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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
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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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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

2008 - Precision measurement of 
Δm122 . Evidence for oscillation

KamLAND

Chooz

Savannah River

Chooz

Daya Bay
Double Chooz
Reno

?
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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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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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Reactor Antineutrinos
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Observable !  Spectrum

From Bemporad, Gratta and Vogel

calculated reactor 
spectrum

observed spectrum

mean energy of νe: 3.6 MeV
only disappearance experiments possible
cross-section accurate to +/-0.2%

time-dependent rate and spectrum

νe from n-rich fission products

~ 200 MeV per fission

~ 6 νe per fission

~ 2 x 1020 νe/GWth-sec
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Reactor Antineutrinos
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Observable !  Spectrum

From Bemporad, Gratta and Vogel

calculated reactor 
spectrum

observed spectrum

mean energy of νe: 3.6 MeV
only disappearance experiments possible
cross-section accurate to +/-0.2%

time-dependent rate and spectrum

threshold: neutrinos with E < 1.8 MeV 
are not detected

only ~ 1.5 νe/fission are detected

νe from n-rich fission products
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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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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

➔ but reactor anomaly...

are reactor flux predictions uncertain to 3%?
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Method 1: Accelerator Experiments

Method 2: Reactor Neutrino Oscillation Experiment

#
#

νe

νe
νe

€ 

Pµe ≈ sin
2 2θ13 sin

2 2θ23 sin
2 Δm31

2L
4Eν

+ ...

decay pipehorn absorbertargetp detector

π+

π+ µ+

€ 

Pee ≈1− sin
2 2θ13 sin

2 Δm31
2L

4Eν

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ − cos4 θ13 sin

2 2θ12 sin
2 Δm21

2L
4Eν

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

# • appearance experiment νµ → νe 
# • measurement of νµ → νe and νµ → νe yields θ13,δCP
# • baseline O(100 -1000 km), matter effects present

• disappearance experiment νe → νe 
• look for rate deviations from 1/r2 and spectral distortions
• observation of oscillation signature with 2 or multiple detectors
• baseline O(1 km), no matter effects 

Reactor and Accelerator Experiments
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Oscillation Experiments with Reactors

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

Δm213 ~ 2.5 x 10-3 eV2
L ~ 1.8 km
L ~ 60 km

Mean antineutrino energy is 3.6 MeV.
 
Only disappearance experiments are possible.

What about reactor appearance experiments?
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Oscillation Searches with Reactor Antineutrinos

Chooz

νe
νeνe
νeνe

νe

νe

~3000 events 
335 days

8.5GW power
1 km baseline

5 ton target
νe + p → e+ + n

No evidence for oscillation, absolute measurement with 1 detector

1980-1990s 
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Measuring Reactor Antineutrinos with KamLAND

Kashiwazaki

Takahama

Ohi

55 reactors

Japan
Kamioka

235U:238U:239Pu:241Pu = 0.570: 
0.078: 0.0295: 0.057

KamLANDReactors in Japan

reactor ν flux at KamLAND
~ 6 x 106/cm2/sec 

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-

 νe + p → e+ + n
through inverse β-decay 
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KamLAND 2003:
First Direct Evidence for Reactor νe Disappearance

Reactor Neutrino Physics 1956-2003 PRL 90:021802 (2003)
Observed νe 54 events
No-Oscillation 86.8 ± 5.6 events 
Background 1 ± 1 events
Livetime:  162.1 ton-yr

KamLAND:
Long Baseline

Reactor !e

12

4 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

0

T
he

rm
al

 P
ow

er
 F

lu
x 

(µ
W

/c
m

2 )

S
ur

vi
va

l E
vi

s
>

2.
6 

M
eV

1
2
3
4
5
6

0 50 100
Distance (km)

150 200 250 300 350 400 450 500
0
0.2
0.4
0.6
0.8
1
1.2

Figure 1. Distribution of nuclear power reactors as a function of distance from
the KamLAND site. The solid histogram is the current operation and the dashed
histogram is the expected operation in 2006 (Shika at 88 km increases by a factor
3). The height of the histogram shows the thermal power flux contribution at
Kamioka. Also shown as solid (!m2 = 7×10−5 eV2), dashed (3×10−5) and
dotted (1.4×10−4) lines are the survival probability of ν̄e as a function of distance
(all for sin2 2θ = 0.84). The probability is calculated for events above 2.6 MeV
in visible energy.

In the observation of reactor neutrinos, four fissile nuclei (235U, 239Pu, 238U and 241Pu) are
important and the others contribute only at the 0.1% level. Fission fragments from these nuclei
sequentially β decay and emit anti-electron–neutrinos. The purity of the ‘anti’ neutrinos is very
high and electron–neutrino contamination is only at the 10 ppm level above an inverse β decay
threshold, 1.8 MeV. These four nuclei release similar energy when they undergo fission [15] (235U
201.8 ± 0.5 , 239Pu 210.3 ± 0.6, 238U 205.0 ± 0.7 and 241Pu 212.6 ± 0.7 MeV). Thus, the fission
rate is strongly correlated with the thermal power output that is measurable at much better than 2%
even without any special care. Then, one fission causes about six neutrino emissions on average
and, therefore, the neutrino intensity can be roughly estimated to be ∼2 × 1020 ν̄e GW−1

th s−1.
Fission spectra reach equilibrium within a day above ∼2 MeV. This delay is a possible cause of
systematic error. Also, attention to the long-lived nuclei such as

106Ru
T1/2=372 d
−−−−−→ Rh −−−−−−−−→

Emax=3.541 MeV
Pd,

144Ce
T1/2=285 d
−−−−−→ Pr −−−−−−−−→

Emax=2.996 MeV
Nd

is necessary [16]. They affect the correlation between thermal power and neutrino flux at low-
energy region by <1% level.

The beta spectra from 235U, 239Pu and 241Pu have been measured with a spectrometer
irradiating thermal neutrons at ILL [17]. They fitted the observed beta spectra from 30
hypothetical beta branches and converted each branch to a neutrino spectrum [18]. In the case
of 238U, it does not undergo fission with thermal neutrons and only a theoretical calculation [19]
is available. This calculation traces 744 unstable fission products and obtains the corresponding
neutrino spectrum. The error on the calculated spectrum is larger than the measurement, but it

New Journal of Physics 6 (2004) 147 (http://www.njp.org/)
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KamLAND 2008: Precision Measurement of Oscillation

number of events
expected:    2179 ± 89 (syst) 
observed:    1609
bkgd:            276 ± 23.5

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

Prompt event energy spectrum for νe  

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%
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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%

reactor flux and fiducial volume important for precision reactor experiments
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Figure 2. Determination of the leading “atmospheric” oscillation parameters from
the interplay of data from artificial and natural neutrino sources. We show χ2-profiles
and allowed regions at 90% and 99.73% CL (2 dof) for atmospheric and MINOS, as
well as the 99.73% CL region for the combined analysis (including also K2K). The dot,
star and diamond indicate the best fit points of atmospheric data, MINOS and global
data, respectively. We minimise with respect to ∆m2

21, θ12 and θ13, including always
solar, KamLAND, and CHOOZ data.

exposure used in the latest version of Ref. [8] by about 34%. The latest data confirm the

energy dependent disappearance of νµ, showing significantly less events than expected

in the case of no oscillations in the energy range ! 6 GeV, whereas the high energy part

of the spectrum is consistent with the no oscillation expectation. We include this result

in our analysis by fitting the event spectrum given in Fig. 2 of Ref. [9]. Current MINOS

data largely supersedes the pioneering K2K measurement [27] which by now gives only
a very minor contribution to the ∆m2

31 measurement.

We combine the long-baseline accelerator data with atmospheric neutrino

measurements from Super-Kamiokande [28], using the results of Ref. [8], see references

therein for details. In this analysis sub-leading effects of ∆m2
21 in atmospheric data are

neglected, but effects of θ13 are included, in a similar spirit as in Ref. [29].

Fig. 2 illustrates how the determination of the leading atmospheric oscillation
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Figure 3. Constraints on sin2 θ13 from different parts of the global data.

parameters θ23 and |∆m2
31| emerges from the complementarity of atmospheric and

accelerator neutrino data. We find the following best fit points and 1σ errors:

sin2 θ23 = 0.50+0.07
−0.06 , |∆m2

31| = 2.40+0.12
−0.11 × 10−3 eV2 . (2)

The determination of |∆m2
31| is dominated by spectral data from the MINOS long-

baseline νµ disappearance experiment, where the sign of ∆m2
31 (i.e., the neutrino mass

hierarchy) is undetermined by present data. The measurement of the mixing angle θ23
is still largely dominated by atmospheric neutrino data from Super-Kamiokande with a

best fit point at maximal mixing. Small deviations from maximal mixing due to sub-

leading three-flavour effects have been found in Refs. [30, 31], see, however, also Ref. [32]
for a preliminary analysis of Super-Kamiokande. A comparison of these subtle effects

can be found in Ref. [33]. At present deviations from maximality are not statistically

significant.

3. Status of θ13

The third mixing angle θ13 would characterize the magnitude of CP violation in neutrino
oscillations. Together with the determination of the neutrino mass spectrum hierarchy

(i.e., the sign of ∆m2
31) it constitutes a major open challenge for any future investigation

of neutrino oscillations [4, 5].

Fig. 3 summarizes the information on θ13 from present data. Similar to the case of

the leading oscillation parameters, also the bound on θ13 emerges from an interplay of

different data sets, as illustrated in the left panel of Fig. 3. An important contribution
to the bound comes, of course, from the CHOOZ reactor experiment [6] combined with

the determination of |∆m2
31| from atmospheric and long-baseline experiments. Due to

a complementarity of low and high energy solar neutrino data, as well as solar and
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Figure 1. Determination of the leading “solar” oscillation parameters from the
interplay of data from artificial and natural neutrino sources. We show χ2-profiles
and allowed regions at 90% and 99.73% CL (2 dof) for solar and KamLAND, as well
as the 99.73% CL region for the combined analysis. The dot, star and diamond indicate
the best fit points of solar data, KamLAND and global data, respectively. We minimise
with respect to ∆m2

31, θ23 and θ13, including always atmospheric, MINOS, K2K and
CHOOZ data.

as (xupper − xlower)/(xupper + xlower). We find that the main limitation for the ∆m2
21

measurement comes from the uncertainty on the energy scale in KamLAND of 1.5%.

KamLAND data start also to contribute to the lower bound on sin2 θ12, whereas the

upper bound is dominated by solar data, most importantly by the CC/NC solar neutrino

rate measured by SNO. The SNO-NCD measurement reduces the 3σ upper bound on

sin2 θ12 from 0.40 [8] to 0.37.

Let us now move to the discussion of the status of the leading atmospheric

parameters θ23 and ∆m2
31. The Main Injector Neutrino Oscillation Search experiment

(MINOS) has reported new results on νµ disappearance with a baseline of 735 km based

on a two-year exposure from the Fermilab NuMI beam. Their data, recorded between

May 2005 and July 2007 correspond to a total of 3.36×1020 protons on target (POT) [9],

more than doubling the POT with respect to MINOS run I [26], and increasing the

Schwetz et al 
arXiv:0808.2016
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Precision Measurement of θ13 with Reactor Antineutrinos

Search for θ13 in new oscillation experiment with multiple detectors
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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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World of 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/taking data



Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011 Slide from M. Shaevitz



Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011 Slide from M. Shaevitz



Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011 

Daya Bay, China
http://dayawane.ihep.ac.cn/

http://dayawane.ihep.ac.cn
http://dayawane.ihep.ac.cn


Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011 

Daya Bay, China
http://dayawane.ihep.ac.cn/

RPCswater pool
muon veto system

experimental hall

PMTs

http://dayawane.ihep.ac.cn
http://dayawane.ihep.ac.cn


Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011 

Daya Bay, China
http://dayawane.ihep.ac.cn/

RPCswater pool
muon veto system

experimental hall

PMTs

http://dayawane.ihep.ac.cn
http://dayawane.ihep.ac.cn


Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011 

Daya Bay, China
http://dayawane.ihep.ac.cn/

RPCswater pool
muon veto system

experimental hall

PMTs
antineutrino detectors

http://dayawane.ihep.ac.cn
http://dayawane.ihep.ac.cn


Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011 

Daya Bay, China
http://dayawane.ihep.ac.cn/

RPCswater pool
muon veto system

experimental hall

PMTs
antineutrino detectors

multiple detectors per site 
cross-check efficiency 
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Experiment
Thermal 
Power
(GW)

Distances
Near/Far

(m)

Depth
Near/Far

(mwe)

Target Mass
(tons)

Start Date
Near/Far

Sensitivity
@2.5x10-3 eV2

90% CL, 3 years

Double-
CHOOZ
(France)

8.6 410/1050 115/300 8.8/8.8 2012/2011
0.03

RENO
(So. Korea)

17.3 290/1380 120/450 20/20 2011/2011 0.02

Daya Bay
(China)

17.4 363(481) / 
1985(1613)

260/910 40(×2) / 80 2011/2012 0.008

Reactor θ13 Experiments
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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
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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            760 
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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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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2010 2012 2014 2016 2018
year

10-2

10-1

sin
2 2
! 1
3

T2K
NOvA
DayaBay
DoubleChooz
RENO

Upper limit at 90% CL in case of no signal

Figure 18. Evolution of the θ13 sensitivity limit as a function of time (90% CL), i.e.,
the 90% CL limit which will be obtained if the true θ13 is zero. The four curves for
Daya Bay correspond to different assumptions on the achieved systematic uncertainty,
from weakest to strongest sensitivity: 0.6% correlated among detector modules at one
site, 0.38% correlated, 0.38% uncorrelated among modules, 0.18% uncorrelated.

the near detectors are available in 2011, but consider the start of the full experiment

with all detectors at the end of 2011. For all reactor experiments we assume that all

reactors are at nominal power all time according to the event numbers per year given in
table 2. For T2K and NOνA we use the exposures as a function of time shown in fig. 11,

assuming that protons on target are uniformly distributed along the year, not taking

into consideration the specific schedules of the accelerators. In all cases we assume that

results are available instantaneously with data.

The simulations of T2K and NOνA are performed with the GLoBES software [110,

111] based on the experiment definitions developed in [137] and available at the GLoBES

web-page. Modifications to the T2K simulation have been introduced due to recent
updates on efficiencies (it now reproduces fig. 10). For the reactor experiments an

independent code has been developed, allowing for an arbitrary number of reactors and

detectors. Various systematics are included with proper correlations between detectors

and reactors, as well as backgrounds from accidental, fast neutrons, and cosmogentics

according to the numbers provided in the respective proposals. Reactor fluxes and their

uncertainties are included following [147].
The θ13 sensitivity limit time evolution is shown in fig. 18. We observe that

the global sensitivity limit will be dominated by reactor experiments. If the assumed

schedules for the reactor experiments are achieved, Double Chooz and RENO will each

dominate the limit between 0.5 and one year, whereas as soon as operational Daya Bay

will set the global limit. Thanks to the large exposure, Daya Bay will have the best limit

(as well as discovery potential) among the reactor experiments. After 5 years of running

Mezzetto et al 
arXive/1003.5800v1
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What about sterile neutrinos?

5

energy bins (Ee = Eν −1.293 MeV) between 1 and 8 MeV. In both panels, sin2 2θ13 = 0.042, ∆m2
13 = 2.2×10−3 eV2,

∆m2
14 = 1.0 × 10−2 eV2. In the left-hand side, θ14 = 0 so that, as far as this observable (Pee at the baselines and

energies of interest here) is concerned, there are no sterile neutrinos. In the right-hand side, sin2 2θ14 = 0.069. In
the case sin2 2θ14 = 0.069 two features are noteworthy. One is that the ∆m2

14 effects lead to visible distortions in
the recoil electron energy spectrum both in the neat and far detectors, assuming the energy resolution is such that
one can “see” the binning depicted in the figure. The other is that, on average, the near and far detectors point to a
similar suppression of the expected number of events, as discussed in Sec. II.
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FIG. 1: Number of events per energy bin in the Daya-Bay-like setup, normalized to the expected number of events in the
absence of oscillations. Error bars are statistical only. The “data” correspond to sin2 2θ13 = 0.042, ∆m2

13 = 2.2 × 10−3 eV2,
∆m2

14 = 1.0 × 10−2 eV2 and sin2 2θ14 = 0 (left-hand side) or sin2 2θ14 = 0.069 (right-hand side). The grey [red] open circles
(black closed circles) with smaller (larger) error bars correspond to “data” in the near (far) detector. The dotted [blue] line
indicates the no-oscillation case.

A. No Evidence for Oscillations

In the absence of an oscillation signal, next-generation θ13-driven experiments rule out regions of the sin2 2θ13×∆m2
13

plane that are currently allowed by all neutrino data. Such a result would severely impact planning for next and
next-next generation neutrino experiments. It would, for example, reveal that the NOνA experiment [14] cannot
determine the neutrino mass hierarchy and strengthen the case for building a muon storage ring (neutrino factory)
[15].

In order to study the impact of sterile neutrinos, we simulate data (as described above) consistent with no oscillations
(θ13 = θ14 = 0) and analyze it under two distinct hypotheses: (i) there are no light sterile neutrinos (as far as the
setups in question are concerned, this is equivalent to θ14 = 0) and (ii) there is a fourth neutrino mass state with
∆m2

14 ∈ [1, 10] × 10−2 eV2 and sin2 2θ14 < 0.1. In either case, we restrict ∆m2
13 ∈ [2, 3] × 10−3 eV2, as dictated by

current neutrino data.‡

Figure 2 depicts the region of parameter space ruled out at the 2σ confidence level in the Double-CHOOZ-like
(left-hand side) and Daya-Bay-like (right-hand side) setup. The darker continuous boundaries are obtained under the
hypothesis that θ14 = 0. Note that, in spite of the simplified nature of our analyses, our results agree qualitatively
with those in [1, 2]. The lighter [red] dashed boundaries are obtained once χ2 is marginalized over the “allowed”
sin2 2θ14 × ∆m2

14 parameter space.
Throughout, we perform two different “types” of data analysis. In one case we consider a simple counting experiment

(nbins = 1), i.e., one counts how many electron antineutrino candidate events appear in the near and far detectors
and compares these numbers against expectations. In this case, the ability of sterile neutrinos to “mask” θ13 effects is

‡ Our ∆m2
13

window agrees with the 90% confidence level allowed range quoted in the particle data book [16] and is much wider than the
most recent MINOS result, ∆m2

13
∈ [2.17, 2.69] × 10−3 eV2 at the 2σ level [17].

de Gouvea and Wytock
arXive:0809.5076

θ13 Experiments and Light Sterile Neutrinos (0.01-0.1 eV2)

Δm142=1.0x10-2 eV2

far detector 

near detector 
no oscillation

θ14-driven oscillations affect far and near detector data differently
θ14-driven effects impact ones ability to measure sin22θ13, 
shape analysis can disentangle θ13 from θ14-driven effects.

roles of near and far detectors may be reversed compared to those 
associated to studying θ13 effects

Daya Bay setup
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(black closed circles) with smaller (larger) error bars correspond to “data” in the near (far) detector. The dotted [blue] line
indicates the no-oscillation case.

A. No Evidence for Oscillations

In the absence of an oscillation signal, next-generation θ13-driven experiments rule out regions of the sin2 2θ13×∆m2
13

plane that are currently allowed by all neutrino data. Such a result would severely impact planning for next and
next-next generation neutrino experiments. It would, for example, reveal that the NOνA experiment [14] cannot
determine the neutrino mass hierarchy and strengthen the case for building a muon storage ring (neutrino factory)
[15].

In order to study the impact of sterile neutrinos, we simulate data (as described above) consistent with no oscillations
(θ13 = θ14 = 0) and analyze it under two distinct hypotheses: (i) there are no light sterile neutrinos (as far as the
setups in question are concerned, this is equivalent to θ14 = 0) and (ii) there is a fourth neutrino mass state with
∆m2

14 ∈ [1, 10] × 10−2 eV2 and sin2 2θ14 < 0.1. In either case, we restrict ∆m2
13 ∈ [2, 3] × 10−3 eV2, as dictated by

current neutrino data.‡

Figure 2 depicts the region of parameter space ruled out at the 2σ confidence level in the Double-CHOOZ-like
(left-hand side) and Daya-Bay-like (right-hand side) setup. The darker continuous boundaries are obtained under the
hypothesis that θ14 = 0. Note that, in spite of the simplified nature of our analyses, our results agree qualitatively
with those in [1, 2]. The lighter [red] dashed boundaries are obtained once χ2 is marginalized over the “allowed”
sin2 2θ14 × ∆m2

14 parameter space.
Throughout, we perform two different “types” of data analysis. In one case we consider a simple counting experiment

(nbins = 1), i.e., one counts how many electron antineutrino candidate events appear in the near and far detectors
and compares these numbers against expectations. In this case, the ability of sterile neutrinos to “mask” θ13 effects is
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θ13 Experiments and Light Sterile Neutrinos (0.01-0.1 eV2)

Δm142=1.0x10-2 eV2

far detector 

near detector 
no oscillation

θ13 and θ14 
driven oscillation

rate 

shape 

θ14-driven oscillations affect far and near detector data differently
θ14-driven effects impact ones ability to measure sin22θ13, 
shape analysis can disentangle θ13 from θ14-driven effects.

roles of near and far detectors may be reversed compared to those 
associated to studying θ13 effects
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What about sterile neutrinos?

Bandyopadhyaya and Choubey
arXive:0707.2481v1

θ13 Experiments and 3+2 Sterile Neutrinos (~1 eV2)

oscillations driven by the extra sterile neutrinos would produce 
a constant suppression at both the near and far detectors

near detector far detector 

Double Chooz setup

data from near and far detectors can be used to probe θ13 and θ14-driven effects
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Very Short Baseline Oscillation Search?

Daya Bay Far Hall

reactor νe
from 1.8km distance

5m
~90 events/
day/detector

a multi-detector experiment with 
baseline O(10m) in experimental hall

Littlejohn, KMH

5m
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Very Short Baseline Oscillation Search?

Daya Bay Far Hall

reactor νe
from 1.8km distance

5m
~90 events/
day/detector

νe source

artificial sources of νe?
spent nuclear fuel?

Look for very short-baseline variations on top of the reactor νe background
➔ sterile oscillations?
➔ Pontecorvo ν →ν oscillations?
➔ flavor change from magnetic moment scattering?

Littlejohn, KMH

5m

a multi-detector experiment with 
baseline O(10m) in experimental hall
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Very Short Baseline Oscillation Search?

reactor νe
from 1.8km distance

~90 events/
day/detector

Littlejohn, KMH

5m 5m

Daya Bay Far Hall
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Very Short Baseline Oscillation Search?

reactor νe
from 1.8km distance

~90 events/
day/detector

Littlejohn, KMH

5m 5m

Daya Bay Far Hall
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Summary and Conclusions

• Upcoming reactor experiments will measure θ13. Key to model 
building. Measurement of sin22θ13 > 0.01 is key to planning leptonic 
CPV searches in long-baseline ν oscillation experiments. 

• Atmospheric, solar and reactor experiments were key to the discovery 
of neutrino mass and oscillation in the past decade (1998 - ).

• Future intermediate/long-baseline reactor antineutrino experiments may 
be used for a precision measurement of θ12 (using baseline from Δm212= 
Δm2sol). 

• Determination of mass hierarchy with kt-size detectors is being explored. 

• New experiments with multiple detectors at distances of 5-15m may offer 
opportunities for very short baseline oscillation searches with appropriate 
νe source
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