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Neutrino Mixing
• Neutrino flavor (weak) eigenstates and mass eigenstates are mixed

• Neutrinos change their flavor as they travel (neutrino oscillation)
• Natural interferometer to explore fundamental nature of neutrinos

Weak eigenstate Mass eigenstate

(α = e, μ, τ) (i = 1, 2, 3)
MNS mixing matrix

Two neutrino case:

θ          : mixing angle 
Δm2  : mass squared difference 
L       : the distance traveled

E       : the energy of neutrino
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Neutrino Mixing

• What is the CP-violation phase, δ

• What is the absolute mass scale/ordering?

• What is the origin of neutrino mass?

• Are there any extra spices?
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All the three angles are finally observed! 
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First >5σ observation 
at Daya Bay (2012)

Still many open questions:

Δm232 ~ Δm231 ~ 2.5 x 10-3 eV2 Δm221 ~ 7.5 x 10-5 eV2



Sterile neutrinos
• Existence of neutrino oscillation proves neutrinos have mass

• We still don’t how to include the mass in the standard model

• Many extension to the SM naturally includes additional “species” witch 
doesn’t participate in weak interactions        ➜ sterile neutrino 

• If MR >> mD, it might explain the lightness of active neutrinos 
through the see-saw mechanism. 

• If  MR ~ mD, “light” sterile states can be mixed with active states 
through the mass eigenstates
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Figure 1. Left: Dirac mass term generated by a Higgs doublet. Center: Majorana mass term generated by a
Higgs triplet. Right: Majorana mass term generated by a higher-dimensional operator.

writes mL as mT , with T for triplet). mL can be generated by a Higgs triplet, with a small Yukawa
coupling �T and/or a small VEV h�0

T i, as illustrated in Figure 1. It could instead be associated with
a higher-dimensional operator (the Weinberg operator [15]) involving two Higgs doublets, with a
coe�cient C/M. The scaleM represents some heavy new physics which has been integrated out,
such as the exchange of a very heavy Majorana sterile neutrino (the type I seesaw) [1–5], a heavy
scalar triplet (the type II seesaw) [16], a fermion triplet (the type III seesaw) [17], or new degrees
of freedom in a string theory [18]. The second form in (5) emphasizes that LT also describes the
creation or annihilation of two neutrinos. A sterile neutrinos ⌫R can also have a Majorana mass
term,
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where ⌫MS ⌘ ⌫c
L + ⌫R = ⌫c

MS
is a Majorana field. LS also violates lepton number by �L = ±2, but

does not violate weak isospin (S denotes singlet, one often writes MR as mS ) and can in principle
occur as a bare mass term. However, in some models a bare mass for the right-handed neutrinos
is forbidden by new physics, and MR is instead generated by the VEV of, say, a SM Higgs singlet
field S , or by a higher-dimension operator.

When Dirac and Majorana mass terms are both present, one must diagonalize the resulting mass
matrix in order to identify the mass-eigenstates, which will, in general, be linear combinations of
⌫L and ⌫c

R. For one active neutrino ⌫0
L ��!CP

⌫0c
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The mass matrix can be diagonalized by a unitary matrixU,
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mD MR

!
U⇤ =

 
m1 0
0 m2

!
, (8)

because the matrix is symmetric. The mass eigenvalues m1,2 can be taken to be real and posi-
tive by appropriate phase choices. The corresponding eigenvectors represent two Majorana mass
eigenstates, ⌫iM = ⌫iL + ⌫c

iR = ⌫
c
iM, i = 1, 2, where
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“3+1 model”



“Hint” of sterile neutrinos
• The LSND experiment observed a small excess of νe events in νµ beam  
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of 98% C.L. in Ref. [45]. Gallex and Sage observed an
average deficit of RG ¼ 0:86" 0:06ð1!Þ. Considering the
hypothesis of "e disappearance caused by short baseline
oscillations we used Eq. (13), neglecting the !m2

31
driven oscillations because of the very short baselines of
order 1 m. Fitting the data leads to j!m2

new;Gj> 0:3 eV2

(95%) and sin2ð2#new;GÞ % 0:26. Combining the reactor
antineutrino anomaly with the gallium anomaly gives

a good fit to the data and disfavors the no-oscillation
hypothesis at 99.7% C.L. Allowed regions in the
sin2ð2#newÞ &!m2

new plane are displayed in Fig. 6 (left).
The associated best-fit parameters are j!m2

new;R&Gj>
1:5 eV2 (95%) and sin2ð2#new;R&GÞ % 0:12.
We then reanalyzed the MiniBooNE electron neutrino

excess assuming the very short baseline neutrino oscilla-
tion explanation of Ref. [45]. Details of our reproduction of
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FIG. 5 (color online). Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the
prediction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean averaged ratio
including possible correlations is 0:943" 0:023. The red line shows a possible three-active neutrino mixing solution, with
sin2ð2#13Þ ¼ 0:06. The blue line displays a solution including a new neutrino mass state, such as j!m2

new;Rj ' 1 eV2 and

sin2ð2#new;RÞ ¼ 0:12 (for illustration purpose only).
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FIG. 6 (color online). Allowed regions in the sin2ð2#newÞ &!m2
new plane obtained from the fit of the reactor neutrino data to the

3þ 1 neutrino hypothesis, with sin2ð2#13Þ ¼ 0. The left panel is the combination of the reactors and the gallium experiment
calibration results with 51Cr and 37Ar radioactive sources. The right panel is the combination of the reactors and our reanalysis of the
MiniBooNE data following the method of Ref. [45]. In both cases the ILL energy spectrum information is not included.
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X. DISCUSSION

The major purposes in making the 37Ar source reported
here were to develop the technology of source fabrication,
to prove that a very intense source could be made, and to
elaborate several techniques for source intensity measurement.
These goals were achieved, and the source was further used to
measure the response of the SAGE detector to 37Ar neutrinos.

The 37Ar source used in this experiment was made as a
prototype for the production of a much more intense source.
Based on the experience gained in making this source, the
reactor engineers for BN-600 conclude that sources in the
range of 2.0–2.5 MCi could be made if the Ca-containing
modules were placed in the core of the reactor, rather than in
the blanket zone, as was done here.

Because other experiments have given us great confidence
in our knowledge of the various efficiencies in the SAGE detec-
tor, we do not consider this experiment to be a measurement
of the entire throughput of SAGE. Rather, we believe this
experiment should be considered in combination with the other
source experiments with Ga and interpreted as a measurement
of the cross section for the reaction 71Ga(νe,e−)71Ge.

To this end, the results of the four neutrino source
experiments with Ga given in Table I are shown graphically in
Fig. 7. The weighted average value of R, the ratio of measured
to predicted 71Ge production rates, is 0.88 ± 0.05, more
than two standard deviations less than unity. Although not
statistically conclusive, the combination of these experiments
suggests that the predicted rates may be overestimated.

Because 95% of the 71Ga neutrino absorption cross section
simply depends on the f t1/2 value for the transition from

the ground state of 71Ge to the ground state of 71Ga, whose
uncertainty is <0.5% [8], any error in the predicted rates
must come from the contribution of the excited states. As
discussed earlier, the Gamow-Teller strengths assigned to
those transitions were deduced from (p, n) cross sections,
assuming a simple proportionality between (p, n) and allowed
weak interaction cross sections. Yet it is known phenomeno-
logically that (p, n) cross sections depend not only on the
(weak interaction) Gamow-Teller amplitude but also on a
spin-tensor amplitude. Strong (p, n) transitions require strong
Gamow-Teller amplitudes, as the spin-tensor amplitude is
generally a correction to the dominant Gamow-Teller term.
In the case of a weak transition, however, it is possible
that the spin-tensor amplitude dominates the (p, n) cross
section. There are several known examples of this, e.g., the
ℓ-forbidden M1 transition in 39K → 39Ca [26]. In this case
the Gamow-Teller strength contributing to beta decay is very
small, yet the (p, n) cross section is appreciable and attributed
to the presence of the spin-tensor interaction. In the case
of 71Ga → 71Ge, the weak transitions to the excited states
similarly could be due to the ℓ-forbidden transition amplitude
of the form 1f5/2(n) → 2p3/2(p).

Thus, there is a theoretical uncertainty in the neutrino
capture cross section, and it is quite possible that the Gamow-
Teller strengths to the excited states are negligible, despite
the nonzero (p, n) cross sections [27]. As evidence for
this hypothesis, we note that the weighted average of the
four neutrino source experiments is 0.88 ± 0.05, reasonably
consistent with R = 0.95, the value obtained if the excited
state contribution were set to zero.

ACKNOWLEDGMENTS

We thank Alexander Rumyantsev and Lev Ryabev (Federal
Agency of Atomic Energy, Russia) and Valery Rubakov
(Institute for Nuclear Research RAS, Russia) for their vigorous
and continuous support for the 37Ar project. We are grateful
to Wolfgang Hampel for helpful comments on a draft version
of the manuscript and for providing revised results for the
GALLEX source experiments. This work was partially funded
by grant 05-02-17199 of the Russian Foundation for Basic Re-
search as well as by grants from the United States, Japan, and
Russia and carried out under the auspices of the International
Science and Technology Center (project no. 1431). Additional
funding came from the Program of Fundamental Research
“Neutrino Studies” of the Russian Academy of Sciences.

[1] J. N. Abdurashitov, V. N. Gavrin, S. V. Girin, V. V. Gorbachev,
T. V. Ibragimova, A. V. Kalikhov, N. G. Khairnasov, T. V.
Knodel, V. N. Kornoukhov, I. N. Mirmov, A. A. Shikhin,
E. P. Veretenkin, V. M. Vermul, V. E. Yants, G. T. Zatsepin,
Yu. S. Khomyakov, A. V. Zvonarev, T. J. Bowles, J. S. Nico,
W. A. Teasdale, D. L. Wark, M. L. Cherry, V. N. Karaulov,
V. L. Levitin, V. I. Maev, P. I. Nazarenko, V. S. Shkol’nik,
N. V. Skorikov, B. T. Cleveland, T. Daily, R. Davis Jr., K. Lande,
C. K. Lee, P. S. Wildenhain, S. R. Elliott, and J. F. Wilkerson,
Phys. Rev. C 59, 2246 (1999).

[2] W. Hampel, G. Heusser, J. Kiko, T. Kirsten, M. Laubenstein,
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Best fit:  Δm2 ~ 1 eV2, sin22θ ~ 0.003

constrained by fits to kaon production data and the recent
SciBooNE measurements [18]. Other backgrounds from
misidentified !" or !!" [20,21] events are also constrained
by the observed CCQE sample. The gamma background
from NC #0 production mainly from " decay or " ! N$
radiative decay [22] is constrained by the associated large
two-gamma data sample (mainly from " production)
observed in the MiniBooNE data [23]. In effect, an
in situ NC #0 rate is measured and applied to the analysis.
Single-gamma backgrounds from external neutrino inter-
actions (‘‘dirt’’ backgrounds) are estimated using topologi-
cal and spatial cuts to isolate these events whose vertex is
near the edge of the detector and point towards the detector
center [3].

Systematic uncertainties are determined by considering
the predicted effects on the !", !!", !e, and !!e CCQE rate
from variations of parameters. These include uncertainties
in the neutrino and antineutrino flux estimates, uncertain-
ties in neutrino cross sections, most of which are
determined by in situ cross-section measurements at
MiniBooNE [20,23], uncertainties due to nuclear effects,
and uncertainties in detector modeling and reconstruction.
A covariance matrix in bins of EQE

! is constructed by
considering the variation from each source of systematic
uncertainty on the !e and !!e CCQE signal, background,
and !" and !!" CCQE prediction as a function of EQE

! . This
matrix includes correlations between any of the !e and !!e

CCQE signal and background and !" and !!" CCQE
samples, and is used in the %2 calculation of the oscillation
fits.

Figure 1 (top) shows the EQE
! distribution for !!e CCQE

data and background in the antineutrino mode over the full
available energy range. Each bin of reconstructed EQE

!

corresponds to a distribution of ‘‘true’’ generated neutrino
energies, which can overlap adjacent bins. In the antineu-
trino mode, a total of 478 data events pass the !!e event
selection requirements with 200<EQE

! < 1250 MeV,
compared to a background expectation of 399:6!
20:0ðstatÞ ! 20:3ðsystÞ events. For assessing the probabil-
ity that the expectation fluctuates up to this 478 observed
value, the excess is then 78:4! 28:5 events or a 2:8&
effect. Figure 2 (top) shows the event excess as a function
of EQE

! in the antineutrino mode.
Many checks have been performed on the data, includ-

ing beam and detector stability checks that show that the
neutrino event rates are stable to<2% and that the detector
energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
events are stable over energy and time, and the inferred
external event rate corrections are similar in both the
neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the proba-
bility, P, of !!" ! !!e oscillations is given by P ¼
sin22'sin2ð1:27"m2L=E!Þ, sin22' ¼ 4jUe4j2jU"4j2, and

"m2 ¼ "m2
41 ¼ m2

4 %m2
1. The oscillation parameters are

extracted from a combined fit of the observed EQE
! event

distributions for muonlike and electronlike events. The
fit assumes the same oscillation probability for both the
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MiniBooNE νµ ➜νe search

MiniBooNE see the similar size excess, 
but in different energy dependence 

Gallium and reactor antineutrino anomalies can 
also be explained by 1 eV sterile neutrinos



Situation is mixed…
• Those “hints” are in tension with other (mostly disappearance) searches.
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into two classes: (3+1) and (2+2). In the (3+1) schemes, there is a group of three close-by
neutrino masses that is separated from the fourth one by the larger gap. In (2+2) schemes,
there are two pairs of close masses separated by the large gap. While different schemes within
the same class are presently indistinguishable, schemes belonging to different classes lead to very
different phenomenological scenarios.

A characteristic feature of (2+2) schemes is that the extra sterile state cannot be
simultaneously decoupled from both solar and atmospheric oscillations. To understand why,
let us define ηs =

∑

i∈ sol
|Usi|2 and cs =

∑

j ∈atm
|Usj |2, where the sums in i and j run over

mass eigenstates involved in solar and atmospheric neutrino oscillations, respectively. Clearly,
the quantities ηs and cs describe the fraction of sterile neutrino relevant for each class of
experiment. Results from atmospheric and solar neutrino data imply that in both kind of
experiments oscillation takes place mainly between active neutrinos. Specifically, from Fig. 46
of Ref. [4] we get ηs ≤ 0.31 and cs ≤ 0.36 at the 3σ level. However, in (2+2) schemes unitarity
implies ηs + cs = 1. A statistical analysis using the parameter goodness of fit (PG) proposed
in [5] gives χ2

PG
= 30.7 for 1 d.o.f., corresponding to a 5.5σ rejection (PG = 3 × 10−8) of the

(2+2) hypothesis. These models are therefore ruled out at a very high confidence level, and in
the rest of this talk we will not consider them anymore.

On the other hand, (3+1) schemes are not affected by this problem. Although the
experimental bounds on ηs and cs quoted above still hold, the condition ηs + cs = 1 no longer
applies. For what concerns neutrino oscillations, in (3+1) models the mixing between the sterile
neutrino and the three active ones can be reduced at will, and in particular it is possible to
recover the usual three-neutrino scenario as a limiting case. However, as widely discussed in
the literature (see, e.g., Ref. [6] and references therein) these models are strongly disfavored as
an explanation of LSND by the data from other short-baseline (SBL) laboratory experiments.
In the limit ∆m2

lsnd
≫ ∆m2

atm
≫ ∆m2

sol
the probability Pνµ→νe

which is relevant for LSND
as well as for KARMEN [7], NOMAD [8] and MiniBooNE is driven by the large ∆m2

41, and is
given by

Pνµ→νe
= Pν̄µ→ν̄e

= 4 |Ue4Uµ4|
2 sin2 ∆m2

41L

4E
, (1)

where L is the distance between source and detector. The LSND, KARMEN, NOMAD
and MiniBooNE experiments give allowed regions in the (∆m2

41, |Ue4Uµ4|2) plane which can

2

νe disappearance νμ disappearance νμ→νe appearance

M. Maltoni, J. Conf. Ser. 110, 082011 (2008)
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�
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�
1.27�m2

41

L

E

⇥νμ→νe appearance

νe disappearance

νμ disappearance

Recent results from MINOS and 
SciBooNE+MiniBooNE also found no 

signal in νµ disappearance channel
PRL 107, 011802 (2011)
PRD 85, 032007 (2012)
PRD 86, 052009 (2012)



• Previous (and future) searches were largely focused on ~1 eV2 region
• Sterile neutrino can be anywhere. What about lower mass region?

• Not extensively searched before, especially for electron 
(anti-)neutrino disappearance channel.

• sub-eV sterile neutrino might help reconcile tensions between 
cosmological data. 
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Lighter sterile neutrino ?
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Figure 1. Bounds on |Ue4|2 (left panel), on |Uµ4|2 (middle panel) and on sin2 2θ (right panel)
in (3+1) schemes, as a function of ∆m2

41. Different contours correspond to 90% and 99% CL.

into two classes: (3+1) and (2+2). In the (3+1) schemes, there is a group of three close-by
neutrino masses that is separated from the fourth one by the larger gap. In (2+2) schemes,
there are two pairs of close masses separated by the large gap. While different schemes within
the same class are presently indistinguishable, schemes belonging to different classes lead to very
different phenomenological scenarios.

A characteristic feature of (2+2) schemes is that the extra sterile state cannot be
simultaneously decoupled from both solar and atmospheric oscillations. To understand why,
let us define ηs =

∑

i∈ sol
|Usi|2 and cs =

∑

j ∈atm
|Usj |2, where the sums in i and j run over

mass eigenstates involved in solar and atmospheric neutrino oscillations, respectively. Clearly,
the quantities ηs and cs describe the fraction of sterile neutrino relevant for each class of
experiment. Results from atmospheric and solar neutrino data imply that in both kind of
experiments oscillation takes place mainly between active neutrinos. Specifically, from Fig. 46
of Ref. [4] we get ηs ≤ 0.31 and cs ≤ 0.36 at the 3σ level. However, in (2+2) schemes unitarity
implies ηs + cs = 1. A statistical analysis using the parameter goodness of fit (PG) proposed
in [5] gives χ2

PG
= 30.7 for 1 d.o.f., corresponding to a 5.5σ rejection (PG = 3 × 10−8) of the

(2+2) hypothesis. These models are therefore ruled out at a very high confidence level, and in
the rest of this talk we will not consider them anymore.

On the other hand, (3+1) schemes are not affected by this problem. Although the
experimental bounds on ηs and cs quoted above still hold, the condition ηs + cs = 1 no longer
applies. For what concerns neutrino oscillations, in (3+1) models the mixing between the sterile
neutrino and the three active ones can be reduced at will, and in particular it is possible to
recover the usual three-neutrino scenario as a limiting case. However, as widely discussed in
the literature (see, e.g., Ref. [6] and references therein) these models are strongly disfavored as
an explanation of LSND by the data from other short-baseline (SBL) laboratory experiments.
In the limit ∆m2

lsnd
≫ ∆m2

atm
≫ ∆m2

sol
the probability Pνµ→νe

which is relevant for LSND
as well as for KARMEN [7], NOMAD [8] and MiniBooNE is driven by the large ∆m2

41, and is
given by

Pνµ→νe
= Pν̄µ→ν̄e

= 4 |Ue4Uµ4|
2 sin2 ∆m2

41L

4E
, (1)

where L is the distance between source and detector. The LSND, KARMEN, NOMAD
and MiniBooNE experiments give allowed regions in the (∆m2

41, |Ue4Uµ4|2) plane which can

2

νe disappearance νμ disappearance νμ→νe appearance

???

PRL 112, 051302 (2014), PRL 113, 051303 (2014), etc….
We should look everywhere!



Sterile neutrino search at Daya Bay
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AD#PMT#gain:#1.5#!#107#
########Trigger:#NPMT#>#55#
#####################(~0.570.7#MeV)#

AD1#

AD2#

Detector 1: L~350m Detector 2: L~500m Detector 3: L~1600m

νe

~150m
~1300m

Sensitive at 
Δm241 ~ 0.5 x 10-2 eV2

<Eν>~ 4MeV

Daya Bay can provide very stringent test below 0.1 eV2,         
with minimal dependence to reactor antineutrino flux prediction

Sensitive at 
Δm241 ~ 0.5 x 10-3 eV2

Oscillation due to θ13

Additional oscillation



Daya Bay experiment
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Experimental layout
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Daya Bay 
reactors  

Ling Ao 
reactors  

Ling Ao II 
reactors 

Daya Bay Near 
Hall (EH1) 

Ling Ao near 
Hall (EH2) 

Water 
Hall  

Far Hall (EH3)  

LS 
Hall  

Entrance  

Construction  
tunnel  

 
Tunnel  

Reactor(power(
6(×(2.9(GWth(

High-statistics, multi-
baseline (350m - 2000m) 
measurement of reactor 

antineutrinos

Far hall measures 
oscillation

Two near halls 
constrain reactor 
antineutrino flux



Reactor Antineutrinos
• Most powerful man-made source 

of antineutrinos, and it’s free
• Nuclear fission release:

• 6 antineutrinos/fission
• Typically ~1020 fissions/GWth

• Detected through inverse beta 
decay

• Broad spectrum with mean 
energy of  ~4 MeV

13



Antineutrino Detection Method
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
• Prompt positron: carries antineutrino energy
• Delayed neutron capture: efficiently tag 

antineutrino signal
14



Antineutrino Detector
• 8 functionally identical detectors
• Three-zone cylindrical modules:

• Reflectors at top/bottom of cylinder 
are used to increase light yield.

Zone Mass Liquid Purpose

Inner acrylic 
vessel

20 t
Gd-doped liquid 

scintillator
Anti-neutrino 

target

Outer acrylic 
vessel

22 t Liquid scintillator
Gamma catcher 

(from target zone)

Stainless steel 
vessel

40 t Mineral Oil Radiation shielding 5m

5m

Stainless 
Steel 

Vessel (SSV)

Calibration 
system

20-t Gd-LS

Liquid Scint.

Mineral oil        

192 8-inch 
PMTs

15



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.

16



Timeline of Detector Installation 

17

The Timeline of Detector Installation
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Characterizing Detector Response

Energy Losses in Acrylic 

Charge collection efficiency 
decreases with visible light

Two major sources 
of non-linearity.

Difficult to decouple !

2: Readout ElectronicsEnergy Resolution

Quenching effects

1: Scintillator Response

Cherenkov radiation

Acrylic vessels non-scintillating

Induce shape distortion 

Correction from MC

Light production 

Light collection

PMT/electronics response

Particle 

Energy Etrue

Energy Deposited

in Scintillator Edep

Energy Converted 

to Visible Light Evis

Reconstructed 

Energy Erec

18



Acrylic Vessel / Energy Resolution

IBD$in$acrylic$
$$$(~1.3%)$

IBD$in$target$

Simula'on*

Energy loss in the acrylic 
vessel distorts spectrum

Energy resolution

Modeled using 
MC simulation Calibrated primarily using mono-

energetic gamma sources

Contribu)ons+from:+
•  a+:+Spacial/temp.+resolu)on+(E)+
•  b+:+Photon+sta)s)cs+(E)+
•  c+:+Dark+noise+(const:)+
�

19



Constraining Non-Linearity Parameters

Full$detector$calibra.on$data$
1.  Monoenerge)c+gamma+lines+from+various+sources+

•  Radioac)ve+calibra)on+sources,+employed+regularly:+68Ge,+60Co,+241AmC13C++
++++and+during+special+calibra)on+periods:+137Cs,+54Mn,+40K,+241AmC9Be,+PuC13C+
•  Singles+and+correlated+spectra+in+regular+physics+runs+(40K,+208Tl,+n+capture+on+H)+

2.  Con)nuous+spectrum+from+12B+produced+by+muon+spalla)on+inside+the+scin)llator+
$

Standalone$measurements$
•  Scin)llator+quenching+measurements+using+neutron+beams+and+Compton+eC+
•  +Calibra)on+of+readout+electronics+with+flash+ADC+

Energy Nonlinearity Calibration

11

• Two major sources of non-linearity


• scintillator response: modeled with Birks formula 
and Cherenkov fraction 

• electronics: modeled with MC and single channel 
FADC measurement


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


• Cross-validated with 214Bi, 208Tl beta-decay spectrum, 
Michel electron spectrum and standalone bench-top 
Compton scattering measurement.
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 Poster: Characterizing the Energy Response of the Daya Bay Antineutrino Detectors (Soeren Jetter)
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Relative Energy Scale

• Energy response stable to 0.1% in all detectors
• Total relative uncertainty of <0.2% between detectors
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Spalla+on%nGd%capture%peak%vs.%
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detectors%(a"er%calibra+on)%

Crucial ingredient: Consistent energy response for all ADs
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Careful calibration with in-situ data and calibration sources: 
Relative 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
Relative energy peaks in all 
detectors (after calibration) 
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Search for sterile neutrinos



Antineutrino candidate selection
• Reject spontaneous PMT light emission 

(“flashers”)

• Prompt positron energy: 0.7 < Ep < 12 MeV

• Delayed neutron energy: 6 < Ed < 12 MeV

• Neutron capture time: 1 < Δt < 200 µsec 

• Muon veto

• Water pool muon: reject 0.6ms

• AD muon (>3000 photoelectrons) : reject 
1.4ms

• AD shower muon (>3x105 p.e.): reject 0.4 sec

• Multiplicity cut: only select isolated pairs

Antineutrino Candidate Selection
• Reject PMT flashers

• Muon veto:


- Water pool Muon: reject 0.6ms

- AD Muon (>20 MeV): reject 1 ms 
- AD Shower Muon (>2.5 GeV): reject 1s 

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

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

• Neutron Capture time: 1 us < Δt < 200 us 
• Multiplicity cut: only select isolated candidate pairs

13

E�ciency Uncertainty
Correlated Uncorrelated

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

Combined 80.6% 2.1% 0.2%

Table 3: Detector E�ciency

2

 Poster: Improvements on Monte Carlo Simulation and Studies of Absolute Detection Efficiency at Daya Bay (Guofu Cao)

Selection identical to the oscillation 
parameter measurement
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Signal and Background Summary

• Consistent rates for side-by-side detectors

EH1 (Near) EH2 (Near) EH3 (Far)

AD1 AD2 AD3 AD4 AD5 AD6

Antineutrino candidates 101290 102519 92912 13964 13894 13731

DAQ live time (day) 191.001 189.645 189.779

Efficiency 0.7957 0.7927 0.8282 0.9577 0.9568 0.9566

Accidentals (/day/AD)* 9.54±0.03 9.36±0.03 7.44±0.02 2.96±0.01 2.92±0.01 2.87±0.01

Fast neutron (/day/AD)* 0.92±0.46 0.62±0.31 0.04±0.02

8He/9Li (/day/AD)* 2.40±0.86 1.20±0.63 0.22±0.06

Am-C corr. (/day/AD)* 0.26±0.12

13C(α, n)16O (/day/AD)* 0.08±0.04 0.07±0.04 0.05±0.03 0.04±0.02 0.04±0.02 0.04±0.02

IBD rate (/day/AD)* 653.30 
± 2.31

664.15 
± 2.33

581.97 
± 2.07

73.31 
± 0.66

73.03 
± 0.66

72.20 
± 0.66

* Corrected for the efficiency of the muon veto and multiplicity cuts

More than 300k antineutrino interactions
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Spectral analysis 2013
• High precision measurement of 

sin
2
2θ13 and Δm

2
ee 

(~Δm
2
32~Δm

2
31) with spectral 

analysis

• First direct measurement of Δm
2
ee

25
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Use the same data set to 
search for sterile neutrinos
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Signature of sterile neutrinos

• Signature of sterile neutrino would appear as 
additional spectral distortion and overall rate deficit 26
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Sensitivity

FIG. 2. (color online) Comparison of the 95% CLs sensitivities
(see text for details) for various combinations of the EH’s data. The
sensitivities were estimated from an Asimov Monte Carlo data set
that was generated without statistical nor systematic variations. All
the Daya Bay sensitivity curves were calculated assuming 5% rate
uncertainty in the reactor flux except the dot-dashed one, which
corresponds to a comparison of spectra only. Normal mass hier-
archy was assumed for both �m2

31 and �m2
41. The dip structure

at |�m2
41| ⇡ 2.4 ⇥ 10�3 eV2 was caused by the degeneracy be-

tween sin2 2✓14 and sin2 2✓13. The green dashed line represents
Bugey’s [32] 90% C.L. limit on ⌫e disappearance and the magenta
double-dot-single-dashed line represents the combined KARMEN
and LSND 95% C.L. limit on ⌫e disappearance from ⌫e-carbon cross
section measurements [33].

ent EHs were estimated with the method described later in
this Letter, and are shown in Fig. 2. The sensitivity in the
0.01 eV

2 < |�m2
41| < 0.3 eV

2 region originated predom-
inantly from the relative measurement between the two near
halls, while the sensitivity in the |�m2

41| < 0.01 eV

2 region
arose primarily from the comparison between the near and far
halls. The high-precision data at multiple baselines are essen-
tial for probing a wide range of values of |�m2

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

had a marginal impact in the |�m2
41| < 0.3 eV

2 region. For
|�m2

41| > 0.3 eV

2, spectral distortion features are smeared
out and the relative measurement loses its discriminatory
power. The sensitivity in this region can be regained by com-
paring the event rates of the Daya Bay near halls with the flux
model prediction, which will be reported in a future publica-
tion. In this Letter, we focus on the |�m2

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

different treatment of the predicted reactor antineutrino flux
and systematic errors. The first analysis used the predicted re-
actor antineutrino spectra to simultaneously fit the data from
the three halls, in a fashion similar to what was described in

the recent Daya Bay spectral analysis [45]. A binned log-
likelihood method was adopted with nuisance parameters con-
strained with the detector response and the backgrounds, and
with a covariance matrix encapsulating the reactor flux uncer-
tainties as given in the Huber [49] and Mueller [39] flux mod-
els. The rate uncertainty of the absolute reactor ⌫e flux was
enlarged to 5% based on Ref. [40]. The fit used sin

2
2✓12 =

0.857 ± 0.024, �m2
21 = (7.50 ± 0.20) ⇥ 10

�5
eV

2 [50]
and |�m2

32| = (2.41 ± 0.10) ⇥ 10

�3
eV

2 [51]. The values
of sin2 2✓14, sin2 2✓13 and |�m2

41| were unconstrained. For
the 3+1 neutrino model, a global minimum of �2

4⌫/NDF =

158.8/153 was obtained, while the minimum for the three-
neutrino model was �2

3⌫/NDF = 162.6/155. We used the
��2

= �2
3⌫ � �2

4⌫ distribution obtained from three-neutrino
Monte Carlo samples that incorporated both statistical and
systematic variations to obtain a p-value [52] of 0.74 for
��2

= 3.8. The data were thus found to be consistent with
the three-neutrino model, and there was no significant evi-
dence for sterile neutrino mixing.

The second analysis performed a purely relative compar-
ison between data at the near and far halls. The observed
prompt energy spectra of the near halls were extrapolated
to the far hall and compared with observation. This process
was done independently for each prompt energy bin, by first
unfolding it into the corresponding true antineutrino energy
spectrum and then extrapolating to the far hall based on the
known baselines and the reactor power profiles. A covariance
matrix, generated from a large Monte Carlo dataset incorpo-
rating both statistical and systematic variations, was used to
account for all uncertainties. The resulting p-value was 0.87.
More details about this approach can be found in Ref. [53].

The third analysis exploited both rate and spectral informa-
tion in a way that is similar to the first method but using a
covariance matrix. This matrix was calculated based on stan-
dard uncertainty propagation methods, without an extensive
generation of Monte Carlo samples. The obtained p-value was
0.74.

The various analyses have complementary strengths. Those
that incorporated reactor antineutrino flux constraints had a
slightly higher reach in sensitivity, particularly for higher val-
ues of |�m2

41|. The purely relative analysis was more ro-
bust against uncertainties in the predicted reactor antineu-
trino flux. The different treatments of systematic uncertainties
provided a thorough cross-check of the results, which were
found to be consistent for all the analyses in the region where
the relative spectral measurement dominated the sensitivity
(|�m2

41| < 0.3 eV

2). As evidenced by the reported p-values,
no significant signature for sterile neutrino mixing was found
by any of the methods.

Two methods were adopted to set the exclusion limits in
the (|�m2

41|, sin2 2✓14) space. The first one was a frequen-
tist approach with a likelihood ratio as the ordering principle,
as proposed by Feldman and Cousins [54]. For each point
⌘ ⌘ (|�m2

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

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

(⌘best) distri-
bution was determined, where ⌘best was the best-fit point.

Signature of sterile neutrinos
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AD#PMT#gain:#1.5#!#107#
########Trigger:#NPMT#>#55#
#####################(~0.570.7#MeV)#

AD1#

AD2#

EH1: L~350m EH2: L~500m EH3: L~1600m

Global rate deficit

νe

~150m
~1300m

Probing largely unexplored 
region at Δm241 < 0.1 eV2

One oscillation cycle at L=150m
Relative EH2/EH1 comparison

One oscillation cycle at L=1300m
Relative EH3/EH1 comparison

Independent to absolute flux prediction

<Eν>~ 4MeV



Analysis Methods

• Fit to reactor flux model 

• Utilize all information available

• Possible bias due to reactor antineutrino flux model

• Pure relative rate+shape comparison (Focus in this talk) 

• Lose sensitivity at high Δm2 region

• Independent of reactor antineutrino flux model
28

Multiple independent analyses



Pure relative rate+shape analysis
• Use near site observed spectra to predict far 

site spectra

• Based on our knowledge of reactor power 
profile, experimental geometry, and detector 
response

29

in Fig. 2, are the following:

1. Each bin in visible energy is converted into a true energy spectrum.

2. Based on the knowledge of the reactor flux and of the baselines, the fraction of events at each
true energy bin originating from each reactor core is determined.

3. Each reactor core component is extrapolated separately to the far site.

4. The integration is done back from true energy to visible energy at the far site.

The predicted number of events in the i-th reconstructed energy bin at a far site AD, F pred

i

, is
calculated as:

F pred

i

= Nobs

i

energyX

j

M
ij

P
cores

k

P (E
j

, Lfar

k

)�
jk

/(Lfar

k

)2P
cores

k

P (E
j

, Lnear

k

)�
jk

/(Lnear

k

)2
, (6)

where Nobs

i

is observed number of events at near site AD, M
ij

is the visible-to-true neutrino energy
unfolding matrix, P (E,L) is the oscillation probability, � is the predicted neutrino flux from each
core, and L is the distance between an AD and a reactor core1.

Then, we test the oscillation hypothesis by evaluating the �2 defined as:

�2 = (F obs

j

� F pred

j

)(V
ij

)�1(F obs

i

� F pred

i

), (7)

where F obs(pred)
i

is the observed (predicted) number of events at the far site, and V
ij

is a covariance
matrix that includes all systematic and statistical uncertainties. A more complete description can
be found in Ref. [3].

4.2 Accuracy improvements

The fact that are are now dealing with a relatively high mass splitting �m2
41 necessitates a number

of improvements in order to accurately predict the oscillation e↵ect:

1. Bin integration of the oscillation probability

2. Scaling of the unfolding matrix

3. Use of finer binning for toy MC

Each of these is described in detail below.

4.2.1 Bin integration

At the large �m2
41 region, the oscillation frequency can be comparable to the bin size. In order to

accurately estimate the oscillation probability for binned distributions, we adopt the bin-integration
technique described in [5]. In this approach, we assume a flat flux distribution in (L/E) space

1This formula can be obtained by expanding Eq. (4) in Ref. [3].

7

Near site data
Far site prediction

Visible to true energy unfolding matrix

Oscillation probability
Flux from each core

All correlated reactor and detector 
systematics cancel to the first order 



Pure relative rate+shape analysis

• Utilize covariance matrices to handle all the systematic uncertainties.
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Figure 28: Distributions of F
DB

and F
LA

for P12E data fit result with the unblinded flux. Black
points are observed far site data, blue lines are prediction with null oscillation, red lines are predic-
tions at best fit oscillation parameters. The red boxes shows the size of statistical error from near
site ADs and all systematic uncertainties.
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Figure 27: Fit results for the P12E data set with the unblinded flux. The left panel show the
comparison between the observed far site spectra (black) and the prediction based on the near
site data. The blue histogram is the prediction with no oscillations, and the red histogram is
the prediction with the best fit oscillation parameters. The region filled in red represents the full
systematic uncertainty as well as the error due to near-site statistics. The right panel show the
confidence level in the 2D space. The best fit point (star), as well as the 1 � (68.4% CL) (red), the
2 � (95.5% CL) (blue), and 3 � (99.7% CL) (magenta) contours are shown. The results from this
analysis are shown with dashed lines, while the results of the default analysis (BCW) are shown
with the solid lines.
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in Fig. 2, are the following:

1. Each bin in visible energy is converted into a true energy spectrum.

2. Based on the knowledge of the reactor flux and of the baselines, the fraction of events at each
true energy bin originating from each reactor core is determined.

3. Each reactor core component is extrapolated separately to the far site.

4. The integration is done back from true energy to visible energy at the far site.

The predicted number of events in the i-th reconstructed energy bin at a far site AD, F pred

i

, is
calculated as:

F pred

i

= Nobs

i

energyX
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where Nobs

i

is observed number of events at near site AD, M
ij

is the visible-to-true neutrino energy
unfolding matrix, P (E,L) is the oscillation probability, � is the predicted neutrino flux from each
core, and L is the distance between an AD and a reactor core1.

Then, we test the oscillation hypothesis by evaluating the �2 defined as:

�2 = (F obs

j

� F pred

j

)(V
ij

)�1(F obs

i

� F pred

i

), (7)

where F obs(pred)
i

is the observed (predicted) number of events at the far site, and V
ij

is a covariance
matrix that includes all systematic and statistical uncertainties. A more complete description can
be found in Ref. [3].

4.2 Accuracy improvements

The fact that are are now dealing with a relatively high mass splitting �m2
41 necessitates a number

of improvements in order to accurately predict the oscillation e↵ect:

1. Bin integration of the oscillation probability

2. Scaling of the unfolding matrix

3. Use of finer binning for toy MC

Each of these is described in detail below.

4.2.1 Bin integration

At the large �m2
41 region, the oscillation frequency can be comparable to the bin size. In order to

accurately estimate the oscillation probability for binned distributions, we adopt the bin-integration
technique described in [5]. In this approach, we assume a flat flux distribution in (L/E) space

1This formula can be obtained by expanding Eq. (4) in Ref. [3].

7

Expanded to   3+1 (sterile) ν fit



Testing sterile neutrino signal
• Compare EH2/EH1 and 

EH3/EH1

• Δχ2 = χ2(3ν) - χ2(3+1ν)    
= 3.8 

• p-value = 0.74 
(estimated by toy MC)

• No significant signal 
observed.
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Limits to the sterile neutrino mixing

32



Feldman-Cousins Method
• Oscillation signal is tested by 

evaluating 

• Value of  Δχ2 corresponds to a 
certain confidence level is 
statistically determined by a large 
set of toy MC samples (Feldman-
Cousin’s (F-C) approach)

• Achieved world best sensitivity at 
at Δm2

41 < 0.1 eV2
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CLs Method
• Implemented an alternate method of setting 

limits with “CLs” method

• Two-hypothesis test between the 3ν 
standard model (H0) and 3+1 model (H1) 

• Determine CLs as:

• Compared to FC method, stable and fast, but 
cannot be used for parameter estimation.

• Two methods show very similar sensitivity
34
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where ��2
point

and ��2
SM

are averaged ��2 values for each hypothesis, calculated using an Asimov
data set. Then the CLs is defined as

CLs =
1� p1
1� p0

. (18)

The 95% CL limit obtained from the CLs method is shown in Fig. 16. Again, we did not find
any significant oscillation signal, and the observed contour is consistent with the no-sterile neutrino
mixing expectation. The contours from the Feldman-Cousins and CLs methods are compared in
Fig. 17. For the CLs method, the sensitivity is calculated in two ways: (1) mean of contours from
1000 toy MC fake experiments with no oscillations, and (2) contour from the Asimov data set with
no sterile neutrino mixing. We find that the two CLs sensitivities and the FC sensitivity are very
consistent. This is a nice confirmation that both methods have almost equal power for “placing
limits”2.

On the other hand, the observed limit from the FC method is slightly worse than that of the
CLs method. This can be understood by the fluctuation of �2(best) relative to �2(null). As one
can see from Fig. 12, the observed limits tend to be worse than the sensitivity in most of the �m2

region when ��2 = �2(null) � �2(best) is small. Since �2(point) � �2(null) (used for the CLs
method) is almost independent of each other at the di↵erent �m2 regions due to the nature of the
oscillation formula, �2(point) � �2(best) (used for FC method) tends to be small at most of the
�m2 region when �2(null)��2(best) is relatively small. We observed ��2 = 3.14, which is smaller
than the expected average. Therefore, the observed contour tends to be worse than the sensitivity
and the CLs contour.

8 Conclusion

We searched for sterile neutrino mixing at 5 ⇥ 10�4 eV2 < �m2 < 0.3 eV2 by using an improved
version of the pure-relative rate+shape analysis framework developed at Berkeley. We found no
significant evidence of sterile neutrino mixing, and set the corresponding limits using the Feldman-
Cousins method. These are actually the world’s most stringent limits in the electron (anti-)neutrino
disappearance channel at 1⇥ 10�3 < �m2 < 1⇥ 10�1(eV2). A cross-check was also done with the
CLs method, where consistent results were obtained.

9 Acknowledgments

We would like to thank the members of the Berkeley group, as well as the other members of the
sterile neutrino working group in the Daya Bay collaboration. This analysis could not have been
completed without their valuable input.

2However, the CLs method cannot “discover” a new phenomena, while the FC method can.
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Evaluate p-values for the two 
hypotheses: p0 and p1.

Technical implementation in 
arXiv: 1407.5052



Observed limit

• The most stringent limit 
at Δm2

41 < 0.1 eV2

• All analysis methods 
produced consistent 
results.
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Future sensitivity

• Current sensitivity is 
limited by statistics

• Expect more than a 
factor two 
improvements with 
5 years of data 
taking. 
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Other recent results
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Oscillation parameter measurement with higher statistics 

Oscillation parameter measurement with n-H capture sample 

Absolute reactor antineutrino flux and spectrum measurement



Improved oscillation parameter 
measurement

• Improved spectral analysis with 
621 days of data

• Observed data highly consistent 
with oscillation interpretation
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Far v.s. Near Comparison 
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The observed relative rate deficit 
and relative spectrum distortion 
are highly consistent with 
oscillation interpretation
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FIG. 3. Upper: Background-subtracted prompt energy spectrum ob-
served in the far site (black points), as well as the expectation derived
from the near sites excluding (blue line) or including (red line) our
best estimate of oscillation. The spectra are efficiency-corrected and
normalized to one day of livetime. Lower: Ratio of the spectra to the
no-oscillation case. The error bars show the statistical uncertainty of
the far site data. The shaded area includes the systematic and statis-
tical uncertainties from the near site measurements.
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• The most precise measurement of sin
2
2θ13 

• Precision better than 6%

• The most precise measurement of Δm
2
ee in 

electron antineutrino disappearance channel

• Consistent with muon neutrino 
disappearance results

• Comparable precision.
39

Improved oscillation parameter 
measurement

6

1 2 3 4 5 6 7 8

Ev
en

ts
/d

ay
 (b

kg
. s

ub
tra

ct
ed

)

2

4

6

8

10

12

14

16

18

Far site data
Weighted near site data (best fit)
Weighted near site data (no oscillation)

Prompt Positron Energy (MeV)
1 2 3 4 5 6 7 8

Fa
r /

 N
ea

r(w
ei

gh
te

d)

0.85

0.9

0.95
1

1.05
1.1

FIG. 3. Upper: Background-subtracted prompt energy spectrum ob-
served in the far site (black points), as well as the expectation derived
from the near sites excluding (blue line) or including (red line) our
best estimate of oscillation. The spectra are efficiency-corrected and
normalized to one day of livetime. Lower: Ratio of the spectra to the
no-oscillation case. The error bars show the statistical uncertainty of
the far site data. The shaded area includes the systematic and statis-
tical uncertainties from the near site measurements.
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of Δm2ee in the electron 
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• consistent with the muon 

neutrino disappearance 
experiments


• comparable precision
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Independent sin22θ13 measurement 
with H-capture sample

• Advantage: 

• Higher statistics: 15% in Gd-LS region 
and 100% in LS region.

• Different systematic uncertainty from 
Gd analysis

• Challenge:

• Larger accidental backgrounds

• Strategy:

• Raise prompt energy cut: Ep > 1.5 MeV
• Require prompt-delayed distance       
ΔR < 0.5 m
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Independent sin22θ13 measurement through nH
• Advantage


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


- Different systematic uncertainties from 
nGd analysis


• Challenge

- High accidental background


‣ longer capture time

‣ lower delayed energy


• Strategy

- Raise prompt energy cut Ep > 1.5 MeV

- Require prompt to delayed distance 
ΔR < 0.5 m


- Relative measurement to reduce 
systematics 20

2

also required to be greater than 1.5 MeV to reject the84

low-energy background. The surviving AD events are85

denoted as “good” events for further study. Coincident86

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

beginning at 1 µs after each prompt signal candidate.88

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

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

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

and are not included for further analysis.92

Since the DC events are dominantly accidental coinci-93

dent background, especially in the far hall, a maximum94

distance between the prompt and delayed vertices of 5095

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

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

major differences between the nH and the nGd analy-98

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

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

IBD bands are clearly seen for both the 2.2 MeV nH101

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

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

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

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

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

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

MeV, respectively, and the continuous bands from 1.5 to108

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

The nH IBD candidates are obtained by requiring the110

prompt energy to be less than 12 MeV and the delayed111

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

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

The four identified backgrounds in the selected sample114

are accidental coincidences, cosmogenically produced fast115

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

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

latter three are all from neutrons.118

The following procedure is adopted for removing the119

accidental coincidence background. An accidental back-120

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

first generated by pairing two single events separated by122

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

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

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

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

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

the accidental background from the DC events, NDC :128

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

NABS−tot
, (1)

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

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

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

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

probability of a trigger from an accidental coincidence131

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

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

While the statistical uncertainty of Rs is negligible, a134

systematic uncertainty is caused by the presence in the135

single event sample of a very small fraction of genuine136

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

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

Hz from the average of the good triggered event rates139

before and after excluding both the DC events and the140

multi-coincidence events. The systematic uncertainty in141

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

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

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

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

was installed in water and become stable after about 4146

months. The slow variation of Rs is taken into account147

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

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

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

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

ground subtraction. Very similar spectra, clearly showing152
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nH analysis results
• Data from 6-AD period (217 

days) are used

• Observed significant rate 
deficit at far site. Rate analysis 
measured:

• Independent and consistent 
results of nGd analysis

• Spectrum analysis in progress

41

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
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 Poster: An independent measurement of θ13 using Hydrogen neutron capture at Daya Bay (Bei-zhen Hu)
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EH1 EH2 EH3
AD1 AD2 AD3 AD4 AD5 AD6

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

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

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

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

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

the GdLS region. The relative difference among ADs is239

negligible [5]. The total uncorrelated uncertainty per AD240

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

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

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

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

related uncertainty per AD.245

v Uncertainty Coupled

Np,v

GdLS 0.03% yes
LS 0.13% no

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

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

Fig. 3 shows a comparison of the prompt spectra of246

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

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

predicted rates as a function of baseline. Clear evidence249

for electron anti-neutrino disappearance is observed. A250

χ2 with pull terms for nuisance parameters the same as251

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

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

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

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

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

at 4.6 standard deviations. The expected Far/Near ratio257

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

in Fig. 3. This statistically independent measurement of259

sin2 2θ13 with nH captures provides a strong confirmation260

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

The nH result is an independent measurement of θ13.262

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

dominated. With only statistical uncertainties consid-264

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

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

for the nGd analysis. The dominant systematic uncer-267

tainties are also independent from the nGd analysis. For268

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

lated) because the impact of the relative energy scale270

�2/NDF = 4.5/4

sin22θ13 = 0.083 ± 0.018

Result published in Phys. Rev.  D 90, 071101 (2014)



Many more results are on the way

• Measurement of oscillation parameters with even 
higher statistics

• Search for sterile neutrino with higher statistics

• Search for new physical phenomena beyond the SM

• Study of cosmic muon and its products

• etc..
42

Daya Bay will continue data taking until 2017



Summary
• Daya Bay searched for a light sterile neutrino by looking for 

relative spectral distortion between the detectors

• No significant signal found, setting the most stringent limit at 
10-3 eV2 < Δm2

41 < 0.1 eV2, which was largely unexplored 
before.

• Result published in Phys. Rev. Lett. 113, 141802 (2014)

• Stay tuned for many more results from Daya Bay!
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