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• Discovery of Neutrino Oscillations 
• Completion of mixing angles 
• Unexpected and remaining questions



Neutrino ExperimentsWei Wang/王為

Disclaimers

• This year is the 20th anniversary of the Super-K experiment: neutrino 

oscillation has been discovered for 18 years and physicists are quite 

familiar with most of the progresses 

• Many people in audience are experts in this field so I will simply try to 

entertain you with my version of the story, focusing on neutrino 

oscillations and oscillation parameter measurements 

• I try to be complete but I must be biased due to personal experiences 

• I apologize if I am missing your favorite experiments or results
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Discovery of Neutrino Oscillations and Nobel Prize
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fluxes. The CC and ES results reported here are consis-
tent with the earlier SNO results [2] for Teff≥6.75 MeV.
The excess of the NC flux over the CC and ES fluxes
implies neutrino flavor transformations.

A simple change of variables resolves the data di-
rectly into electron (φe) and non-electron (φµτ ) compo-
nents [13],

φe = 1.76+0.05
−0.05(stat.)+0.09

−0.09 (syst.)

φµτ = 3.41+0.45
−0.45(stat.)+0.48

−0.45 (syst.)

assuming the standard 8B shape. Combining the sta-
tistical and systematic uncertainties in quadrature, φµτ

is 3.41+0.66
−0.64, which is 5.3σ above zero, providing strong

evidence for flavor transformation consistent with neu-
trino oscillations [8, 9]. Adding the Super-Kamiokande
ES measurement of the 8B flux [10] φSK

ES = 2.32 ±
0.03(stat.)+0.08

−0.07 (syst.) as an additional constraint, we

find φµτ = 3.45+0.65
−0.62, which is 5.5σ above zero. Fig-

ure 3 shows the flux of non-electron flavor active neutri-
nos vs the flux of electron neutrinos deduced from the
SNO data. The three bands represent the one standard
deviation measurements of the CC, ES, and NC rates.
The error ellipses represent the 68%, 95%, and 99% joint
probability contours for φe and φµτ .

Removing the constraint that the solar neutrino energy
spectrum is undistorted, the signal decomposition is re-
peated using only the cos θ⊙ and (R/RAV)3 information.
The total flux of active 8B neutrinos measured with the
NC reaction is

φSNO
NC = 6.42+1.57

−1.57(stat.)+0.55
−0.58 (syst.)

which is in agreement with the shape constrained value
above and with the standard solar model prediction [11]
for 8B, φSSM = 5.05+1.01

−0.81.
In summary, the results presented here are the first di-

rect measurement of the total flux of active 8B neutrinos
arriving from the sun and provide strong evidence for
neutrino flavor transformation. The CC and ES reaction
rates are consistent with the earlier results [2] and with
the NC reaction rate under the hypothesis of flavor trans-
formation. The total flux of 8B neutrinos measured with
the NC reaction is in agreement with the SSM prediction.
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dustry Canada, NRC, Northern Ontario Heritage Fund
Corporation, Inco, AECL, Ontario Power Generation;
US: Dept. of Energy; UK: PPARC. We thank the SNO
technical staff for their strong contributions.

∗ Permanent Address: Birkbeck College, University of
London, Malet Road, London WC1E 7HX, UK

† Deceased
[1] H.H. Chen, Phys. Rev. Lett. 55, 1534 (1985).

0 1 2 3 4 5 6
0

1

2

3

4

5

6

7

8

)-1 s-2 cm6 (10eφ

)
-1

 s
-2

 c
m

6
 (1

0
τ
µ
φ SNO

NCφ

SSMφ

SNO
CCφ

SNO
ESφ

FIG. 3: Flux of 8B solar neutrinos which are µ or τ flavor vs
flux of electron neutrinos deduced from the three neutrino re-
actions in SNO. The diagonal bands show the total 8B flux as
predicted by the SSM [11] (dashed lines) and that measured
with the NC reaction in SNO (solid band). The intercepts
of these bands with the axes represent the ±1σ errors. The
bands intersect at the fit values for φe and φµτ , indicating
that the combined flux results are consistent with neutrino
flavor transformation assuming no distortion in the 8B neu-
trino energy spectrum.
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Super-Kamiokande and SNO Detectors
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Discovering Mass
The farther neutrinos travel, the more time they have to oscillate. By
comparing the ratio of flavors of neutrinos coming "up" through the Earth
to those coming from overhead, physicists determined that neutrinos
oscillate, which neutrinos can only do if they have mass.

A cosmic ray
(usually a proton)
from space

Neutrinos continue on
the trajectory and begin
to oscillate as they
pass through the earth

Cosmic ray

A neutrino strikes another
elementary particle in the
detector tank. The interaction
is recorded and analyzed by
scientists to identify both the
flavor of the neutrino and its
flight path.

University of Hawai'i media graphic

The cosmic ray hits the
earth's atmosphere,
making a spray of
secondary particles,
some of which decay
into neutrinos

Earth’s
atmosphere

1

2

3

One cycle of an oscillating neutrino
as it passes through earth

SUPER KAMIOKANDE DETECTOR

Oscillating
neutrinos
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Sensitivity to Various Parameters of Atmospheric Neutrinos

• Matter effect can generate resonance conversion → Mass hierarchy 

• Solar oscillation νμ ⟺ νe → octant sensitivity 

• Interference between neutrino and antineutrino → CP phase sensitivity
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Standard$3$flavor$analysis�
•  Take$into$account$all$the$sub5leading$effects$(Δm2

21$&$maker)$

•  Presence$of$maker:$maker$effect$on$θ13$"$resolving$mass$hierarchy$

•  Presence$of$Δm2
21:$νµ$#$νe$"$resolving$octant$θ23$

•  Presence$of$interference$"$CP$viola=ng$phase$
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Mul=5Ring$other�
 statistical separation based on 
•  # of decay e 
•  # of rings 
•  transverse mom. 

ν$through$the$Earth$
Resonance$conversion$
MH/octant$sensi=ve�

Moriyama, Neutino’16
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Super-K Atmospheric Neutrino Results
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SK$only$parameter$determina=on�

•  SK$only$(θ13$fixed):$Δχ2$=$χ2NH5χ2IH=$54.3$(53.1$expected)$
•  Under$IH$hypothesis,$the$probability$to$obtain$Δχ2$of$54.3$or$less$is$

0.031$(sin2θ23=0.6)$and$0.007$(sin2θ23=0.4).$Under$NH$hypothesis,$the$
probability$is$0.45$(sin2θ23=0.6).$
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Fit$(517$dof)� χ2� sin2θ13� δCP� sin2θ23� |Δm2
32|eV2�
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preliminary$

Fit$(517$dof)� χ2� sin2θ13� δCP� sin2θ23� |Δm2
32|eV2�

SK$(IH)$ 576.08� 0.0219$(fix)� 4.189� 0.575� 2.5x1053�

SK$(NH)� 571.74� 0.0219$(fix)� 4.189� 0.587� 2.5x1053�

11$

|Δm2
32|$

|Δm2
13|�

δCP�sin2θ23�

Inverted 
Normal 

eV2�

• Δ𝜒2(NH-IH)=-4.3: Normal Mass Hierarchy is preferred by SK atm. data 
• Weak CP and octant preferences
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Solar Neutrino Oscillations using Reactor Neutrinos
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KamLAND, 
PRL99,021802(2002)

are taken from [11]. This neutrino spectrum has been
tested to a few percent with short-baseline reactor !!!e
experiments [5,12]. The finite lifetimes of fission prod-
ucts introduce a 0.28% uncertainty to the !!!e flux. The
contribution from Korean reactors is estimated to be
!2:46" 0:25#% based on reported electric power gen-
eration. The rest of the World’s reactors contribute
!0:70" 0:35#% from an estimate using reactor specifica-
tions from the International Nuclear Safety Center [13].
In the absence of !!!e disappearance the expected number
of !!!e events is 86:8" 5:6; the systematic error contribu-
tions are listed in Table II.

The antineutrinos at KamLAND are provided by many
nuclear reactors but the flux is actually dominated by a
few powerful reactors at an average distance of $180 km.
More than 79% of the flux is from 26 reactors between
138–214 km away. One close reactor at 88 km contributes
6.7%; other reactors are more than 295 km away. The
relatively narrow band of distances allows KamLAND to
be sensitive to spectral distortions for certain oscillation
parameters.

Figure 3 shows the energy distribution of delayed co-
incidence events with no energy cuts. A well-separated
cluster of 2.2 MeV capture "’s is evident. One observed
event with delayed energy around 5 MeV and prompt
energy of about 3.1 MeV (not shown in Fig. 3) is consistent
with the expected neutron radiative capture rate on 12C.

The observed space-time correlation of the prompt and
delayed events agrees with expectations, and the mea-
sured capture time of 188" 23 #sec is consistent with
predictions for LS. After applying all the prompt and
delayed energy cuts, 54 events remain. Accounting for
$1 background event the probability of a fluctuation from
86.8 expected is <0:05% by Poisson statistics. The ratio
of observed reactor !!!e events to expected in the absence
of neutrino disappearance is

Nobs % NBG

Nexpected
& 0:611" 0:085!stat# " 0:041!syst#:

Figure 4 shows the ratio of measured to expected flux for
KamLAND as well as previous reactor experiments as a
function of the average distance from the source.

The expected prompt positron spectrum with no oscil-
lations and the best fit with reduced $2 & 0:31 for 8
degrees of freedom for two-flavor neutrino oscilla-
tions above the 2.6 MeV threshold are shown in Fig. 5.
A clear deficit of events is evident. At the 93% C.L.
the data are consistent with a distorted spectrum shape
expected from neutrino oscillations, but a scaled no-
oscillation shape is also consistent at 53% C.L. as deter-
mined by Monte Carlo.

The neutrino oscillation parameter region for two-
neutrino mixing is shown in Fig. 6. The dark shaded
area is the MSW-LMA [19] region at 95% C.L. derived
from [16]. The shaded region outside the solid line is
excluded at 95% C.L. from the rate analysis with
$2 ' 3:84 and

TABLE II. Estimated systematic uncertainties (%).

Total LS mass 2.1 Reactor power 2.0
Fiducial mass ratio 4.1 Fuel composition 1.0
Energy threshold 2.1 Time lag 0.28
Efficiency of cuts 2.1 !!! spectra [11] 2.5
Live time 0.07 Cross section [14] 0.2

Total systematic error 6.4%

FIG. 3 (color). Distribution of !!!e candidates after fiducial
volume, time, vertex correlation, and spallation cuts are ap-
plied. For !!!e events the prompt energy is attributed to positrons
and the delayed energy to neutron capture. Events within the
horizontal lines bracketing the delayed energy of 2.2 MeV are
consistent with thermal neutron capture on protons.
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FIG. 4: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane,

for solar and KamLAND data from the three-flavor oscillation anal-
ysis for (a) θ13 free and (b) θ13 constrained by accelerator and short-
baseline reactor neutrino experiments. The shaded regions are from
the combined analysis of the solar and KamLAND data. The side
panels show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21

axes.

by term (iv). Table II summarizes the systematic uncertainties
on ∆m2

21 and the expected event rate of reactor νe’s. The
overall rate uncertainties for Period 1 and for Periods 2 and 3
are 3.5% and 4.0%, respectively. Systematic uncertainties
are conservatively treated as being fully correlated across all
data taking periods. The penalty term (v) optionally provides
a constraint on the neutrino oscillation parameters from so-
lar [27–31], accelerator (T2K [6], MINOS [7]), and short-
baseline reactor neutrino experiments (Double Chooz [8],
Daya Bay [9], RENO [10]).
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no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram is
the best-fit survival probability curve from the three-flavor unbinned
maximum-likelihood analysis using only the KamLAND data.

Figure 2 plots the time variation for the rates of reactor νe’s,
geo νe’s, and backgrounds for the three data taking periods,
assuming the best-fit oscillation parameters, and geo νe fluxes
from the reference model of [17]. Also drawn are the correla-
tions between the measured and expected best-fit event rates,
which should fit to a line with unit slope and zero offset in the
absence of geo νe’s. The vertical displacement of the trend
for events below 2.6 MeV is attributed to the contribution of
geo νe’s.

Figure 3 shows the prompt energy spectra of νe candidate
events for each period. The reduction of the 13C(α, n)16O
background in Period 2 and of reactor νe’s in Period 3 can
clearly be seen. For the three-flavor KamLAND-only anal-
ysis (χ2

osci = 0), the fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. The contours are nearly symmet-
ric about tan2 θ12 = 1, but the best-fit values for tan2 θ12 > 1
are slightly disfavored over those for tan2 θ12 < 1, with
∆χ2 = 0.8. Assuming CPT invariance, the oscillation pa-
rameter values from a combined analysis including constraints

TABLE II: Contributions to the systematic uncertainty in the neutrino
oscillation parameters ∆m2

21, θ12, and θ13 for the earlier / later pe-
riods of measurement, denoted in the text as Period 1 / Period 2 & 3.
The overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 & 3.

Detector-related (%) Reactor-related (%)
∆m2

21 Energy scale 1.8 / 1.8 νe-spectra [32] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 νe-spectra [24] 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8

KamLAND, 
PRL100,221803(2008)
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Combined Results from SNO and KamLAND
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FIG. 15. Two-flavor neutrino oscillation analysis contour us-
ing both solar neutrino and KamLAND (KL) results.

KamLAND (KL) experiment. The combination of the
SNO results with the other solar neutrino experimental
results eliminates the LOW region, and eliminates the
higher values of �m

2
21 in the LMA region.

Table IX summarizes the results from these two-flavor
neutrino analyses.

TABLE IX. Best-fit neutrino oscillation parameters from a
two-flavor neutrino oscillation analysis. Uncertainties listed
are ±1� after the �2 was minimized with respect to all other
parameters.

Oscillation analysis tan2

✓

12

�m

2

21

[eV2] �

2

/NDF

SNO only (LMA) 0.427+0.033

�0.029

5.62+1.92

�1.36

⇥ 10�5

1.39

/3

SNO only (LOW) 0.427+0.043

�0.035

1.35+0.35
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⇥ 10�7

1.41

/3

Solar 0.427+0.028

�0.028

5.13+1.29

�0.96

⇥ 10�5

108.07

/129

Solar+KamLAND 0.427+0.027

�0.024

7.46+0.20

�0.19

⇥ 10�5

VI.4. Three-flavor neutrino oscillation analysis

Figure 16 shows the allowed regions of the
(tan2

✓12, �m

2
21) and (tan2

✓12, sin
2
✓13) parameter spaces

obtained from the results of all solar neutrino exper-
iments. It also shows the result of these experiments
combined with the results of the KamLAND experiment.
Compared to the result in Figure 15, this clearly shows
that allowing non-zero values of ✓13 brings the solar neu-
trino experimental results into better agreement with the
results from the KamLAND experiment.

Figure 17 shows the projection of these results onto
the individual oscillation parameters. This result shows
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FIG. 16. Three-flavor neutrino oscillation analysis contour
using both solar neutrino and KamLAND (KL) results.

that due to the di↵erent dependence between tan2
✓12

and sin2
✓13 for the solar neutrino experimental results

and the KamLAND experimental results, the combined
constraint on sin2

✓13 was significantly better than the
individual constraints.

Table X summarizes the results from these three-flavor
neutrino oscillation analyses. Tests with the inverted hi-
erarchy, i.e. negative values of �m

2
31, gave essentially

identical results [36].
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FIG. 4: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane,

for solar and KamLAND data from the three-flavor oscillation anal-
ysis for (a) θ13 free and (b) θ13 constrained by accelerator and short-
baseline reactor neutrino experiments. The shaded regions are from
the combined analysis of the solar and KamLAND data. The side
panels show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21

axes.

by term (iv). Table II summarizes the systematic uncertainties
on ∆m2

21 and the expected event rate of reactor νe’s. The
overall rate uncertainties for Period 1 and for Periods 2 and 3
are 3.5% and 4.0%, respectively. Systematic uncertainties
are conservatively treated as being fully correlated across all
data taking periods. The penalty term (v) optionally provides
a constraint on the neutrino oscillation parameters from so-
lar [27–31], accelerator (T2K [6], MINOS [7]), and short-
baseline reactor neutrino experiments (Double Chooz [8],
Daya Bay [9], RENO [10]).
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FIG. 5: Ratio of the observed νe spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram is
the best-fit survival probability curve from the three-flavor unbinned
maximum-likelihood analysis using only the KamLAND data.

Figure 2 plots the time variation for the rates of reactor νe’s,
geo νe’s, and backgrounds for the three data taking periods,
assuming the best-fit oscillation parameters, and geo νe fluxes
from the reference model of [17]. Also drawn are the correla-
tions between the measured and expected best-fit event rates,
which should fit to a line with unit slope and zero offset in the
absence of geo νe’s. The vertical displacement of the trend
for events below 2.6 MeV is attributed to the contribution of
geo νe’s.

Figure 3 shows the prompt energy spectra of νe candidate
events for each period. The reduction of the 13C(α, n)16O
background in Period 2 and of reactor νe’s in Period 3 can
clearly be seen. For the three-flavor KamLAND-only anal-
ysis (χ2

osci = 0), the fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. The contours are nearly symmet-
ric about tan2 θ12 = 1, but the best-fit values for tan2 θ12 > 1
are slightly disfavored over those for tan2 θ12 < 1, with
∆χ2 = 0.8. Assuming CPT invariance, the oscillation pa-
rameter values from a combined analysis including constraints

TABLE II: Contributions to the systematic uncertainty in the neutrino
oscillation parameters ∆m2

21, θ12, and θ13 for the earlier / later pe-
riods of measurement, denoted in the text as Period 1 / Period 2 & 3.
The overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 & 3.

Detector-related (%) Reactor-related (%)
∆m2

21 Energy scale 1.8 / 1.8 νe-spectra [32] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 νe-spectra [24] 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8

KamLAND, PRD88 (2013) 033001SNO, PRC88 (2013) 025501 

∆m2
21 |∆m2

31| sin2 θ12 sin2 θ13 sin2 θ23
Dominant Exps. KamLAND MINOS SNO Daya Bay SK/T2K
Individual 1σ 2.7% [121] 4.1% [123] 6.7% [109] 6% [122] 14% [124,125]
Global 1σ 2.6% 2.7% 4.1% 5.0% 11%

Table 3-1: Current precision for the five known oscillation parameters from the dominant experi-
ments and the latest global analysis [69].

required by the MH measurement, antineutrinos from different reactors generate nearly identical
energy spectra without smearing the oscillation patterns. This represents an important advantage
for extracting the oscillation parameters with high precision. Fig. 3-1 shows the predicted prompt
energy spectrum for the IBD events. Multiple oscillation patterns corresponding to the solar and
atmospheric ∆m2 scales are clearly visible.

Current precision for five known oscillation parameters are summarized in Table 3-1, where
both the results from individual experiments and from the latest global analysis [69] are presented.
Most of the oscillation parameters have been measured with an accuracy better than 10%. The
least accurate case is for θ23, where the octant ambiguity hinders a precision determination. Among
the four oscillation parameters accessible by JUNO, θ13 can not be measured with a precision better
than the Daya Bay one, which is expected to reach a 4% precision for this smallest mixing angle
after 5 years of running. Therefore, we only discuss the prospect for precision measurements of
θ12,∆m2

21, and |∆m2
ee|1.

With the nominal setup [60] described in the MH measurement, the expected accuracy for the
three relevant parameters is shown in Fig. 3-4, where the solid lines show the accuracy with all
the other oscillation parameters fixed and the dashed lines show the accuracy with free oscillation
parameters. The precision (dashed lines) of 0.54%, 0.24% and 0.27% can be obtained for sin2 θ12,
∆m2

21 and ∆m2
ee, respectively, after 6 years of running.

Several comments are listed as follows:

• Although only one single detector is considered, the precision on θ12 at the sub-percent level
is achievable because most of the sensitivity is from the spectral information. This property
is illustrated in Fig. 3-5, showing the θ12 accuracy with both the rate and shape information
and with only the rate information.

• A precision of |∆m2
ee| similar to ∆m2

21 is obtained because each fast oscillation cycle gives
a statistically independent measurement of |∆m2

ee|. The combined result from the whole
spectrum has a high statistical accuracy.

• The baseline differences may affect significantly the precision of θ12 because different baselines
can smear the oscillation pattern. For comparison, the precision of θ12 could be improved
from 0.54% to 0.35% if the baselines were identical for JUNO.

• The energy resolution impacts mainly |∆m2
ee| because the relevant information is contained

in the fine structure of fast oscillations. A quantitative dependence on the energy resolution
for all the three oscillation parameters is shown in Fig. 3-6 with energy resolution ranging
from 2% to 5%.

1There will be two degenerated solutions for |∆m2
ee| in case of undetermined MH.

59

Global fits: arXiv:1507.05613
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Adding the Super-K Solar Data till 2016

• SK data has increased the precision in solar mixing parameters significantly; SK spectrum 
and day/night data favor a lower Δm2

21 than KamLAND (2-sigma) 

• SK has further lowered threshold to 2.5MeV, better chance to check the transition region

10

Solar$vs.$KamLAND$
The SK spectrum and D/N data favor a lower Δm2

21 value than KamLAND’s by 
more than 2σ and mostly determine this parameter in the solar ν oscillation fit. 

See P3.077  
Pierce Weatherly 

Non standard 
interaction�

Solar�

KamLAND� The unit of Δm2
21 

    is 10-5eV2�

26�

filled regions: 3σ�

SK+SNO+KamLAND�

Moriyama, Neutrino 2016
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Picture of the Field for a Decade (2002-2012)

11

?
Atmospheric Sector: 

SK, K2K, T2K, MINOS, etc
Solar Sector: 

SNO, SK, KamLAND etc

Glashow’s Request of θ13 in 2003 
(Photo by Kam-Biu Luk)

States m1 and m2 are differentiated by 
solar neutrino data (MSW effect)

Best by 
KamLAND

Best by 
MINOS

?Invert Normal
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Dual Detector Short-Baseline Experiments Conceived

• Chooz and Palo Verde were not 
sensitive enough to get the lastly 
known mixing angle theta13: bad 
liquid scintillator is a factor but we 
blamed reactor neutrino flux 
uncertainty 
– Near-far reactor flux uncertainty 

cancellation proposed for Kr2Det in 2000 

• Chooz ⟹ Double Chooz, Daya Bay 
and RENO entered the competition 
of measuring theta13

12

RENODouble Chooz



The Reines-Cowan Experiments

Number 25  1997  Los Alamos Science  

he Reines-Cowan Experiments

8 Los Alamos Science Number 25  1997

having 110 photomultiplier tubes to
collect scintillation light and produce
electronic signals. 

In this sandwich configuration, a
neutrino-induced event in, say, tank A
would create two pairs of proton
prompt-coincidence pulses from detec-
tors I and II flanking tank A. The first
pair of pulses would be from positron
annihilation and the second from 
neutron capture. The two pairs would
be separated by about 3 to 10 microsec-
onds. Finally, no signal would emanate
from detector III because the gamma
rays from positron annihilation and
neutron capture in tank A are too low
in energy to reach detector III. 

Thus, the spatial origin of the event
could be deduced with certainty, and
the signals would be distinguished from
false delayed-coincidence signals 
induced by stray neutrons, gamma rays,
and other stray particles from cosmic-
ray showers or from the reactor. These
spurious signals would most likely 
trigger detectors I, II, and III in a 
random combination. The all-important
electronics were designed primarily by
Kiko Harrison and Austin McGuire.

The box entitled “Delayed-
Coincidence Signals from Inverse Beta
Decay” (page 22) illustrates delayed-
coincidence signals from the detector’s
top triad (composed of target tank A
and scintillation detectors I and II).
Once the delayed-coincidence signals
have been recorded, the neutrino-
induced event is complete. The signals
from the positron and neutron circuits,
which have been stored on delay lines,
are presented to the oscilloscopes. 

Figure 5 shows a few samples of 
oscilloscope pictures—some are accept-
able signals of inverse beta decay while
others are not.

Austin McGuire was in charge of
the design and construction of the 
“tank farm” that would house and
transport the thousands of gallons of
liquid scintillator needed for the experi-
ment. Three steel tanks were placed on
a flat trailer bed. The interior surfaces
of the tanks were coated with epoxy to
preserve the purity of the liquids.

Today, the need for purity and cleanli-
ness is becoming legendary as 
researchers build an enormous tank for
the next generation of solar-neutrino
experiments (see the article “Exorcising
Ghosts” on page 136), but even in 
the 1950s, possible background conta-
mination was an overriding concern. 

Since the scintillator had to be 
kept at a temperature not lower than 
60 degrees Fahrenheit, the outside 
walls of the tanks were wrapped with 
several layers of fiberglass insulating
material, and long strips of electrical
heating elements were embedded in 
the exterior insulation.

During the previous winter, while
the equipment was being designed and
built, John Wheeler encouraged and
supported the team, and he helped

pave the way for the next neutrino
measurement to be done at the new,
very powerful fission reactor at the
Savannah River Plant in South 
Carolina. By November 1955, the 
Los Alamos group was ready and once
again packed up for the long trip to
the Savannah River Plant.

The only suitable place for the 
experiments was a small, open area in
the basement of the reactor building,
barely large enough to house the detec-
tor. There, 11 meters of concrete would
separate the detector from the reactor
core and serve as a shield from reactor-
produced neutrons, and 12 meters 
of overburden would help eliminate 
the troublesome background 
neutrons, charged particles, and 
gamma rays produced by cosmic rays. 

Schuch’s idea gave birth to the 
Los Alamos total-immersion, or
“whole-body,” counter (see box “The
Whole-Body Counter” on page 15),
which was similar in design to the 
detector for Project Poltergeist but was
built especially to count the radioactive
contents of people. Since counting 
with this new device took only a few
minutes, it was a great advance over
he standard practice of using multiple

Geiger counters or sodium iodide (NaI)
crystal spectrometers in an underground
aboratory. The Los Alamos whole-

body counter was used during the
1950s to determine the degree to which
adioactive fallout from nuclear tests

and other nuclear and natural sources
was taken up by the human body. 

The Hanford Experiment

In the very early spring of 1953, the
Project Poltergeist team packed up 
Herr Auge, the 300-liter neutrino detec-
or, as well as numerous electronics

and barrels of liquid scintillator, and set
out for the new plutonium-producing
eactor at the Hanford Engineering

Works in Hanford, Washington. It was
he country’s latest and largest fission
eactor and would therefore produce
he largest flux of antineutrinos. 

Various aspects of the setup at Hanford
are shown in the photo collage. 

The equipment for the liquid scintil-
ator occupied two trucks parked 

outside the reactor building. One was
used to house barrels of liquid; in a sec-
ond smaller truck, liquid scintillators
were mixed according to various recipes
before they would be pumped into the
detector. Herr Auge was placed inside
he reactor building, very near the face

of the reactor wall, and was surrounded
by the homemade boron-paraffin shield-
ng intermixed with nearly all the lead

shielding available at Hanford. This
shield was to stop reactor neutrons and
gamma rays from entering the detector
and producing unwanted background. In
all, 4 to 6 feet of paraffin alternated with
4 to 8 inches of lead.

The electronic gear for detecting the
telltale delayed-coincidence signal from
inverse beta decay was inside the reac-
tor building. Its essential elements were
two independent electronic gates: one
to accept pulses characteristic of the
positron signal and the other to accept
pulses characteristic of the neutron-
capture signal. The two circuits were
connected by a time-delay analyzer. 

If a pulse appeared in the output of
the neutron circuit within 9 microsec-
onds of a pulse in the output of the
positron circuit, the count was regis-
tered in the channel that recorded 
delayed coincidences. Allowing for 
detector efficiencies and electronic 
gate settings and taking into account
the neutrino flux from the reactor, the 
expected rate for delayed coincidences
from neutrino-induced events was 
0.1 to 0.3 count per minute.

For several months, the team
stacked and restacked the shielding and
used various recipes for the liquid 
scintillator (see Hanford Menu in 
“The Hanford Experiment” collage).
Then they would set the electronics 
and listen for the characteristic double
clicks that would accompany detection
of the inverse beta decay. Despite the
exhausting work, the results were not
definitive. The delayed-coincidence
background, present whether or not the
reactor was on, was about 5 counts per
minute, many times higher than the 
expected signal rate. 

The scientists guessed that the back-
ground was due to cosmic rays entering
the detector, but the addition of various
types of shielding left the background
rate unchanged. Subsequent work 
underground suggested that the 
Hanford background of delayed-
coincidence pulses was indeed due to
cosmic rays. Reines and Cowan (1953)
reported a small increase in the number
of delayed coincidences when the 
reactor was on versus when it was 
off. Furthermore, the increase was 
consistent with the number expected
from the estimated flux of reactor 
neutrinos. This was tantalizing but 
insufficient evidence that neutrino

events were being detected. The 
Hanford experience was poignantly
summarized by Cowan (1964). 

“The lesson of the work was clear:
It is easy to shield out the noise men
make, but impossible to shut out the
cosmos. Neutrons and gamma rays
from the reactor, which we had feared
most, were stopped in our thick walls
of paraffin, borax and lead, but the 
cosmic ray mesons penetrated gleefully,
generating backgrounds in our equip-
ment as they passed or stopped in it.
We did record neutrino-like signals but
the cosmic rays with their neutron sec-
ondaries generated in our shields were
10 times more abundant than were 
the neutrino signals. We felt we had the
neutrino by the coattails, but our 
evidence would not stand up in court.”

The Savannah River
Experiment

After the Hanford experience, the
Laboratory encouraged Reines and
Cowan to set up a formal group with
the sole purpose of tracking neutrinos.
Other than the scientists who had 
already been working on neutrinos,
Kiko Harrison, Austin McGuire, and
Herald Kruse (a graduate student at the
time) were included in this group. 

They spent the following year 
redesigning the experiment from top to
bottom: detector, electronics, scintilla-
tor liquids, the whole works. The detec-
tor was entirely reconfigured to better
differentiate between events induced by
cosmic rays and those initiated in the
detector by reactor neutrinos. Figure 4
shows the new design. 

Two large, flat plastic tanks (called
the “target tanks” and labeled A and B)
were filled with water. The protons in
the water provided the target for 
inverse beta decay; cadmium chloride
dissolved in the water provided the 
cadmium nuclei that would capture 
the neutrons. The target tanks were
sandwiched between three large scintil-
lation detectors labeled I, II, and III
(total capacity 4,200 liters), each 

Figure 4. The Savannah River Neutrino Detector—A New Design
The neutrino detector is illustrated here inside its lead shield. Each of two large, flat
plastic tanks (pictured in light blue and labeled A and B) was filled with 200 liters of
water. The protons in the water provided the target for inverse beta decay; cadmium
chloride dissolved in the water provided the cadmium nuclei that would capture the
neutrons. The target tanks were sandwiched between three scintillation detectors 
(I, II, and III). Each detector contained 1,400 liters of liquid scintillator that was viewed 
by 110 photomultiplier tubes. Without its shield, the assembled detector weighed 
about 10 tons. 

A

B

• Correlation of 
prompt and 
delayed 
signals
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The Daya Bay Antineutrino Detector as an Example

13

➡ Fashion  
comes  
and goes :)

Antineutrino detector (AD) design

8 functionally identical detectors
reduce systematic uncertainties

3 zone cylindrical vessels

Liquid Mass Function

Inner
acrylic

Gd-doped
liquid scint.

20 t Antineutrino
target

Outer
acrylic

Liquid
scintillator

20 t Gamma
catcher

Stainless
steel

Mineral oil 40 t Radiation
shielding

192 8 inch PMTs in each detector

Top and bottom reflectors increase light yield

and flatten detector response

( 7.5p
E

+ 0.9)% energy resolution

S. Jetter 9 / 53
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The Daya Bay Detector Energy Responses

14

• Automatic weekly calibration  
• 68Ge, 241Am13C, 60Co  
• LED diffuser ball 

• Spallation neutrons 
• Natural radioactivities 
• Special calibration campaign 

• 137Cs, 54Mn, 241Am9Be, 239Pu13C  

• Manual 4π calibration 

Relative detector energy scale < 0.2%
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Energy Non-Linearity of Daya Bay

15

• Two major sources of non-linearity: 
• Scintillator response  
• Readout electronics 

• Energy model for positron is derived 
from measured gamma and electron 
responses using simulation

~1% uncertainty (correlated among detectors) — A Great Achievement!
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Daya Bay: the Latest Results

16

Neutrino 2016:

sin2 2θ13 = 0.0841± 0.0027(stat.)± 0.0019(syst.)
|Δmee

2 |= [2.50± 0.06(stat.)± 0.06(syst.)]×10−3eV 2

Pee =1− sin
2 2θ13 sin

2 Δm2
eeL
4E

⎛

⎝
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⎞

⎠
⎟− cos4θ13 sin

2 2θ12 sin
2 Δm2

21L
4E

⎛

⎝
⎜

⎞

⎠
⎟
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RENO: the Latest Results at ICHEP 2016

17

sin22θ13 = 0.082±0.009(stat.)±0.006(syst.)

Δmee
2 = 2.62 −0.23

+0.21(stat.) −0.13
+0.12 (syst.) (×10−3eV 2 )

± 0.010(total) 12 % precision 

± 0.26 (total) 10 % precision

Rate + Shape 

Rate Only sin22θ13 = 0.087±0.009(stat.)±0.007(syst.) ± 0.011(total)

▪ arXiv:1511.05849.v2

▪ PRD to be submitted soon 

▪ PRL 116, 211801 (2016)
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Double Chooz: Double Detector Phase Started!

18

• Far detector (FD) started data taking since 2011; A unique opportunity of 
reactor-off data for better background constrain 

- Bugey as the flux constrain 

• Near detector (ND) started data taking since 2015

Systematic errors 
Phys.Rev.Lett.+108++
(2012)+131801+

Phys.Rev.+D86++
(2012)+052008+ JHEP+1410++

(2014)+086+

SD: single detector 
MD: relative uncertainties 
        in multiple detectors�

Main systematic errors: 
-  Detection: due to the uncertainty in proton# in GC, limiting sensitivity in Gd+H 
[Full volume: 0.53%(uncorrelated)/0.76%(total) [NT: 0.1%(uncorrelated)/0.3%(total)] !
-  Background: β-n (9Li) rate estimations are not used as input to rate+shape fit 
� rates are constrained in the fit with the shape information�

C. Palomares (CIEMAT)       NNN16 Beijin 18 November 4, 2016 

MD 

C. Palomares  

NNN’16

Huge systematic improvements 
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Double Chooz: the Latest Results

19

• Still statistics dominated 

➡ Will include nH captures 

➡ Improvements are 
expected in systematics  

• Aiming at 3-year MD data 
taking

Results 
FD-I FD-II ND 

sin2(2θ13 ) = 0.119 ± 0.016  (stat.+syst.) (χ2/dof = 236.2/114) 

Background Estimation FD Fit output FD Estimation ND Fit output ND 
9Li (β-n) 2.59 ± 0.61 2.55 ± 0.23 11.11 ± 2.96 14.4 ± 1.2 

Correlated 2.54 ± 0.10 2.51 ± 0.05 20.77 ± 0.43 20.85 ± 0.31 

C. Palomares (CIEMAT)       NNN16 Beijin 21 November 4, 2016 

Results 
FD-I FD-II ND 

sin2(2θ13 ) = 0.119 ± 0.016  (stat.+syst.) (χ2/dof = 236.2/114) 

Background Estimation FD Fit output FD Estimation ND Fit output ND 
9Li (β-n) 2.59 ± 0.61 2.55 ± 0.23 11.11 ± 2.96 14.4 ± 1.2 

Correlated 2.54 ± 0.10 2.51 ± 0.05 20.77 ± 0.43 20.85 ± 0.31 

C. Palomares (CIEMAT)       NNN16 Beijin 21 November 4, 2016 

DC sensitivity evolution for Gd+H analysis 

today’s result 

nominal running 
(3years ND:FD) 

DC largely dominated by proton# uncertainty 
Most conservative inputs/assumptions has been adopted so far 

(There is room from improvement) 

C. Palomares (CIEMAT)       NNN16 Beijin 23 November 4, 2016 
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Global Results of sin22θ13 and Atmospheric Δm2
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Daya Bay holds the best results:  
• sin22θ13 uncertainty: 3.9% 

• |Δm2
32| uncertainty: 3.4%

Daya Bay:  
|Δm2

ee|≈ |Δm2
32| ± 0.05 × 10-3 eV2 

NH:  Δm2
32 = [2.45 ± 0.08] × 10-3 eV2 

IH:    Δm2
32 = [-2.55 ± 0.08] × 10-3 eV2

A join workshop has been held 
for the 3 collaborations in 
Seoul in Oct, 2016

Global	comparison	
Most	precise	measurement		
•  	sin22θ13	uncertainty:	3.9%	
•  	|Δm2

32|	uncertainty:	3.4%	
Consistent	results	with	reactor	
and	accelerator	experiments.	

NH	

At	Daya	Bay:		
	|Δm2

ee|≈	|Δm
2
32|	±	0.05	×	10

-3	eV2	
	

NH:		Δm2
32	=	[2.45	±	0.08]	×	10

-3	eV2	

IH:				Δm2
32	=	[-2.55	±	0.08]	×	10

-3	eV2	
Rep. Prog. Phys. 76 (2013) 056201 S F King and C Luhn
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Figure 1. The probability that a particular neutrino mass state
contains a particular SM state may be represented by colours as
shown in the key. Note that neutrino oscillation experiments only
determine the difference between the squared values of the masses.
Also, while m2

2 > m2
1, it is presently unknown whether m2

3 is heavier
or lighter than the other two, corresponding to the left and right
panels of the figure, referred to as normal or inverted mass squared
ordering, respectively. Finally, the value of the lightest neutrino
mass (sometimes referred to as the neutrino mass scale) is presently
unknown and is represented by a question mark in each case.

According to quantum mechanics it is not necessary that the
SM states νe, νµ, ντ be identified in a one-one way with the
mass eigenstates ν1, ν2 and ν3, and the matrix elements of U

give the quantum amplitude that a particular SM state contains
an admixture of a particular mass eigenstate. The probability
that a particular neutrino mass state contains a particular SM
state may be represented by colours as in figure 1. Note
that neutrino oscillations are only sensitive to the differences
between the squares of the neutrino masses #m2

ij ≡ m2
i −m2

j ,
and gives no information about the absolute value of the
neutrino mass squared eigenvalues m2

i . There are basically two
patterns of neutrino mass squared orderings consistent with the
atmospheric and solar data as shown in figure 1.

As with all quantum amplitudes, the matrix elements of
U are expected to be complex numbers in general. The lepton
mixing matrix U is also frequently referred to as the Maki–
Nakagawa–Sakata (MNS) matrix UMNS [3], and sometimes the
name of Pontecorvo is added at the beginning to give UPMNS.
The standard parametrization of the PMNS matrix in terms of
three angles and at least one complex phase, as recommended
by the Particle Data Group (PDG) [5], will be discussed later.

Before getting into details, here is a quick executive
summary of the implications of neutrino mass and mixing
following from figure 1:

• Lepton flavour is not conserved, so the individual lepton
numbers Le, Lµ, Lτ are separately broken

• Neutrinos have tiny masses which are not very hierarchical
• Neutrinos mix strongly unlike quarks
• The SM parameter count is increased by at least seven new

parameters (three neutrino masses, three mixing angles
and at least one complex phase)

• It is the first (and so far only) new physics beyond the SM

The idea of neutrino oscillations was first confirmed in
1998 by the Japanese experiment Super–Kamiokande (SK) [6]
which showed that there was a deficit of muon neutrinos
reaching Earth when cosmic rays strike the upper atmosphere,
the so-called ‘atmospheric neutrinos’. Since most neutrinos
pass through the Earth unhindered, Super-Kamiokande was
able to detect muon neutrinos coming from above and below,
and found that while the correct number of muon neutrinos
came from above, only about a half of the expected number
came from below. The results were interpreted as half the muon
neutrinos from below oscillating into tau neutrinos over an
oscillation length L of the diameter of the Earth, with the muon
neutrinos from above having a negligible oscillation length,
and so not having time to oscillate, yielding the expected
number of muon neutrinos from above.

In 2002, the Sudbury Neutrino Observatory (SNO) in
Canada spectacularly confirmed the flavour conversion in
‘solar neutrinos’ [7]. The experiment measured both the flux
of the electron neutrinos and the total flux of all three types of
neutrinos. The SNO data revealed that physicists’ theories of
the Sun were correct after all, and the solar neutrinos νe were
produced at the standard rate but were oscillating into νµ and
ντ , with only about a third of the original νe flux arriving at the
Earth.

Since then, neutrino oscillations consistent with solar
neutrino observations have been seen using man made
neutrinos from nuclear reactors at KamLAND in Japan [8]
(which, for the first time, observed the periodic pattern
characteristic for neutrino oscillations), and neutrino
oscillations consistent with atmospheric neutrino observations
have been seen using neutrino beams fired over hundreds
of kilometres as in the K2K experiment in Japan [9], the
Fermilab-MINOS experiment in the US [10] or the CERN-
OPERA experiment in Europe. Further long-baseline neutrino
beam experiments are in the pipeline, and neutrino oscillation
physics is entering the precision era, with superbeams and a
neutrino factory on the horizon.

Following these results several research groups showed
that the electron neutrino has a mixing matrix element of
|Ue2| ≈ 1/

√
3 which is the quantum amplitude for νe to contain

an admixture of the mass eigenstate ν2 corresponding to a
massive neutrino of mass m2 ≈ 0.008 electronvolts (eV) or

greater (where
√

m2
2 − m2

1 ≈ 0.008 eV). By comparison the
electron has a mass of about half a megaelectronvolt (MeV).
Put another way, the mass state ν2 contains roughly equal
probabilities of νe, νµ and ντ sometimes called trimaximal
mixing, corresponding to the three equal red, green and blue
colours associated with m2

2 in figure 1. The muon and
tau neutrinos were observed to contain approximately equal
amplitudes of the third neutrino ν3 of mass m3, |Uµ3| ≈
|Uτ3| ≈ 1/

√
2, where a normalized amplitude of 1/

√
2

corresponds to a 1/2 fraction of ν3 in each of νµ and ντ , leading
to a maximal mixing and oscillation of νµ ↔ ντ . Put another
way, the mass state ν3 contains roughly equal probabilities of
νµ and ντ called maximal mixing, corresponding to the two
equal green and blue colours associated with m2

3 in figure 1.
Interestingly, the value of m3 is not determined and it could
be anywhere between zero and 0.3 eV, depending on the mass
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Global	comparison	
Most	precise	measurement		
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Figure 1. The probability that a particular neutrino mass state
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determine the difference between the squared values of the masses.
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electron has a mass of about half a megaelectronvolt (MeV).
Put another way, the mass state ν2 contains roughly equal
probabilities of νe, νµ and ντ sometimes called trimaximal
mixing, corresponding to the three equal red, green and blue
colours associated with m2

2 in figure 1. The muon and
tau neutrinos were observed to contain approximately equal
amplitudes of the third neutrino ν3 of mass m3, |Uµ3| ≈
|Uτ3| ≈ 1/

√
2, where a normalized amplitude of 1/

√
2

corresponds to a 1/2 fraction of ν3 in each of νµ and ντ , leading
to a maximal mixing and oscillation of νµ ↔ ντ . Put another
way, the mass state ν3 contains roughly equal probabilities of
νµ and ντ called maximal mixing, corresponding to the two
equal green and blue colours associated with m2

3 in figure 1.
Interestingly, the value of m3 is not determined and it could
be anywhere between zero and 0.3 eV, depending on the mass

3

NH	 IH	

1230	days		

Jiajie	Ling	(SYSU)	 ICHEP	2016	 15	

*	Combined	fit	results	for	2sin2θ23sin22θ13	

*	



Neutrino ExperimentsWei Wang/王為

The Reactor Flux Anomaly

21

data/prediction = 0.946 +- 0.021  
(RENO preliminary) • Huber re-evaluation 

of the ILL data for 
235U, 239Pu, 241Pu 

• Muller et al ab initio 
238U 

• Various detector-
side checks carried 
out but no smoking 
gun 

• Both RENO and 
Daya Bay confirm 
this is correlated 
with reactor power
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To calculate the global average independent of the
model uncertainty used by the past measurements, we
follow the method described in Ref. [62] by first remov-
ing �model from both uncertainties, and define:

�

exp
err =

p
�

2
err��

2
model

�

exp
cor =

p
�

2
cor��

2
model. (18)

�

exp
err and �

exp
cor now represent experimental uncertainties

only. We then build a covariance matrix V

exp such that

V

exp
ij = R

obs
i ·�exp

i,cor ·Robs
j ·�exp

j,cor, (19)

where R

obs
i is the “ratio” column in Table 11 corrected

by the “Psur” column for the ✓13-oscillation e↵ect. R

obs
i

represents the observed rate from each measurement.
We then calculate the best-fit average ratio R

past
g by

minimizing the �

2 function defined as:

�

2(Rpast
g )= (Rpast

g �Ri) ·(V exp
ij )�1(Rpast

g �Rj), (20)

where V �1 is the inverse of the covariance matrix V . This
procedure yields the best-fit result Rpast

g =0.942±0.009,
where the error is experimental only.

Since we now use the Huber+Mueller model as the
reference model, we re-evaluate the model uncertainty
using the correlated and uncorrelated uncertainty com-
ponents given by Ref. [24, 25]. Using the weighted av-
erage fission fraction from all experiments (235U : 238U
: 239Pu : 241Pu = 0.642 : 0.063 : 0.252 : 0.0425), the
model uncertainty is calculated to be 2.4%, and the final
result becomes:

R

past
g = 0.942±0.009 (exp.)±0.023 (model) (21)

Finally, we compare the Daya Bay result with the
past global average. In the previous subsection, we ob-
tained the Daya Bay measured reactor antineutrino flux
with respect to the Huber+Mueller model prediction:
RDYB =0.946±0.020(exp.). This result is consistent with
the past global average Rpast

g =0.942±0.009(exp.). If we
include the Daya Bay result in the global fit, the new
average is Rg =0.943±0.008(exp.)±0.023(model). The
results of the global fit and the Daya Bay measurement
are shown in Fig. 17.

The consistency between Daya Bay’s measurement
and past experiments suggests that the origin of the “re-
actor antineutrino anomaly” is from the theoretical side.
Either the uncertainties of the theoretical models that
predict the reactor antineutrino flux are underestimated
or more intriguingly, there exists an additional neutrino
oscillation that suppresses the reactor antineutrino flux
within a few meters from the reactor. Such an oscillation
would imply the existence of one or more eV-mass-scale
sterile neutrinos. To investigate this tantalizing possibil-
ity, future short baseline (10 m) experiments are required
to observe the L/E dependence of such an oscillation.
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Fig. 17. The measured reactor ⌫̄e rate as a function
of the distance from the reactor, normalized to the
theoretical prediction of Huber+Mueller model.
The rate is corrected by 3-flavor neutrino oscil-
lations at the distance of each experiment. The
purple shaded region represents the global aver-
age and its 1� uncertainty. The 2.4% model un-
certainty is shown as a band around unity. The
measurements at the same baseline are combined
together for clarity. The Daya Bay measurement
is shown at the flux-weighted baseline (573 m) of
the two near halls.

6 Measurement of Reactor Antineutrino

Spectrum

In this section, we extend the study from reactor an-
tineutrino flux to its energy spectrum. The measured
prompt energy spectra from the four near-site ADs were
summed and compared with the predictions. The detec-
tor response of the Daya Bay ADs was studied and used
to convert the predicted antineutrino spectrum to the
prompt energy spectrum for comparison. A discrepancy
was found in the energy range between 4 and 6 MeV with
a maximum local significance of 4.4 �. The discrepancy
and possible reasons for it were investigated.

6.1 Detector Response

The predicted antineutrino flux and spectrum were
calculated via the procedure described in Sec. 2. At
each AD, the reactor antineutrino survival probability
was taken into account with the best fit oscillation pa-
rameters, sin2 2✓13 =0.084 and |�m

2
ee|=2.42⇥10�3 eV2,

based on the oscillation analysis of the same dataset [32].
The relation of the antineutrino spectrum S(E⌫̄

e

) and the
reconstructed prompt energy spectrum S(Ep) can be ex-
pressed as,

S(Ep)=

Z
S(E⌫̄

e

)R(E⌫̄
e

,Ep)dE⌫̄
e

(22)

where R(E⌫̄
e

,Ep) is the detector energy response and can
be thought of as a response matrix, which maps each an-
tineutrino energy to a spectrum of reconstructed prompt
energies. The energy response includes four main e↵ects:
the IBD prompt energy shift, IAV e↵ect, non-linearity,
and energy resolution, which are studied in the following.

010201-23

data/prediction = 0.946 +- 0.020  
(Daya Bay PRL)
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RENO preliminary

Significance: ~9σ 

Excess: 2.46 ± 0.27 (%)
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the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a �2

/dof

of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 � discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

Another compatibility test was performed with a
modified fitting algorithm. In this method, N(=number
of prompt energy bins) free-floating nuisance parameters
are introduced to the oscillation parameter fit to adjust
the normalization for each bin, as described in [65]. The
compatibility was tested by evaluating

��

2 =�

2(standard)��

2(N extra parameters) (29)

for N degrees of freedom. We obtained ��

2
/N =

50.1/25, which is consistent with the results obtained
by the first method using Eq. 28.

Prompt Positron Energy (MeV)2 4 6 8

En
tr

ie
s 

/ 2
50

 k
eV

20000

40000

60000

80000 Data

Full uncertainty

Reactor uncertainty

(A)

Integrated

2 4 6 8

R
at

io
 to

 P
re

di
ct

io
n

0.8

0.9

1

1.1

1.2 (B)

(H
ub

er
 +

 M
ue

lle
r)

Prompt Energy (MeV)
2 4 6 8

 c
on

tr
ib

ut
io

n
2 χ 4−

2−

0

2

4 (C)

 ) iχ∼
( 

Lo
ca

l p
-v

al
ue

6−10

5−10

4−10

3−10

2−10

1−10
1

1 MeV window

Fig. 23. (A) Comparison of predicted and mea-
sured prompt energy spectra. The prediction is
based on the Huber+Mueller model and normal-
ized to the number of measured events. The error
bars on the data points represent the statistical
uncertainty. The hatched and red filled bands rep-
resent the square-root of diagonal elements of the
covariance matrix (

p
(Vii)) for the reactor related

and the full systematic uncertainties, respectively.
(B) Ratio of the measured prompt energy spec-
trum to the predicted spectrum (Huber+Mueller
model). (C) The defined �

2 distribution (e�i) of
each bin (black solid curve) and local p-values for
1 MeV energy windows (magenta dashed curve).
See Eq. 30 and relevant text for the definitions.

6.3 Quantification of the Local Deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23B. The spectral discrepancy around 5

MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
ancy. The first method evaluates the �

2 contribution of
each energy bin,

e�i =
N

obs
i �N

pred
i

|Nobs
i �N

pred
i |

sX

j

�

2
ij ,

�

2
ij =(Nobs

i �N

pred
i )(V �1)ij(N

obs
j �N

pred
j ). (30)

By definition,
P

i
e�2
i is equal to the value of �2 defined in

Eq. 28. As shown in Fig. 23C, an enhanced contribution
is visible around 5 MeV.

In the second approach, the significance of the de-
viation is evaluated based on the modified oscillation
analysis similar to Eq. 29. Instead of allowing all the
N nuisance parameters to be free floating, only parame-
ters within a selected energy window are varied in the fit.
The di↵erence between minimum �

2s before and after in-
troducing these nuisance parameters within the selected
energy window was used to evaluate the p-value of the
local variation from the predictions. The p-values with
1 MeV sliding energy window are shown in Fig. 23C. The
local significance for a discrepancy is greater than 4 � at
the highest point around 5 MeV. In addition, the local
significance for the 2 MeV window between 4 and 6 MeV
were evaluated. We obtained a ��

2
/N value of 37.4/8,

which corresponds to the p-value of 9.7⇥ 10�6(4.4 �).
Comparing with the ILL+Vogel model shows a similar
level of local discrepancy between 4 and 6 MeV.

The excess between 4 and 6 MeV was ⇠1.5% of the
total observed IBD candidates. An excess of events in
a same energy range was not observed in the spallation
12B beta decay spectrum, ruling out detector e↵ects as
an explanation. Adding a simple beta-decay branch or a
mono-energetic peak cannot reproduce the observed ex-
cess, indicating that it cannot be explained by a simple
background contribution. Contributions from other in-
teraction channels (e.g. ⌫̄e+13C) were investigated and
were found to be too small to account for the excess. The
events in the energy region around 5 MeV are carefully
examined: the neutron capture time, the delayed energy
spectrum, and the distance distribution for the delayed
neutron capture signal were found to match IBD event
characteristics. The vertex distribution of the prompt
signal was found to be uniform and consistent with IBD
events.

Figure 24 shows the event rate versus time in the
energy window of 4.5-5.5 MeV and other windows.
The strong correlation indicates that the excess around
5 MeV is proportional to the reactor antineutrino flux.
Therefore, it strongly suggests that the deviation is due
to the imperfect modelling of the reactor antineutrino
spectrum. A recent ab initio calculation of the antineu-
trino spectrum showed a similar deviation from previous

010201-27

Daya Bay CPC

Local significance: ~4σ

For example, see: Dwyer & Langford, PRL114 (2015)012502; Hayes et al, PRL112 (2014) 202501

Blaming fission isotope beta decay calculation/data?
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Haunting Neutrino Questions

• Are there sterile neutrinos? 

• Neutrino mass hierarchy? 

• θ23 octant? 

• CP violation in the lepton sector? 

• Majorana or Dirac? 

• Absolute neutrino mass scale? 

• ……
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Booming of the Very Short-Baseline Experiments
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Next generation sterile experiments are almost ready 
N. Bowden, Neutrino’16
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NEOS Experiment
• 2.8 GWt commercial reactor  

— Hanbit NPP in Yeonggwang, 
Korea 
— core size: 3.1 m (φ), 3.8 m (H) 
— LEU fuel. 

• Tendon Gallery 
— 24 m baseline 
— overburden > 20 mwe 

• Homogeneous LS detector  
— 5% energy resolution @ 1 MeV  
— PSD capability 

• Spectral shape analysis with a 
single detector/baseline 
measurement 
— dependence on reference 
spectrum
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• Homogeneous LS target  
— 1008 L LAB+UG-F (9:1) 
— 0.5% Gd loaded  
— 38 PMT(8″) in mineral oil buffer 

• Shieldings 
— 10 cm B-PE, 10 cm Pb  
— muon counter 

• Data AcQuisition  
— 500 MS/s FADC (waveform)  
— 62.5 MHz SADC
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— 0.5% Gd loaded 
— 38 PMT(8″) in mineral oil buffer 

• Shieldings 
— 10 cm B-PE, 10 cm Pb 
— muon counter 

• Data AcQuisition 
— 500 MS/s FADC (waveform) 
— 62.5 MHz SADC
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• Simply assuming Gaussian 

• Daya Bay absolute flux + H-M 

• Large fitting error 

• Almost same location, size differs

NEOS Preliminary

χ2 Analysis for Oscillation
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�2( 2�14, �m241) =
�
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[Mi � T�
i (
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i ]
2

Mi + (t /t )Bi
+ �2

Mi : Measured IBD candidates in i 'th energy bin during reactor on, 
Ti  : Expected number, including oscillation params and systematics*, 
Bi : Background events, scaled with on-off time ratio (ton/toff).
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What about Sterile Neutrinos?
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5

prompt energy spectra at EH2 and EH3, each divided by the282

prediction using the EH1 spectrum.283

Two methods are adopted to set the exclusion limits in284

the (|�m2
41|, sin2 2✓14) space. The first one is a frequen-285

tist approach with a likelihood ratio as the ordering principle,286

as proposed by Feldman and Cousins [55]. For each point287

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

c(⌘) encompassing a288

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

(⌘best) distribu-289

tion is determined. This distribution is obtained by fitting a290

large number of simulated experiments that include statistical291

and systematic variations. In order to reduce the number of292

computations, the simulated experiments are generated with-293

out any variation in ✓13, after it was verified that the depen-294

dency of ��2
c(⌘) on this parameter was negligible. The point295

⌘ is then declared to be inside the ↵ C.L. acceptance region if296

��2
data(⌘) < ��2

c(⌘).297
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FIG. 3. The exclusion contours for the neutrino oscillation parame-
ters sin2 2✓14 and |�m2

41| are shown. The red long-dash curve rep-
resents the 95% confidence level exclusion contour with Feldman-
Cousin method [55]. The black solid curve represents the 95% CLs

exclusion contour [56]. The parameter space on the right side of the
contours is excluded. For comparison, Bugey [32] 90% C.L. on ⌫e

disappearance is also shown with green dashed line.

The second method is the so-called CLs statistical298

method [56], whose detailed approach with Gaussian parent299

distribution is described in Ref. [57]. A two-hypothesis test300

is performed in the (sin2 2✓14, |�m2
41|) phase space: the null301

hypothesis H0 (standard 3-⌫ model) and the alternative hy-302

pothesis H1 (3+1-⌫ model with fixed value of sin2 2✓14 and303

|�m2
41|). The value of ✓13 is fixed with the data’s best-fit304

value for each hypothesis. Since both hypotheses have fixed305

values of sin2 2✓14 and |�m2
41|, their �2 difference follows a306

Gaussian distribution. The mean and variance of this Gaussian307

distribution can be calculated from the Asimov dataset with-308

out statistical or systematic fluctuations, which avoids massive309

computing. The CLs value is defined by:310

CLs =
1� p1
1� p0

=

1� p4⌫
1� p3⌫

, (3)

where p0 (p3⌫) and p1 (p4⌫) are the p-values for the 3-⌫ and311

4-⌫ hypothesis models respectively. CLs < 0.05 is required312

to set the 95% CLs exclusion contours.313

The 95% confidence level upper limit contour from the314

Feldman-Cousins method and the 95% CLs method exclu-315

sion contour are shown in Fig. 3. The two methods give316

comparable results. The impact of varying the IBD prompt317

energy spectrum bin size from 200 keV to 500 keV is negli-318

gible. As a comparison, Bugey’s 90% C.L. exclusion on ⌫e319

disappearance from their ratio of the positron energy spectra320

measured at 40/15 m [32] is also shown. This result pro-321

vides the most stringent limits on sterile neutrino mixing at322

|�m2
41| < 0.1 eV

2 using the electron antineutrino disappear-323

ance channel. Our results are complementary to the ⌫µ !324

⌫e appearance results from OPERA [20] and ICARUS [21].325

While the appearance mode constrains a product of the cou-326

pling of muon neutrino to the fourth-generation mass eigen-327

state and the coupling of electron neutrino to the fourth gen-328

eration mass eigenstate, the ⌫e disappearance mode only con-329

strains the latter.330

It should be noted that the choice of mass ordering that oc-331

curs as a result of introducing the fourth neutrino mass eigen-332

state has a negligible impact on the results. The same is true333

concerning the choice of neutrino mass ordering between the334

original three neutrino flavor states.335

In summary, we report on a sterile neutrino search based on336

a minimal extension of the Standard Model, the 3 (active) + 1337

(sterile) neutrino mixing model , in the Daya Bay Reactor Ex-338

periment, using the electron-antineutrino disappearance chan-339

nel. The analysis uses the relative event rate and the spectral340

comparison of three far and three near antineutrino detectors341

at different baselines from six nuclear reactors. The observed342

data is in good agreement with the standard 3-neutrino model.343

The current precision is dominated by statistics. With three344

or more years of additional data, the sensitivity to sin

2
2✓14 is345

expected to improve by a factor of two for most �m2
41 values.346

Still, the current result already yields the world’s most strin-347

gent limits on sin

2
2✓14 in the |�m41|2 < 0.1 eV2 region.348
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Light Sterile Neutrino Search Results

• All 217 days of 6-AD period


• Consistent with standard 3-flavor 
neutrino oscillation model


• Able to set stringent limits in the 
region 10-3 eV2 < Δm241 < 0.1 eV2
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FIG. 1. Comparison of the 95% CLs sensitivities (see text for details)
for various combinations of the EH’s data. The solid and dot-dashed
curves represent the sensitivity assuming a 5% and 100% uncertainty
in the reactor flux rate. The 100% uncertainty corresponds to a com-
parison of spectra only. Normal mass hierarchy is assumed for both
�m2

31 and �m2
41. The green dashed line represents Bugey’s [32]

90% C.L. on ⌫e disappearance and the magenta double-dot-single-
dashed line represents KARMEN and LSND 95% C.L. on ⌫e disap-
pearance from ⌫e-carbon cross section measurement [33].

|�m2
41| < 0.3 eV2 region.228

Three independent analyses are considered, each with a dif-229

ferent treatment of the predicted reactor antineutrino flux and230

systematic errors. The first analysis uses the predicted reac-231

tor antineutrino spectra to simultaneously fit the data from the232

three sites, very similarly to what is described in the most re-233

cent Daya Bay spectral analysis [44]. A binned log-likelihood234

method is adopted with nuisance parameters corresponding235

to the constraints from the detector response and the back-236

grounds on the one hand, and with a covariance matrix en-237

capsulating the reactor flux uncertainties as given in the Hu-238

ber [50] and Mueller [36] flux models on the other hand.239

The absolute reactor flux rate uncertainty is enlarged to 5%240

based on Ref. [37]. The fit uses sin2(2✓12) = 0.857± 0.024,241

�m2
21 = (7.50 ± 0.20) ⇥ 10

�5
eV

2 [51] and |�m2
32| =242

(2.41 ± 0.10) ⇥ 10

�3
eV

2 [52]. We adopted these values243

rather than those in Ref. [4], since the latter are obtained244

through a global fit including all available data. The values245

of sin

2
2✓14, sin2 2✓13 and |�m2

41| are unconstrained. For246

the 3+1 neutrino model, a global minimum of �2
4⌫/NDF =247

158.8/153 is obtained, while the minimum for the standard248

three-neutrino model is �2
3⌫/NDF = 162.6/155. We use the249

��2
= �2

3⌫ � �2
4⌫ distribution obtained from standard three-250

neutrino Monte Carlo samples that incorporate both statistical251

and systematic effects to assign a p-value [53]. The data are252
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FIG. 2. Prompt energy spectra observed at EH2 (top) and EH3 (bot-
tom), divided by the extrapolation from the EH1 spectrum with the
three-neutrino best fit oscillation parameters from our previous anal-
ysis. The gray band represents the uncertainty of the three-standard
neutrino oscillation prediction, which includes the statistical uncer-
tainty of the EH1 data and all the systematic uncertainties. Predic-
tions with sin2 2✓14 = 0.1 and two representative |�m2

41| values
are also shown by the dashed curves. As shown in Fig. 1, most of the
sensitivity at |�m2

41| ⇠ 4 ⇥ 10�2(4 ⇥ 10�3) eV2 comes from the
relative spectral shape comparison between EH1 and EH2 (EH3).

thus consistent with the standard three-neutrino model, and253

there is no significant signal for sterile neutrino mixing.254

The second analysis performs a purely relative comparison255

between the near and the far data. The observed near sites’256

prompt energy spectra are first unfolded into the correspond-257

ing true neutrino energy spectra. These spectra are then ex-258

trapolated to the far site based on the known baselines and259

the reactor power profiles. A covariance matrix, generated260

from a large Monte Carlo dataset incorporating both statisti-261

cal and systematic variations, is used to account for all un-262

certainties. The resulting p-value is 0.87. More details about263

this approach can be found in Ref. [54]. The third analysis ex-264

ploits both rate and spectra information in a way that is similar265

to the first method but using a covariance matrix. This matrix266

is calculated based on standard uncertainty propagation meth-267

ods, without an extensive generation of Monte Carlo samples.268

The obtained p-value is 0.74.269

The various analyses have complementary strengths. Those270

that incorporate absolute flux normalization constraints have271

a slightly higher reach in sensitivity, particularly for higher272

values of |�m2
41|. The purely relative analysis however is273

more robust against uncertainties in the predicted reactor an-274

tineutrino flux. The different treatment of systematic uncer-275

tainties provides a thorough cross-check of the results, which276

are found to be consistent for all the analyses in the region277

where the relative spectra measurement dominates the sensi-278

tivity (|�m2
41| < 0.3 eV

2). As evidenced by the reported279

p-values, no significant signature for sterile neutrino mixing280

is found by any of the methods. Fig. 2 shows the observed281

Bugey

dashed curves assumes sin22θ14 = 0.1 
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Daya Bay

Light Sterile Neutrino Search
• Daya Bay has a unique combination of 

multiple baselines: EH1 (~350m), EH2 
(~500m), EH3 (~1600m)


- Sterile neutrinos will cause additional 
spectrum difference between different 
sites


"

"

"

- High sensitivity in the largely 
unexplored region Δm241 < 0.1 eV2


- A robust relative measurement 
independent of reactor related 
uncertainties
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Search for sterile neutrino at 
Daya Bay

• Effects of sterile neutrino would appear as additional 
spectral distortion and overall rate deficit. 

• Unique feature of Daya Bay with multiple baseline 

• Can probe largely unexplored region at Δm
2

41 < 0.1 eV
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Sterile Neutrino Searches at Daya Bay and Elsewhere

• Daya Bay, MINOS and Bugey-3
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FIG. 3. The top panel shows the ratio of the Bugey-3 15 m IBD data
to a three-neutrino prediction, while the bottom panel shows the ratio
of the MINOS Far-over-Near data for CC events to a three-neutrino
prediction. The red lines represent the four-flavor predictions at the
LSND best-fit point for �m2

41 = 1.2 eV2. The shaded band displays
the sizes of the systematic uncertainties. A value of sin2 2✓14 = 0.11
is used for the Bugey-3 prediction so that when multiplied by the
MINOS 90% C.L. limit on sin2 ✓24, as in Eq. 5, it matches the LSND
best-fit of sin2 2✓µe = 0.003. A ��2 value of 48.2 is found between
the data and the LSND prediction. Similarly, a value of sin2 ✓24 =
0.12 is combined with the Bugey-3 90% C.L. limit on ✓14 to produce
the MINOS four-flavor prediction, resulting in ��2 = 38.0 between
data and prediction.

combined results of Daya Bay/Bugey-3 and MINOS con-
strain sin

2

2✓µe < [3.0⇥ 10

�4 (90% C.L.), 4.5⇥ 10

�4 (95%
C.L.)] for �m2

41

= 1.2 eV2. While the results do
not exclude the MiniBooNE neutrino-mode best-fit point
(�m2

41

= 3.14 eV2, sin2 2✓µe = 0.002) [9] at the 90% C.L.,
they do exclude the LSND best-fit point (�m2

41

= 1.2 eV2,
sin

2

2✓µe = 0.003) [8] and the MiniBooNE antineutrino-mode
best-fit point (�m2

41

= 0.043 eV2, sin2 2✓µe = 0.88) [9] at
greater than 3�.

In conclusion, we have combined constraints on sin

2

2✓
14

derived from a search for electron antineutrino disappear-
ance at the Daya Bay and Bugey-3 reactor experiments
with constraints on sin

2 ✓
24

derived from a search for muon
(anti)neutrino disappearance in the NuMI beam at the MINOS
experiment. Assuming a four-flavor model of active-sterile
oscillations, we constrain sin

2

2✓µe, the parameter control-
ling electron (anti)neutrino appearance at short-baseline ex-
periments, over six orders of magnitude in �m2

41

. We set the
strongest constraint to date and exclude the sterile neutrino
mixing phase space allowed by the LSND and MiniBooNE
experiments for �m2

41

< 0.8 eV2 at a 95% C.L. These results
increase the strong tension between null results from disap-
pearance searches and appearance-based indications for the
existence of light sterile neutrinos.

The MINOS experiment is supported by the U.S. Depart-
ment of Energy; the United Kingdom Science and Technol-
ogy Facilities Council; the U.S. National Science Foundation;
the State and University of Minnesota; and Brazil’s FAPESP
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ses respectively. These p-values are calculated from the �2

difference of those two hypotheses. The value of sin2 2✓13
is independently set for each hypothesis based on a fit to the
data. The condition of CLs  1 � ↵ is required to set the ↵
CLs exclusion region.

When used with the same analysis method (A or B), the dif-
ference in sensitivity between the Feldman-Cousins and CLs

approaches is found to be smaller than 10%. The Feldman-
Cousins approach provides a unified method to define confi-
dence intervals, but has the drawback that it involves fitting a
large amount of simulated datasets. Hence, it is used only for
method A, which eliminates all of the nuisance parameters by
utilizing a covariance matrix. In contrast, the CLs implemen-
tation is significantly less computationally intensive, and also
provides an alternative for combining the results between mul-
tiple experiments [37, 38]. Accordingly, both the Feldman-
Cousins limit from method A and the CLs limit from method
B are presented in this work.

14θ22sin
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Daya Bay 95% C.L.
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)σ1±Daya Bay 95% expected (
Bugey 90% C.L.

FIG. 3. (color online) Exclusion contours in the (sin2 2✓14, |�m2
41|)

plane, under the assumption of �m2
32 > 0 and �m2

41 > 0. The red
long-dashed curve represents the 95% C.L. exclusion contour with
the Feldman-Cousins method [36] from Method A. The black solid
curve represents the 95% CLs exclusion contour [37] from Method
B. The expected 95% C.L. 1� band in yellow is centered around the
sensitivity curve, shown as a thin blue line. The region of parameter
space to the right side of the contours is excluded. For comparison,
Bugey’s [39] 90% C.L. limit on ⌫e disappearance is also shown as
the green dashed curve.

Fig. 3 shows the 95% confidence level contour from the
Feldman-Cousins approach and the 95% CLs exclusion con-
tour. Both contours are centered around the 95% C.L. ex-
pectation and are mostly contained within the ±1� band con-
structed from simulated datasets with statistical and system-
atic fluctuations. The high-precision data at multiple baselines
allows exclusion of a large section of (sin2 2✓14, |�m2

41|) pa-

rameter space. The sensitivity in the 0.01 eV2 . |�m2
41| .

0.3 eV2 region originates predominantly from the relative
spectral comparison between the two near halls, and in the
|�m2

41| . 0.01 eV2 region from the comparison between the
near and far halls. The dip structure at |�m2

41| ⇡ |�m2
32| ⇡

2.4⇥10�3 eV2 is due to the degeneracy between sin2 2✓14 and
sin2 2✓13. The fine structure of the data contours compared to
the expectation originates from statistical fluctuations in the
data.

In Fig. 3, there is a slight difference between the C.L. con-
tour from method A and the CLs contour from method B for
|�m2

41| . 2 ⇥ 10�3 eV2. In this region, most of the oscilla-
tion effects appear in the far hall at prompt energies . 2 MeV,
where the statistics are more limited. A study based on a large
sample of Monte Carlo pseudo-experiments determined that
the two methods react differently to statistical fluctuations and
produce slightly different limits in this region. The difference
observed in Fig. 3 is found to be consistent with the expecta-
tion from this study at the ⇠ 1� level.

The resulting limits on sin2 2✓14 are improved by roughly a
factor of two compared to the previous publication [26]. The
increased statistics are the largest contributor to this improve-
ment, although the reductions in background and in the AD-
uncorrelated energy scale uncertainty also play a role. The
uncertainty in |�m2

32| is the dominant systematic uncertainty
in the |�m2

41| . |�m2
32| region, while for higher values of

|�m2
41| the AD-uncorrelated energy scale and detector effi-

ciency uncertainties are dominant. The total uncertainty is
dominated by the statistics; another factor of two improve-
ment in sensitivity is expected by 2017. This result can be
combined with

(�)

⌫µ disappearance searches [40] in order to
constrain

(�)

⌫µ !(�)

⌫e transitions [41], since the oscillation prob-
ability of

(�)

⌫µ ! (�)

⌫e in the four-neutrino scenario is approxi-
mately proportional to |Ue4|2|Uµ4|2, and the individual sizes
of |Ue4|2 and |Uµ4|2 can be constrained with

(�)

⌫e and
(�)

⌫µ disap-
pearance searches, respectively.

In summary, we report an improved search for light sterile
neutrino mixing with the full configuration of the Daya Bay
Reactor Neutrino Experiment in the electron antineutrino dis-
appearance channel. No evidence of a light sterile neutrino is
found through a relative comparison of the observed antineu-
trino energy spectra at the three experimental halls. With 3.6
times the statistics of the previous publication, these results set
the most stringent limits to date on sin2 2✓14 in the 2 ⇥ 10�4

eV2 . |�m2
41| . 0.2 eV2 region.
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the Chinese Academy of Sciences (CAS), the CAS Center
for Excellence in Particle Physics, the National Natural Sci-
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eral Nuclear Power Group, Laboratory Directed Research and
Development Program of Institute of High Energy Physics,
Shanghai Laboratory for Particle Physics and Cosmology, the
Research Grants Council of the Hong Kong Special Admin-
istrative Region of China, the University Development Fund
of The University of Hong Kong, the MOE program for Re-
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Searches for Sterile Neutrinos by IceCUBE
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FIG. 5. Results from the IceCube search. (Top) The 90% (or-
ange solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 90% contours in sim-
ulated pseudo-experiments, respectively. (Bottom) The 99%
(red solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 99% contours in sim-
ulated pseudo-experiments, respectively. The contours and
bands are overlaid on 90% CL exclusions from previous exper-
iments [7–10], and the MiniBooNE / LSND 90% CL allowed
region from [12, 13, 21] assuming |Ue4|2= 0.023.
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= 0.1. A consequence of
these models is the existence of ⌫µ (⌫̄µ) disappearance
signatures, which are yet to be observed.

Atmospheric neutrinos produced in cosmic ray air
showers throughout the Earth’s atmosphere are detected
by IceCube [14]. To mitigate the large atmospheric muon
background, only up-going neutrinos are selected. For
these trajectories, the Earth acts as a filter to remove
the charged particle background. At high neutrino en-
ergies, the Earth also modifies the neutrino flux due to
charged current and neutral current interactions [15]. At
E⌫ > 100 GeV, oscillations due to the known neutrino
mass splittings have wavelengths larger than the diame-
ter of the Earth and can be neglected.

A previous measurement of the atmospheric flux in
the sub-TeV range, performed by the Super-Kamiokande
experiment, found no evidence for anomalous neutrino
disappearance [7]. This paper reports the first searches
for (⌫µ+ ⌫µ) disappearance in the approximate 320 GeV
to 20 TeV range, using two independent analyses each
based on one-year data samples from the IceCube de-
tector [16, 17]. In this energy regime, sterile neutrinos
would produce distinctive energy-dependent distortions
of the measured zenith angle distributions [18], caused
by resonant matter-enhanced oscillations during neutrino
propagation through the Earth.

This MSW resonant e↵ect depletes antineutrinos in
3+1 models (or neutrinos in 1+3) [19]. Additional oscilla-
tion e↵ects produced by sterile neutrinos include vacuum-
like oscillations at low energies for both neutrinos and
antineutrinos, and a modification of the Earth opacity
at high energies, as sterile neutrinos are una↵ected by
matter. These e↵ects would lead to detectable distor-
tions of the flux in energy and angle, henceforth called
“shape e↵ects,” in IceCube for mass splittings in the
range 0.01 eV2  �m2  10 eV2 [20, 21].

ATMOSPHERIC NEUTRINOS IN ICECUBE

Having crossed the Earth, a small fraction of up-going
atmospheric neutrinos undergo charged current interac-
tions creating muons that traverse the South Pole ice.
These produce secondary particles that add Cherenkov
light, which can be detected by the Digital Optical Mod-
ules (DOMs) [22–24] of the IceCube array. The full de-
tector contains 5160 DOMs on 86 strings arranged with
string-to-string spacing of approximately 125 m and typ-
ical vertical DOM separation of 17 m.

The analysis detailed in this paper, referred to as
IC86, uses data from the full 86-string detector config-
uration taken during 2011-2012, with up-going neutrinos
selected according to the procedure developed in [16, 25].
The sample contains 20,145 well-reconstructed muons de-
tected over a live time of 343.7 days. A total of 99.9%
of the detected events in the data sample are expected

FIG. 1. Top and center: change in the spectrum due to prop-
agation e↵ects for muon neutrinos and antineutrinos at the
3+1 global best fit point. Bottom: The predicted event rate
reduction (in percent) vs. reconstructed muon energy and
zenith angle for this model.

Matter effect causes oscillation resonants 
for certain sterile neutrino parameters — 
distinctive signature
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Long-Baseline Neutrino Experiments in Japan

• KEK to Super-K (K2K) was 
the first long-baseline 
neutrino experiment 
confirmed the Super-K 
result in 2002 

• Tokai to Super-K (T2K) is 
the upgraded version: a 
completely new neutrino 
beam from J-PARC and a 
completely new near 
detector complex 

• Aiming at observing 
electron neutrino 
appearance to measure 
theta13 and the CP phase

29

04/11/16 J. Imber | LLR – Ecole Polytechnique 5

Linac
(350m)

Main Ring 
Synchrotron
(30 GeV)

J-PARC = Japan Proton 
Accelerator Research Complex

3 GeV 
Synchrotron
(25 Hz)

Neutrino to 
Kamiokande

ND280

Super-Kamiokande

INGRID

29
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m

K. Abe et al., The T2K Experiment. NIM A 694(0):211 – 223, 2012

04/11/16 J. Imber | LLR – Ecole Polytechnique 6

T2K Experiment

● Measure N events

● Compare events 
observed at near and 
far detector

● Extract oscillation 
probability

N FD∼ΦFD⋅σFD⋅ϵFD⋅POsc .

N ND∼ΦND⋅σND⋅ϵND

Observable Flux
Cross 
section

Detector 
response

Near DetectorSuper-Kamiokande J-PARC

295 km
280 m

NEUTRINO BEAM
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T2K Measurement of Neutrino Oscillation Parameters

30
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Super-KNOvA (2016)
MINOS+

IceCube

Normal Hierarchy

WXY and opYX
X

NH IH

sinXWXY 0.532lK.KÇÉjK.KÑÇ 0.534lK.KÇÇjK.KÑ.

|opYX
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- Consistent with maximal mixing

16

Daya Bay: 
oàÅÅ

X = X. Z[ ±Ä. Äâ ×dÄlYÅäX
90% CL (NH)

Off-axis beam experiments 
are more precise in 
measuring atmospheric 
mass-squared splitting

Iwamoto ICHEP’16
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Combining Reactor Results

31
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Combining with Reactor Results: A CPV Hint?

32

WdY and STU
- T2K result with reactor constraint (sin+ 2-1. = 0.085 ± 0.005)
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Long-Baseline Neutrino Experiments in U.S.A.

• MINOS is the first 
long-baseline neutrino 
experiment is MINOS 
in the U.S.A. 

– MINOS provided 
the best mass-
squared splitting 
measurement 
before NOvA  

• NOvA is an upgraded 
long-baseline 
experiment 

–  NuMI’s off-axis beam  

– Segmented liquid 
scintillator detectors: 
3kt near detector and 
14kt far detector

33

NO𝜈A 

Fermilab 

NO𝜈A Far Detector (Ash River, MN) 
MINOS Far Detector (Soudan, MN) 

� 𝜈 mass hierarchy ? 
� 𝜃23 octant ?  (𝜈3 flavor mix) 
� Allowed range of 𝛿CP ? 
 

Oscillation channels: 
    𝜈𝜇→𝜈e          �͞� 𝜇→�͞� e   

� Precision measurements of 
sin2𝜃23 and 'm2   .  

� Over-constrain the system 
  (Deviations from vSM ?) 

    𝜈𝜇→𝜈𝜇          �͞� 𝜇→�͞� 𝜇 

32 

� Sterile neutrinos, CPTv, 
NSI, and other exotica 

� Supernova neutrinos 
� Neutrino-nucleus scattering 

at Near Detector 

Also … 

Ryan Patterson, Caltech 

Patterson NNN’16
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Disappearance Channel of NOvA

34

Non-maximal 
mixing favored at 

2.5𝜎 C.L. 

Ryan Patterson, Caltech NNN16 17 

Allowed regions 
compatible with  
MINOS, T2K, 
and 2015 NOvA 
    (shown at right) 
 

'm2    =  (2.67 ± 0.12) × 10-3 eV2  
 

32 

[NH case] 

already 4.5% uncertainty 
(MINOS closed at 3.8%) 

 

sin2(𝜃23)  =  (0.40        (0.63      ) –0.02 +0.03 
 –0.03 +0.02

 

Systematic uncertainties still subordinate.  Top systs. are those related to energy calib.  
Previously on top: hadronic modeling. (Continued reductions anticipated…) 
Many analysis upgrades under development: improved selections, energy resolution binning 

Patterson NNN’16
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Appearance Signals of NOvA

35

FD expectations… 

Ryan Patterson, Caltech NNN16 25 

For fixed L/E = 0.4 km/MeV 

At right: 
    P(𝜈⎺𝜇→ 𝜈⎺e)  vs. P(𝜈𝜇→𝜈e) 
plotted for a single neutrino 
energy and baseline 
  
   →  Strong dependence on 𝛿 
        and 𝜈 mass hierarchy  
   →  P ∝ sin2𝜃23     [approx.] 

 
Total prediction: 

~17 to 42 𝜈e candidates 
(depending on osc. pars.) 

Includes 8.2 background 
(~independent of osc. pars.) 

 
Syst. uncertainty:  

±5% signal 
±10% background 

Observed in FD data: 
33 𝜈e candidates 

(c
ar

to
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) 

>8𝜎 observation of 𝜈e appearance 
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n NNN’16



Neutrino ExperimentsWei Wang/王為

NOvA Preliminary Tries of MH, CP and Octant

36

Ryan Patterson, Caltech NNN16 26 

Measure signal in 2D bins of E𝜈 × CVN 

In terms of allowed physical parameters 
  

 
NH preference not signif.: '𝜒2=0.46 
  

>3𝜎 exclusion of region in 
     IH, lower octant, around 𝛿=𝜋/2 
  

Feldman-Cousins corrections not included here 
(will appear in forthcoming journal article) 
 
 

Patterson NNN’16
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Known θ13 Enables Neutrino Mass Hierarchy at Reactors

37
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✓Mass hierarchy is reflected in the spectrum 

✓Signal independent of the unknown CP phase 

✓Suitable baseline is ~60km
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Figure 2: The reactor ν̄e energy spectrum at distance L = 20 km from the source, in the absence of
ν̄e oscillations (double-thick solid line) and in the case of ν̄e oscillations characterized by ∆m2

31 =
2.5 × 10−3 eV2, sin2 2θ⊙ = 0.8 and sin2 θ = 0.05. The thick lines are obtained for ∆m2

⊙ = 2 × 10−4

eV2 and correspond to NH (light grey) and IH (dark grey) neutrino mass spectrum. Shown is also the
spectrum for ∆m2

⊙ = 6 × 10−4 eV2 in the NH (dotted) and IH (dashed) cases.

Applying eq. (17) with ∆m2 = ∆m2
31, one sees that for the ranges of L which allow to probe

∆m2
⊙ from the LMAMSW solution region, the total event rate is not sensitive to the oscillations driven

by ∆m2
31 ∼> 1.5 × 10−3 eV2. Thus, the total event rate analysis would determine ∆m2

⊙ which would
be the same for both the normal and inverted hierarchy neutrino mass spectrum.
4.2 Energy Spectrum Distortions

An unambiguous evidence of neutrino oscillations would be the characteristic distortion of the
ν̄e energy spectrum. This is caused by the fact that, at fixed L, neutrinos with different energies reach
the detector in a different oscillation phase, so that some parts of the spectrum would be suppressed
more strongly by the oscillations than other parts. The search for distortions of the ν̄e energy spectrum
is essentially a direct test of the ν̄e oscillations. It is more effective than the total rate analysis since it
is not affected, e.g., by the overall normalization of the reactor ν̄e flux. However, such a test requires a
sufficiently high statistics and sufficiently good energy resolution of the detector used.

Energy spectrum distortions can be studied, in principle, in an experiment with L ∼= (20 − 25)
km. In Fig. 2 we show the comparison between the ν̄e spectrum expected for ∆m2

⊙ = 2 × 10−4 eV2

and ∆m2
⊙ = 6 × 10−4 eV2 and the spectrum in the absence of ν̄e oscillations. No averaging has been

performed and the possible detector resolution is not taken into account. The curves show the product
of the probabilities given by eqs. (9) and (13) and the predicted reactor ν̄e spectrum [36]. As Fig.
2 illustrates, the ν̄e spectrum in the case of oscillation is well distinguishable from that in the absence
of oscillations. Moreover, for ∆m2

⊙ lying in the interval 10−4 eV2 < ∆m2
⊙ ∼< 8.0 × 10−4 eV2, the

shape of the spectrum exhibits a very strong dependence on the value of ∆m2
⊙. A likelihood analysis

of the data would be able to determine the value of ∆m2
⊙ from the indicated interval with a rather good

precision. This would require a precision in the measurement of the e+−spectrum, which should be
just not worse than the precision achieved in the CHOOZ experiment and that planned to be reached in

8

Petcov&Piai, Phys. Lett. B533 (2002) 94-106

L~20km

∝sin22θ13

uncertainty) is used, namely !0
32 ¼ !32 þ! at fixed

L=E.2 In particular, !m2
!ð60 km; 4 MeVÞ % 0:12&

10'3 eV2 (using the experimental values of !m2
21 and

"12 [14]), which is similar to the size of the experimental
uncertainty of j!m2

32j. Thus at fixed L=E, determination
of mass hierarchy is not possible without improved prior
knowledge of j!m2

32j.
To some extent, this degeneracy can be overcome by

using a range of L=E or actually, as is the case for the
reactor neutrinos, a range of neutrino energies E "#. Figure 1
shows the magnitude of !m2

! as a function of distance

between reactor and detector (L in km) and the visible
energy of the prompt events of inverse beta decay (IBD),
which is related to the incident neutrino energy (Evis %
E "# ' 0:8 in MeV). It is seen that for the region with base-
line L below 20 km, the effective mass-squared difference
!m2

! remains almost constant for the entire IBD energy

range. That indicates an irresolvable degeneracy across the
entire spectrum of IBD given the current experimental
uncertainty of j!m2

32j. At larger distances, % 60 km,
!m2

! exhibits some dependence on energy, indicating

that the degeneracy could be possibly overcome, as dis-
cussed further below.

With a finite detector resolution, the high-frequency
oscillatory behavior of the positron spectrum, whose phase
contains the MH information, will be smeared out, par-
ticularly at lower energies. For example, at 60 km and

4 MeV, 2!32 % 30$ for j!m2
32j ¼ 2:43& 10'3 eV2.

Therefore, a small variation of neutrino energy would
lead to a large change of 2!32.
We modeled the energy resolution as

%E

E
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi"
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðMeVÞ

p
#
2
þ 1

s
%; (3)

with choices of a ¼ 2:6, 4.9, and 6.9. The values of 4.9%
and 6.9% are chosen to mimic achieved energy resolu-
tions of current state-of-the-art neutrino detectors
Borexino [16] (5–6%) and KamLAND [17] (( 7%), re-
spectively. The value of 2.6% corresponds to an estimated
performance for an ideal 100% photon coverage. In real-
ity, a research and development plan to reach the desired
detector energy resolution (better than 3% at 1MeV) has
been proposed [18]. Our simulation suggests that the lines
defined by the relations 2!32

%E
E ¼ 0:68& 2$ represent

boundaries of the region where the high-frequency oscil-
latory behavior of the positron spectrum is completely
suppressed. The solid, dashed, and dotted-dashed lines in
Fig. 1 show these boundaries for a ¼ 2:6, 4.9, and 6.9,
respectively. The left side of these lines (lower values of
Evis) will yield negligible contributions to the differentia-
tion of MH.
As pointed out above, when !m2

! becomes essentially

independent of Evis, the degeneracy related to the j!m2
32j

uncertainty makes determination of MH impossible.
Again, our simulation suggests that the dividing line is
!m2

! ¼ 0:128& 10'3 eV2, indicated by the purple line

in Fig. 1. The right side of this line (larger values of Evis)
alone will play very small role in differentiating between
these two degenerate solutions. Thus, the region between
the steep lines related to the energy resolution and the
purple diagonal line related to the degeneracy is essential
in extracting the information of the MH. Therefore, at
L < 30 km it is impossible to resolve the MH while at
L % 60 km there is a range of energies where the affect
of MH could be, in principle, visible. At such a distance,
the ‘solar’ suppression of the reactor "#e flux is near its
maximum and thus the higher frequency and lower am-
plitude ‘‘atmospheric’’ oscillations become more easily
identified.
In order to explore the sensitivity of a potential mea-

surement and simplify our discussion, we assume a
40 GW thermal power of a reactor complex and a
20 kT detector. In the absence of oscillations, the event
rate per year at 1 km distance, R, is estimated using the
results of the Daya Bay experiment [3] to be R ¼ 2:5&
108=year. At a baseline distance of L, the total number
of events N is then expected to be N ¼ R )
TðyearÞ=LðkmÞ2 & "Pð "#e ! "#eÞ, where "Pð "#e ! "#eÞ is the
average neutrino survival probability. Values of mixing
angles and mass-squared differences used in the simula-
tion are taken from [3,14]
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FIG. 1 (color). Map of !m2
! over a phase space of energy and

distance. The x axis is the visible energy of the IBD in MeV. The
y axis is the distance between the reactor and detector. The
legend of color code is shown on the right bar, which represents
the size of !m2

! in eV2. The solid, dashed, and dotted lines

represent three choices of detector energy resolution with a ¼
2:6, 4.9, and 6.9, respectively. The purple solid line represents the
approximate boundary of degenerate mass-squared difference.
See text for more explanations.

2Other degenerate solutions, naturally, might exist when the
uncertainty in !32 is larger than 2$.

QIAN et al. PHYSICAL REVIEW D 87, 033005 (2013)

033005-2

Qian and WW et al PRD 87, 033005 (2013) 
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Jiangmen Underground Neutrino Observatory as an Example

38

Yangjiang

Taishan
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JU
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Sun Yat-Sen Univ

Macau

Hong 
Kong

Jiangmen City

Idea of the Daya Bay-II Experiment 
Daya Bay 

60 km 
Daya Bay II 

KamLAND 

� 20 kton LS detector 
� 3% energy resolution 
� Rich physics possibilities 

Ö Mass hierarchy 
Ö Precision measurement of 

4 mixing parameters 
Ö Supernovae neutrinos 
Ö Geoneutrinos 
Ö Sterile neutrinos 
Ö Atmospheric neutrinos 
Ö Exotic searches  

Talk by Y.F. Wang at ICFA seminar 2008, Neutel 2011;  by J. Cao at Nutel 2009, NuTurn 2012 ;  
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,  PRD78:111103,2008;  PRD79:073007,2009 

JUNO
~53km

Along co
ast i

n Korea: 

RENO ➡ RENO-50
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Expected Significance to Mass Hierarchy

•~3-sigma if only a relative 
spectral measurement without 
external atmospheric mass-
squared splitting 

•~4-sigma with an external Δm2 
measured to ~1% level in νμ 

beam oscillation experiments 

- ~1% in Δm2 is reachable based on 
the combined T2K+NOvA analysis 
by  
S.K. Agarwalla, S. Prakash, WW, 
arXiv:1312.1477

39

✓Realistic reactor distributions considered
✓20kt valid target mass, 36GW reactor power, 6-year running
✓3% energy resolution and 1% energy scale uncertainty assumed
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JUNO Precision Measurements Warranted

• Precision <1% measurements are warranted 
in a experiment like JUNO 
– Enable a future ~1% level PMNS unitarity test  

– Neutrinoless double beta decay needs precise θ12

40

Consistent conclusion from an independent study by A.B. 
Balantekin et al, Snowmass’13, arXiv:1307.7419

Figure 3-5: The precision of sin2 θ12 with the rate plus shape information (solid curve) and rate-
only information (dashed curve).

Figure 3-6: Dependence of the precision of sin2 θ12, ∆m2
21 and ∆m2

ee with the neutrino energy
resolution.

61

Nominal + B2B (1%) + BG + EL (1%) + NL (1%)
sin2 θ12 0.54% 0.60% 0.62% 0.64% 0.67%
∆m2

21 0.24% 0.27% 0.29% 0.44% 0.59%
|∆m2

ee| 0.27% 0.31% 0.31% 0.35% 0.44%

Table 3-2: Precision of sin2 θ12, ∆m2
21 and |∆m2

ee| from the nominal setup to those including
additional systematic uncertainties. The systematics are added one by one from left to right.

In the following a study of the effects of important systematic errors, including the bin-to-bin (B2B)
energy uncorrelated uncertainty, the energy linear scale (EL) uncertainty and the energy non-linear
(NL) uncertainty, will be discussed and the influence of background (BG) will be presented. As a
benchmark, 1% precision for all the considered systematic errors is assumed. The background level
and uncertainties are the same as in the previous chapter for the MH determination. In Table 3-
2, we show the precision of sin2 θ12, ∆m2

21 and |∆m2
ee| from the nominal setup to those including

additional systematic uncertainties. The systematics are added one by one. Note the energy-related
uncertainties are more important because the sensitivity is mostly from the spectrum distortion
due to neutrino oscillations.

In summary, for the precision measurements of oscillation parameters, we can achieve the preci-
sion level of 0.5%−0.7% for the three oscillation parameters sin2 θ12, ∆m2

21 and |∆m2
ee|. Therefore,

precision tests of the unitarity of the lepton mixing matrix in Eq. (3.1), and the mass sum rule in
Eq. (3.4) are feasible at unprecedented precision levels.

3.3 Tests of the standard three-neutrino paradigm

In this section, the strategy for testing the standard three-neutrino paradigm including the unitarity
of the lepton mixing matrix and the sum rule of the mass-squared differences will be discussed.
As only the lepton mixing elements of the electron flavor are accessible in reactor antineutrino
oscillations, we here focus on testing the normalization condition in the first row of U as shown in
Eq. (3.1). It should be noted that the θ12 measurement in JUNO is mainly from the energy spectrum
measurement, and θ13 in Daya Bay is from the relative rate measurement. Therefore, an absolute
rate measurement from either reactor antineutrino experiments or solar neutrino experiments is
required to anchor the total normalization for the first row of U . For the test of the mass sum rule,
an additional independent mass-squared difference is needed, where the most promising one is that
from the long-baseline accelerator muon-neutrino disappearance channel, i.e., ∆m2

µµ.
To explain non-zero neutrino masses in new physics beyond the Standard Model (SM), a large

class of models introduces additional fermion singlets to mix with the SM neutrinos. Thus the full
neutrino mixing matrix will be enlarged, and an effective 3× 3 non-unitary mixing matrix emerges
when one integrates out all those heavy fermion singlets (i.e., sterile neutrinos). The distinct effects
within this class of SM extensions are well described by an effective field extension of the SM, called
the Minimal Unitarity Violation (MUV) scheme. The MUV extension of the SM, characterized by
two non-renormalizable effective operators, is defined as

LMUV = LSM + δLd=5 + δLd=6

= LSM +
1

2
cd=5
αβ

(
Lc

αφ̃
∗
)(

φ̃† Lβ

)
+ cd=6

αβ

(
Lαφ̃

)
i ̸ ∂

(
φ̃†Lβ

)
+H.c. , (3.9)

where φ denotes the SM Higgs field, which breaks the electroweak (EW) symmetry spontaneously
after acquiring the vacuum expectation value (vev) vEW ≃ 246GeV, and Lα represents the lepton
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∆m2
21 |∆m2

31| sin2 θ12 sin2 θ13 sin2 θ23
Dominant Exps. KamLAND MINOS SNO Daya Bay SK/T2K
Individual 1σ 2.7% [121] 4.1% [123] 6.7% [109] 6% [122] 14% [124,125]
Global 1σ 2.6% 2.7% 4.1% 5.0% 11%

Table 3-1: Current precision for the five known oscillation parameters from the dominant experi-
ments and the latest global analysis [69].

required by the MH measurement, antineutrinos from different reactors generate nearly identical
energy spectra without smearing the oscillation patterns. This represents an important advantage
for extracting the oscillation parameters with high precision. Fig. 3-1 shows the predicted prompt
energy spectrum for the IBD events. Multiple oscillation patterns corresponding to the solar and
atmospheric ∆m2 scales are clearly visible.

Current precision for five known oscillation parameters are summarized in Table 3-1, where
both the results from individual experiments and from the latest global analysis [69] are presented.
Most of the oscillation parameters have been measured with an accuracy better than 10%. The
least accurate case is for θ23, where the octant ambiguity hinders a precision determination. Among
the four oscillation parameters accessible by JUNO, θ13 can not be measured with a precision better
than the Daya Bay one, which is expected to reach a 4% precision for this smallest mixing angle
after 5 years of running. Therefore, we only discuss the prospect for precision measurements of
θ12,∆m2

21, and |∆m2
ee|1.

With the nominal setup [60] described in the MH measurement, the expected accuracy for the
three relevant parameters is shown in Fig. 3-4, where the solid lines show the accuracy with all
the other oscillation parameters fixed and the dashed lines show the accuracy with free oscillation
parameters. The precision (dashed lines) of 0.54%, 0.24% and 0.27% can be obtained for sin2 θ12,
∆m2

21 and ∆m2
ee, respectively, after 6 years of running.

Several comments are listed as follows:

• Although only one single detector is considered, the precision on θ12 at the sub-percent level
is achievable because most of the sensitivity is from the spectral information. This property
is illustrated in Fig. 3-5, showing the θ12 accuracy with both the rate and shape information
and with only the rate information.

• A precision of |∆m2
ee| similar to ∆m2

21 is obtained because each fast oscillation cycle gives
a statistically independent measurement of |∆m2

ee|. The combined result from the whole
spectrum has a high statistical accuracy.

• The baseline differences may affect significantly the precision of θ12 because different baselines
can smear the oscillation pattern. For comparison, the precision of θ12 could be improved
from 0.54% to 0.35% if the baselines were identical for JUNO.

• The energy resolution impacts mainly |∆m2
ee| because the relevant information is contained

in the fine structure of fast oscillations. A quantitative dependence on the energy resolution
for all the three oscillation parameters is shown in Fig. 3-6 with energy resolution ranging
from 2% to 5%.

1There will be two degenerated solutions for |∆m2
ee| in case of undetermined MH.
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IceCube-DeepCore

41

IceCube
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Good for atmospheric  
oscillation parameters

Threshold energy too  
high for mass hierarchy
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IceCube-Gen2/PINGU

• Resonance 
oscillation due to 
MSW effect for 
atmospheric 
mass-squared 
splitting happens 
in Earth for few 
GeV neutrinos 

• Under different 
mass hierarchies, 
the resonance 
energies differ ⟹ 
event differences 
tell mass 
hierarchy
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IceCube-Gen2 at low energies

➡ Need large statistics ⟹ IceCube 

➡ Need to lower the energy threshold ⟹  
IceCube-Gen2/PINGU
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IceCube-Gen2/PINGU Sensitivity to MH and Octant
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Full IceCube-Gen2 physics

» Neutrino mass ordering

Yanez NNN’16
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Summary

• Exciting and steady progresses have been made in the past 20 years in 
neutrino experiments since Super-K turned on — New physics beyond 

the Standard Model 

• The current generation Long-baseline neutrino experiments are 
showing potential in measuring CP and mass hierarchy: expecting more 
data from beam upgrades and planning more data taking 

• Non-accelerator neutrinos provide great potential in resolving the 
neutrino mass hierarchy: JUNO, RENO-50, IceCube-Gen2/PINGU 

• Unanswered questions in neutrino sector might hold the keys to many 

profound questions — Stay tuned and expect unexpected! 

What I have skipped: MiniBooNe, MicroBooNe, OPERA, ICARUS, BOREXINO/SOX, 
RENO-50, Hyper-K, ORCA/KM3NET, DUNE, Katrin, ……, exotic New Physics 
searches, Ultra-high energy neutrinos, and neutrinoless double beta decay 
experiments……
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The Detector Performance Goals
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Daya Bay BOREXINO KamLAND JUNO

Target Mass 20t ~300t ~1kt ~20kt 

PE Collected
~160  

PE/MeV
~500  

PE/MeV 
~250  

PE/MeV
~1200  

PE/MeV

Photocathode 
Coverage

~12% ~34% ~34% ~80%

Energy 
Resolution

~7.5%/√E ~5%/√E ~6%/√E 3%/√E

Energy 
Calibration

~1.5% ~1% ~2% <1%

➡ An unprecedented LS detector is under development for the JUNO 
project —> a great step in detector technology
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Challenges in Resolving MH using Reactor Sources

• Energy resolution: ~3%/sqrt(E) 

- Bad resolution leads to smeared spectrum 
and the MH signal practically disappears 

• Energy scale uncertainty: <1% 

- Bad control of energy scale could lead to 
no answer, or even worse, a wrong 
answer 

• Statistics (who doesn’t like it?) 

- ~36GW thermal power, a 20kt detector 
plus precise muon tracking to get the best 
statistics 

• Reactor distribution: <~0.5km 

- If too spread out, the signal could go away 
due to cancellation of different baselines 

- JUNO baseline differences are within half 
kilometer.

46

Figure 2: The variation (left panel) of the MH sensitivity as a function of the baseline
difference of two reactors and the comparison (right panel) of the MH sensitivity for the
ideal and actual distributions of the reactor cores.

Figure 3: Two classes of typical examples for the residual non-linear functions in our
simulation.

and baseline distribution of each core of the Yangjiang (YJ) and Taishan (TS) nuclear
power plant, shown in Table 1. The remote reactors in the Daya Bay (DYB) and the
possible Huizhou (HZ) power plant are also included. The reduction of sensitivity due to
the actual distribution of reactor cores is shown in the right panel of Figure 2, which gives
a degradation of ∆χ2

MH ≃ 5. In all the following studies, the actual spacial distribution
of reactor cores for the Daya Bay II Experiment is taken into account.

4 Energy Non-Linearity Effect

The detector energy response is also crucial for Daya Bay II since a precise energy spec-
trum of reactor neutrinos is required. Assuming the energy non-linearity correction is
imperfect, we study its impact to the sensitivity by including in our simulation a residual
non-linearity between the measured and expected neutrino spectra. Assume the detector
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IceCube-DeepCore Results
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Update to PRD ⌫µ disappearance oscillation analysis
PRD 91, 072004 (2015)

IceCube Preliminary

Improved simulation,
systematics, and MC/Data
agreement results.
Improved: detector noise
model, tighter cut for atm.
muon rejection, flux
prediction, PE charge
calibration, etc.
Consistent with original
results

Using only events with Ereco < 56 GeV
Fitting to data done in 2D space (E , ✓)

I �2/ndf = 52.4/56

Observed ⇡5200 events in 953 days

|�m2
32|= 2.50+0.18

�0.2410�3eV2

sin2(✓23) = 0.52+0.12
�0.10
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Updates in 2016
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Results competitive w/ SK


