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Neutrino Oscillation Physics using Reactors

3

Atmospheric Sector: 
SK, K2K/T2K/MINOS, DYB, etc

Solar Sector: 
SNO,KamLAND, SK etc

The Lastly Known: 
Short-baseline Reactor, T2K
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•Two practical ways to measure θ13 
!

!
- Appearance experiments νμ→νe 

depend on 3 unknown parameters θ13, 
δCP and mass hierarchy 

- Short-baseline reactor experiments 
νe→νe depend on 2 unknown 
parameters θ13 and mass hierarchy, with 
mass hierarchy has little effect
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Design of the Daya Bay Experiment

near sites far sites
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Important lessons learned from past 
reactor experiments: 

• Near-far reactor flux uncertainty 
cancellation. (First proposed for 
Kr2Det in 2000) 

• 2 versus many: functionally 
”identical” detectors 

✦And 8 is the lucky number of 
Daya Bay due to the layout
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Time Correlation Detection of Reactor Antineutrinos
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�̄e + p� e+ + n

Detection Principle: Inverse Beta Decay (IBD) 
0.1% Gd doped liquid scintillator (LS) as target

0.3b
~49,000b n + Gd� Gd�

n + p� D + �(2.2 MeV)

⇥ Gd + �(� 8 MeV)E�̄e ⇥ Ee+ + mn �mp
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Correlated Signals 

• Powerful background 
suppression 

• Well-defined targets: captures 
generate lights in LS zones 
and 8MeV delayed signals 
only from the Gd zone

Prompt-delayed correlation is the key!
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Daya Bay Progresses since Summer 2011
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EH1

EH2

EH3

A B DA. Two-detector data taking checking “identical” detectors,  
     9/23/11 – 12/23/11, [90 days] 

✓ Side-by-side comparison of 2 detectors, NIM A 685, 78-97 (2012) 
!
B. Partial Daya Bay six-detector data taking 12/24/11 –  
     7/28/12, [217 days] 

✓ θ
13

, PRL. 108, 171803 (2012), [55 days] 

✓ θ
13

, CPC 37, 011001 (2013) , [139 days] 

✓ θ
13

 & Δm2
ee, PRL. 112, 061801 (2014), [217 days] 

✓ NEW: Daya Bay reactor antineutrino flux analysis (tomorrow) 
✓ NEW: θ

13
 using neutron captures on H  [217 days] 

✓ NEW: sterile neutrino searches [217 days] !
C. Shutdown, 8-detector completion and special calibrations 

✓ Calibration with the manual calibration system, special sources, 
and reconfiguration of Am-C sources in far site detectors 

!
D. Complete Daya Bay 8-detector data taking since 10/19/12 
!
This NEW oscillation analysis combines both 6-AD and 8-AD 
till Nov 28, 2013,  Periods B and D, 621 days of data taking 

✓ A NEW energy model, ~1% uncertainty 
✓ NEW: the most precise θ

13
 and the most precise Δm2

ee

C
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Reconstructed energy (MeV)
0 2 4 6 8 10

A
D

 r
el

at
iv

e 
en

er
g
y
 s

ca
le

 d
if

fe
re

n
ce

s

-0.004

-0.002

0

0.002

0.004
EH1AD1
EH1AD2
EH2AD1
EH2AD2

EH3AD1
EH3AD2
EH3AD3
EH3AD4

Uniform n-Gd
Natrual radioactivity alpha

Detector center sources
Natrual radioactivity gamma

Wei Wang

Improvements in Relative Energy Responses

• We have improved 
our energy 
reconstruction by 
more careful controls 
of channel quality 
and corresponding 
corrections 

• The relative energy 
scale uncertainty 
between 8 detectors 
is now within 0.2%, 
improved from 
0.35% in 2013 
which was between 
6 detectors

7
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Improved Energy Non-linearity Model

• Daya Bay absolute energy scale uncertainty 
consists of two components: the electronic 
non-linearity and the liquid scintillator non-
linearity 

• Electronic non-linearity checked by FADC 

• (Almost) all mono-energetic gammas and 
12

B 
beta data in the right energy range constrain 
the LS non-linearity
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The Latest Daya Bay Oscillation Analysis

• The far-site expected spectra are predicted 
based on the near-site observed spectra 

• The current analysis is designed to be (almost) 
independent of any reactor flux models

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


• Most precise measurement 
of Δm2ee in the electron 
neutrino disappearance 
channel

• consistent with the muon 

neutrino disappearance 
experiments


• comparable precision
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• The most precise sin
2
2θ13 measurement, ~6% 

• The most precise Δm
2

ee measurement, 
comparable to long-baseline muon beam 
experiments

preliminary
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The Significance of Δm2
ee
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All Results are from Neutrino 2014

Δm232 measurements 
from five experiments

Atmospheric Neutrinos

Accelerator Neutrinos

Reactor Neutrinos

(Global Δm232 measurements slightly 
favors inverted mass hierarchy)
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Why is the e-type Δm2 Measurement Interesting?

11

4

TABLE II: Simple fitting for mass splitting ∆m2
32 and ∆m2

31

using Eqs. (11), (12), (16), and (19) in NH (or (20) in IH)
as constraints. The corresponding 2-tailed p-values increase
from that in Table I. Here the slight preference for normal
hierarchy remains.

Fit in normal hierarchy Fit in inverted hierarchy

∆m2
32 (2.46± 0.07) × 10−3 eV2 −(2.51± 0.07) × 10−3 eV2

∆m2
31 (2.53± 0.07) × 10−3 eV2 −(2.44± 0.07) × 10−3 eV2

χ2/DoF 0.96/2 1.21/2

p-value 62% 55%
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FIG. 3: Fitting results for ∆m2
32 and ∆m2

31 in normal hierar-
chy (NH) and inverted hierarchy (IH) using Eqs. (11), (12),
(16), and the T2K measurements Eq. (19) in NH (or (20) in
IH) as constraints.

the fitting results, we carried out the fitting for different
δ. The results illustrated in Fig. 4 and Fig. 5 show that
the slight favor for NH is undisturbed by different CP

phase setting.

Since neutrinos must be in either NH or IH in the three-
generation neutrino framework, we can try to combine
the two fitting results in Table II to construct a rela-
tive preference for NH and IH from the Bayesian point of
view [6]. The spirit of this Bayesian approach is adjust-
ing our estimation of the reality to the information we
gathered. In the following discussion, we denote the col-
lected experimental data by x. Consequently, P (NH|x)
and P (IH|x) stand for our subjective preference for NH
and the preference for IH based on the data, and there
must be P (NH|x) + P (IH|x) = 1.

According to Bayes’ theorem, there are

P (NH|x) =
P (x|NH) · P (NH)

P (x)

=
P (x|NH) · P (NH)

P (x|NH) · P (NH) + P (x|IH) · P (IH)
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FIG. 4: Fitting results for ∆m2
32 and ∆m2

31 in normal hier-
archy (NH) and inverted hierarchy (IH) in different setting
of the CP phase. The solid lines are for NH, and the dotted
lines are for IH.
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FIG. 5: P-values for the fitting in normal hierarchy (NH) and
inverted hierarchy (IH) in different setting of the CP phase.
The solid line is for NH, and the dotted line is for IH.

=
P (x|NH)

P (x|NH) + P (x|IH)
, (23)

where P (NH) and P (IH) stand for our preferences for
NH and IH before we know the data, and we have used
simply P (NH) = P (IH) = 50%. From our results in
Table II, we have P (x|NH) = 62% and P (x|IH) = 55%.
Together with Eq. (23), these finally lead to our relative
preferences for NH and IH in the Bayesian viewpoint:

P (NH|x) = 53%, (24)

P (IH|x) = 47%. (25)

Thus, the preference ratio of normal vs. inverted mass
hierarchy is 53% vs. 47% in the Bayesian approach.
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on Eq. (8) (solid line) is shown w.r.t the visible energy Evis.
The dotted line shows the ratio of Erec to Ereal for the case
of NH.

from Eq. (1). In this case the analysis of the spectrum
would lead to an obviously wrong MH. Since the exact
value of |∆m2

32| is not known, we must consider in Eq. (8)
all allowed values of |∆′m2

32| including those that mini-
mize the ratio Erec/Ereal.

Fig. 5 shows the ratio Erec/Ereal versus the visible
energy (solid line) with the energy scale distortion de-
scribed by Eq. (8) where |∆′m2

32| was chosen so that this
ratio is one at high Evis. Comparing the medium en-
ergy region (2 MeV < Evis < 4 MeV) with the higher
energy region (Evis > 4 MeV), the average Erec/Ereal

is larger than unity by only about 1%. In addition, the
same argument similar to Eq. (8) applies to the NH case
as well. The ratio Erec/Ereal versus the visible energy
(dotted line) of NH is also shown in Fig. 5. Therefore,
to ensure the MH’s discovery potential from such an ex-
periment, the non-linearity of energy scale (Erec/Ereal)
needs to be controlled to a fraction of 1% in a wide range
of Evis. This requirement should be compared with the
current state-of-art 1.9% energy scale uncertainty from
KamLAND [31]. Therefore, nearly an order of magni-
tude improvement in the energy scale determination is
required for such a measurement to succeed.

UNCERTAINTIES IN |∆m2
32|

The current primary method to constrain |∆m2
32| is

the νµ disappearance experiment. However, similar to
the ν̄e disappearance case as in Eq. 1, the νµ disappear-

CPδ
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FIG. 6: The dependence of effective mass-squared difference
∆m2

eeφ (solid line) and∆m2
µµφ (dotted line) w.r.t. the value of

δCP for ν̄e and νµ disappearance measurements, respectively.

ance measurement in vacuum 3 would also measure an
effective mass-squared difference rather than |∆m2

32| di-
rectly. The corresponding effective mass-squared differ-
ence is smaller than that in the ν̄e case, basically since
in the Eq. (2) the cosine squared of θ12 is replaced by
the sine squared. Also, in this case, the effective mass-
squared difference will depend not only on ∆21, θ12, but
also on θ13, θ23, as well as on the unknown CP viola-
tion phase δCP . The effective mass-squared differences
from νµ and νe disappearance w.r.t. the value of δCP are
shown in Fig. 6. The difference in ∆m2

φ between the νµ
and νe channels actually opens a new path to determine
the MH. This possibility was discussed earlier in Refs.
[32, 33]. It was stressed there that the difference in fre-
quency shifts 2∆32 ± φ has opposite signs for the ν̄e and
νµ disappearance in the normal or inverted hierarchies.
Such a measurement would require that 2∆32±φ is mea-
sured to a fraction of∆m2

eeφ−∆m2
µµφ level (5×10−5 eV 2)

in both channels. In the current ∼ 60 km configuration,
the knowledge of |∆m2

32| enters through the penalty term
in Eq. (5). Therefore, in order for knowledge of |∆m2

32|
to have a significant impact to the determination of MH,
the ∆32 ± φ in νµ channel should also be measured to a
fraction of ∆m2

eeφ − ∆m2
µµφ level, which is well beyond

the reach of T2K [34] and NOνA [35] νµ disappearance
measurements 4.

3 In practice, the uncertainty in the matter effect would introduce
only a systematic uncertainty. The strength of the effect in νµ
disappearance is close to that of changing |∆m2

32
| by a few times

of 10−6eV 2.
4 The projected 1-σ uncertainties on |∆m2| = |∆m2

32
±∆m2

µµφ/2|

from T2K and NOνA are about 5.3× 10−5 eV2.
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Mass Hierarchy Resolution in Reactor Anti-neutrino Experiments:
Parameter Degeneracies and Detector Energy Response

X. Qian,1, ∗ D. A. Dwyer,1 R. D. McKeown,2, 3 P. Vogel,1 W. Wang,3 and C. Zhang4

1Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA
2Thomas Jefferson National Accelerator Facility, Newport News, VA

3College of William and Mary, Williamsburg, VA
4Brookhaven National Laboratory, Upton, NY

(Dated: February 1, 2013)

Determination of the neutrino mass hierarchy using a reactor neutrino experiment at ∼60 km
is analyzed. Such a measurement is challenging due to the finite detector resolution, the absolute
energy scale calibration, as well as the degeneracies caused by current experimental uncertainty of
|∆m2

32|. The standard χ2 method is compared with a proposed Fourier transformation method. In
addition, we show that for such a measurement to succeed, one must understand the non-linearity
of the detector energy scale at the level of a few tenths of percent.

PACS numbers:

INTRODUCTION AND DEGENERACY CAUSED

BY THE UNCERTAINTY IN ∆m2
atm

Reactor neutrino experiments play an extremely im-
portant role in understanding the phenomenon of neu-
trino oscillation and the measurements of neutrino mix-
ing parameters [1]. The KamLAND experiment [2] was
the first to observe the disappearance of reactor anti-
neutrinos. That measurement mostly constrains solar
neutrino mixing ∆m2

21 and θ12. Recently, the Daya
Bay experiment [3] established a non-zero value of θ13.
sin2 2θ13 is determined to be 0.092 ± 0.016 (stat) ± 0.005
(sys). The large value of sin2 2θ13 is now important in-
put to the design of next-generation neutrino oscillation
experiments [4, 5] aimed toward determining the mass
hierarchy (MH) and CP phase.

It has been proposed [6, 7] that an intermediate L∼20-
30 km baseline experiment at reactor facilities has the
potential to determine the MH. Authors of Ref. [8] and
Ref. [9, 10] studied a Fourier transformation (FT) tech-
nique to determine the MH with a reactor experiment
with a baseline of 50-60 km. Experimental considerations
were discussed in detail in Ref. [10]. On the other hand,
it has also been pointed out that current experimental
uncertainties in |∆m2

32| may lead to a reduction of sensi-
tivity in determining the MH [11–13]. Encouraged by the
recent discovery of large non-zero θ13, we revisit the fea-
sibility of intermediate baseline reactor experiment, and
identify some additional challenges.

The disappearance probability of electron anti-
neutrino in a three-flavor model is:

P (ν̄e → ν̄e) = 1− sin2 2θ13(cos
2 θ12 sin

2 ∆31 + sin2 θ12 sin
2 ∆32)− cos4 θ13 sin

2 2θ12 sin
2 ∆21

= 1− 2s213c
2
13 − 4c413s

2
12c

2
12 sin

2 ∆21 + 2s213c
2
13

√

1− 4s212c
2
12 sin

2 ∆21 cos(2∆32 ± φ) (1)

where ∆ij ≡ |∆ij | = 1.27|∆m2
ij|

L(m)
E(MeV ) , and

sinφ =
c212 sin 2∆21

√

1− 4s212c
2
12 sin

2 ∆21

cosφ =
c212 cos 2∆21 + s212

√

1− 4s212c
2
12 sin

2 ∆21

. (2)

In the second line of Eq. (1), we rewrite the formula us-
ing the following notations: sij = sin θij , cij = cos θij ,
and using ∆31 = ∆32 + ∆21 for normal mass hierar-
chy (NH), ∆31 = ∆32 − ∆21 for inverted mass hierar-

chy (IH), respectively. Therefore, the effect of MH van-
ishes at the maximum of the solar oscillation (∆21 =
π/2 1), and will be large at about ∆21 = π/4. Fur-
thermore, we can define ∆m2

φ(L,E) = φ
1.27 · E

L
as the

effective mass-squared difference, whose value depends
on the choice of neutrino energy E and baseline L. Since
|∆m2

32| is only known with some uncertainties (|∆m2
32| =

(2.43 ± 0.13) × 10−3eV 2 [14] or more recently |∆m2| =

1 This is true for ∆21 = nπ/2, with n being an integer.

1

84% CL. Even though they overlap the mass hierarchy can
be determined to the extent that one can discriminate if
!e! ! !m2"ee# $!m2"!!# is positive (normal hier-
archy) or negative (inverted hierarchy). Throughout this
section we use the following values for the solar oscillation
parameters: !m2

21 % 8:0& 10$5 eV2 and sin2"12 % 0:31
[15], unless stated otherwise.

A few remarks are in order:
(1) The dependence of the fractional uncertainty of

!m2"ee# which is proportional to "sin22"13#$1 [23]
is clearly visible in Fig. 1.

(2) !m2"!!# varies as a function of sin22"13 because
of the three-flavor effect in the disappearance proba-
bility P"#! ! #!#, see Eq. (4). Note, however, that
the relative uncertainty with respect to its central
value is independent of "13.

(3) The three panels in Fig. 1, which correspond to
different values of $, indicate that the discriminating
sensitivity of the mass hierarchy depends upon $ in
an interesting way. The sensitivity is highest (low-
est) at $ % % (0 or 2%), see Eq. (4).

To quantify the sensitivity region for the resolution of
the mass hierarchy we define the probability distribution
function Pdiff"&# of the difference & ! !m2"ee# $
!m2"!!#. Then the region of parameter which gives
positive & at >90%,>95%, and>99% CL are determined
by the condition

 

Z 1
0
d&Pdiff"&# % 0:9; 0:95; 0:99: (9)

Assuming that !m2"ee# and !m2"!!# are Gaussian dis-
tributed,4 Pe"!m2"ee## and P!"!m2"!!##, with the aver-

age values !m2"ee# and !m2"!!# and widths 'e and '!,
respectively, Pdiff is also a Gaussian distribution with

average value !m2"ee# $ !m2"!!# and width
!!!!!!!!!!!!!!!!!!!
'2

e ' '2
!

q
.

Using the precision for the determination of !m2"!!#
and !m2"ee# obtained in Secs. II and III, it is straightfor-
ward to determine the sensitivity regions. In Fig. 2 we
present the sensitivity regions in the space spanned by
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FIG. 2 (color online). Sensitivity regions in the sin22"13-$
plane in which the mass hierarchy can be resolved at >90%
(outer shaded region),>95% (middle shaded region), and>99%
(inner shaded region) CL by the method of comparing the two
disappearance measurements. The uncertainty on !m2"ee# is
roughly given by "0:3=sin22"13#% under the assumed 0.2%
systematic error and the uncertainty on !m2"!!# is assumed
to be 0.5%. Here the current best fit value sin2"12 % 0:31, is
used.
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FIG. 1 (color online). Allowed regions for !m2"ee# (shaded area) and !m2"!!# (bands delimited by two solid and dashed curves)
by measurement using the recoilless resonant "#e absorption reaction and the T2K II experiment, respectively, are plotted as functions
of sin22"13. The input value of !m2"ee# % 2:5& 10$3 eV2 is assumed. The solid (dashed) curve for !m2"!!# denotes the case of
normal (inverted) mass hierarchy. The left, the middle, and the right panels are for the input values of $ % %, $ % %=2 or 3%=2, and
$ % 0 or 2%, respectively.

4In good approximation, the (2 distribution of !m2"ee# is
Gaussian as far as we exploit the setting discussed in [23].

MINAKATA, NUNOKAWA, PARKE, AND ZUKANOVICH FUNCHAL PHYSICAL REVIEW D 74, 053008 (2006)
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P⌫µ!⌫µ = 1� Pµ
21 � cos

2 ✓13 sin
2
2✓23 sin

2 (�m2
32 ± �)L

4E

Minakata et al PRD74(2006), 053008 Zhang&Ma, arXiv:1310.4443

Qian et al, PRD87(2013)3, 033005
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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 is shown in the lower
plot. In the inset is the ratio of the measured to the pre-
dicted rates in each AD vs. baseline, in which the AD4 (AD6)
baseline was shifted relative to that of AD 5 by 30 (−30) m.

tical uncertainties considered in the nH fit, the uncer-
tainty of sin2 2θ13 is 0.015, about 70% of the total in
square, which is the same for the nGd analysis. The
dominant systematic uncertainties are also independent
of the nGd analysis. For example, the delayed-energy
cut is uncoupled (uncorrelated) because the impact of
the relative energy-scale difference on the fixed-energy
threshold in the nGd analysis [3, 5, 6] is avoided with the
data-driven 3-σ cut. Further couplings are noted in the
Table II. With all uncoupled uncertainties included in
the nH fit, the uncertainty of sin2 2θ13 is 0.017 (90% of
the total in square). By conservatively taking all coupled
quantities to be fully coupled, the correlation coefficient
is about 0.05, indicating an essentially independent mea-
surement of θ13. The weighted average of nH and nGd [6]
results is 0.089± 0.008, improving the nGd result preci-
sion by about 8%.

In summary, with an nH sample obtained in the six-
AD configuration, by comparing the rates of the reactor
antineutrinos at the far and near halls at Daya Bay, we
report an independent measurement of sin22θ13 which is
in good agreement with the one extracted from the min-
imally correlated nGd sample. By combining the results
of the nH and nGd samples, the precision of sin22θ13 is
improved. In general, with different systematic issues,
results derived from nH samples will be important when

the nGd systematic uncertainty becomes dominant in the
future. It is also expected that nH analysis will enable
other neutrino measurements [18, 22].
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Wei Wang

θ13 Oscillation Analysis using Captures on H

• Daya Bay detectors are effectively 2-zone detectors for 
IBD detection like KamLAND — additional ~65% 
IBDs. 

• nH IBD events have lower delayed energy and require 
longer correlation window thus the accidental rate is 
much higher, S/N~1 initially. Suppressed by 

- Higher prompt energy cut, >1.5MeV and 
prompt-delay distance cut <0.5m 

- Statistically subtracted accidental bkg spectrum

Accidental Subtraction Validation  

Apr. 21, 2014 Zhe Wang @ CPS 2014, Wuhan, Hubei 9 

� Real coincidence 
events rarely have 
distances > 2 m 
 

� A good accidental 
background prediction 
should faithfully 
reproduce both the 
rate and spectrum > 2 
m 
 

� Validated the 
uncertainty precisely 

¾ It is also validated by the neutron capture distribution since 
only accidentals have coincidence time longer than 1.5 ms. 

¾ Dist. and time cuts are optimized according to the far site S/N. 

12

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

21

 Poster: An independent measurement of θ13 using Hydrogen neutron capture at Daya Bay (Bei-zhen Hu)

4

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

➡ From the systematic perspective, nH samples are 
largely independent of nGd samples 

➡ nH based analysis shows independently 
convincing θ13 driven oscillation
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The Daya Bay Detection Efficiency

13

FLUX AND SPECTRUM PREDICTION 
Antineutrino detection (IBD positron) 

ResponseDetector )()()( ���� �� HHV PQQ mlivepIBDe tNEESES
ee

Detection efficiency ε, and its uncertainty 
Detector efficiency is obtained from 
Full Detector MC simulation which is 
tuned with various data. Correlated 
uncertainties are obtained by 
comparison of MC and data. 

An improved evaluation of the 
detection efficiency regarding Gd 
capture ratio, delay energy cut and 
spill-in effect, has been performed. 

Detector Response is developed for 
spectral measurement. 

5 

AD Reactor 
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The Daya Bay Flux Normalization Measurement

14

ABSOLUTE REACTOR ANTINEUTRINO FLUX 
o Measured IBD events (background subtracted) in each detector are normalized to 

cm2/GW/day (Y0) and cm2/fission (σf).  

o Compare to reactor flux models:  Measured / Predicted IBD candidates 
 

Y0 = 1.553×10-18
 

σf = 5.934×10-43 

Data/Prediction (Huber+Mueller) 
0.947 ± 0.022 

Data/Prediction (ILL+Vogel) 
0.992 ± 0.023 

3-AD (near sites) 
measurement: 

Uncertainty 

statistics 0.2% 

sin22θ13 0.2% 

reactor 0.9% 

detector efficiency 2.1% 

combined 2.3% 
6 
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Daya Bay Absolute Flux Measurement and Others

15

ABSOLUTE REACTOR ANTINEUTRINO FLUX 

o Global comparison of measurement and prediction (Huber+Mueller): 

Previous average 

R = 0.943 ± 0.008 (exp.) 

o Effective baseline of Daya Bay:  Leff = 573m 

o Flux weighted detector-reactor distances of 3 ADs in near sites only. 

Daya Bay’s reactor antineutrino flux measurement is consistent with previous 
short baseline experiments. 

o Effective fission fractions αk of Daya Bay   235U: 238U: 239Pu: 241Pu = 0.586: 0.076: 0.288: 0.050 

o Mean fission fractions from 3 ADs in near sites only.  

7 

Daya Bay 
R = 0.947 ± 0.022 
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How Consistent between Calculation and Daya Bay Observation

• We would like to check whether the observation of Daya Bay is consistent with 
flux spectrum calculation 

• Considering all the correlations and the best-fit theta13

16

ABSOLUTE SPECTRUM MEASUREMENT 
� The measured positron spectra of IBD events in the three near Hall ADs are 

combined and compared with the prediction of the same combination. 
 

��

F2  (Ni
obs �Ni

pred)Vij
�1(N j

obs �N j
pred)

V  Vstat �Vreactor �Vdet ector �Vbkgs

10 

Χ2 /ndf (0.7 < E < 12 MeV) 
41.4/24 

P-value = 0.015,  2.4σ 

Uncertainty 
Components 

Measured spectrum 
is normalized to 
prediction for shape 
only comparison. 
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What is Responsible for the Discrepancy?

17

LOCAL SIGNIFICANCE OF DEVIATIONS 
(A) Spectral comparison of data and 

prediction (Huber +Mueller)  
(P-value=0.015, 2.4σ) 

(B)  χ2 contribution of each bin, 
evaluated by:  

)())(( 

)(
2
1

||
~

12

22
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jij
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i
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iij

j
jiijpred
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NNVNNwhere
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�� 

�
�
�

 

�

¦

F

FFF

(C)  P-value of Δχ2/ndf in a certain 
energy window (e.g. 1 MeV) 
 Introduce N (# of bins) nuisance 
parameters with no pull terms to 
oscillation fitter.  
 Expect the χ2 difference after 
introducing the N nuisance parameters 
follows a χ2 distribution with N-1 dof.  

12 

Energy window scan 
1 MeV window 

In the [4, 6] 2 MeV window: 
P-value = 4.66×10-5, 4.1σ 
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Spectrum Unfolding

18

OBSERVABLE ANTINEUTRINO SPECTRUM 
� Antineutrino spectrum from measurement 

� Unfold the measured positron spectrum of 3 ADs in near Halls 

Input  of unfolding:  
1. Measured positron spectrum, covariance matrix 

2. Detector response matrix 

Unfolding methods:  
       Bayesian iterative and SVD 

Output of unfolding:  
        Antineutrino spectrum, covariance matrix  

14 

Detector Response 
from Full MC 
4M events in GdLS 

Unfolded antineutrino 
spectrum and its 
covariance matrix 

MC training 

Measured positron 
spectrum, and its 
covariance matrix 
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The Daya Bay Unfolded Flux Spectrum
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OBSERVABLE ANTINEUTRINO SPECTRUM 
� Extract a generic observable reactor antineutrino spectrum Sobs_ν(Eν) : 

� It supplies data outside [2, 8] MeV and could be used for flux and spectrum prediction. 

��

where
Np  is proton number per unit target mass;
Peff (EQ�e

,L) is suvival probability of Q�e weighted by flux;

Ftotal is total number of fissions of all reactors.

�   Compare Daya Bay spectrum Sobs_ν(Eν) and Huber+Mueller Prediction Spred_v(Eν) : 

� Same rate deficit as flux measurement,  and same shape deviation structure as in 
comparison of positron spectrum. 

15 

��

Sobs_Q�e
(Ev e

)  
Sunfolded(EQ�e

)
Peff (EQ�e

,L)� Np � Ftotal

��

Spred _Q�e
(E)  ( Dk

k
¦ Sk(E)� cne(E)� SNF(E))� V IBD (E)

Integral of Daya Bay spectrum = σf   

Normalize the unfolded spectrum to cm2/fission/MeV.   

 

Bay Daya of fractionsfission  effective  theare k

where
D
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Sterile Neutrino Signal in Daya Bay
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P(νe→νe) ≅1− cos
4θ14 sin

2 2θ13 sin
2 Δmee

2 L
4Eν

'

(
)

*

+
,− sin2 2θ14 sin

2 Δm41
2 E

4Eν

'

(
)

*

+
,

• A minimum extension of the 3-ν model:  3(active) + 1(sterile)-ν model 
• Search for a higher frequency oscillation pattern besides |Δm2

ee|

Daya	  Bay:	  Full	  6	  AD	  data	  
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A Unique Opportunity for Sterile Neutrino Searches

• Daya Bay baselines >350m ⇒ 

not as sensitive to mass-squared 
splittings greater than or around 
1eV

2

5

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

14
θ2

2
sin

-3
10

-2
10

-1
10 1

)
2

| 
(e

V
4

1

2

m
∆|

-4
10

-3
10

-2
10

-1
10

DayaBay 95% C.L.

DayaBay 95% CLs

Bugey 90% C.L. (40m/15m)

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

The Daya Bay Experiment is supported in part by the Min-349

istry of Science and Technology of China, the United States350

Department of Energy, the Chinese Academy of Sciences, the351

National Natural Science Foundation of China, the Guang-352

dong provincial government, the Shenzhen municipal govern-353

ment, the China Guangdong Nuclear Power Group, Shanghai354

Laboratory for Particle Physics and Cosmology, the Research355

Grants Council of the Hong Kong Special Administrative Re-356

gion of China, University Development Fund of The Univer-357

sity of Hong Kong, the MOE program for Research of Ex-358

cellence at National Taiwan University, National Chiao-Tung359

University, and NSC fund support from Taiwan, the U.S. Na-360

tional Science Foundation, the Alfred P. Sloan Foundation,361

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 
region 10-3 eV2 < Δm241 < 0.1 eV2
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3 EHs (5% flux uncertainty)

3 EHs (spectra only)

KARMEN+LSND 95% CL

Bugey 90% CL (40m/15m)

Sensitivity

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 eV2 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 

 Poster: Search for sterile neutrino mixing at Daya Bay (Yasuhiro Nakajima)

Daya Bay

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
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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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is found by any of the methods. Fig. 2 shows the observed282

prompt energy spectra at EH2 and EH3, each divided by the283

prediction using the EH1 spectrum.284

Two methods are adopted to set the exclusion limits in285

the (|�m2
41|, sin2 2✓14) space. The first one is a frequen-286

tist approach with a likelihood ratio as the ordering principle,287

as proposed by Feldman and Cousins [55]. For each point288

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

c(⌘) encompassing a289

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

(⌘best) distribu-290

tion is determined. This distribution is obtained by fitting a291

large number of simulated experiments that include statistical292

and systematic variations. In order to reduce the number of293

computations, the simulated experiments are generated with-294

out any variation in ✓13, after it was verified that the depen-295

dency of ��2
c(⌘) on this parameter was negligible. The point296

⌘ is then declared to be inside the ↵ C.L. acceptance region if297

��2
data(⌘) < ��2

c(⌘).298
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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 statistical299

method [56], whose detailed approach with Gaussian parent300

distribution is described in Ref. [57]. A two-hypothesis test301

is performed in the (sin2 2✓14, |�m2
41|) phase space: the null302

hypothesis H0 (standard 3-⌫ model) and the alternative hy-303

pothesis H1 (3+1-⌫ model with fixed value of sin2 2✓14 and304

|�m2
41|). The value of ✓13 is fixed with the data’s best-fit305

value for each hypothesis. Since both hypotheses have fixed306

values of sin2 2✓14 and |�m2
41|, their �2 difference follows a307

Gaussian distribution. The mean and variance of this Gaussian308

distribution can be calculated from the Asimov dataset with-309

out statistical or systematic fluctuations, which avoids massive310

computing. The CLs value is defined by:311

CLs =
1� p1
1� p0

=

1� p4⌫
1� p3⌫

, (3)

where p0 (p3⌫) and p1 (p4⌫) are the p-values for the 3-⌫ and312

4-⌫ hypothesis models respectively. CLs < 0.05 is required313

to set the 95% CLs exclusion contours.314

The 95% confidence level upper limit contour from the315

Feldman-Cousins method and the 95% CLs method exclu-316

sion contour are shown in Fig. 3. The two methods give317

comparable results. The impact of varying the IBD prompt318

energy spectrum bin size from 200 keV to 500 keV is negli-319

gible. As a comparison, Bugey’s 90% C.L. exclusion on ⌫e320

disappearance from their ratio of the positron energy spectra321

measured at 40/15 m [32] is also shown. This result pro-322

vides the most stringent limits on sterile neutrino mixing at323

|�m2
41| < 0.1 eV

2 using the electron antineutrino disappear-324

ance channel. Our results are complementary to the ⌫µ !325

⌫e appearance results from OPERA [20] and ICARUS [21].326

While the appearance mode constrains a product of the cou-327

pling of muon neutrino to the fourth-generation mass eigen-328

state and the coupling of electron neutrino to the fourth gen-329

eration mass eigenstate, the ⌫e disappearance mode only con-330

strains the latter.331

It should be noted that the choice of mass ordering that oc-332

curs as a result of introducing the fourth neutrino mass eigen-333

state has a negligible impact on the results. The same is true334

concerning the choice of neutrino mass ordering between the335

original three neutrino flavor states.336

In summary, we report on a sterile neutrino search based on337

a minimal extension of the Standard Model, the 3 (active) + 1338

(sterile) neutrino mixing model , in the Daya Bay Reactor Ex-339

periment, using the electron-antineutrino disappearance chan-340

nel. The analysis uses the relative event rate and the spectral341

comparison of three far and three near antineutrino detectors342

at different baselines from six nuclear reactors. The observed343

data is in good agreement with the standard 3-neutrino model.344

The current precision is dominated by statistics. With three345

or more years of additional data, the sensitivity to sin

2
2✓14 is346

expected to improve by a factor of two for most �m2
41 values.347

Still, the current result already yields the world’s most strin-348

gent limits on sin

2
2✓14 in the |�m41|2 < 0.1 eV2 region.349
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• Daya Bay has multiple baselines whose differences 
enabled searches in the range of Δm

2
~0.01-0.1eV

2
. 

Independent of reactor flux models
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➡A search of light sterile 
neutrino states carried 
out utilizing Daya 
Bay’s unique multi-
baselines, independent 
of reactor flux models 

➡The Daya Bay detector 
energy non-linearity 
~1%, a very 
meaningful precision 
for future experiments 

➡Daya Bay reactor flux 
normalization 
measurement is 
consistent with 
previous data.  

➡Spectrum 
inconsistent with 
calculation.

➡ Most precise sin22θ13, ~6%; most precise Δm2
ee, ~4% 

➡ An independent oscillation analysis using n-captures 
on H carried out

Summary and Conclusion
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SYSU-IHEP School of HEP
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Daya Bay Measurement of IBD Rates
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Reactor Power History
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What the Discrepancy is or is Not

26

INVESTIGATION OF EVENTS IN [4, 6] MEV 
´ The events are reactor power correlated & time independent. 

´ The events match all IBD event characteristics: 
« Neutron capture time and distance distributions, prompt event 

position distribution, etc. 
« Disfavors unexpected backgrounds 

´  12B spectrum does not have local structure at [4, 6] MeV. 
« Disfavors electronics and nonlinear energy model distortion 

´ Extending the reactor model by adding a single β-branch or 
mono-energetic line cannot remove the local discrepancy. 

Add a gamma line (5 MeV) in reactor model Add a β-branch (Q = 7 MeV) in reactor model 

13 

Time independent 

Weekly IBD positron spectrum comparison 

Time distributions of events in [4.5, 5.5] MeV 
and IBD events in [3, 4] MeV. 
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Data Summary

16consistent rate for side-by-side detectors

Oscillation Parameter Fit Using Rate and Shape

Liang Zhan

Apr 8, 2014

Contents

Abstract

AD1 AD2 AD3 AD4 AD5 AD6

IBD candidates 101998 103137 93742 13889 13814 13645
DAQ live time(day) 190.989 189.623 189.766

"µ 0.8234 0.8207 0.8576 0.9811 0.9811 0.9808
"m 0.9741 0.9745 0.9757 0.9744 0.9742 0.974

Accidentals(/day) 9.53± 0.10 9.29± 0.10 7.40± 0.08 2.93± 0.03 2.87± 0.03 2.81± 0.03
Fast neutron(/day) 0.78± 0.12 0.54± 0.19 0.05± 0.01
9Li/8He(/day) 2.8± 1.5 1.7± 0.9 0.27± 0.14

AmC correlated(/day) 0.27± 0.12 0.25± 0.11 0.27± 0.12 0.22± 0.1 0.21± 0.1 0.21± 0.09
13C(↵, n)16O(/day) 0.08± 0.04 0.07± 0.04 0.05± 0.03 0.05± 0.03 0.05± 0.03 0.05± 0.03

IBD rate(/day) 652.38± 2.58 662.02± 2.59 580.84± 2.14 73.04± 0.67 72.71± 0.67 71.88± 0.67

side-by-side ibd rate ratio 0.985± 0.005

Table 1: IBD selection results for 6AD period.
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IBD rate(/day) 659.58± 2.12 674.36± 2.14 601.77± 1.67 590.81± 1.66 74.33± 0.48 75.40± 0.49 74.44± 0.48 75.15± 0.49

side-by-side ibd rate ratio 0.978± 0.004 1.019± 0.004

Table 2: IBD selection results for 8AD period.
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6-AD Period 

8-AD Period 

preliminary

Expected: AD1/AD2 = 0.982;  AD3/AD8 = 1.012

Wei Wang

The 6AD and 8AD Combined Data
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Latest Results from Daya BayWei Wang

Daya Bay Detector Calibrations

• Three automated calibration units (ACU) on each 
detector, 2 for the Gd-LS volume and 1 for the LS one, 
carry out weekly calibrations (vertical scans) 

- Sources: ~100Hz 68Ge(e+), ~20Hz 60Co, ~0.7Hz 
241Am-13C(n), and a LED diffuser ball 

• Special calibration efforts in Summer 2012 

- Manual calibration system (MCS) with 4π scan was 
installed to further understand detector energy responses 
using Pu-C and Co sources 

- One detector’s ACUs were loaded with 137Cs, 54Mo, 40K, 
Pu-C, and 241Am-Be sources and thorough scanned 
vertically 

- A stronger 241Am-13C is placed on a detector to 
understand the induced background better 

✓The Daya Bay absolute energy scale uncertainty has 
reached ~1% after a thorough analysis of the 
collected calibration data
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Latest Results from Daya BayWei Wang

Veto/Reduce Cosmic/Environmental Backgrounds

29

Muon Veto System

6

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

•~100m-350m overburdens for 3 sites 
•Two independent active muon veto 

systems: RPC; Water Cherenkov is 
separated into inner (IWS) and outer 
(OWS) ones to improve the muon 
efficiency 

•Water Cherenkov detectors also shields 
the environmental gamma radiations 

- >2.5 m thick water in each direction
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in water
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Latest Results from Daya BayWei Wang

Reactor Flux Spectrum Comparison

1. MC predict the deposit 
energy 

2. Apply non-linearity model 

3. Apply the energy 
resolution model

30

FLUX AND SPECTRUM PREDICTION 

Nonlinear energy response 

Detector response is obtained by adding detector effects step by step (energy losses Æ energy 
nonlinearity Æ energy resolution) based on calibration and MC simulation.  
An equivalent method of ‘Full MC ’ including all detector effects together is also developed. 
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Latest Results from Daya BayWei Wang

How Identical Are Daya Bay “Identical” Detectors?
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Detector ID
AD1 AD2 AD3 AD4 AD5 AD6 AD78

s)
µ

N
eu

tr
o

n
 C

ap
tu

re
 T

im
e(

27

27.5

28

28.5

29

E
n

tr
ie

s 
/ 

0
.2

5
M

eV

0

10000

20000

30000

AD1

AD2

Prompt energy (MeV)
0 5 10

A
D

1
/A

D
2

0.6

0.8

1

1.2  0.003(stat.)±R = 0.981 

s
µ

E
n

tr
ie

s 
/ 

4

10

210

310

410 AD1

AD2

Expected accidental background

s)µNeutron capture time (
0 50 100 150 200

A
sy

m
m

et
ry

-0.4

-0.2

0

0.2

0.4

s
µ

E
n

tr
ie

s 
/ 

4

10

210

310

410 AD3

AD8

Expected accidental background

s)µNeutron capture time (
0 50 100 150 200

A
sy

m
m

et
ry

-0.4

-0.2

0

0.2

0.4Relative Energy Scale

10

 < 0.2% variation in reconstructed energy between ADs

spallation neutron  
capture spectrum

Reconstructed Energy (MeV)
5 10

Ev
en

ts
 / 

da
y 

/ 0
.1

 M
eV

-210

-110

1

10

210

310

EH1-AD1 EH1-AD2
EH2-AD1 EH2-AD2
EH3-AD1 EH3-AD2
EH3-AD3 EH3-AD4

         ACU: 60Co, 68Ge, AmC  
Spallation: nGd, nH 
    Gamma: 40K, 208Tl 
       Alpha: 212Po, 214Po, 215Po

EH1 Positron Spectra EH1 Neutron Capture Time EH2 Neutron Capture Time

Am-C Source Neutron Capture Time of All Detectors Spallation Neutron Energy Spectra of All Detectors

Am-C Source Located at Detector Center



Latest Results from Daya BayWei Wang

IBD Candidates and Backgrounds

• First apply flasher cuts to 
clean up data 

• Muon veto cuts get rid of 
cosmogenic products 

• IBD energy&time cuts 

– Prompt energy cut; delayed 
energy cut 

– Time correlation cut to pick out 
IBD pairs 

• Background events contain 
accidental ones and three 
other correlated types: 
cosmogenic, calibration 
source Am-C and 13C(α, n)16O 
backgrounds
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Latest Results from Daya BayWei Wang

Flux Model Independent Near-Far Prediction

33

From the 
!
!
!
!
it is possible to determine what 
fraction of events in each near 
detector at each true energy bin 
originate from each core. 

Each of these components is then 
individually extrapolated to the far 
site 

• relative reactor core power info

• experimental layout geometry

All reactor and detector correlated 
systematics, including the absolute 
flux and shape uncertainties, cancel 
to first order. 



Latest Results from Daya BayWei Wang

One Way to Reach Neutrino Mass Hierarchy

34
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FIG. 5: The ratio of Erec to Ereal for the case of IH based
on Eq. (8) (solid line) is shown w.r.t the visible energy Evis.
The dotted line shows the ratio of Erec to Ereal for the case
of NH.

from Eq. (1). In this case the analysis of the spectrum
would lead to an obviously wrong MH. Since the exact
value of |∆m2

32| is not known, we must consider in Eq. (8)
all allowed values of |∆′m2

32| including those that mini-
mize the ratio Erec/Ereal.

Fig. 5 shows the ratio Erec/Ereal versus the visible
energy (solid line) with the energy scale distortion de-
scribed by Eq. (8) where |∆′m2

32| was chosen so that this
ratio is one at high Evis. Comparing the medium en-
ergy region (2 MeV < Evis < 4 MeV) with the higher
energy region (Evis > 4 MeV), the average Erec/Ereal

is larger than unity by only about 1%. In addition, the
same argument similar to Eq. (8) applies to the NH case
as well. The ratio Erec/Ereal versus the visible energy
(dotted line) of NH is also shown in Fig. 5. Therefore,
to ensure the MH’s discovery potential from such an ex-
periment, the non-linearity of energy scale (Erec/Ereal)
needs to be controlled to a fraction of 1% in a wide range
of Evis. This requirement should be compared with the
current state-of-art 1.9% energy scale uncertainty from
KamLAND [31]. Therefore, nearly an order of magni-
tude improvement in the energy scale determination is
required for such a measurement to succeed.

UNCERTAINTIES IN |∆m2
32|

The current primary method to constrain |∆m2
32| is

the νµ disappearance experiment. However, similar to
the ν̄e disappearance case as in Eq. 1, the νµ disappear-
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FIG. 6: The dependence of effective mass-squared difference
∆m2

eeφ (solid line) and∆m2
µµφ (dotted line) w.r.t. the value of

δCP for ν̄e and νµ disappearance measurements, respectively.

ance measurement in vacuum 3 would also measure an
effective mass-squared difference rather than |∆m2

32| di-
rectly. The corresponding effective mass-squared differ-
ence is smaller than that in the ν̄e case, basically since
in the Eq. (2) the cosine squared of θ12 is replaced by
the sine squared. Also, in this case, the effective mass-
squared difference will depend not only on ∆21, θ12, but
also on θ13, θ23, as well as on the unknown CP viola-
tion phase δCP . The effective mass-squared differences
from νµ and νe disappearance w.r.t. the value of δCP are
shown in Fig. 6. The difference in ∆m2

φ between the νµ
and νe channels actually opens a new path to determine
the MH. This possibility was discussed earlier in Refs.
[32, 33]. It was stressed there that the difference in fre-
quency shifts 2∆32 ± φ has opposite signs for the ν̄e and
νµ disappearance in the normal or inverted hierarchies.
Such a measurement would require that 2∆32±φ is mea-
sured to a fraction of∆m2

eeφ−∆m2
µµφ level (5×10−5 eV 2)

in both channels. In the current ∼ 60 km configuration,
the knowledge of |∆m2

32| enters through the penalty term
in Eq. (5). Therefore, in order for knowledge of |∆m2

32|
to have a significant impact to the determination of MH,
the ∆32 ± φ in νµ channel should also be measured to a
fraction of ∆m2

eeφ − ∆m2
µµφ level, which is well beyond

the reach of T2K [34] and NOνA [35] νµ disappearance
measurements 4.

3 In practice, the uncertainty in the matter effect would introduce
only a systematic uncertainty. The strength of the effect in νµ
disappearance is close to that of changing |∆m2

32
| by a few times

of 10−6eV 2.
4 The projected 1-σ uncertainties on |∆m2| = |∆m2

32
±∆m2

µµφ/2|

from T2K and NOνA are about 5.3× 10−5 eV2.
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Latest Results from Daya BayWei Wang

Completed Daya Bay
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Latest Results from Daya BayWei Wang

Nice Pictures on Various Activities
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Final two detectors installed, 
operating since Oct. 2012.

4π detector 
calibration 
in Sep. 2012.


