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Neutrino Mixing
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Weak eigenstate Mass eigenstate
(α = e, μ, τ) (i = 1, 2, 3)

1.3. NEUTRINO OSCILLATION 8

Then, we can also define the mass eigenstates ⇥iL and ⇥ciR (i = 1, 2, 3) as

�
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⇥
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⇥
. (1.13)

Here, U is a 6⇥ 6 unitary matrix which satisfies

U †
�
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⇥
U = Mdiag, (1.14)

where Mdiag is a diagonal matrix which contains mass eigenvalues. Hence, ⇥L and ⇥cR can also mix
if neutrino has the Majorana mass term constructed by right-handed field, in addition to the Dirac
mass term.

To estimate the size of mixing, we consider a case that there is only one generation for both
⇥L and ⇥cR. If we assume the Majorana mass mR to be much larger than the Dirac mass m, U is
approximately written as
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, (1.15)

where ⇤ = m/mR ⇤ 1. Using this U in Eq. (1.15), the diagonalized mass matrix (Mdiag) become

Mdiag ⇧
�

m2/mR 0
0 mR

⇥
. (1.16)

Hence, if mR ⌅ m, the mixing between ⇥L and ⇥cR become negligible. Also if we set the Dirac
mass m to be the order of a typical quark or charged lepton mass, the mass of ⇥L1 ,

m1 ⇧ m2/mR, (1.17)

can be very small. Thus, if we identify ⇥L1 as one of the light neutrinos, we have an elegant expla-
nation of why their masses are so small compared to other elementary particles. This explanation,
in which physical neutrino masses are small because the right-handed Majorana mass mR is large,
is known as the see-saw mechanism, and Eq. (1.17) is referred to as the see-saw relation [8–11].

However, if mR is small enough, the mixing between ⇥�L and ⇥c⇥R, as well as ⇥�L and ⇥⇥L,
become possible [6]. The ⇥cR is gauge singlet and don’t make interactions with detectors, and hence
is called “sterile neutrino”. Since the sterile neutrinos don’t make weak interactions, this can be
“observed” only through the “neutrino oscillation”.

1.3 Neutrino oscillation

If there is a mixing between the weak and mass eigenstates, neutrinos can change their flavor
(or, weak eigenstates) as time evolves, which called “neutrino oscillation”. In this section, we
describe the phenomenology of the neutrino oscillation and summary of the previous oscillation
measurements.

To discuss the phenomenology of the neutrino oscillation, we generally define three active flavor
eigenstates as (⇥e, ⇥µ, ⇥⇤ ) = (⇥eL, ⇥µL, ⇥⇤L) and a sterile flavor as |⇥s⌃ = |⇥ceR⌃+ |⇥cµR⌃+ |⇥c⇤R⌃. The
mass eigenstates are also defined as (⇥1, ⇥2, · · · , ⇥6) = (⇥1L, ⇥2L, ⇥3L, ⇥c1R, ⇥

c
2R, ⇥

c
3R).

Then, a flavor eigenstate of neutrino, |⇥�⌃ (� = e, µ, ⌅, s), can be expressed as a superposition
of mass eigenstates, |⇥i⌃ (i = 1, 2, 3, · · · );

|⇥�⌃ =
⇤

i

U�i |⇥i⌃ , (1.18)

MNS mixing matrix

Neutrino flavor eigenstates and Mass eigenstates are mixed

Neutrinos change their flavor as they travel (neutrino oscillation)
Natural interferometer to explore fundamental nature of neutrinos
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where U�i is an element of the MNS mixing matrix U . Generated as ⇤�, the state of neutrino at
time t is expressed as

|⇤(t)⌥ =
�

i

U�ie
�iEit |⇤i⌥ , (1.19)

where Ei is the energy of ⇤i in the laboratory frame. In practice, neutrino is extremely relativistic
due to the tinniness of the mass, and thus we can make following approximations:

t ⇤ L, (1.20)

Ei =
 
p2i +m2

i ⇤ pi +
m2

i

2pi
, (1.21)

where L is the distance traveled and pi is the momentum of ⇤i. Since ⇤� is produced with a definite
momentum p, all of ⇤�’s mass eigenstates have a common momentum. Thus, the probability
P (⇤� ⌅ ⇤⇥) that ⇤⇥ is observed after ⇤� travels the distance the distance L is given by

P (⇤� ⌅ ⇤⇥) = | ⌃⇤⇥ |⇤(t)⌥ |2 =
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where �m2
ij ⇥ m2

i �m2
j is the mass squared di⇥erence between ⇤i and ⇤j in eV2, L is in km, and

E is in GeV. The sign of the last term in Eq. 1.22 is + instead of � in the case of the expression
for anti-neutrino. Therefore, the neutrino oscillation occurs only when �m2 ⇧= 0. As described in
the following part, this phenomena is observed and confirmed by multiple experiments. This is the
evidence that the neutrinos have finite masses.

1.3.1 Oscillation with three active flavors

In the case of oscillation between three active neutrino flavors, the MNS matrix is expressed using
four independent parameters:three mixing angles, ⇥12, ⇥23, ⇥13, and one complex phase �;

U =

⌅
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=
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⇧

⌥ , (1.24)

where cij = cos ⇥ij and sij = sin ⇥ij . In case of � ⇧= 0, the MNS matrix includes the imaginary
parts, which means the CP violation in the lepton sector. Hence, the � is called the CP phase.

Because of the condition �m2
12+�m2

23+�m2
31 = 0 to be imposed, the number of independent

parameters for neutrino oscillations is six in the case of three lepton generations: three mixing
angles, (⇥12, ⇥23, ⇥31), one CP phase, �, and any two out of three mass squared di⇥erence, �m2’s.

There are many neutrino oscillation measurements such as atmospheric neutrino observations,
solar neutrino observations, reactor neutrino experiments and accelerator neutrino experiments.
Figure 1.1 shows allowed or excluded regions from various experiments. In summary, there are two
allowed regions observed and confirmed by multiple experiments:
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The probability for ⌅� ⌅ ⌅⇥ oscillation is given as

P(⌅� ⌅ ⌅⇥) = sin2 2⇤ sin2
�

(Ei � Ej)t
2

⇥
. (1.18)

Making an approximation of Ei ⇤ p +m2
i /2p and including the factors of � and c,

the probability is formulated as

P(⌅� ⌅ ⌅⇥) = sin2 2⇤ sin2
�

1.27�m2[eV2]L[km]
E[GeV]

⇥
, (1.19)

where �m2 ⇥ m2
j �m2

i is the mass-squared di⇥erence and L is the flight length of
neutrino.

If the neutrino mass states mix together and their eigenvalues are di⇥erent,
that is ⇤ � 0 and �m2 � 0, neutrinos can change their flavor during travel. Thus,
the observation of neutrino oscillation gives an evidence for the finite neutrino
mass. The oscillation amplitude is characterized by the mixing angle ⇤ and the
mass-squared di⇥erence �m2, and expressed as a function of L/E. The oscillation
e⇥ect is enhanced to the maximum when the following condition is satisfied:

L [km]
E [GeV]

=
⇧

2.53 · �m2 [eV2]
. (1.20)

1.2 Search for neutrino oscillation

Currently, there is no theoretical prediction on neutrino masses, and many exper-
iments have been performed to probe the masses of neutrinos. Up to now, the
evidence for neutrino oscillations has been discovered by various experiments.
The neutrino oscillation experiments measure the sizes of the squared-mass di⇥er-
ences and the mixing angles; these are called ”oscillation parameters”. Figure 1.2
shows the regions of neutrino oscillation parameter space allowed or excluded
by various experiments. In this chapter, we introduce neutrino oscillation exper-
iments and summarize our current knowledge of the oscillation phenomena.
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Two neutrino case:

θ               : mixing angle
Δm2      : mass squared difference
L [km]    : the distance traveled
E (GeV)  : the energy of neutrino



Mixing Parameters

θ13 was the only angle not firmly observed
CP-violating phase δ is also not known.
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θ23	  ≈	  45o

Atmospheric	  ν	  
Accelerator	  ν

θ12	  ≈	  35o

Solar	  ν	  
Long-‐Baseline	  Reactor	  ν

θ13	  <	  10o	  (as	  of	  2011)
Short-‐Baseline	  Reactor	  ν	  
Accelerator	  ν



How to Measure θ13
Look for νe appearance from νµ beam

Accelerator long-baseline experiments: T2K, MINOS, NOvA

Look for νe disappearance
Reactor based short-baseline (~O(1) km) experiments: Daya Bay, 
RENO, Double Chooz
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sub-dominant effects which are all that θ13 will give rise to (given that we already know that θ13 is
small). To understand these sub-dominant effects we need to go beyond the 2-neutrino formula shown
above and look at the oscillation formula taking into account the full 3-neutrino mixing matrix:

P (νµ → νe) = 4C2
13S

2
13S

2
23 sin2 Φ31 ×

(
1 + 2a

∆m2
31

(1 − 2S2
13)

)

+ 8C2
13S12S13S23(C12C23 cos δ − S12S13S23) cos Φ32 · sin Φ31 · sin Φ21

− 8C2
13C12C23S12S13S23 sin δ · sin Φ32 · sin Φ31 · sin Φ21

+ 4S2
12C

2
13 (C2

12C
2
23 + S2

12S
2
23S

2
13 − 2C12C23S12S23S13 cos δ) sin2 Φ21

− 8C2
13S

2
13S

2
23 (1 − 2S2

13)
aL
4Eν

cos Φ32 · sin Φ31. (1.4)

Here, Φij ≡ ∆m2
ijL/4E. This expression is complex, and even this is only an approximation (the

matter effects come in through the terms multiplied by the parameter a, which depends upon the
electron density, fundamental constants and mass differences, and in this formula the matter effects
are calculated in the approximation of constant density). Analyzing the predictions of this formula
is currently rather difficult, as it contains three unknown quantities (δ, θ13, and the sign of ∆m2

23,
which comes into the matter effect parameter a), as well as all the other oscillation constants, which
of course have uncertainties in their measured values. However given the already known limits on the
parameters it is possible to produce an approximate form of this formula that makes the point of the
T2K experiment a little easier to explain:

P (νµ → νe) ≈ sin2 2θ13 sin2 2θ23 sin2 ∆

± α sin 2θ13 sin δ cos θ13 sin 2θ12 sin 2θ23 sin3 ∆

− α sin 2θ13 cos δ cos θ13 sin 2θ12 sin 2θ23 cos ∆ sin 2∆

+ α2 cos2 θ23 sin2 2θ12 sin2 ∆

where α ≡ ∆m2
21/∆m2

31 and ∆ = ∆m2
31L/4E. The existing limits from joint fits to the solar,

KamLAND, and Super-K atmospheric data show that α ≈ 3 × 10−2. CHOOZ + solar neutrino data
shows that sin2 2θ13 <∼ 0.2, and of course the value of δ is completely unknown. For the values
which will be used in the T2K experiment all the other terms in this expansion are ∼ 1. It should
also be noted that this expansion sets the matter terms to zero, however for T2K that is an excellent
approximation. Looking at the approximate formula, the only term that doesn’t depend on θ13 is
the last one (which is in fact the approximate form for the oscillations that KamLAND sees), but
this depends on α2 and is therefore unobservable in T2K. For values of sin 2θ13 within an order of
magnitude of its current upper limit, the first term dominates, which describes a relatively simple
oscillatory appearance of νe in νµ beam.

That then suggests the proper target for future experiments. Firstly, we need to improve our sen-
sitivity to θ13 by at least an order of magnitude, and hopefully more. The MINOS and the CNGS
experiments should produce some improvement in our sensitivity, but certainly not an order of mag-
nitude. At the same time measuring θ23 and∆m2

23 with greater precision is interesting in its own right
(in particular, the deviation of θ23 from π/4 is a matter of great interest to model builders) as well
as being a necessary for extracting the values of the so-far unmeasured parameters from oscillation
measurements.

1.3 The T2K Long Baseline Experiment
The first phase of the T2K experiment is therefore aimed at three main goals — the more accurate
determination of the “atmospheric” parameters θ23 and∆m2

23, a measurement of θ13 with more than an
order of magnitude sensitivity than any previous experiments, and a search for νµ → ντ component.
The project is based on adding a beam line (of which more detail is described in the chapter 2) to
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Sensitive to θ13, δ and mass hierarchy 
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Sensitive only to θ13

Both kinds of experiments are needed to determine 
CP violation and mass hierarchy

P (⌫e ! ⌫e) ⇡ 1 � sin2 2✓13 sin
2(�m2

31L/4E⌫)



Measurement of θ13 with 
reactor neutrinos 
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calculated reactor 

spectrum

mean energy of νe: 3.6 MeV

νe from n-rich fission products

~ 200 MeV per fission
~ 6 νe per fission
~ 2 x 1020 νe/GWth-sec

inverse beta decay  νe + p → e+ + n
Source Detection

observed spectrum



Measurement of θ13 with 
reactor neutrinos 
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KamLAND

θ13	  revealed	  by	  a	  deficit	  of	  reactor	  anCneutrinos	  at	  ~2	  km.

Measured

Previously
unknown



Measurement of θ13 with 
reactor neutrinos 

To measure a small deficit, reducing 
systematic uncertainty is the key.
Put “identical” detectors at near and 
far distances, and make a relative 
measurements.
Uncertainties for absolute reactor 
flux (largest error in previous 
measurements) and absolute 
detector efficiency cancel.
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Near	  detector(s)
constrain	  flux Far	  detector(s)

measure	  oscillaCon

Far/Near	  νe	  RaCo

Detector	  Target	  Mass

Distances	  from	  
reactor

Detector	  efficiency

OscillaCon	  deficit



Indications of non-zero θ13

Many hints of non-zero value of θ13 in 2011
No θ13=0 exclusion with > 2.5σ significance before Daya Bay (and RENO) 
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2011

MINOS

Double	  Chooz

PRL	  107,	  041801	  (2011)

PRL.	  107,	  181802	  (2011)

Y.	  Abe	  et	  al.	  PRL	  108	  131801	  (2012)	  

sin2(2θ13)=0.086	  ±	  
0.041(stat)	  ±	  0.030(syst)

T2K



The Daya Bay Experiment
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Daya Bay Collaboration
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North America (16)
Brookhaven Nat’l Lab, Cal Tech, 
Cincinnati, Houston, Illinois 
Institute of Technology, 
Iowa State, Lawrence Berkeley 
Nat’l Lab, Princeton, Rensselaer 
Polytech, UC Berkeley, UCLA, 
Wisconsin, William & Mary, Virginia 
Tech, Illinois, Siena College

Asia (20)
IHEP, Beijing Normal Univ., Chengdu 
Univ. of Sci and Tech, CGNPG, CIAE, 
Dongguan Polytech, Nanjing Univ., 
Nankai Univ., NCEPU, Shandong Univ., 
Shanghai Jiao Tong Univ., Shenzhen 
Univ., Tsinghua Univ., USTC, 
Zhongshan Univ., Univ. of Hong Kong, 
Chinese Univ. of Hong Kong, National 
Taiwan Univ., National Chiao Tung 
Univ., National United Univ.

Europe (2)
Charles Univ., Dubna

~230 Collaborators



Location of Daya Bay
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Hong Kong 
International Airport

Daya Bay Nuclear 
Power Station

~55 km



Daya Bay Reactor Complex
Ranked among the top 5 most powerful complexes in the world, 
producing 17.4 GWth  
Adjacent to mountains

Easy to construct tunnels to reach underground labs with sufficient 
overburden to suppress cosmic rays
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Daya Bay NPP
2 × 2.95 GWth

Ling Ao NPP
2 × 2.95 GWth

Ling Ao II NPP
2 × 2.95 GWth
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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

6 Antineutrino Detectors (ADs) 
in 3 underground halls



Detection Method

Prompt positron: carries antineutrino energy
Delayed neutron capture: efficiently tag 
antineutrino signal.

15

Antineutrinos are detected via 
inverse beta decay reaction

Edelayed ~ 8 MeV

~ 30 µsec 
w/ 0.1% Gd 

Ee+ ~ Eν - 0.8 MeV

Prompt + Delayed coincidence



Antineutrino Detector
Three zone cylindrical modules:

Reflectors at top/bottom of cylinder 
are used to increase light yield.
Energy resolution: (7.5/√E + 0.9)%
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5m

5m

Stainless 
Steel

Vessel (SSV)

Calibration
system

20-t Gd-LS

Liquid Scint.

Mineral oil        

192 8-inch 
PMTs

Zone Mass Liquid Purpose

Inner	  
acrylic	  
vessel

20	  t
Gd-‐doped	  
liquid	  

scinCllator

AnA-‐neutrino	  
target

Outer	  
acrylic	  
vessel

20	  t Liquid	  
scinCllator

Gamma	  
catcher	  (from	  
target	  zone)

Stainless	  
steel	  
vessel

40	  t Mineral	  Oil	  
RadiaCon	  
shielding



Calibration System
Three Automated Calibration Units 
(ACUs) per detector.

Deploy sources along the z-axis
Three sources + LED in each ACU, 
on a turn table.

68Ge (1.02 MeV)
60Co (2.506 MeV)
241Am-13C (8MeV)
LED 
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R=0R=1.7725	  m
R=1.35m

｝Energy 
calibration

--  Timing and gain calibration



Muon Tagging System
2.5 meter thick two-section 
water shield

Cherenkov detector to 
tag cosmic ray muons.
Shield for neutrons and 
gammas from 
surrounding materials.

RPC
Covers water pool to 
provide further muon 
tagging.
Detectors are in 
commissioning.
Not used for “muon 
veto” in the first 
analysis, but used for 
background studies.
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Antineutrino Detector Assembly
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Stainless)Steel)Vessel)
(SSV))in)assembly)pit)

Install)Acrylic)Vessels)

Install)lower)reflector)

Install)PMT)ladders)

Install)top)reflector)

Close)SSV)lid)

Install)calibra=on)units)

Antineutrino Detectors are assembled at  
the Surface Assembly Building



Liquid Scintillators
The (Gd-)LS is produced in the 
underground LS hall at Daya Bay.

Gd (0.1%) + PPO (3 g/L)               + 
bis-MSB(15mg/L) + LAB

Produced 185-ton Gd-LS + 196-ton LS
Completed early 2011
Amount needed for all 8-detectors 
are produced at the same time to 
ensure identical detectors
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@
 4

30
 n

m

185-ton 0.1% Gd-LS stored
in five 40-t tanks

A	  1-‐m	  apparatus	  yielded	  aaenuaCon	  length
of	  ~15	  m	  @	  430	  nm	  (Gd-‐LS)



Detector Filling
The detectors are filled with 
liquid in the underground liquid 
scintillator hall.
Target mass is measured with:

Monitored with in-situ sensors

21

ISO
tank

Coriolis 
mass flow 
meters

Internal	  camera	  (during	  filling)

(1) 4 load cells supporting 20-ton ISO tank
(2) Coriolis mass flow meters

Uncertainty ~ 3kg in 20t (0.015%)

GdLS tankLS/MO tank



Near Hall (EH1) Installation
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Install filled AD in pool Fill pool with purified water 

Place cover over pool Roll RPC over cover 

Data taking started on 15 Aug 2011 



Far Hall (EH3) 
Installation
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My work at Daya Bay
In the past year (from April 25, 2011 to April 25, 2012)

Stayed in China for ~150 days
Assembling and testing of the PMT systems of Antineutrino 
Detectors
Monitoring Liquid Scintillator optical properties.
Commissioning of the antineutrino detectors in the 
experimental halls.

Analyses
Developing neutrino interaction vertex reconstruction
Studying energy scale calibration non-uniformity and 
systematic uncertainty
Independent oscillation analysis within LBNL group

24



Data Set for 
Oscillation Analysis
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Data Taking Period
Two Detector Side-by-Side Comparison

Sep. 23, 2011 - Dec. 23, 2011
Side-by-side comparison of 2 
detectors in EH1
Demonstrated detector systematics 
better than requirements.

Current Oscillation Analysis
Dec. 24, 2011 - Feb.  17, 2012
All 3 halls (6 ADs) operating
DAQ uptime > 97%
Antineutrino data: ~89%

26

EH1

EH2

EH3

Daya Bay Collab. 
arXiv:1202:6181 (2012)

Daya Bay Collab. 
Phys. Rev. Lett. 108, 171803 (2012) 



Data Analysis Approach
Multiple independent analyses are performed to cross-check the results
Difference between analyses

Energy calibration & reconstruction
Calibration source (60Co, 2.5 MeV)
Spallation neutron (8-MeV Gd-capture peak)

Antineutrino selection
Different muon veto
Different multiplicity cut

Background studies
Oscillation fit method

Blind analysis
Target mass, baselines and reactor flux information were blinded.
Cross-checked between analyses before unblinding.

All analysis gave a consistent results

27

Only results from one analysis are presented here



Energy Calibration
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Energy Calibration
60Co at center

Energy vs. positionPMT charge vs. time 
(by low intensity LED)

Energy resolution

PMT Gain
(PE/ADC)

Energy scale
(MeV/PE)

Non-uniformity 
correction



PMT Light Emission (Flashing)
Instrumental background from ~5% of PMTs.
‘Shines’ light to opposite side of the detector
Easily discriminated from normal signals
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Quadrant = Q3/(Q2+Q4)
MaxQ = maxQ/sumQ

Relative PMT charge

the hottest PMT is located

Inefficiency to antineutrinos signal:
0.024% ± 0.006%(stat)
Contamination: < 0.01%

If we don’t apply the flasher 
rejection, This is the dominant 

event near “8-MeV”



Energy Spectrum of All Events
Measured rate: 

~65 Hz in each detector 
(>0.7 MeV)

Dominated by low-energy 
radioactivity

U/Th chains: Stainless 
steel, PMT, scintillator
40K: PMT
Radon: Scintillator

Around “8-MeV”:
IBD neutron
Muon spallation products
Am-C neutron in ACU
positron from IBD
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Daya Bay Collab. 
arXiv:1202:6181 (2012)

asymmetry

Singles spectrum after muon 
veto and flasher cut

Task: Select IBD from these



Antineutrino Selection
Prompt: 0.7 MeV < Ep < 12 MeV
Delayed: 6.0 MeV < Ed < 12 MeV
Capture time: 1 µs < Δt < 200 µs
Reject flashers
Muon veto

Pool muon: Reject 0.6 ms
AD Muon (>20 MeV): Reject 1 ms
AD Shower Muon (>2.5 GeV): 
Reject 1s

Multiplicity :
No other signal > 0.7 MeV           
in -200 µs to 200 µs of IBD
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Signal region

Clear separation of antineutrino 
events from backgrounds 

Prompt + Delayed coincidence



Prompt and Delayed Energy
Uncertainty of prompt energy 
cut efficiency: negligible
Uncertainty of delayed energy 
cut efficiency: 0.12%

Largest detector related 
uncertainty.
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AD number
1 2 3 4 5 6

A
sy

m
m

tr
y 

w
.r.

t. 
A

D
1

-0.01
-0.008
-0.006
-0.004
-0.002

0
0.002
0.004
0.006
0.008

0.01
IBD n-Gd

Spa n-Gd

Po215 alpha

Po212 alpha

Po214 alpha

‘Intrinsic’	  energy	  peak	  variaCon:	  ~0.3%

Asym = (EAD1 – EADn)/<E>



Spacial Distribution of 
IBD candidates

IBD candidates are 
uniformly distributed 
in Gd-LS volume
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Prompt signal

Delayed signal

3m-IAV (GdLS) 4m-OAV (LS) EH1 AD1



Neutron Capture Time
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Capture time cut:
  1μs to 200μs

Consistent IBD capture time measured in all detectors

Relative H/Gd capture efficiencies between ADs differ by less than 0.1%



Backgrounds

Uncorrelated background
Accidentals: two uncorrelated events accidentally happened with 
short time separation and mimic IBD event.

Correlated (from largest to smallest)
Muon spallation products

β-n decay isotopes (9Li/8He)
Fast neutrons

Correlated signal from 241Am-13C calibration source
13C(α,n)O reaction

35



Backgrounds: Accidental
The largest background
Rate and spectrum can be accurately measured from data
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EH1-AD1 EH1-AD2 EH2-AD1 EH3-AD1 EH3-AD2 EH3-AD3

Accidental 
rate(/day)

9.82±0.06 9.88±0.06 7.67±0.05 3.29±0.03 3.33±0.03 3.12±0.03

B/S 1.37% 1.38% 1.44% 4.58% 4.77% 4.43%

data

data-‐taking



Background: β-n decay
Generated by cosmic rays
Long lived 
Mimics antineutrino signal
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9Li:	  τ½ =	  178	  ms,	  Q	  =	  13.	  6	  MeV
8He:	  τ½ =	  119	  ms,	  Q	  =	  10.6	  MeV

Eμ	  >	  4	  GeV	  (visible)
Analysis	  muon	  veto	  cuts	  control	  B/S	  
to	  ~0.2%	  (0.4%)	  of	  far	  (near)	  signal Time since muon



Background: Fast Neutron
Energetic neutrons produced by 
cosmic-rays
Mimic an IBD signal:

Prompt: Neutron recoils/stops    
in target
 Delayed: Neutron capture on Gd

38

Constrain fast-n rate using
IBD-like signals in 10-50 MeV

Validate with fast-n events
tagged by muon veto.

Aqer	  muon	  veto	  cuts,	  B/S	  is	  	  	  	  	  
~0.06%	  (0.1%)	  of	  far	  (near)	  signal.	  	  



Background: 241Am-13C neutrons
Weak (0.5 Hz) neutron source in ACU can also mimic IBD via inelastic 
scattering and capture on iron.
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EsCmaCon	  Procedure:
	  -‐	  Measure	  uncorrelated	  gamma	  rays	  from	  ACU	  in	  data
	  -‐	  EsCmate	  raCo	  of	  correlated/uncorrelated	  rate	  using	  simulaCon
	  -‐	  Assume	  100%	  uncertainty	  from	  simulaCon

Constrain	  far	  site	  B/S	  to	  0.3±0.3%	  



Background: 
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Potential alpha source:
238U, 232Th, 235U, 210Po: 
Each of them are measured in-situ: 

U&Th: cascading decay of 
 Bi(or Rn) – Po – Pb
210Po: spectrum fitting

Combining (α,n) cross-section, 
correlated background rate is 
determined from MC. 

Example alpha rate 
in AD1

238U 232Th 235U 210Po

Bq 0.05 1.2 1.4 10

  Near Site: 0.04±0.02 per day,     B/S (0.006±0.004)% 
  Far Site: 0.03±0.02 per day,       B/S (0.04±0.02)% 



Data Summary

Consistent antineutrino rate for the detectors in the same hall
Uncertainty is currently dominated by statistics
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AD1 AD2 AD3 AD4 AD5 AD6

Antineutrino candidates 28935 28975 22466 3528 3436 3452
DAQ live time (day) 49.553049.5530 49.4971 48.947348.947348.9473
Efficiency 0.8019 0.7989 0.8363 0.9547 0.9543 0.9538
Accidentals (/day) 9.82±0.06 9.88±0.06 7.67±0.05 3.29±0.03 3.33±0.03 3.12±0.03

Fast neutron (/day) 0.84±0.28 0.84±0.28 0.74±0.44 0.04±0.04 0.04±0.04 0.04±0.04

8He/9Li (/day) 3.1±1.63.1±1.6 1.8±1.1 0.16±0.110.16±0.110.16±0.11
Am-C corr. (/day) 0.2±0.20.2±0.20.2±0.20.2±0.20.2±0.20.2±0.2
13C(α, n)16O (/day) 0.04±0.02 0.04±0.02 0.035±0.02 0.03±0.02 0.03±0.02 0.03±0.02

Antineutrino rate (/day) 714.17
±4.58

717.86
±4.60

532.29
±3.82

71.78
±1.29

69.80
±1.28

70.39
±1.28



Oscillation Analysis
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Flux Prediction

Reactor operators provide:
Thermal power data: Wth

Relative isotope fission fraction fi
Energy released per fission: ei

Antineutrino spectra per fission:Si(Eν)
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K. Schreckenbach et al., Phys. Lett. B160, 325 (1985)
A. A. Hahn et al., Phys. Lett. B218, 365 (1989) 
P. Vogel et al., Phys. Rev. C24, 1543 (1981)
T. Mueller et al., Phys. Rev. C83, 054615 (2011)
P. Huber, Phys. Rev. C84, 024617 (2011)

V. Kopekin et al., Phys. Atom. Nucl. 67, 1892 (2004)

Reactor neutrino spectrum:



Daily Antineutrino Rate

Predicted rate:
Assumes no 
oscillation
Normalization is 
determined by fit to 
the data.

Measured rate tracks the 
reactor power variation.
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Prompt (Positron) Spectra
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10416	  signal
candidates

EH3

EH1

57910	  signal
candidates

EH2

22466	  signal
candidates

B/S	  @	  EH1/2 B/S	  @	  EH3

Accidentals ~1.4% ~4.5%

Fast	  neutrons ~0.1% 0.06%
8HE/9Li ~0.4% ~0.2%

Am-‐C ~0.03% ~0.3%

α-‐n ~0.01% ~0.04%

Total ~2% ~5%



Systematic Uncertainties
For near/far oscillation 
analysis, the correlated 
uncertainties cancel.
Only uncorrelated 
uncertainties are used.
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5

Detector
Efficiency Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed energy cut 90.9% 0.6% 0.12%
Prompt energy cut 99.88% 0.10% 0.01%
Multiplicity cut 0.02% <0.01%
Capture time cut 98.6% 0.12% 0.01%
Gd capture ratio 83.8% 0.8% <0.1%
Spill-in 105.0% 1.5% 0.02%
Livetime 100.0% 0.002% <0.01%
Combined 78.8% 1.9% 0.2%

Reactor
Correlated Uncorrelated

Energy/fission 0.2% Power 0.5%
IBD reaction/fission 3% Fission fraction 0.6%

Spent fuel 0.3%
Combined 3% Combined 0.8%

TABLE III. Summary of absolute efficiencies, and correlated and
uncorrelated systematic uncertainties.

19] (3.1% uncertainty) had little impact on the results. The
thermal energy released per fission is given in Ref. [20]. Non-
equilibrium corrections for long-lived isotopes were applied
following Ref. [18]. Contributions from spent fuel [21, 22]
(∼0.3%) were included as an uncertainty.

Thermal-power data provided by the power plant carry an
uncorrelated uncertainty of 0.5% per core [23–25]. The fis-
sion fractions were also provided for each fuel cycle as a func-
tion of burn-up, with a ∼5% uncertainty from validation of the
simulation [26, 27]. A DRAGON [28] model was constructed
to study the correlation among the fission rates of isotopes.
The uncertainties of the fission fraction simulation resulted
in a 0.6% uncorrelated uncertainty of the νe yield per core.
The baselines have been surveyed with GPS and Total Sta-
tion to a precision of 28 mm. The uncertainties in the base-
line and the spatial distribution of the fission fractions in the
core had a negligible effect to the results. Fig. 3 presents the
background-subtracted and efficiency-corrected IBD rates in
the three EHs. Relative reactor flux predictions are shown for
comparison.

The νe rate in the far hall was predicted with a weighted
combination of the two near hall measurements assuming no
oscillation. The weights were determined by the thermal
power of each reactor and its baseline to each AD. We ob-
served a deficit in the far hall, expressed as a ratio of observed
to expected events,

R = 0.940± 0.011(stat)± 0.004(syst) .

In addition, the residual reactor-related uncertainties were
found to be 5% of the uncorrelated uncertainty of a single
core.
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FIG. 3. Daily average measured IBD rates per AD in the three ex-
perimental halls as a function of time. Data between the two vertical
dashed lines were used in this analysis. The black curves represent
no-oscillation predictions based on reactor flux analyses and detector
simulation for comparison. The predictions have been corrected with
the best-fit normalization parameter in determining sin2 2θ13.

The value of sin2 2θ13 was determined with a χ2 con-
structed with pull terms accounting for the correlation of the
systematic errors [29],
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where Md are the measured IBD events of the d-th AD with
backgrounds subtracted, Td is the prediction from neutrino
flux, MC, and neutrino oscillations [30], ωd

r is the fraction
of IBD contribution of the r-th reactor to the d-th AD deter-
mined by baselines and reactor fluxes. The uncertainties are
listed in Table III. The uncorrelated reactor uncertainty is σr

(0.8%), σd (0.2%) is the uncorrelated detection uncertainty,
and σB is the background uncertainty listed in Table II. The
corresponding pull parameters are (αr, εd, ηd). The detector-
and reactor-related correlated uncertainties were not included
in the analysis; the absolute normalization ε was determined
from the fit to the data. The best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among

Largest systematics are 
smaller than far site 
statistics (~1%)

Influence of uncorrelated 
reactor systematics 

further reduced by making 
near vs. far measurement.



Far vs. Near Comparison
Compare the far/near 
measured rate and spectra.

Clear observation of far site 
deficit
Spectrum distortion 
consistent with oscillation
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He backgrounds were site-

in the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic un-

Fig. 4 shows the measured numbers of events in each de-
. The

6.0% rate deficit is obvious for EH3 in comparison with the
. The

is shown in the
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Mn: measured rates after background 
subtraction and efficiency correction.
αi,βi : Weights determined from 
baselines and reactor fluxes.

R = 0.940 ± 0.011(stat) ± 0.004(sys)



Rate Analysis

Value of θ13  extracted by 
using measured rates in 
each detector.
Uses standard χ2 
approach.

Consistent results 
obtained by independent 
analyses, different reactor 
flux models
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Detector
Efficiency Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed energy cut 90.9% 0.6% 0.12%
Prompt energy cut 99.88% 0.10% 0.01%
Multiplicity cut 0.02% <0.01%
Capture time cut 98.6% 0.12% 0.01%
Gd capture ratio 83.8% 0.8% <0.1%
Spill-in 105.0% 1.5% 0.02%
Livetime 100.0% 0.002% <0.01%
Combined 78.8% 1.9% 0.2%

Reactor
Correlated Uncorrelated

Energy/fission 0.2% Power 0.5%
IBD reaction/fission 3% Fission fraction 0.6%

Spent fuel 0.3%
Combined 3% Combined 0.8%

TABLE III. Summary of absolute efficiencies, and correlated and
uncorrelated systematic uncertainties.

19] (3.1% uncertainty) had little impact on the results. The
thermal energy released per fission is given in Ref. [20]. Non-
equilibrium corrections for long-lived isotopes were applied
following Ref. [18]. Contributions from spent fuel [21, 22]
(∼0.3%) were included as an uncertainty.

Thermal-power data provided by the power plant carry an
uncorrelated uncertainty of 0.5% per core [23–25]. The fis-
sion fractions were also provided for each fuel cycle as a func-
tion of burn-up, with a ∼5% uncertainty from validation of the
simulation [26, 27]. A DRAGON [28] model was constructed
to study the correlation among the fission rates of isotopes.
The uncertainties of the fission fraction simulation resulted
in a 0.6% uncorrelated uncertainty of the νe yield per core.
The baselines have been surveyed with GPS and Total Sta-
tion to a precision of 28 mm. The uncertainties in the base-
line and the spatial distribution of the fission fractions in the
core had a negligible effect to the results. Fig. 3 presents the
background-subtracted and efficiency-corrected IBD rates in
the three EHs. Relative reactor flux predictions are shown for
comparison.

The νe rate in the far hall was predicted with a weighted
combination of the two near hall measurements assuming no
oscillation. The weights were determined by the thermal
power of each reactor and its baseline to each AD. We ob-
served a deficit in the far hall, expressed as a ratio of observed
to expected events,

R = 0.940± 0.011(stat)± 0.004(syst) .

In addition, the residual reactor-related uncertainties were
found to be 5% of the uncorrelated uncertainty of a single
core.
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FIG. 3. Daily average measured IBD rates per AD in the three ex-
perimental halls as a function of time. Data between the two vertical
dashed lines were used in this analysis. The black curves represent
no-oscillation predictions based on reactor flux analyses and detector
simulation for comparison. The predictions have been corrected with
the best-fit normalization parameter in determining sin2 2θ13.

The value of sin2 2θ13 was determined with a χ2 con-
structed with pull terms accounting for the correlation of the
systematic errors [29],
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where Md are the measured IBD events of the d-th AD with
backgrounds subtracted, Td is the prediction from neutrino
flux, MC, and neutrino oscillations [30], ωd

r is the fraction
of IBD contribution of the r-th reactor to the d-th AD deter-
mined by baselines and reactor fluxes. The uncertainties are
listed in Table III. The uncorrelated reactor uncertainty is σr

(0.8%), σd (0.2%) is the uncorrelated detection uncertainty,
and σB is the background uncertainty listed in Table II. The
corresponding pull parameters are (αr, εd, ηd). The detector-
and reactor-related correlated uncertainties were not included
in the analysis; the absolute normalization ε was determined
from the fit to the data. The best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among



Current Landscape 
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RENO also 
released their 
results (~ a month 
after us)

arXiv:1204.0626v2



Summary
The Daya Bay reactor neutrino experiment has observed reactor electron -
antineutrino disappearance at ~2 km:

Interpretation of disappearance as neutrino oscillation yields:

Improved analysis including spectrum shape information is in progress 
Install remaining the final pair of antineutrino detectors this summer.
Continue making precision measurement of θ13 with (much) more statistics.
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Of course, this is not an end for us....

sin2(2θ13) = 0.092 ± 0.016(stat) ± 0.005(sys)

R = 0.940 ± 0.011(stat) ± 0.004(sys)

sin2(2θ13) = 0 excluded at 5.2σ


