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Significance of θ13

•  Enable determination of mass hierarchy with reactors
•  Gateway to explore CP violation in neutrino oscillation:
      P(νµ → νe) – P(νµ → νe) ∝ sin2θ13cosθ13 sinδ
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•  Complete determination of the PMNS matrix
 - guide model building

•  Determine νe fraction of ν3

reduce uncertainties in 
predicting ν phenomena
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Approaches For Measuring θ13

•  Accelerator-based νe appearance experiments

     - Baseline O(100-1000 km), large detectors 
    - Some ambiguities exist in extracting a value for θ13
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•  Reactor-based νe disappearance experiments

      - Baseline O(1 km), no CP or matter effect, small detectors  
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Calculated fission rate �
of a Palo Verde core

From L.H. Miller (2000)
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Production of Reactor νe
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Resultant νe spectrum
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•  Fission processes in a nuclear core produce radioactive 
nuclides that decay rapidly to yield a huge number of 
low-energy νe:

3 GWth generates 6 × 1020 νe per sec

Resultant spectrum varies with time.
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Detecting Reactor νe

• Use inverse β-decay reaction (IBD) in a liquid scintillator:

•  Energy of νe is given by:

Eν ≈ Te+ + Tn + (mn - mp) + m e+ 

       ≈ Te+ + 1.8 MeV 

A
rb

itr
ar

y

From Bemporad, Gratta and Vogel

 νe spectrum
(no oscillation)

νe + p → e+ + n 
→ + p → D + γ(2.2 MeV)
→  + Gd → Gd*
                     → Gd + γ’s(8 MeV)

~180µs

~30µs
for 0.1% Gd
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Chooz: First Search For θ13 in 90’s

5-ton 0.1% Gd-loaded liquid scintillator
to detect νe + p → e+ + n

L = 1.05 km

D = 300 mwe

P = 8.4 GWth

At Δm2
 = 2.5 × 10-3 eV2,

    sin22θ13 < 0.17

allowed region
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Reaching sin22θ13 = 0.01  
•  Increase statistics: 
–  Utilize powerful nuclear reactors  
–  Increase target mass 
–  More run time 

•  Reduce systematic uncertainties: 
–  Reactor-related: 

•  Optimize baseline for best sensitivity and smaller residual errors 
•  Use near and far detectors to minimize reactor-related errors 
   [Mikaelyan and Sinev, Phys. Atom. Nucl. 63, 1002 (2000)] 

–  Detector-related: 
•  Use “Identical” pairs of detectors to do a relative measurement 
•  Comprehensive program in calibration/monitoring of detectors 
•  Interchange near and far detectors (optional) 

–  Background-related: 
•  Go deep to reduce cosmic ray-induced background 
•  Enough active and passive shielding 
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Determining θ13 With Reactor νe 
•  Look for disappearance of electron antineutrinos from
  reactors:
P(νe →νe ) =1− sin

2 2θ13 sin
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•  Perform relative measurement, for a
  given E :

Correlated errors are exactly 
cancelled for only one reactor. 
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Large-amplitude
oscillation due to θ12

Small-amplitude oscillation due 
to θ13 integrated over E

near
detector
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 28 November, 2003 Neutrino at Daya Bay

  2002-2003: Reactor θ13 Proposals
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Launching Daya Bay 
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Gaining Access To Daya Bay NPP 
11 

21 September 2004



Daya Bay Collaboration Formed 
12 
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Reactor θ13 Experiments in 2006

Chooz, France

Daya Bay, China  

Yonggwang, S. Korea
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Daya Bay 
reactors  

Ling Ao 
reactors  

Ling Ao II 
reactors 

Daya Bay 
near  

Ling Ao 
near  

Water 
Hall  

Far  

LS 
Hall  

Entrance  

Construction  
tunnel  

Overburden: ~860 mwe 
Weighted baseline: ~1650 m 

Overburden: ~265 mwe 
Weighted baseline: ~500 m 

Overburden: ~250 mwe 
Weighted baseline: ~360 m 

 Tunnel  

Control  
Building 

Surface 
Assembly  
Building 
(SAB) 

m
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Daya Bay Detector Design

3m acrylic
vessel

192 PMTs

4m acrylic tank sandwiched 
between top and bottom reflectors

Stainless steel
tank

20-t 0.1% Gd-TMHA LS 
(target)

20t LS (gamma catcher)

40t mineral 
oil shield        

5m

5m

Calibration units 
(LED, 68Ge,
AmC-Co)

Four layers of RPC’s to 
tag muons

2.5m water:
- attenuates gamma rays & neutrons
- forms two optically decoupled Cherenkov counters   

Inner Cherenkov

Outer Cherenkov

(LS = LAB + 3 g/l PPO + 15 mg/l Bis-MSB)



13 Oct 2007: Ground Breaking 
16 
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Daya Bay Near Hall Liquid Scintillator Hall

Ling Ao Near Hall Constructing Tunnel
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Surface Assembly BuildingEntrance Area

Access Tunnel Office Building
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     Fill Antineutrino Detectors (ADs)

•  Target mass is measured with:
      (1) 20-t ISO tank
      (2) Coriolis mass flow meters  
      Uncertainty: 4kg in 20t
•  Temperature is maintained
   constant
•   Filling is monitored with 
   in-situ sensors  
•   A pair of detectors is filled 
   sequentially in <2 weeks.Inside of a filled AD

ISO
tank

Coriolis 
mass flow 
meters

Image of 
CCD camera

Assemble AD pair in SAB Fill ADs with 
liquids
underground

Gd-LS level in 
AD overflow tank
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Commissioning EH1

Install filled AD in pool (0.5 day)

Fill pool with purified water (~1 wk)

Place cover over pool (~1day)Roll RPC over cover (<0.5 day)



Operation of Daya Bay 
•  15 August 2011    First two ADs in EH1 
•  24 December 2011   6ADs: 2 in EH1, 1 in EH2,  

                   and 3 in EH3 
•  28 July 2012    Shutdown 

         - installed last 2 ADs 
         - comprehensive calibration 

•  19 October 2012   All 8 ADs  
•  21 December 2016   Shutdown 

         - special calibration  
         - liquid scintillator R&D 

•  26 January 2017   7 ADs: 1 in EH1, 2 in EH2, 
                    and 4 in EH3 

22 



Performance of First Two ADs 
23 

Uncertainty of the relative antineutrino 
detection efficiency was 0.2%, 
significantly better than the design 
value of 0.38%.  

NIMA 685, 78 (2012)

EH1
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θ13 Circa March 2012

PRL108, 131801(2012)

Double Chooz
Far-detector only

Context Daya Bay Neutrino Selection θ13 Analysis

Recent Indication for a Non-Zero θ13

Tensions between solar,
reactor oscillations suggest
θ13 > 0

Appearance of νe in νµ
accelerator beam

Double Chooz reported
improved single detector
measurement

0 0.1 0.15 0.2 0.25 0.3 0.350.05
sin2 2θ13

Solar + KamLAND

T2K

MINOS

Double Chooz

original flux
reeval. flux

normal hier.
inverted hier.

2011 has given many hints but no results > 2.5σ from θ13 = 0

Solar + KamLAND: G.L. Fogli et al., Phys. Rev. D 84, 053007 (2011)

MINOS: P. Adamson et al., Phys. Rev. Lett. 107, 181802 (2011)

T2K: K. Abe et al., Phys. Rev. Lett. 107 041801 (2011)

Double CHOOZ: Y. Abe et al., Phys. Rev. Lett. 108, 131801 (2012)

2 / 28

T2K

PRL107,041801 (2011) PRL107, 181802 (2011)
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Event class
sin2(2✓13)
0 0.1

NC 34.1 34.1
⌫µ CC 6.7 6.7
⌫e CC 6.4 6.2
⌫⌧ CC 2.2 2.1

⌫µ ! ⌫e CC 0.2 19.1
Total 49.6 68.2

TABLE II: Expected FD event counts for LEM>0.7, assum-
ing ✓23 =⇡

4 , �m2
32 =2.32⇥10�3 eV2, and �=0. The first ⌫e

line refers to the intrinsic ⌫e component in the beam. In the
✓13=0 case, a small amount of ⌫µ ! ⌫e oscillation occurs due
to non-zero �m2

21.

trons recorded by the MINOS Calibration Detector [26].
The breakdown of expected FD events is given in Ta-
ble II. An analysis of beam-o↵ detector activity yielded
no ⌫

e

candidate events, resulting in a 90% C.L. upper
limit on cosmogenic backgrounds in the primary analysis
region of 0.3 events. We find that (40.4± 2.8)% of ⌫

e

CC
signal events end up in the signal region, LEM>0.7.

Most of the analysis procedures can be tested directly
on two signal-free or near-signal-free sideband samples.
First, the “muon-removed” hadronic showers described
above, before they are merged with simulated electrons,
represent a sample of NC-like events. The predicted
and observed LEM distributions in the FD agree for
this sample, with �

2

/N

d.o.f.

=9.7/8 using statistical errors
only. Second, FD events satisfying 0LEM<0.5 make
up a background-dominated sample for which we predict
370 ± 19 background events (statistical error only). We
observe 377 events, in agreement with prediction. Form-
ing the prediction for the latter sideband exercises all
aspects of the analysis up to the final signal extraction,
including the full ND decomposition procedure and the
ND-to-FD ratios derived from simulation.

In previous MINOS analyses [11, 12], the ⌫

e

appear-
ance search was conducted by comparing the total num-
ber of ⌫

e

candidate events in the FD to the expected
background. A similar approach applied to the present
data yields 62 events in the signal region of LEM>0.7,
with an expectation of 49.6± 7.0(stat.)± 2.7(syst.) if
✓

13

=0. However, we gain 12% in sensitivity by fit-
ting the FD sample’s LEM and reconstructed energy
(E

reco

) distribution in 3⇥5 bins spanning LEM>0.6 and
1 GeV<E

reco

< 8 GeV. The energy resolutions for
hadronic and electromagnetic showers at 3 GeV are 32%
and 12%, respectively [16]. Figure 2 shows the FD data
and predictions used in the fit, along with the extracted
best-fit signal.

Figure 3 shows the regions of oscillation parame-
ter space allowed by these data. For the fit, we
use a three-flavor oscillation framework [20] includ-
ing matter e↵ects [27], and we use the Feldman-
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FIG. 2: Reconstructed energy spectra for ⌫e CC candidate
events in the Far Detector. The black points indicate the
data with statistical error bars shown. The histogram indi-
cates the expected background (unfilled area) together with
the contribution of ⌫µ ! ⌫e signal (hatched area) for the
best-fit value of sin2(2✓13)= 0.041.

Cousins procedure [28] to calculate the allowed re-
gions. We assume

���m

2

32

�� =(2.32+0.12

�0.08

)⇥10�3 eV2 [6],

�m

2

21

=(7.59+0.19

�0.21

)⇥10�5 eV2 [1], ✓
23

=0.785± 0.100 [4],
and ✓

12

=0.60± 0.02 [1]. The influence of these oscilla-
tion parameter uncertainties is included when construct-
ing the contours.

Prior to unblinding the FD data, we planned to fit only
the LEM distribution integrated over energy. However,
the excess over background in the upper energy range
prompted the inclusion of energy information so that the
fit could weigh events appropriately when extracting ✓

13

constraints. If we had performed the signal extraction
over LEM bins only, the best fit and 90% C.L. upper
limit for sin2(2✓

13

) would each change by +0.006. A thor-
ough study of high-energy events in the signal and side-

MINOSSome hints of 
a non-zero θ13 
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Best fit sin22θ13

PRL 108, 171803 (2012)

Definitive Result on θ13 (2012) 
25

With 55 days of data, discovered disappearance of 
reactor νe at short baseline in March 2012:

  sin22θ13 = 0.092 ± 0.016(stat) ± 0.005(syst)

R = 0.940 ± 0.011 (stat) ± 0.004 (syst)

EH1 EH2 EH3

Confirmed by RENO in April 2012



Accurate Energy Spectra 
26 



First Measurement of |Δm2
ee|   

27 

PRL112, 061801(2014)

  sin22θ13 = 0.090
   |Δm2

ee| = (2.59       ) × 10-3 eV2

   

+0.19
-0.20

+0.008
-0.009

MINOS



Measurement of sin2θ13 with nH Data
neutron-capture on hydrogen: 217 days of data with 6 ADs

28

Independent sin2 2✓13 measurement via n capture on H

E ective baseline [km]
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Data
Prediction (no oscillation)
Prediction (best t)

Ling Ao
Daya Bay

Far hall

Free- oating normalization

Rate-only n-H result consistent with n-Gd analysis

⌅ Based on 217 days of data from 6-AD period
⌅ Spectral distortion consistent with oscillation interpretation

) Spectral analysis in progress

S. Jetter 42 / 53

PRD 90, 071101(R) (2014)

Rate-only analysis



 sin22θ13 Circa 2015  
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A Brief History of θ13 from Reactor Experiments 
DC:!97!days!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!![1112.6353]!
!!!!!!!!R+S!
!

DB:!49!days!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!![1203.1669]!
RENO:!222!days!!!!!!!!!!!!!!!!!!!!!!!!![1204.0626]!
DC:!228!days!!!!!!!!!!!!!!!!!!!!!!!!!!!!!![1207.6632]!
!!!!!!!!R+S!
DB:!139!days!!!!!!!!!!!!!!!!!!!!!!!!!!!!!![1210.6327]!
DC:!nbH!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!��[1301.2948]!
!!!!!!!!R+S!
!

RENO:!403!days!!!!!!!!!!!!!!!!!!!!!!!![NuTel2013]!
DC:!RRM!analysis!!!!!!!!!!!!!!!!!!!!!���[1305.2734]!
!!!!!!!!R+S!
DB:!190!days!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!��[1310.6732]!
!!!!!!!!R+S!
RENO:!403!days!!!!!!!!!!!!!!!!!!!!!!!!!!!!!��[TAUP2013]!
!

DB:!190!days!nbH!!!!!!!!!!!�����[Moriond2014]!
DC:!469!days!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!�[ν 2014]!
DB:!563!days!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!��[ν!2014]!
RENO:!795!days!!!!!!!!!!!!!!!!!!!!!!!!!!!!!�[ν!2014]!
!!!!!!!!!!!!384!days!nbH!!!!!!!!!!!!!!!!!!!!!!�[ν!2014]!
RENO 384 days n-H                 [NOW 2014] 

S.H.!Seo! Nantes,!2015! 37!

Results from reactor-based experiments 



Most Precise sin22θ13 
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•  Analyzed 1230 days of data using 
–  complete 217 days of 6-AD data set 
–  1013 days of 8-AD data sample 
–  improved energy response model and energy calibration 
–  reduced uncertainties in background events 
–  >2.2 million IBD events in EH1+EH2, >0.3 million in EH3 

•  Results: 
–  Uncertainty in relative antineutrino detection efficiency reduced 

from 0.2% to 0.13% 
–  Deficit in antineutrino rate: R = 0.949±0.002(stat)±0.002(syst) 
 

 
  

  sin22θ13 = 0.0841 ± 0.0027(stat) ± 0.0019(syst)
   |Δm2

ee| = [2.50 ± 0.06(stat) ± 0.06(syst)] × 10-3 eV2

    |Δm2
32| = [2.45 ± 0.06(stat) ± 0.06(syst)] × 10-3 eV2      (NH)

    |Δm2
32| = [-2.56 ± 0.06(stat) ± 0.06(syst)] × 10-3 eV2    (IH)

    •  See Naumov’s talk for details and other results.



Current Status 
•  Installed FADCs running in parallel with default front-end electronics 

to improve understanding of electronics non-linearity. 
 
•  Carried out a special calibration of AD1 with 60Co, new Am-Be and 

Am-C sources in EH1 
–  Study the effects of shadowing with different source configuration 
–  Refine measurement of absolute efficiency for detecting neutrons 
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•  Replaced the Gd-loaded liquid 
scintillator in AD1 for carrying 
out liquid scintillator R&D.  

 
•  Continue stable data taking with 

7 ADs since 26 January 2017. 

 



Prospects For sin22θ13 & |Δm2
ee|   

32 

σ(sin22θ13) = 0.0025
  σ(|Δm2

ee|) = 0.06 × 10-3 eV2 
By 2020 :

Continue to reduce systematic uncertainties and background.  

sin22θ13

|Δm2
ee| 

Statis. error

Statis. error



Summary 
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    Daya Bay
•  has acquired the largest sample of reactor antineutrinos to date.
•  provides world’s most precise determination of 

- sin22θ13 and |Δm2
ee| 

•  continues to yield leading results on other topics such as
- measurement of absolute flux and spectrum

         of reactor antineutrinos with unprecedented statistics
- search for a light sterile neutrino with 
   ~10-3 eV2 < Δm2

41 < ~10-1 eV2

Stay tuned:
D. Naumov: ‘New Results from the Daya Bay Reactor 

       Neutrino Experiment’ 



Asia (21) 
Beijing Normal Univ., Changdu Univ., 

CGNPG, CIAE, Dongguan Univ.Tech., IHEP,
Nanjing Univ., Nankai Univ., NCEPU, 

Shandong Univ., Shanghai Jiaotong Univ., 
Shenzhen Univ., Tsinghua Univ., USTC, 
Xi’an Jiaotong Univ., Zhongshan Univ., 

Chin. Univ. of Hong Kong, Univ. of Hong Kong, 
Nat. Taiwan Univ., Nat. Chiao Tung Univ., 

National United Univ.

Europe (2)
JINR, Dubna, Russia

Charles University, Czech Republic 

North America (15)
BNL, Iowa State Univ., Illinois Inst. Tech., 

LBNL, Princeton, RPI, Siena, UC-Berkeley, 
Univ. of Cincinnati, Univ. of Houston,  

Univ. of Wisconsin-Madison, 
Univ. of Illinois-Urbana-Champaign, 
Virginia Tech., William & Mary, Yale 

South America (1)
Cath. Univ. of Chile

The Daya Bay Collaboration
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Thank You


