
Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010 

Systematics in Reactor Neutrino Oscillation 
Experiments

Karsten M. Heeger
University of Wisconsin

NuFact2010, October 23, 2010

4

-110 1

-410

KamLAND

95% C.L.

99% C.L.

99.73% C.L.

best fit

Solar

95% C.L.

99% C.L.

99.73% C.L.

best fit

10 20 30 40

!1 !
2 !3 !
4

!
5

!
6

5

10

15

20

!1

!2

!3

!4

12
"2tan 2#$

)2
 (

eV
2

12
m

$
2
#

$

FIG. 2: Allowed region for neutrino oscillation parameters from

KamLAND and solar neutrino experiments. The side-panels show

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

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

unbinned data is assessed with a maximum likelihood fit to

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

fitting the geo-neutrino contribution. The method incorporates

the absolute time of the event to account for time variations

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

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

intervals give ∆m2
21 = 7.58+0.14

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

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

−0.06(syst) for tan2 θ12<1. A

scaled reactor spectrum without distortions from neutrino os-

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

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

−0.20 ×

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

The allowed contours in the neutrino oscillation parame-

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

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

previously allowed by KamLAND at ∼2.2σ are disfavored

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

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

and a slightly increased uncertainty on θ12. The parame-

ter space can be further constrained by incorporating the re-

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

neutrino analysis with KamLAND assuming CPT invariance.

The oscillation parameters from this combined analysis are

∆m2
21 = 7.59+0.21

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

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

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

decay chains simultaneously with the neutrino oscillation pa-

rameter estimation using the KamLAND and solar data; see

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

power since the reactor contribution varies. The fit yields 25

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

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

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

ground and geo-neutrino contributions; the upper panel compares

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

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

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

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

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

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

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

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

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

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

certainties in the energy scale.

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

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

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

ment with the geological reference model.

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

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

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

identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,

including the subtraction of geo-neutrinos, to the expectation

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

tion of L0/E. The spectrum indicates almost two cycles of the
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FIG. 2: Allowed region for neutrino oscillation parameters from

KamLAND and solar neutrino experiments. The side-panels show

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

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

we also expect geo-neutrinos. We observe 1609 events.

Figure 1 shows the prompt energy spectrum of selected

electron anti-neutrino events and the fitted backgrounds. The

unbinned data is assessed with a maximum likelihood fit to

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

fitting the geo-neutrino contribution. The method incorporates

the absolute time of the event to account for time variations

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

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

intervals give ∆m2
21 = 7.58+0.14

−0.13(stat)+0.15
−0.15(syst)× 10−5

eV
2

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

−0.06(syst) for tan2 θ12<1. A

scaled reactor spectrum without distortions from neutrino os-

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

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

−0.20 ×
10−5

eV
2

and tan2 θ12 = 0.52+0.16
−0.10.

The allowed contours in the neutrino oscillation parame-

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

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

previously allowed by KamLAND at ∼2.2σ are disfavored

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

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

and a slightly increased uncertainty on θ12. The parame-

ter space can be further constrained by incorporating the re-

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

neutrino analysis with KamLAND assuming CPT invariance.

The oscillation parameters from this combined analysis are

∆m2
21 = 7.59+0.21

−0.21 × 10−5
eV

2
and tan2 θ12 = 0.47+0.06

−0.05.

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

normalization of the energy spectrum of νe from the U and

Th-decay chains simultaneously with the neutrino oscillation

parameter estimation using the KamLAND and solar data; see
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FIG. 3: The low-energy region of the νe spectrum relevant for geo-

neutrinos. The main panel shows the data with the fitted background

and geo-neutrino contributions; the upper panel compares the back-

ground and reactor νe subtracted data to the number of geo-neutrinos

for the decay chains of U (dashed) and Th (dotted) calculated from a

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

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

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

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

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

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

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

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

certainties in the energy scale.

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

power since the reactor contribution varies. The fit yields 25

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

chains, respectively, but there is a strong anti-correlation. Fix-

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

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

responding to a flux of (4.4± 1.6)×10
6

cm
−2

s
−1

, in agree-

ment with the geological reference model.

The ratio of the background-subtracted νe candidate events,

including the subtraction of geo-neutrinos, to the expectation
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Outline

• Measuring reactor antineutrinos
• Reactor neutrino oscillation measurements: status and 

prospects
• From one to multiple detectors
• Near-far detector concept
• Systematics in reactor experiments

– reactor site
– detector
– backgrounds

• Sensitivity of future reactor experimenrs
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1980s & 1990s - Reactor neutrino flux 
measurements in U.S. and Europe 

1995 - Nobel Prize to Fred Reines at UC Irvine

2003 - First observation of reactor 
antineutrino disappearance

Next - Discovery and 
precision measurement 
of θ13 

1956 - First observation 
of (anti)neutrinos

Past Reactor Experiments
Hanford
Savannah River
ILL, France
Bugey, France
Rovno, Russia
Goesgen, Switzerland
Krasnoyark, Russia
Palo Verde
Chooz, France

Neutrino Physics at Reactors

2004 - Evidence for 
spectral distortion

2008 - Precision measurement of 
Δm122 . Evidence for oscillation

KamLAND

Chooz

Savannah River

Chooz

Daya Bay
Double Chooz
Reno

History of reactor 
neutrino research

from the first discovery to precision physics
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1956 - “Observation of the Free 
Antineutrino” by Reines and Cowan

Discovery of the Neutrino 

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

νe + p → e+ + n

Eνe ≅ Ee+ + En + (Mn-Mp) + me+

including E from e+ annihilation, Eprompt=Eν - 0.8 MeV

10-100 keV 1.805 MeV

coincidence signature

prompt e+ and delayed 
neutron capture

inverse beta decay
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Observable !  Spectrum

From Bemporad, Gratta and Vogel

Reactor Antineutrinos

mean energy of νe: 3.6 MeV
only disappearance expts possible

calculated reactor 
spectrum

observed spectrum

threshold: neutrinos with E < 1.8 MeV are 
not detected

cross-section accurate to +/-0.2%

only ~ 1.5 νe/fission can be detected

rule of thumb:
~ 1 event per day per ton of LS 
per GWth at 1km

time-dependent rate and spectrum
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comparison of predicted spectra to 
observations

two curves are from fits to data and from 
predictions based on Schreckenbach et al.

3 baselines with one detector 

flux and energy spectrum agree to ~ 1-2%

Measurement of Reactor Spectra

Goesgen Experiment (1980ʼs)

reactors are calibrated source of νeʼs
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Oscillation Experiments with Reactors

Reactor experiments look for non-1/r2 behavior of antineutrino 
interaction rate

€ 

Pee ≈1− sin
2 2θ13 sin

2 Δm31
2L

4Eν

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ − cos4 θ13 sin

2 2θ12 sin
2 Δm21

2L
4Eν

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

for 3 active neutrinos, can study oscillation with two different oscillation 
length scales: Δm212, Δm213

Δm212 ~  8 x 10-5 eV2

Δm223 ~ 2.5 x 10-3 eV2
L ~ 60 km
L ~ 1.8 km

- look for rate deviations from 1/r2 and spectral distortions
- baselines relatively short, no matter effects
- Mean antineutrino energy is 3.6 MeV,  only disappearance experiments 
possible νe→νe.

Δm213 ~ Δm223 search for θ13 at baseline of ~ 1.8km
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Oscillation Search at Baseline of 1km

Chooz (1998)

νe
νeνe
νeνe

νe

νe ~3000 events 
335 days

thermal power 8.5 GW

1 km baseline

5 ton target
νe + p → e+ + n

No evidence for oscillation, absolute 
measurement with 1 detector at ~1km
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νe
νeνe
νeνe

νe

νe

thermal power 8.5 GW

1 km baseline

Chooz (1998)

systematic limitations on absolute measurement:
1. reactor power

2. reaction cross-section
3. detection efficiency

Oscillation Search at Baseline of 1km

systematic uncertainty on 
normalization
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νe
νeνe
νeνe

νe

νe

thermal power 8.5 GW

1 km baseline

Chooz (1998)

systematic uncertainty on 
normalization

systematic limitations on absolute measurement:
1. reactor power

2. reaction cross-section
3. detection efficiency

Oscillation Search at Baseline of 1km

cancels with independent normalization of 
reactor source 
cancels if we compared un-oscillated and 
oscillated antineutrino flux
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Oscillation Search at (Average) Baseline of 180km

Kashiwazaki

Takahama

Ohi

55 reactors

KamLAND (2003-present)
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FIG. 2: Allowed region for neutrino oscillation parameters from

KamLAND and solar neutrino experiments. The side-panels show

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

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

unbinned data is assessed with a maximum likelihood fit to

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

fitting the geo-neutrino contribution. The method incorporates

the absolute time of the event to account for time variations

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

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

intervals give ∆m2
21 = 7.58+0.14

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

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

−0.06(syst) for tan2 θ12<1. A

scaled reactor spectrum without distortions from neutrino os-

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

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

−0.20 ×

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

The allowed contours in the neutrino oscillation parame-

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

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

previously allowed by KamLAND at ∼2.2σ are disfavored

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

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

and a slightly increased uncertainty on θ12. The parame-

ter space can be further constrained by incorporating the re-

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

neutrino analysis with KamLAND assuming CPT invariance.

The oscillation parameters from this combined analysis are

∆m2
21 = 7.59+0.21

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

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

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

decay chains simultaneously with the neutrino oscillation pa-

rameter estimation using the KamLAND and solar data; see

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

power since the reactor contribution varies. The fit yields 25

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

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

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

ground and geo-neutrino contributions; the upper panel compares

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

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

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

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

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

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

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

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

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

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

certainties in the energy scale.

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

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

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

ment with the geological reference model.

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

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

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

identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,

including the subtraction of geo-neutrinos, to the expectation

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

tion of L0/E. The spectrum indicates almost two cycles of the

L0=180km

2003

2008

Japan
Kamioka
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significance of distortion: > 5σ
best-fit χ2/ndf=21/16 (18% C.L.)

no-osc χ2/ndf=63.9/17

significance of disappearance 
(with 2.6 MeV threshold):    8.5σ

2

tomultiplier tubes (PMTs) is mounted on the inner surface of

the sphere. A subset of 554 PMTs, referred to as “20-inch

tubes”, are reused from the Kamiokande experiment, while

the remaining 1325 PMTs are a faster version masked to 17

inches. A 3.2-kton cylindrical water-Cherenkov outer detector

(OD), surrounding the containment sphere, provides shielding

and operates as an active cosmic-ray veto detector.

Electron anti-neutrinos are detected via inverse β-decay,
νe + p → e+ + n, with a 1.8MeV threshold. The prompt
scintillation light from the e+ gives a measure of the incident

νe energy, Eνe
" Ep + En + 0.8MeV, where Ep is the

prompt event energy including the positron kinetic and anni-

hilation energy, and En is the average neutron recoil energy,

O(10 keV). The neutron is captured about 200µs mean time
after the prompt event. More than 99% capture on free pro-

tons, resulting in a deuteron and a 2.2MeV γ ray.
KamLAND is surrounded by 55 Japanese nuclear power re-

actor units, each an isotropic νe source. The reactor operation

records, including thermal power generation, fuel burnup, and

exchange and enrichment logs, are provided by a consortium

of Japanese electric power companies. This detailed infor-

mation, combined with publicly available data about the rest

of the world’s reactors, is used to calculate the instantaneous

fission rates using a reactor model [4]. Only four isotopes

contribute significantly to the νe spectra; the ratios of the fis-

sion yields averaged over the entire data taking period are:
235U : 238U : 239Pu : 241Pu= 0.570:0.078: 0.295: 0.057. 90Sr,
106Ru, and 144Ce, are long-lived fission daughters and con-

tribute low-energy neutrinos [5]. The emitted νe energy spec-

trum is calculated from the fission rates using the νe spectra

inferred from Ref. [6], while the spectral uncertainty is evalu-

ated from Ref. [7].

We recently commissioned an “off-axis” calibration system

capable of positioning radioactive sources within 5.5m of the

center of the detector. Multiple measurements of the detector

response at five distances between 2.8m and 5.5m indicate

that the vertex reconstruction systematic effects are radius-

and zenith-angle-dependent, but the vertex-position offsets are

smaller than 3 cm and independent of azimuthal position. The

fiducial volume (FV) is determined with 1.6% uncertainty up

to 5.5m using the off-axis calibration system. The position

distribution of the β-decays of muon-induced 12B/12N inde-

pendently confirm this with 4.0% uncertainty by comparing

the number of events inside 5.5m to the number produced in

the full LS volume. The 12B/12N event ratio is used to es-

tablish the uncertainty between 5.5m and 6m, resulting in a

combined 6-m-radius FV uncertainty of 1.8%.

Off-axis calibration measurements and numerous central-

axis deployments of 60Co, 68Ge, 203Hg, 65Zn, 137Cs,
241Am9Be and 210Po13C radioactive sources were used to es-

tablish the detector reconstruction properties. For the 17-inch

and 20-inch PMTs combined, the vertex reconstruction res-

olution is ∼12 cm/
√

E(MeV) and the energy resolution is

6.5%/
√

E(MeV). The scintillator response is corrected for
non-linear effects from quenching of the scintillation light and

Cherenkov light production. The systematic variation of the

TABLE I: Estimated systematic uncertainties relevant for the neu-

trino oscillation parameters ∆m2
21 and θ12. The total uncertainty on

∆m2
21 is 2.0%, while the total uncertainty on the expected event rate

(and mainly affecting θ12) is 4.1%.

Detector-related (%) Reactor-related (%)

∆m2
21 Energy scale 1.9 νe-spectra [7] 0.6

Event rate

Fiducial volume 1.8 νe-spectra 2.4

Energy threshold 1.5 Reactor power 2.1

Efficiency 0.6 Fuel composition 1.0

Cross section 0.2 Long-lived nuclei 0.3

energy reconstruction over the data-set give an absolute en-

ergy scale uncertainty of 1.4%; the distortion of the E-scale

results in a 1.9% uncertainty on ∆m2
21, while the uncertainty

at the analysis threshold gives a 1.5% uncertainty on the event

rate. Table I summarizes the systematic uncertainties in deter-

mining the neutrino oscillation parameters. The uncertainty

on∆m2
21 is 2.0%, while the uncertainty on the expected event

rate, which primarily affects θ12, is 4.1%.

For the analysis we require 0.9MeV< Ep < 8.5MeV. The
delayed energy Ed must satisfy 1.8MeV< Ed < 2.6MeV
or 4.0MeV< Ed < 5.8MeV, corresponding to the neutron-
capture γ energies for protons and 12C, respectively. The

time difference (∆T ) and distance (∆R) between the prompt
event and delayed neutron capture are selected to be 0.5µs<
∆T < 1000µs and ∆R < 2m. The accidental coincidence
rate rapidly increases near the balloon surface (R= 6.5m),
reducing the signal-to-background ratio. We use constraints

on event characteristics to suppress accidental backgrounds

while maintaining high efficiency. The prompt and delayed

radial distance from the detector center (Rp, Rd) must be less

than 6m. To discriminate signal from background, we con-

struct a probability density function (PDF) for accidental coin-

cidence events, facc(Ed, ∆R, ∆T, Rp, Rd), by pairing events
in a delayed-coincidence window between 10ms and 20 s. A

PDF for the νe signal, fνe
(Ed, ∆R, ∆T, Rp, Rd), is created

by a Monte Carlo simulation of the prompt and delayed events

using the measured neutron capture time (207.5± 2.8µs) and
detector energy resolution. In determining fνe

, we integrate

Ep over the oscillation-free reactor spectrum including a con-

tribution from geo-neutrinos estimated from a geological ref-

erencemodel [8]. A discriminator value,L = fνe

fνe
+facc

, is cal-

culated for each candidate pair that passes the earlier cuts. To

discriminate νe-candidates from accidental-background we

establish a selection value Lcut(Ep) in prompt energy in-
tervals of 0.1MeV optimized for maximal signal sensitivity

(L > Lcut(Ep) for signal-like events). Lcut(Ep) is the
value of L at which the figure-of-merit, S√

S+Bacc

is maximal,

where S and Bacc are the number of signal and accidental-

background events calculated from fνe
and facc, respectively.

The selection efficiency ε(Ep) is estimated from the frac-

tion of selected coincidence events relative to the total gener-

ated in R< 6m in the simulation, see Fig. 1(top). The increas-

total systematics: 4.1%

systematic uncertainties:
fiducial volume reduced from 
4.7% → 1.8%

Prompt event energy spectrum for νe  
KamLAND (2003-present)

how to improve reactor neutrino 
measurements:
1. eliminate reactor source systematics
2. reduce detector fiducial volume error

Oscillation Search at (Average) Baseline of 180km
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Applying the Lessons Learned from Chooz and KamLAND
1. Normalize flux from reactor source with near detectors
2. Identical detectors near and far 
3. Detectors without fiducial volume cut 

Next Generation Reactor Experiments

Measured
Ratio of 
Rates

sin22θ13

near far

νe

distance L ~ 1.5 km

Detector
Mass Ratio, H/C

mass measurement

Detector
Efficiency Ratio

calibration
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Ref: Marteyamov et al, 
hep-ex/0211070 

Reactor~20000 ev/year~1.5 x 106  ev/year

Reactor θ13 Experiment at Krasnoyarsk, Russia

Original Idea: First proposed at Neutrino2000

Krasnoyarsk
- underground reactor
- detector locations determined 
by infrastructure
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Multi-detector Reactor θ13 Neutrino Experiments

Angra, Brazil

Diablo Canyon, USA

Braidwood, USA
Chooz, France Krasnoyasrk, Russia

Kashiwazaki, Japan
RENO, Korea

Daya Bay, China

Daya Bay, Double Chooz, and Reno 
- international collaborations 
- under construction

Use Daya Bay as example for 
discussion of issues that are 
common to reactor θ13 experiments.  

Daya Bay 
- most precise experiment
- only experiment to reach sin22θ13 < 0.01 
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Precision Measurement of θ13 with Reactor Antineutrinos

Search for θ13 in new oscillation experiment with multiple detectors

~1-1.8 km

> 0.1 km

€ 
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Daya Bay Reactors:
Powerful νe source, multiple cores 
11.6 GWth now,17.4 GWth in 2011
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Reactor Source 
Multiple Reactor Sources 
Chooz has double 
reactor core

KamLAND used >55 
reactors with flux-
averaged baseline

Japan
Kamioka

Daya Bay uses 6 reactors and 
8 detectors (48 baselines)

Reactor Power Fluctuation in Multiple 
Reactor Cores                

All nominal powers equal
Varying nominal powers 

0.1% syst error2% uncertainty per core in reactor power 
→ residual systematic uncertainty is < 0.1%

(Daya Bay near)  +  Ling Ao near

Far

can analyze near-far pairs of detectors
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Daya Bay Antineutrino Detectors

• 8 “identical”, 3-zone detectors 
• no position reconstruction, no fiducial cut

target mass:          20t per detector
detector mass:      ~ 110t
photosensors:       192 PMTs
energy resolution:  12%/√E

νe + p → e+ + n

acrylic tanks
photomultipliers

steel tank

calibration 
system

Gd-doped 
liquid scintillator

liquid 
scintillator

mineral oil

Detector Design
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Daya Bay Antineutrino Detectors
3-Zone Design
no position reconstruction, no fiducial cut for 
event identification

 Gd-LS
(20 tons)

= 5m (tunnel limitations)

oil buffer (MO) thickness

> 15cm buffer between 
PMT and OAV

4 ANTINEUTRINO DETECTOR 88

Gamma catcher thickness (cm)
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Fig. 4.6. The neutron detection efficiency as a function of the thickness of the γ-

catcher. The neutron energy cut is set at 6 MeV. The thickness of the γ catcher of

the Daya Bay experiment will be 42.5 cm.

the vertex selection uncertainty, the resulting efficiency values are consistent with simulation. After a com-3018

prehensive study of detector size, detection efficiency, and experimental uncertainties, we choose 42.5 cm3019

as the thickness of the γ-catcher.3020

4.1.5 Oil Buffer3021

The outermost zone of the detector module is composed of mineral oil. The PMTs will be mounted3022

in the mineral oil next to the stainless steel vessel wall, facing radially inward. This mineral oil layer is3023

optically transparent and emits very little scintillation light. There are two primary purposes for this layer:3024

1) to attenuate radiation from the PMT glass, steel tank and other sources outside of the module; and 2)3025

to ensure that PMTs are sufficiently far from the liquid scintillator so that the light yield is quite uniform.3026

Simulations indicate that the location of light emission should be at least 15 cm away from the PMT surface,3027

as indicated in Fig. 4.7.3028

The oil buffer is also used to attenuate radiation from the PMT glass into the fiducial volume. Simulation3029

shows that with 20 cm of oil buffer between the PMT glass and the liquid scintillator, the radiation from the3030

PMT glass detected in the liquid scintillator is 7.7 Hz, as summarized in Table 4.2.3031

The welded stainless steel in KamLAND has an average radioactivity of 3 ppb Th, 2 ppb U, 0.2 ppb3032

K, and 15 mBq/kg Co. Assuming the same radioactivity levels for the vessel of the Daya Bay antineutrino3033

detector module, the corresponding rate from the stainless steel tank can be found in Table 4.3. The total3034

rate is ∼20 Hz.3035

The natural radioactivity of rock, buffer water, mineral oil, dust, radon and krypton in air play a minor3036

role, as described in Section 2.3.4. The total γ rate is <50 Hz. The oil buffer will be sufficient to suppress3037

the γ rate and the subsequent uncorrelated backgrounds to an acceptable level.3038

The dimensions of the antineutrino detector modules are shown in Table 4.4.3039

4.1.6 Optical Reflective Panels3040

Optical reflective panels will be put at the top and bottom of the cylinder. PMT numbers can be reduced3041

to nearly one half comparing to the 4π PMT installation, while keeping the same photocathode coverage. The3042

gamma catcher (LS) thickness

thickness
= 42.3 cm

det. efficiency
> 91.5%

LS

MO

Ef
fic

ie
nc

y 
(%

)
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Antineutrino Detection

events/day  per 20 ton module

Prompt Energy Signal

1 MeV

Daya Bay near site         840 
Ling Ao near site            740 
Far site''              90 

6 MeV 10 MeV

Delayed Energy Signal

→ + Gd → Gd*

     0.3 b

49,000 b

→ + p → D + γ (2.2 MeV)     (delayed)

νe + p → e+ + n

 → Gd + γʼs (8 MeV) (delayed)

Signal and Event Rates
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Antineutrino Detector Performance

Detection Efficiencies Geant4-based simulations

6 MeV 10 MeV

Delayed n Signal

6 MeV cut for delayed neutrons: 91.5%,
uncertainty 0.22% assuming 1% energy 
uncertainty

Prompt e+ Signal

1 MeV cut for prompt positrons: >99%, 
uncertainty negligible
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Systematic Uncertainties

Absolute
measurement

Relative
measurement

O(0.2-0.3%) precision for relative measurement between 
detectors at near and far sites

Detector-Related Uncertainties

Ref: Daya Bay TDR
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Sensitivity and Systematics

Reactor and νe Source Detector 

Ref: GLOBES
McFarlane, Wisconsin

- near-far detector concept largely cancels source and detector systematics
- knowledge of reactor source is still helpful

and what about backgrounds....?

baseline: σdet=0.38%

goal: σdet=0.18%
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Daya Bay Background Summary2 SENSITIVITY & SYSTEMATIC UNCERTAINTIES 48

DYB site LA site far site

Antineutrino rate (/day/module) 930 760 90

Natural radiation (Hz) <50 <50 <50
Single neutron (/day/module) 18 12 1.5

β-emission isotopes (/day/module) 210 141 14.6

Accidental/Signal <0.2% <0.2% <0.1%
Fast neutron/Signal 0.1% 0.1% 0.1%

8He9Li/Signal 0.3% 0.2% 0.2%

Table 2.13. Summary of signal and background rates in the antineutrino detectors at

Daya Bay. A neutron detection efficiency of 78% has been applied to the antineutrino

and single-neutron rates.

near and far sites, respectively.

The rates and energy spectra of all three major backgrounds can be measured in-situ. Thus the back-

grounds at the Daya Bay experiment are well controlled. The simulated energy spectra of backgrounds are

shown in Fig. 2.16. The background-to-signal ratios are taken at the far site.
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Fig. 2.16. Spectra of three major backgrounds for the Daya Bay experiment and their

size relative to the oscillation signal, which is the difference of the expected neutrino

signal without oscillation and the ‘observed’ signal with oscillation for sin2 2θ13 =
0.01.

2.4 Sensitivity

If θ13 is non-zero, a rate deficit will be present at the far detector (primarily) due to oscillation. At

the same time, the energy spectra of neutrino events at the near and far detectors will be different because

neutrinos of different energies oscillate at different frequencies. Both rate deficit and spectral distortion of

neutrino signal will be exploited in the final analysis to obtain maximum sensitivity. When the neutrino

event statistics are low (<400 ton·GWth·y), the sensitivity is dominated by the rate deficit. For luminosity
higher than 8000 ton·GWth·y, the sensitivity is dominated by the spectral distortion [18]. The Daya Bay

9Li

ν signal

backgrounds from beta-delayed neutron emission 
isotopes 8He and 9Li will have to be measured and 
subtracted

840
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Expected Precision and Sensitivity of Daya Bay

Expected Precision to νe Flux

past 

KamLAND

Daya Bay - 
projected uncertainty

next generation of experiments 
> 2 detectors

past reactor experiments
= 1 detector
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Expected Precision and Sensitivity of Daya Bay

Daya Bay Sensitivity to sin22θ13

sin22θ13  < 0.01 @ 90% CL 
in 3 years of data taking

2011 start data taking with 
near site
2012 start data taking with full 
experiment
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GLOBES 2009

first hint of  θ13 by Double Chooz 
and T2K possible if θ13 large

precision measurement to sin22θ13 < 0.01 
by Daya Bay

Ref: Huber et al.

Summary and Outlook
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GLOBES 2009

first hint of  θ13 by Double Chooz 
and T2K possible if θ13 large

precision measurement to sin22θ13 < 0.01 
by Daya Bay

Ref: Huber et al.

Summary and Outlook

early measurement of θ13 will help make decision on future 
long-baseline experiments

T2K may see early signature of νe appearance if θ13 ≠ 0

precision measurement of θ13 for unambiguous discovery and 
combined analysis with T2K and NOvA   
NoVA could provide unique sensitivity to mass hierarchy in next decade
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L11 L22

L12 L21

L2fL1f

Reactor Related Systematic Uncertainty

For multi cores, reweight oversampled cores to maximize near/far 
cancellation of the reactor power fluctuation.

Assuming 30 cm precision in core position
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Systematic Errors from the Reactor Site
Reactor Power Fluctuation in 
Multiple Reactor Cores                

All nominal powers equal
Varying nominal 
powers 

0.1% syst 
error

Cosmogenic Backgrounds

See poster by C. Jillings

Using Monte Carlo estimate how well background can be 
estimated from data using only time since last muon.
8He/9Li  σ < 0.2% 
Calculate muon rate underground using surface distributions and 
MUSIC simulations.

Using measured cross section for production of 9Li and 8He at 190 
GeV and scaling with σ ~ E0.73, obtain an estimated production rate.

2% uncertainty per core in reactor 
power → residual systematic 
uncertainty is < 0.1%

α (Daya Bay near)  +  Ling Ao near

Far
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Antineutrino Detector Overview

calibration boxes

overflow tanks, gas and 
electrical distribution boxes

calibration pipes

PMTs

inner 3-m acrylic vessel
outer 4-m acrylic vessel

top/bottom reflector
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Detector Top/Bottom Reflectors

z (cm)z (cm)

reflector flattens detector response

specular reflectors consist of ESR® high 
reflectivity film on acrylic panels

to
ta

l p
e

without reflector

with reflector
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Antineutrino Detector Response

Detector Uniformity

along radial R direction along vertical symmetry axis 
(z-direction)

R

z

Gd-LS boundary Gd-LS boundary

- GEANT4-based 
simulations
- idealized 3-zone detector 
plus reflectors 

- developing realistic 
geometry in simulations
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Energy Calibration and Efficiencies

Prompt Energy Signal

1 MeV 8 MeV

6 MeV 10 MeV

Delayed Energy Signal
νe + p → e+ + n

e+ threshold: stopped positron signal using 
68Ge source (2x0.511 MeV)
e+ energy scale:  2.2 MeV neutron capture 
signal (n source, spallation)
1 MeV cut for prompt positrons: >99%, 
uncertainty negligible

6 MeV cut for delayed neutrons: 91.5%,
uncertainty 0.22% assuming 1% energy uncertainty

6 MeV threshold: n capture signals at 8 and 
2.2 MeV (n source, spallation)   
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Antineutrino Detector Event Distributions

R2 distribution of neutron 
production point

Gd-LS LS
spill 
out   ∼ 12% / E1/2

reconstructed energy 
resolution

Geant4-based simulations

R2 distribution of neutron 
capture position
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Detector Calibration

z(
cm

)

automated calibration system 

automated calibration system
→ routine weekly deployment of sources
LED light sources 
→ monitoring optical properties

e+ and n radioactive sources (=fixed energy)
→ energy calibration

R(cm)

σ/E = 0.5% per pixel requires:
1 day (near), 10 days (far)

tagged cosmogenic background 
(free) 
→ fixed energy and time

68Ge source
Am-C + 60Co source
LED diffuser ball
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Cerenkov
Water Pool (2 layers) RPCʼs

Muon Veto System

1m outer water shield
inner water veto

RPCs: muon detect efficiency 98.6%  and ~0.5m spatial resolution.
Two-layer water pool:  962 PMTs, >2.5m water shield for neutron background,  
~0.5m spatial resolution 

Daya Bay veto system provides a combined muon detection efficiency > 99.5%.

PMTs
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KamLAND 2008: Systematics and Backgrounds

Systematic Uncertainties

total systematics: 4.1%
3

TABLE II: Estimated backgrounds after selection efficiencies.

Background Contribution

Accidentals 80.5± 0.1
9Li/8He 13.6± 1.0

Fast neutron & Atmospheric ν <9.0
13C(α,n)16O G.S. 157.2± 17.3
13C(α,n)16O 12C(n,nγ)12C (4.4 MeV γ) 6.1± 0.7
13C(α,n)16O 1st exc. state (6.05 MeV e+e−) 15.2± 3.5
13C(α,n)16O 2nd exc. state (6.13 MeV γ) 3.5± 0.2

Total 276.1± 23.5

ing accidental rate at low energies results in a lower efficiency.

Above the 208Tl Compton shoulder at 2.6 MeV, ε reaches 93%

reflecting the efficiency of spatial and temporal cuts (Rp, Rd,

∆R, ∆T ) alone. The systematic uncertainty in ε is evaluated

using 68Ge and 241Am9Be deployments to estimate the space

correlation uncertainties. The efficiency above 2.6 MeV dif-

fers less than 0.5% relative to the efficiency determined from

Monte Carlo; in the region below 1.4 MeV it differs by ∼7%.

The average efficiency change over the full spectrum is 0.6%.

The dominant background is caused by 13C(α,n)16O re-

actions. The prime α particle source is the decay of 210Po,

a daughter of the 222Rn decay chain introduced into the LS

during assembly. From observations of the quenched scintil-

lator signal from the 5.3 MeV α, we estimate that there are

(5.56± 0.22)× 109 210Po α-decays. While the 13C abun-

dance is only 1.1% of the carbon in the LS, the reaction rate is

significant, resulting in neutrons with energies up to 7.3 MeV.

These neutrons primarily undergo n-p scattering and most of

the observed scintillation energy spectrum is quenched be-

low 2.7 MeV. In addition, 12C(n,nγ)12C (4.4 MeV γ) and the

1st (6.05 MeV, e+e−) and 2nd (6.13 MeV γ) excited states of
16O produce signals in coincidence with the scattered neutron

but the exact cross sections are not well known. A 210Po13C

source was employed to study the 13C(α,n)16O reaction and

tune a simulation using the cross sections from Ref. [9, 10].

We find that the cross sections for the excited 16O states from

Ref. [9] agree with the 210Po13C data after scaling the 1st ex-

cited state by 0.6; the 2nd excited state requires no scaling. For

the ground-state we use the cross section from Ref. [10] after

subtracting the scaled excited states while accounting for the

energy-dependent neutron detection efficiency [11] and scal-

ing the resulting spectrum by 1.05. Including the 210Po decay-

rate, we assign an uncertainty of 11% for the ground-state and

20% for the excited states. Accounting for ε(Ep), there should

be 182.0± 21.7 13C(α,n)16O events in the data-set.

To mitigate background arising from the cosmogenic beta

delayed-neutron emitters 9Li and 8He, we apply a 2 s veto

within a 3-m-radius cylinder around the reconstructed tracks

of well-identified muons passing through the LS. For muons

that either deposit a large amount of energy or cannot be

tracked, we apply a 2 s veto of the full detector. We estimate

that 13.6± 1.0 events from 9Li/8He decays remain by fit-
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FIG. 1: Prompt event energy spectrum of νe candidate events.

All histograms corresponding to reactor spectra and expected back-

grounds incorporate the energy-dependent selection efficiency (top

panel). The shaded background and geo-neutrino histograms are cu-

mulative. The data show the statistical uncertainties, the band on the

blue histogram indicates the event rate systematic uncertainty.

ting the time distribution of identified 9Li/8He since the prior

muons. Spallation-produced neutrons are suppressed with a

2 ms full-volume veto after a detected muon in the analysis.

Some neutrons are produced by muons that are undetected

by the OD or miss the OD but interact in the nearby rock.

These neutrons can be scattered and then capture in the LS,

mimicking the νe signal. We also expect some high-energy

background events from atmospheric neutrinos. The energy

spectrum of these backgrounds is assumed to be flat to at

least 30 MeV based on a simulation following [12]. The at-

mospheric ν spectrum and interactions were modeled using

NUANCE [13]. We expect fewer than 9 neutron and atmo-

spheric ν events in the data-set. We observe 15 events in the

energy range 8.5 MeV to 30 MeV, consistent with the limit re-

ported previously [14].

The accidental coincidence background above 0.9 MeV is

measured with a 10-ms-to-20-s delayed-coincidence window

to be 80.5± 0.1 events. Other backgrounds from (γ,n) inter-

actions and spontaneous fission are negligible.

Anti-neutrinos produced in the decay chains of 232Th and
238U in the Earth’s interior are limited to prompt ener-

gies below 2.6 MeV. The expected geo-neutrino flux at the

KamLAND location is estimated from a reference model [8],

which assumes a radiogenic heat production rate of 16 TW

from the U and Th-decay chains. The calculated νe fluxes for

U and Th-decay, including a suppression factor of 0.57 due to

neutrino oscillation, are 2.24×106 cm−2s−1 (56.6 events) and

1.90×106 cm−2s−1 (13.1 events), respectively.

In the absence of νe disappearance, we expect to observe

2179± 89 (syst) events from reactors. The backgrounds in the

reactor energy region listed in Table II sum to 276.1± 23.5;

we also expect geo-neutrinos. We observe 1609 events.

Figure 1 shows the prompt energy spectrum of selected

electron anti-neutrino events and the fitted backgrounds. The

2

tomultiplier tubes (PMTs) is mounted on the inner surface of

the sphere. A subset of 554 PMTs, referred to as “20-inch

tubes”, are reused from the Kamiokande experiment, while

the remaining 1325 PMTs are a faster version masked to 17

inches. A 3.2-kton cylindrical water-Cherenkov outer detector

(OD), surrounding the containment sphere, provides shielding

and operates as an active cosmic-ray veto detector.

Electron anti-neutrinos are detected via inverse β-decay,
νe + p → e+ + n, with a 1.8MeV threshold. The prompt
scintillation light from the e+ gives a measure of the incident

νe energy, Eνe
" Ep + En + 0.8MeV, where Ep is the

prompt event energy including the positron kinetic and anni-

hilation energy, and En is the average neutron recoil energy,

O(10 keV). The neutron is captured about 200µs mean time
after the prompt event. More than 99% capture on free pro-

tons, resulting in a deuteron and a 2.2MeV γ ray.
KamLAND is surrounded by 55 Japanese nuclear power re-

actor units, each an isotropic νe source. The reactor operation

records, including thermal power generation, fuel burnup, and

exchange and enrichment logs, are provided by a consortium

of Japanese electric power companies. This detailed infor-

mation, combined with publicly available data about the rest

of the world’s reactors, is used to calculate the instantaneous

fission rates using a reactor model [4]. Only four isotopes

contribute significantly to the νe spectra; the ratios of the fis-

sion yields averaged over the entire data taking period are:
235U : 238U : 239Pu : 241Pu= 0.570:0.078: 0.295: 0.057. 90Sr,
106Ru, and 144Ce, are long-lived fission daughters and con-

tribute low-energy neutrinos [5]. The emitted νe energy spec-

trum is calculated from the fission rates using the νe spectra

inferred from Ref. [6], while the spectral uncertainty is evalu-

ated from Ref. [7].

We recently commissioned an “off-axis” calibration system

capable of positioning radioactive sources within 5.5m of the

center of the detector. Multiple measurements of the detector

response at five distances between 2.8m and 5.5m indicate

that the vertex reconstruction systematic effects are radius-

and zenith-angle-dependent, but the vertex-position offsets are

smaller than 3 cm and independent of azimuthal position. The

fiducial volume (FV) is determined with 1.6% uncertainty up

to 5.5m using the off-axis calibration system. The position

distribution of the β-decays of muon-induced 12B/12N inde-

pendently confirm this with 4.0% uncertainty by comparing

the number of events inside 5.5m to the number produced in

the full LS volume. The 12B/12N event ratio is used to es-

tablish the uncertainty between 5.5m and 6m, resulting in a

combined 6-m-radius FV uncertainty of 1.8%.

Off-axis calibration measurements and numerous central-

axis deployments of 60Co, 68Ge, 203Hg, 65Zn, 137Cs,
241Am9Be and 210Po13C radioactive sources were used to es-

tablish the detector reconstruction properties. For the 17-inch

and 20-inch PMTs combined, the vertex reconstruction res-

olution is ∼12 cm/
√

E(MeV) and the energy resolution is

6.5%/
√

E(MeV). The scintillator response is corrected for
non-linear effects from quenching of the scintillation light and

Cherenkov light production. The systematic variation of the

TABLE I: Estimated systematic uncertainties relevant for the neu-

trino oscillation parameters ∆m2
21 and θ12. The total uncertainty on

∆m2
21 is 2.0%, while the total uncertainty on the expected event rate

(and mainly affecting θ12) is 4.1%.

Detector-related (%) Reactor-related (%)

∆m2
21 Energy scale 1.9 νe-spectra [7] 0.6

Event rate

Fiducial volume 1.8 νe-spectra 2.4

Energy threshold 1.5 Reactor power 2.1

Efficiency 0.6 Fuel composition 1.0

Cross section 0.2 Long-lived nuclei 0.3

energy reconstruction over the data-set give an absolute en-

ergy scale uncertainty of 1.4%; the distortion of the E-scale

results in a 1.9% uncertainty on ∆m2
21, while the uncertainty

at the analysis threshold gives a 1.5% uncertainty on the event

rate. Table I summarizes the systematic uncertainties in deter-

mining the neutrino oscillation parameters. The uncertainty

on∆m2
21 is 2.0%, while the uncertainty on the expected event

rate, which primarily affects θ12, is 4.1%.

For the analysis we require 0.9MeV< Ep < 8.5MeV. The
delayed energy Ed must satisfy 1.8MeV< Ed < 2.6MeV
or 4.0MeV< Ed < 5.8MeV, corresponding to the neutron-
capture γ energies for protons and 12C, respectively. The

time difference (∆T ) and distance (∆R) between the prompt
event and delayed neutron capture are selected to be 0.5µs<
∆T < 1000µs and ∆R < 2m. The accidental coincidence
rate rapidly increases near the balloon surface (R= 6.5m),
reducing the signal-to-background ratio. We use constraints

on event characteristics to suppress accidental backgrounds

while maintaining high efficiency. The prompt and delayed

radial distance from the detector center (Rp, Rd) must be less

than 6m. To discriminate signal from background, we con-

struct a probability density function (PDF) for accidental coin-

cidence events, facc(Ed, ∆R, ∆T, Rp, Rd), by pairing events
in a delayed-coincidence window between 10ms and 20 s. A

PDF for the νe signal, fνe
(Ed, ∆R, ∆T, Rp, Rd), is created

by a Monte Carlo simulation of the prompt and delayed events

using the measured neutron capture time (207.5± 2.8µs) and
detector energy resolution. In determining fνe

, we integrate

Ep over the oscillation-free reactor spectrum including a con-

tribution from geo-neutrinos estimated from a geological ref-

erencemodel [8]. A discriminator value,L = fνe

fνe
+facc

, is cal-

culated for each candidate pair that passes the earlier cuts. To

discriminate νe-candidates from accidental-background we

establish a selection value Lcut(Ep) in prompt energy in-
tervals of 0.1MeV optimized for maximal signal sensitivity

(L > Lcut(Ep) for signal-like events). Lcut(Ep) is the
value of L at which the figure-of-merit, S√

S+Bacc

is maximal,

where S and Bacc are the number of signal and accidental-

background events calculated from fνe
and facc, respectively.

The selection efficiency ε(Ep) is estimated from the frac-

tion of selected coincidence events relative to the total gener-

ated in R< 6m in the simulation, see Fig. 1(top). The increas-

fiducial volume systematics 
reduced from 4.7% → 1.8%

(number of events)

Estimated Backgrounds

significantly reduced


