent background, especially in the far hall, a maximum94

distance between the prompt and delayed vertices of 5095

cm is required, rejecting 98% of this background at the96

cost of a 25% acceptance loss. This cut is one of the97

major differences between the nH and the nGd analy-98

ses. Fig. 1 (a) shows prompt energy vs. delayed energy99

for all the DC events after this cut in the far hall. The100

IBD bands are clearly seen for both the 2.2 MeV nH101

and the 8 MeV nGd cases. The measured nH peak is102

around 2.33 MeV with a resolution of 0.14 MeV. The off-103

set from the true peak value arises from the non-linear104

and non-uniform energy response, which is pegged to the105

nGd capture peak in the reconstruction. The γ’s from106

40K and 208Tl decays are observed around 1.5 and 2.6107

MeV, respectively, and the continuous bands from 1.5 to108

3 MeV are from the decay products of 238U and 232Th.109

The nH IBD candidates are obtained by requiring the110

prompt energy to be less than 12 MeV and the delayed111

energy to be within ±3σ of the measured nH peak in each112

AD. The number of the candidates is listed in Tab. I.113

The four identified backgrounds in the selected sample114

are accidental coincidences, cosmogenically produced fast115

neutrons and 9Li/8He, and neutrons from the retracted116

241Am-13C calibration source. The delayed signals of the117

latter three are all from neutrons.118

The following procedure is adopted for removing the119

accidental coincidence background. An accidental back-120

ground sample (ABS) consisting of NABS−tot events is121

first generated by pairing two single events separated by122

at least 10 hours. The same distance and energy cuts are123

then applied to the ABS events, resulting in NABS−cut124

events. As shown in Fig. 1 (b), the ABS well describes125

the pattern of the low-energy region in Fig. 1 (a). The126

IBD spectra, NIBD(ξ), are then obtained by subtracting127

the accidental background from the DC events, NDC :128

NIBD(ξ) = NDC(ξ) −R · Tlive ·
NABS−cut(ξ)

NABS−tot
, (1)

where ξ represents the bin index of any quantity to be
studied, such as the delayed energy, Tlive is the live time
of data-taking listed in Tab. I, and R is the random co-
incidence rate. R can be written as [29]

R = Rs × e−RsTc ×RsTce
−RsTc , (2)
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FIG. 1: (color online) (a) The delayed (Ed) vs. the prompt
energy (Ep) of double coincidence events with a maximum
50 cm vertex separation for all far-hall ADs, (b) the acci-
dental background sample (ABS) events and (c) the delayed
energy distribution after subtracting the accidental coincident
background for the far hall (black) and the near halls (red),
respectively, where the total near site spectrum is normalized
to that of the far site.

where Rs is the singles rate, e−RsTc gives the probability129

of no prior coincidence within Tc, and RsTce
−RsTc is the130

probability of a trigger from an accidental coincidence131

within Tc. Tab. I lists the average rate of the accidental132

background in Eqn. (2) for each AD.133

While the statistical uncertainty of Rs is negligible, a134

systematic uncertainty is caused by the presence in the135

single event sample of a very small fraction of genuine136

correlated events for which either the prompt or the de-137

layed event is not detected. Rs is determined to be ∼22138

Hz from the average of the good triggered event rates139

before and after excluding both the DC events and the140

multi-coincidence events. The systematic uncertainty in141

Rs, estimated from the difference of these two rates, is142

found to be 0.18%, 0.16% and 0.05% for the EH1, EH2143

and EH3, respectively. Rs was observed to have a slow144

downward trend (< 0.36%/day) immediately after an AD145

was installed in water and become stable after about 4146

months. The slow variation of Rs is taken into account147

by performing the accidental subtraction (Eqn. (1)) on a148

run-by-run basis with each run lasting about 2 days.149

Fig. 1 (c) shows the delayed energy spectra for DC150

events in the near and far halls after the accidental back-151

ground subtraction. Very similar spectra, clearly showing152

Antineutrino Detection  
& Oscillation Measurement 
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�  Detection of electron-antineutrino: Inverse-Beta Decay (IBD) 
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nH Analysis Results

• All 217 days of 6-AD period


• Observed significant rate deficit at 
far site, rate analysis measures:


sin22θ13 = 0.083 +- 0.018

- an independent and consistent 

result with nGd analysis


- another precise measurement 
of sin22θ13 


•  
Spectrum distortion is consistent 
with oscillation explanation


- spectral analysis in progress

30
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EH1 EH2 EH3
AD1 AD2 AD3 AD4 AD5 AD6

Live time (day) 191.0 191.0 189.6 189.8 189.8 189.8
Rµ (Hz) 201.0 201.0 150.6 15.73 15.73 15.73
εµεm 0.7816 0.7783 0.8206 0.9651 0.9646 0.9642
Candidates 74136 74783 69083 20218 20366 21527
Accidental rate (/AD/day) 64.96 ± 0.13 64.06 ± 0.13 57.62 ± 0.11 62.10 ± 0.06 64.05 ± 0.06 68.20 ± 0.07
Fast n rate (/AD/day) 2.09± 0.56 1.37 ± 0.40 0.10 ± 0.04
9Li/8He rate (/AD/day) 2.75± 1.38 2.14 ± 1.07 0.26 ± 0.13
241Am-13C rate (/AD/day) 0.09 ± 0.05 0.09 ± 0.05 0.09 ± 0.05 0.06 ± 0.03 0.06 ± 0.03 0.06 ± 0.03
IBD rate (/AD/day) 426.71 ± 2.36 434.09 ± 2.37 382.69 ± 2.04 47.87 ± 0.79 46.78 ± 0.79 49.02 ± 0.82
nH/nGd 0.653 ± 0.004 0.654 ± 0.004 0.658 ± 0.004 0.653 ± 0.012 0.641 ± 0.012 0.679 ± 0.013

TABLE I: Summary of the hydrogen capture data sample. All the rate quantities are corrected with εµεm. The bottom row
contains the ratio of the measured nH IBD rate to that of nGd from [6].

meter. The H-capture fraction, f , is less than unity due236

to neutron capture on Gd and C, and is estimated by237

the simulation to be 96% in the LS region and 16% in238

the GdLS region. The relative difference among ADs is239

negligible [5]. The total uncorrelated uncertainty per AD240

is 0.67% as summarized in Tab. II. The selected nH IBD241

sample is about 65% of the size of the nGd IBD sam-242

ple [6]. The ratios among ADs 1, 2, and 3 agree within243

0.6%, which provides a strong confirmation of the uncor-244

related uncertainty per AD.245

v Uncertainty Coupled

Np,v

GdLS 0.03% yes
LS 0.13% no

Acrylic 0.50% no
εep,v - 0.1% yes
εed,v - 0.5% no
εt,v - 0.14% yes
εd - 0.4% no
Combined 0.67%

TABLE II: The per detector uncorrelated uncertainty sum-
mary for each quantity and volume, v. The last column indi-
cates whether the uncorrelated uncertainties for the nH and
nGd analyses are coupled.

Fig. 3 shows a comparison of the prompt spectra of246

the far hall and the near halls weighted by the near-to-247

far baseline ratio, along with the ratio of the measured to248

predicted rates as a function of baseline. Clear evidence249

for electron anti-neutrino disappearance is observed. A250

χ2 with pull terms for nuisance parameters the same as251

[3, 5] is minimized to extract sin2 2θ13 from the detected252

nH IBD rate deficit. The value of |∆m2
31| is taken from253

MINOS [30]. The best fit is sin2 2θ13=0.083± 0.018 with254

χ2=4.5 for 4 degrees of freedom. The increase in χ2 is 20255

when θ13 is set to zero, ruling out this null assumption256

at 4.6 standard deviations. The expected Far/Near ratio257

based on the best-fit sin2 2θ13 value is compared to data258

in Fig. 3. This statistically independent measurement of259

sin2 2θ13 with nH captures provides a strong confirmation260

of the earlier measurement using nGd [6].261
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FIG. 3: (color online) The detected energy spectrum of the
prompt events of the far hall ADs (blue) and near hall ADs
(open circle) weighted according to baseline. The far to near
ratio (solid dot) with best fit θ13 value in the lower plot. In
the inset is the ratio of the measured to the predicted rates
in each AD vs. baseline, in which the AD4 (AD6) baseline is
added by 30 (-30) m.

The nH result is an independent measurement of θ13.262

Currently both the nH and nGd [6] results are statistics263

dominated. With only statistical uncertainties consid-264

ered in the nH fit, the uncertainty of sin2 2θ13 is 0.015,265

about 70% in quadrature of the total, which is the same266

for the nGd analysis. The dominant systematic uncer-267

tainties are also independent from the nGd analysis. For268

example, the delayed energy cut is uncoupled (uncorre-269

lated) because the impact of the relative energy scale270

�2/NDF = 4.5/4



Light Sterile Neutrino Search
• Daya Bay has a unique combination of 

multiple baselines: EH1 (~350m), EH2 
(~500m), EH3 (~1600m)


- Sterile neutrinos will cause additional 
spectrum difference between different 
sites


!

!

!

- High sensitivity in the largely 
unexplored region Δm241 < 0.1 eV2


- A robust relative measurement 
independent of reactor related 
uncertainties

31

Search for sterile neutrino at 
Daya Bay

• Effects of sterile neutrino would appear as additional 
spectral distortion and overall rate deficit. 

• Unique feature of Daya Bay with multiple baseline 

• Can probe largely unexplored region at Δm
2

41 < 0.1 eV
2
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prompt energy spectra at EH2 and EH3, each divided by the282

prediction using the EH1 spectrum.283

Two methods are adopted to set the exclusion limits in284

the (|�m2
41|, sin2 2✓14) space. The first one is a frequen-285

tist approach with a likelihood ratio as the ordering principle,286

as proposed by Feldman and Cousins [55]. For each point287

⌘ ⌘ (|�m2
41|, sin2 2✓14), the value ��2

c(⌘) encompassing a288

fraction ↵ of the events in the �2
(⌘) � �2

(⌘best) distribu-289

tion is determined. This distribution is obtained by fitting a290

large number of simulated experiments that include statistical291

and systematic variations. In order to reduce the number of292

computations, the simulated experiments are generated with-293

out any variation in ✓13, after it was verified that the depen-294

dency of ��2
c(⌘) on this parameter was negligible. The point295

⌘ is then declared to be inside the ↵ C.L. acceptance region if296

��2
data(⌘) < ��2

c(⌘).297
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FIG. 3. The exclusion contours for the neutrino oscillation parame-
ters sin2 2✓14 and |�m2

41| are shown. The red long-dash curve rep-
resents the 95% confidence level exclusion contour with Feldman-
Cousin method [55]. The black solid curve represents the 95% CLs

exclusion contour [56]. The parameter space on the right side of the
contours is excluded. For comparison, Bugey [32] 90% C.L. on ⌫e

disappearance is also shown with green dashed line.

The second method is the so-called CLs statistical298

method [56], whose detailed approach with Gaussian parent299

distribution is described in Ref. [57]. A two-hypothesis test300

is performed in the (sin2 2✓14, |�m2
41|) phase space: the null301

hypothesis H0 (standard 3-⌫ model) and the alternative hy-302

pothesis H1 (3+1-⌫ model with fixed value of sin2 2✓14 and303

|�m2
41|). The value of ✓13 is fixed with the data’s best-fit304

value for each hypothesis. Since both hypotheses have fixed305

values of sin2 2✓14 and |�m2
41|, their �2 difference follows a306

Gaussian distribution. The mean and variance of this Gaussian307

distribution can be calculated from the Asimov dataset with-308

out statistical or systematic fluctuations, which avoids massive309

computing. The CLs value is defined by:310

CLs =
1� p1
1� p0

=

1� p4⌫
1� p3⌫

, (3)

where p0 (p3⌫) and p1 (p4⌫) are the p-values for the 3-⌫ and311

4-⌫ hypothesis models respectively. CLs < 0.05 is required312

to set the 95% CLs exclusion contours.313

The 95% confidence level upper limit contour from the314

Feldman-Cousins method and the 95% CLs method exclu-315

sion contour are shown in Fig. 3. The two methods give316

comparable results. The impact of varying the IBD prompt317

energy spectrum bin size from 200 keV to 500 keV is negli-318

gible. As a comparison, Bugey’s 90% C.L. exclusion on ⌫e319

disappearance from their ratio of the positron energy spectra320

measured at 40/15 m [32] is also shown. This result pro-321

vides the most stringent limits on sterile neutrino mixing at322

|�m2
41| < 0.1 eV

2 using the electron antineutrino disappear-323

ance channel. Our results are complementary to the ⌫µ !324

⌫e appearance results from OPERA [20] and ICARUS [21].325

While the appearance mode constrains a product of the cou-326

pling of muon neutrino to the fourth-generation mass eigen-327

state and the coupling of electron neutrino to the fourth gen-328

eration mass eigenstate, the ⌫e disappearance mode only con-329

strains the latter.330

It should be noted that the choice of mass ordering that oc-331

curs as a result of introducing the fourth neutrino mass eigen-332

state has a negligible impact on the results. The same is true333

concerning the choice of neutrino mass ordering between the334

original three neutrino flavor states.335

In summary, we report on a sterile neutrino search based on336

a minimal extension of the Standard Model, the 3 (active) + 1337

(sterile) neutrino mixing model , in the Daya Bay Reactor Ex-338

periment, using the electron-antineutrino disappearance chan-339

nel. The analysis uses the relative event rate and the spectral340

comparison of three far and three near antineutrino detectors341

at different baselines from six nuclear reactors. The observed342

data is in good agreement with the standard 3-neutrino model.343

The current precision is dominated by statistics. With three344

or more years of additional data, the sensitivity to sin

2
2✓14 is345

expected to improve by a factor of two for most �m2
41 values.346

Still, the current result already yields the world’s most strin-347

gent limits on sin

2
2✓14 in the |�m41|2 < 0.1 eV2 region.348
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Light Sterile Neutrino Search Results

• All 217 days of 6-AD period


• Consistent with standard 3-flavor 
neutrino oscillation model


• Able to set stringent limits in the 
previously unexplored region  
10-3 eV2 < Δm241 < 0.1 eV2
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FIG. 1. Comparison of the 95% CLs sensitivities (see text for details)
for various combinations of the EH’s data. The solid and dot-dashed
curves represent the sensitivity assuming a 5% and 100% uncertainty
in the reactor flux rate. The 100% uncertainty corresponds to a com-
parison of spectra only. Normal mass hierarchy is assumed for both
�m2

31 and �m2
41. The green dashed line represents Bugey’s [32]

90% C.L. on ⌫e disappearance and the magenta double-dot-single-
dashed line represents KARMEN and LSND 95% C.L. on ⌫e disap-
pearance from ⌫e-carbon cross section measurement [33].

|�m2
41| < 0.3 eV

2 region.228

Three independent analyses are considered, each with a dif-229

ferent treatment of the predicted reactor antineutrino flux and230

systematic errors. The first analysis uses the predicted reac-231

tor antineutrino spectra to simultaneously fit the data from the232

three sites, very similarly to what is described in the most re-233

cent Daya Bay spectral analysis [44]. A binned log-likelihood234

method is adopted with nuisance parameters corresponding235

to the constraints from the detector response and the back-236

grounds on the one hand, and with a covariance matrix en-237

capsulating the reactor flux uncertainties as given in the Hu-238

ber [50] and Mueller [36] flux models on the other hand.239

The absolute reactor flux rate uncertainty is enlarged to 5%240

based on Ref. [37]. The fit uses sin2(2✓12) = 0.857± 0.024,241

�m2
21 = (7.50 ± 0.20) ⇥ 10

�5
eV

2 [51] and |�m2
32| =242

(2.41 ± 0.10) ⇥ 10

�3
eV

2 [52]. We adopted these values243

rather than those in Ref. [4], since the latter are obtained244

through a global fit including all available data. The values245

of sin

2
2✓14, sin2 2✓13 and |�m2

41| are unconstrained. For246

the 3+1 neutrino model, a global minimum of �2
4⌫/NDF =247

158.8/153 is obtained, while the minimum for the standard248

three-neutrino model is �2
3⌫/NDF = 162.6/155. We use the249

��2
= �2

3⌫ � �2
4⌫ distribution obtained from standard three-250

neutrino Monte Carlo samples that incorporate both statistical251

and systematic effects to assign a p-value [53]. The data are252
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FIG. 2. Prompt energy spectra observed at EH2 (top) and EH3 (bot-
tom), divided by the extrapolation from the EH1 spectrum with the
three-neutrino best fit oscillation parameters from our previous anal-
ysis. The gray band represents the uncertainty of the three-standard
neutrino oscillation prediction, which includes the statistical uncer-
tainty of the EH1 data and all the systematic uncertainties. Predic-
tions with sin2 2✓14 = 0.1 and two representative |�m2

41| values
are also shown by the dashed curves. As shown in Fig. 1, most of the
sensitivity at |�m2

41| ⇠ 4 ⇥ 10�2(4 ⇥ 10�3) eV2 comes from the
relative spectral shape comparison between EH1 and EH2 (EH3).

thus consistent with the standard three-neutrino model, and253

there is no significant signal for sterile neutrino mixing.254

The second analysis performs a purely relative comparison255

between the near and the far data. The observed near sites’256

prompt energy spectra are first unfolded into the correspond-257

ing true neutrino energy spectra. These spectra are then ex-258

trapolated to the far site based on the known baselines and259

the reactor power profiles. A covariance matrix, generated260

from a large Monte Carlo dataset incorporating both statisti-261

cal and systematic variations, is used to account for all un-262

certainties. The resulting p-value is 0.87. More details about263

this approach can be found in Ref. [54]. The third analysis ex-264

ploits both rate and spectra information in a way that is similar265

to the first method but using a covariance matrix. This matrix266

is calculated based on standard uncertainty propagation meth-267

ods, without an extensive generation of Monte Carlo samples.268

The obtained p-value is 0.74.269

The various analyses have complementary strengths. Those270

that incorporate absolute flux normalization constraints have271

a slightly higher reach in sensitivity, particularly for higher272

values of |�m2
41|. The purely relative analysis however is273

more robust against uncertainties in the predicted reactor an-274

tineutrino flux. The different treatment of systematic uncer-275

tainties provides a thorough cross-check of the results, which276

are found to be consistent for all the analyses in the region277

where the relative spectra measurement dominates the sensi-278

tivity (|�m2
41| < 0.3 eV

2). As evidenced by the reported279

p-values, no significant signature for sterile neutrino mixing280

is found by any of the methods. Fig. 2 shows the observed281

Bugey

dashed curves assumes sin22θ14 = 0.1 

Daya Bay



Reactor Antineutrino Flux and Spectrum

• Integrated Flux: absolute detection efficiency


- Data /MC comparison

33

E�ciency Uncertainty
Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed Energy cut 92.7% 0.97% 0.12%
Prompt Energy cut 99.81% 0.10% 0.01%
Capture time cut 98.70% 0.12% 0.01%
Gd capture ratio 84.2% 0.95% 0.10%
Spill-in correction 104.9% 1.50% 0.02%

Combined 80.6% 2.1% 0.2%

Table 3: Detector E�ciency

2

• Antineutrino Energy Spectrum: absolute energy scale


- Extensive calibration


- Energy model building



Daya Bay Monte Carlo

• Full-detector Geant4 simulation 
implemented in an offline 
Gaudi-based framework known 
as NuWa


• Tuning and validation with data


- Time component of LS


‣ Fast (1 ns) 70%, Medium 
(26 ns) 25.5%, Slow (200 
ns) 4.5%


- Improved thermal neutron 
scattering simulation


‣ free gas model v.s. bound 
atoms

34

60Co

free gas model

Data

bound atoms model



Gd-Capture Ratio

35

E�ciency Uncertainty
Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed Energy cut 92.7% 0.97% 0.12%
Prompt Energy cut 99.81% 0.10% 0.01%
Capture time cut 98.70% 0.12% 0.01%
Gd capture ratio 84.2% 0.95% 0.10%
Spill-in correction 104.9% 1.50% 0.02%

Combined 80.6% 2.1% 0.2%

Table 3: Detector E�ciency

2

• IBD neutron can capture on other 
target such as Hydrogen


n

n
H

• IBD neutron can leave the GdLS region and 
capture somewhere else (spill-out)

measured with center neutron source measured with MCS neutron source



Spill-in
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n

E�ciency Uncertainty
Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed Energy cut 92.7% 0.97% 0.12%
Prompt Energy cut 99.81% 0.10% 0.01%
Capture time cut 98.70% 0.12% 0.01%
Gd capture ratio 84.2% 0.95% 0.10%
Spill-in correction 104.9% 1.50% 0.02%

Combined 80.6% 2.1% 0.2%

Table 3: Detector E�ciency

2

Predicted by MC, benchmarked by IBD time / vertex 
distribution, and off-center neutron source in LS

• IBDs can happen outside of GdLS, but the neutron leaks in and capture on Gd 
(spill-in)

ΔTp-d [us] R2p [m2]



Delayed Energy Cut
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E�ciency Uncertainty
Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed Energy cut 92.7% 0.97% 0.12%
Prompt Energy cut 99.81% 0.10% 0.01%
Capture time cut 98.70% 0.12% 0.01%
Gd capture ratio 84.2% 0.95% 0.10%
Spill-in correction 104.9% 1.50% 0.02%

Combined 80.6% 2.1% 0.2%

Table 3: Detector E�ciency

2

• The Cascading gammas from 
nGd Capture can leak out of 
the scintillator region and 
cause a long low energy tail


- measure the tail 
distribution and validate 
with different input nGd 
gamma spectrum models 

nGd capture gamma 
spectrum in MC
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Integrated Reactor Antineutrino Flux
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Uncertainty

statistics 0.2%

✓13 0.2%

reactor 0.9%

detector e�ciency 2.1%

Total 2.3%

Table 1: Flux E�ciency

1

Flux Measurement Uncertainty

Daya Bay’s reactor flux 
measurement is consistent 
with previous short baseline 
experiments
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Reference Model: Huber (3 isotopes) + Mueller (238U)
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Uncertainty

statistics 0.2%
✓13 0.2%
reactor 0.9%
detector e�ciency 2.1%

Total 2.3%
Table 1: Flux E�ciency

235U : 238U : 239Pu : 241Pu 0.586 : 0.076 : 0.288 : 0.050
Y0 (cm2 GW�1 day�1) 1.553⇥ 10�18

�f (cm2 fission�1) 5.934⇥ 10�43

Data / Prediction (Huber+Mueller) 0.947 ± 0.022
Data / Prediction (ILL+Vogel) 0.992 ± 0.023

Table 2: Flux E�ciency

1



About Flux Measurement Result
• Interpretation one: Daya Bay saw 5.3% deficit with respect to the 

Huber+Muller model, so there must be a sterile neutrino.


- Wrong! The reactor flux models could have large uncertainties. 
The theoretical flux could be over-estimated.


• Interpretation two: The Daya Bay result is consistent with all 
previous short-baseline measurements, so there is no “anomaly” 
from experimental point of view. 


- Correct! Our “modern” experiment has validated the results 
from experiments in 80-90s. 


• Question: So is the “reactor antineutrino anomaly” real or not?


- We don’t know yet. To definitively answer that question, one 
has to observe the spectral “oscillation” feature in the data (like 
the Daya Bay L/E plot). We need the future ~5m baseline 
reactor/source experiments to tell us. 39



One Note About Global Average
• We obtained R = 0.943 

+- 0.008 (exp.)


• Many literatures report 
this number to be 0.928 
(1.5% lower).


- A tricky statistical 
mistake. They used 
the measured values 
to build the theoretical 
covariance matrix. 
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which 
should be

Rtheory Rtheory

V theory

ij = Robs

i Robs

j (�theory)2

V = V exp + V theory

Otherwise could lead to an interesting puzzle that 
the average is smaller than any of measurements

B. Roe arXiv:1506.09077

a well known statistics problem 
originally described  in  

G. D’Agostini, NIMA 346 (1994) 306

V. Blobel, “Some Comments on $\chi^2$ Minimisation 
Applications,”SLAC-R-0703, pp.101–105.

see also



Energy Nonlinearity Calibration

41

• Two major sources of non-linearity


• scintillator response: modeled with Birks formula 
and Cherenkov contribution 

• electronics: modeled with MC and single channel 
FADC measurement


• Nominal Model: Combined fit with mono-energetic 
gamma peaks and 12B beta-decay spectrum


• Cross-validation Model:  212Bi, 214Bi, 208Tl beta-decay 
spectrum, Michel electron spectrum and standalone 
bench-top Compton scattering measurement.


< 1% uncertainty above 2 MeV
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Prompt Positron Spectrum

42

combining the spectrum from the 
three near-site detectors and 
compare with theoretical predictions

Shoulder? 
Bump?

• Feature is time independent 

• Rate correlated with reactor

• vertex/time distribution consistent 

with IBD

• Not seen in other sample such as 

12B beta-decay sample

• Also seen by RENO and DC

The [4, 6] MeV “bump” 



Significance of Local Deviation

43



What causes the “bump”?

44

combining the spectrum from the 
three near detectors and compare 
with theoretical predictions

Shoulder? 
Bump?

• Discrepancy possibly due to 
uncertainties in predicting the 
neutrino spectra from the 
measured beta spectra


- D. Dwyer, T. Lanford 
PRL 114, 012502 (2015) 

- A. Hayes et.al, 
arXiv: 1506.00583

8 decays in the 
235U spectrum 
dominate the 

5-7 MeV (~42%)

PRL 114, 012502 (2015)



Unfolded Reactor Antineutrino Spectrum

45

• Unfold the measured positron 
spectrum into the antineutrino 
spectrum by removing the 
detector response and energy 
resolution effects.


• Can be used directly by future 
reactor experiments as a 
reference spectrum


- more precise than theoretical 
prediction


- need small experiment-
dependent fission fraction 
corrections



Summary
• Daya Bay updated the oscillation analysis with the full detector 

configuration


- Most precise measurement of sin22θ13 : 6%


- Most precise measurement of |Δm232| in the electron neutrino 
disappearance channel: 4%


• Independent measurement of sin22θ13 from nH sample


• Set best limit to light sterile neutrinos in 10-3 eV2 < Δm241 < 0.1 eV2


• Precision measurement of reactor antineutrino flux and spectrum


- Flux is consistent with previous short baseline reactor 
experiments


- Spectrum has local deviation from prediction in [4, 6] MeV at 4σ 
level

46More results coming out soon!
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Scintillator Stability
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Time variation of nGd peak  
(after calibration)

!20

Calibrate)charge)(photoelectrons))collected)per)MeV)in6situ)using)spalla8on)nGd)capture)
events.)Also)use)weekly)deployments)of)60Co)source.))

Small)degrada8on)of)energy)scale)is)seen)with)nGd,)60Co,)and)other)event)types.)Its)origin)is)
s8ll)unknown,)but)do)not)an8cipate)any)problems)in)experiment’s)life8me.))

~1.5%/year+
degrada.on+of+
the+energy+scale+

Test)periods)

Energy)Scale)=)Q)/)E)

Average)energy)
released)in)nGd))

Measured)charge)
of)nGd)peak)

Spalla8on)nGd)capture)
)(uniform)throughout)detector))

❖ Can$calibrate$the$energy$scale$(lightTyield)$inTsitu$with$dataTtaking:$

Energy Scale

• Small degradation of light yield (~1.5%/year) is seen with nGd, 60Co and 
other event types. Its origin is still unknown (suspect from degradation of 
attenuation length), but do not anticipate any problems in Daya Bay’s 
lifetime.


• After calibration, achieved energy response that is stable to ~0.1% in all 
detectors



Energy Uniformity

49

With Spallation Neutron With MCS Source

Inside GdLS volume, < 0.3% variation



Data Table
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