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Experimental approaches 
and Asian experiments

•Accelerator neutrino:
T2K, T2K-II, T2HK (Japan), T2HKK (+Korea)

•Reactor neutrino: 
RENO (Korea), Daya Bay, JUNO (China) 

•Atmospheric neutrino:
Super-K, SK-Gd, Hyper-K (Japan), INO (India)

•Not covered here: Astro. ν (Solar, SN, ...), KamLAND
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T2K results on δCP
•Compare νμ→νe appearance between ν and anti-ν
•Using reactor θ13 constraint, 
δ=0 or π excluded at 90% C.L.
         νe                  anti-νe

11
sin2 θ23 ¼ 0.528. The νe (ν̄e) contamination in the ν̄e (νe)
sample is 17.4% (0.5%), and the proportion of the sample
expected to correspond to oscillated ν̄e (νe) events is 46.4%
(80.9%) for δCP ¼ −π=2. A more detailed description of
the candidate event selections can be found in previous
publications [14]. The ν̄e signal events are concentrated in
the forward direction with respect to the beam, unlike the
backgrounds (Fig. 3). Therefore, incorporating recon-
structed lepton angle information in the analysis increases
the sensitivity. The reconstructed neutrino energy spectra for
the νe and ν̄e samples is shown in Fig. 4.
The systematic errors concerning the detector behavior

are estimated using atmospheric neutrino and cosmic-ray
muon events. A sample of hybrid data-Monte Carlo events
is also used to evaluate uncertainties regarding π0 rejection.

Correlations between the uncertainties for the four samples
are taken into account in the fits.
The fractional variation of the number of expected events

for the four samples owing to the various sources of
systematic uncertainty are shown in Table II. A more in-
depth description of the sources of systematic uncertainty
in the fit is given in [14], although this reference does not
cover the updates discussed in previous sections.
Oscillation analysis.—The oscillation parameters

sin2 θ23, Δm2
32, sin

2 θ13, and δCP are estimated by perform-
ing a joint maximum-likelihood fit of the four far-detector
samples. The oscillation probabilities are calculated using
the full three-flavor oscillation formulas [39]. Matter effects
are included with an Earth density of ρ ¼ 2.6 g=cm3 [40].
As described previously, the priors for the beam flux and

neutrino interaction cross-section parameters are obtained
from the fit with the near-detector data. The priors [8] for
the solar neutrino oscillation parameters—whose impact is
almost negligible—are sin22θ12¼0.846"0.021, Δm2

21 ¼
ð7.53" 0.18Þ × 10−5 eV2=c4, and in some fits we use
sin2 2θ13 ¼ 0.085" 0.005 [8], called the “reactor meas-
urement.” Flat priors are used for sin2 θ23, Δm2

32, and δCP.
We use a procedure analogous to [15]: we integrate the

likelihood over the prior probability density function of the
nuisance parameters and we obtain the marginal likelihood
which depends only on the relevant oscillation parameters.We
define−2Δ lnL ¼ −2 ln½LðoÞ=Lmax& as the ratio between the
marginal likelihood at the point o of the relevant oscillation
parameter space and the maximum marginal likelihood.
We have conducted three analyses using different

far-detector event quantities and different statistical
approaches. All of them use the neutrino energy recon-

structed in the CCQE hypothesis (Erec) for the ν
ð−Þ

μ samples.
The first analysis uses Erec and the reconstructed angle
between the lepton and the neutrino beam direction, θlep,

of the ν
ð−Þ

e candidate samples and provides confidence
intervals using a hybrid Bayesian-frequentist approach
[41]. These results are shown in the following figures.
The second analysis is fully Bayesian and uses the lepton

momentum, plep, and θlep for the ν
ð−Þ

e samples to compute
credible intervals using the posterior probability. The third

analysis uses only Erec spectra for the ν
ð−Þ

e samples and a
Markov chain Monte Carlo method [42] to provide
Bayesian credible intervals. This analysis performs a
simultaneous fit of both the near- and far-detector data,
providing a validation of the extrapolation of the flux, cross
section, and detector systematic parameters from the near to
far detector. All three methods are in good agreement.
An indication of the sensitivity to δCP and the mass

ordering can be obtained from Table I. If CP violation is
maximal (δCP ¼ "π=2), the predicted variation of the total
number of events with respect to the CP conservation
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FIG. 3. The reconstructed lepton momentum and angle relative
to the beam at the far detector for the ν̄e sample signal (left) and
background (right) expectation with the data overlaid (blue
points).
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FIG. 4. The reconstructed neutrino energy at the far detector for
the νe (left) and ν̄e (right) candidate samples is shown together
with the expected distribution without oscillation (blue histo-
gram) and the best fit (red histogram).

TABLE II. Systematic uncertainty on the predicted event rate at
the far detector.

Source (%) νμ νe ν̄μ ν̄e

ND280-unconstrained
cross section

0.7 3.0 0.8 3.3

Flux and ND280-constrained
cross section

2.8 2.9 3.3 3.2

Super-Kamiokande detector systematics 3.9 2.4 3.3 3.1
Final or secondary
hadron interactions

1.5 2.5 2.1 2.5

Total 5.0 5.4 5.2 6.2
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place, the muon charge, and the final-state multiplicity.
For data taken in neutrino mode, only interactions with a
negatively charged muon are considered. For data taken in
antineutrino mode, there are separate categories for events
with positively charged (right-sign) and negatively charged
(wrong-sign) muon candidates. The wrong-sign candidates
are included because the larger neutrino cross section leads
to a non-negligible wrong-sign background in antineutrino
mode. In neutrino mode, there are three categories for
reconstructed final states: no pion candidate in the final
state (CC0π), one pion candidate in the final state (CC1π),
and all other CC candidates (CC other). In antineutrino
mode, events are divided into two categories based on the
final states: only the muon track exits the FGD to enter
the TPC (CC 1-track) and at least one other track enters the
TPC (CC N-track).
When fitting, the data are binned according to the

momentum of the muon candidate, pμ, and cos θμ, where
θμ is the angle of the muon direction relative to the central
axis of the detector, roughly 1.7° away from the incident
(anti)neutrino direction. A binned maximum likelihood fit
is performed in which the neutrino flux and interaction
model parameters are allowed to vary. Nuisance parameters
describing the systematic errors in the ND280 detector

model—the largest of which is pion interaction modeling—
are marginalized in the fit.
The fitted pμ and cos θμ distributions for the FGD2

CC0π and CC 1-track categories are shown in Fig. 2.
Acceptable agreement between the postfit model and data
is observed for both kinematic variables, with a p value of
0.086. The best-fit fluxes are increased with respect to the
original flux model by 10%–15% near the flux peak. This
is driven by the prefit deficit in the prediction for the
CC0π and CC other samples. The fitted value for the axial
mass in the CCQE model is 1.12 GeV=c2, compared to
1.24 GeV=c2 in a previous fit where the 2p-2h model and
RPA corrections were not included [14]. The lower axial
mass decreases the interaction rate, driving the increased
flux prediction. The fit to ND280 data reduces the
uncertainty on the event-rate predictions at the far detector
due to uncertainties on the flux and ND280-constrained
interaction model parameters from 10.9% (12.4%) to 2.9%
(3.2%) for the νe (ν̄e) candidate sample.
Far-detector data.—At the far detector, events are

extracted that lie within ½−2; 10" μs relative to the beam
arrival. Fully contained eventswithin the fiducial volume are
selected by requiring that no hit cluster is observed in the
outer detector volume, that the distance from the recon-
structed vertex to the inner detector wall is larger than 2 m,
and that the total observed charge is greater than the
equivalent quantity for a 30-MeV electron. The CCQE
component of our sample is enhanced by selecting events
with a single Cherenkov ring. The νμ=ν̄μ CCQE candidate
samples are then selected by requiring a μ-like ring using a
particle identification likelihood, zero or one decay electron
candidates, and muon momentum greater than 200 MeV=c
to reduce pion background. Post selection, 135 and 66
events remain in the νμ and ν̄μ candidate samples,
respectively, while if jΔm2

32j ¼ 2.509 × 10−3 eV2=c4 and
sin2 θ23 ¼ 0.528 (i.e., maximal disappearance), 135.5 and
64.1 events are expected. The νe=ν̄e CCQE candidate
samples are selected by requiring an e-like ring and zero
decay electron candidates, not π0-like and reconstructed
energy less than 1.25 GeV. The total number of events
remaining in these samples is presented in Table I with
their respective expectation for different values of δCP,
sin2 2θ13 ¼ 0.085, jΔm2

32j ¼ 2.509 × 10−3 eV2=c4, and
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FIG. 2. The FGD2 data, prefit predictions and postfit predic-
tions binned in pμ (left) and cos θμ (right) for the neutrino
mode CC0π (top), antineutrino mode CC 1-track μþ (middle)
and antineutrino mode CC 1-track μ− (bottom) categories. The
overflow bins are integrated out to 10 000 MeV=c for pμ and
−1.0 for cos θμ respectively.

TABLE I. Number of νe and ν̄e events expected for various
values of δCP and both mass orderings compared to the observed
numbers.

Normal δCP ¼ −π=2 δCP ¼ 0 δCP ¼ π=2 δCP ¼ π Observed

νe 28.7 24.2 19.6 24.1 32
ν̄e 6.0 6.9 7.7 6.8 4

Inverted δCP ¼ −π=2 δCP ¼ 0 δCP ¼ π=2 δCP ¼ π Observed
νe 25.4 21.3 17.1 21.3 32
ν̄e 6.5 7.4 8.4 7.4 4
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hypothesis (δCP ¼ 0, π) is about 20%. The different mass
orderings induce a variation of the number of expected
events of about 10%. Matter effects are negligible for the νμ
and ν̄μ candidate samples, while they affect the number of
events in the νe and ν̄e candidate samples by about 6% and
4%, respectively, for maximal CP violation.
A series of fits are performed where one or two

oscillation parameters are determined and the others are
marginalized. Confidence regions are set using the constant
−2Δ lnL method [8]. In the first fit confidence regions in
the sin2 θ23 − jΔm2

32j plane (Fig. 5) were computed using
the reactor measurement of sin2 θ13. The best-fit values
are sin2 θ23 ¼ 0.532 and jΔm2

32j ¼ 2.545 × 10−3 eV2=c4

(sin2 θ23 ¼ 0.534 and jΔm2
32j ¼ 2.510 × 10−3 eV2=c4) for

the normal (inverted) ordering. The goodness of fit for all
three analyses is better than 80%. The result is consistent
with maximal disappearance. The T2K data weakly prefer
the second octant (sin2 θ23 > 0.5) with a posterior proba-
bility of 61%.
Confidence regions in the sin2 θ13 − δCP plane are

computed independently for both mass-ordering hypoth-
eses (Fig. 6) without using the reactor measurement. The
addition of antineutrino samples at Super-K gives the first
sensitivity to δCP from T2K data alone. There is good
agreement between the T2K result and the reactor meas-
urement for sin2 θ13. For both mass-ordering hypotheses,
the best-fit value of δCP is close to −π=2.
Confidence intervals for δCP are obtained using the

Feldman-Cousins method [47]. The parameter sin2 θ13 is
marginalized using the reactor measurement. The best-fit
value is obtained for the normal ordering and
δCP ¼ −1.791, close to maximal CP violation (Fig. 7).
For inverted ordering the best-fit value of δCP is −1.414.
The hypothesis of CP conservation (δCP ¼ 0, π) is
excluded at 90% C.L. and δCP ¼ 0 is excluded at more
than 2σ. The δCP confidence intervals at 90% C.L. are
(−3.13, −0.39) for normal ordering and (−2.09, −0.74) for
inverted ordering. The Bayesian credible interval at 90%,
marginalizing over the mass ordering, is (−3.13, −0.21).
The normal ordering is weakly favored over the inverted
ordering with a posterior probability of 75%.
Sensitivity studies show that, if the true value of δCP is

−π=2 and the mass ordering is normal, the fraction of
pseudoexperiments where CP conservation (δCP ¼ 0, π) is
excluded with a significance of 90% C.L. is 17.3%, with
the amount of data used in this analysis.
Conclusions.—T2K has performed the first search for

CP violation in neutrino oscillations using νμ → νe appear-
ance and νμ → νμ disappearance channels in neutrino and
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hypothesis (δCP ¼ 0, π) is about 20%. The different mass
orderings induce a variation of the number of expected
events of about 10%. Matter effects are negligible for the νμ
and ν̄μ candidate samples, while they affect the number of
events in the νe and ν̄e candidate samples by about 6% and
4%, respectively, for maximal CP violation.
A series of fits are performed where one or two

oscillation parameters are determined and the others are
marginalized. Confidence regions are set using the constant
−2Δ lnL method [8]. In the first fit confidence regions in
the sin2 θ23 − jΔm2

32j plane (Fig. 5) were computed using
the reactor measurement of sin2 θ13. The best-fit values
are sin2 θ23 ¼ 0.532 and jΔm2

32j ¼ 2.545 × 10−3 eV2=c4

(sin2 θ23 ¼ 0.534 and jΔm2
32j ¼ 2.510 × 10−3 eV2=c4) for

the normal (inverted) ordering. The goodness of fit for all
three analyses is better than 80%. The result is consistent
with maximal disappearance. The T2K data weakly prefer
the second octant (sin2 θ23 > 0.5) with a posterior proba-
bility of 61%.
Confidence regions in the sin2 θ13 − δCP plane are

computed independently for both mass-ordering hypoth-
eses (Fig. 6) without using the reactor measurement. The
addition of antineutrino samples at Super-K gives the first
sensitivity to δCP from T2K data alone. There is good
agreement between the T2K result and the reactor meas-
urement for sin2 θ13. For both mass-ordering hypotheses,
the best-fit value of δCP is close to −π=2.
Confidence intervals for δCP are obtained using the

Feldman-Cousins method [47]. The parameter sin2 θ13 is
marginalized using the reactor measurement. The best-fit
value is obtained for the normal ordering and
δCP ¼ −1.791, close to maximal CP violation (Fig. 7).
For inverted ordering the best-fit value of δCP is −1.414.
The hypothesis of CP conservation (δCP ¼ 0, π) is
excluded at 90% C.L. and δCP ¼ 0 is excluded at more
than 2σ. The δCP confidence intervals at 90% C.L. are
(−3.13, −0.39) for normal ordering and (−2.09, −0.74) for
inverted ordering. The Bayesian credible interval at 90%,
marginalizing over the mass ordering, is (−3.13, −0.21).
The normal ordering is weakly favored over the inverted
ordering with a posterior probability of 75%.
Sensitivity studies show that, if the true value of δCP is

−π=2 and the mass ordering is normal, the fraction of
pseudoexperiments where CP conservation (δCP ¼ 0, π) is
excluded with a significance of 90% C.L. is 17.3%, with
the amount of data used in this analysis.
Conclusions.—T2K has performed the first search for

CP violation in neutrino oscillations using νμ → νe appear-
ance and νμ → νμ disappearance channels in neutrino and
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Hyper-Kamiokande
•260kton tank (D74m×H60m)
• 190kton fiducial mass (~×10 of Super-K)
• 40,000 PMTs
with 2x eff.
• >5σ discovery
in wide δCP 
range
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8 他実験との関係、計画の緊急性
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図 105: ハイパーカミオカンデの 10年間の観測による「CP対称性の破れ」の発見能力を、
CP位相の関数として、現行実験および競合実験のものとあわせて示す [1, 2, 3]。ニュート
リノの質量階層性として正常階層を仮定している。
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図 106: ハイパーカミオカンデの「CP対称性の破れ」の発見能力を、横軸を西暦として、現
行実験および競合実験のものとあわせて示す [1, 2, 3]。ハイパーカミオカンデの実験開始を
2026年と仮定している。ニュートリノの質量階層性として正常階層を仮定している。
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186 kton fiducial mass : ~10×SK

new 50cm photosensors
×2 higher photon sensitivity than SK
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T2HKK (Tokai 2 HK & Korea)
• Idea to build a 2nd tank in Korea
(“lower” Off-Axis beam reaches 
Earth surface in Korea)
• L~1100km  → large matter effect
 → Mass Hierarchy sensitivity
• > 5σ for any δCP value
•Also δCP precision improves

14

PLB 637(2006)266
PRD 76(2007)093002

FIG. 1: Contour map of the J-PARC o↵-axis beam to Korea [8, 9].

water-based liquid scintillators raise the possibility of a program based on reactor neutrinos

at a later stage.

There were earlier e↵orts on a large water Cherenkov detector in Korea using a J-PARC-

based neutrino beam [3, 4]. Originally an idea for a two baseline experiment with a 2nd

detector in Korea has been discussed by several authors pointing out possible improvements

for measurements on CP violation and mass hierarchy [5–9]. Three international workshops

were held in Korea and Japan in 2005, 2006 and 2007 [10]. The mixing angle of ✓13 was not

known yet, and therefore the detector size and mass could not be determined at the time.

Now more realistic studies and a detector design are possible due to the precisely measured

✓13 [11–18].

Overall the T2HKK configuration with two baselines o↵ers the possibility to significantly

augment the study of neutrino oscillations relative to the single baseline T2HK configuration.

The resolution of parameter degeneracies with the measurement at two baselines also may

allow for more precise measurements of the oscillation parameters and sensitivity to non-

standard physics. In the following sections more details on the T2HKK detector, sensitivity

studies, and additional benefits are discussed followed by a summary and conclusion.
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TABLE VI: The fraction of true �cp values for which CP violation can be discovered at 3� or 5�.

True NH, Known True IH, Known True NH, Unknown True IH, Unknown

3� 5� 3� 5� 3� 5� 3� 5�

JD⇥2 0.74 0.55 0.74 0.55 0.52 0.27 0.50 0.28

JD+KD at 2.5� 0.76 0.58 0.76 0.59 0.76 0.48 0.72 0.30

JD+KD at 2.0� 0.78 0.61 0.78 0.61 0.77 0.55 0.79 0.51

JD+KD at 1.5� 0.77 0.59 0.77 0.59 0.77 0.59 0.77 0.59

for the configuration with 2 detectors in Japan is 3� better than what is presented in the

Hyper-K design report. Further studies are necessary to determine if this di↵erence arises

due to di↵erences in the systematic error model. However, it is likely that any additional

systematic errors will more strongly impact the measurement with 2 detectors in Japan since
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DUNE
15 

•  A long-baseline neutrino experiment designed for studying
•  CP violation in neutrino oscillation

•  Study νe appearance
•  Neutrino mass-hierarchy problem
•  Precise measurement of mixing angle θ23 and mass splitting Δm2

32
•  Nucleon decay
•  Other physics 
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DUNE: Scientific Reach
18

Mass Hierarchy CP Violation

7 yrs

10 yrs 10 yrs

7 yrs

Luk



•+ T2K θ23 and Δm232
•                                                         Δχ2=-5.2

Moderate preference on NH
•SK Atm-ν + fixed θ13
•                                                         Δχ2=-4.3

24

Atmν data fit w/ fixed θ13

14

•Mass hierarchy: Δχ2 = χ2NH - χ2IH = -4.3 (-3.1 expected) 
•Under IH hypothesis, the probability to obtain -4.3 or less is 3.1% 
(sin2θ23=0.6) and 0.7%(sin2θ23=0.4).  
•Under NH hypothesis, it is as large as 45% (sin2θ23=0.6)

Normal Hierarchy
Inverted Hierarchy
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∆
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Atmν data fit w/ T2K

15

•SK+T2K: Δχ2 = χ2NH - χ2IH = -5.2 (-3.8 exp’d for SK best point, -3.1 for 
combined best) 
•Under IH hypothesis, the probability to obtain -5.2 or less is 2.4% 
(sin2θ23=0.6) and 0.1%(sin2θ23=0.4).  
•Under NH hypothesis, it is 43% (sin2θ23=0.6)

Normal Hierarchy
Inverted Hierarchy

Publicly available T2K data is used as an external constraints
T2K’s constraints on θ23 and Δm232 help sensitivity to mass hierarchy

Paper in preparation
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5 

sin22θ13 = 0.0841±0.0027±0.0019

•  Final precision ≈ 0.06 × 10-3 eV2

•  Agreement between the νe and νμ 
experiments strongly supports 3-flavor 
mixing.

Daya Bay: Most Precise θ13

1230 days: PRD 95 (2017) 072006

Δm2
32 = (+2.45±0.06±0.06) ×10-3 eV2    (NH)

Δm2
32 = (-2.56±0.06±0.06) × 10-3 eV2  (IH)

•  Ultimate precision ≈ 0.0025, the 
best in the foreseeable future.

Luk



7 

data [17]. The detector response was determined in two
ways. The first method sequentially applied a simulation of
energy loss in the inactive acrylic vessels, and analytical
models of energy scale and energy resolution. The energy
scale model was based on empirical characterization of the

spatial nonuniformity and the energy nonlinearity with
improved calibration of the scintillator light yield and the
electronics response [39]. The uncertainty of the energy
scale was about 1% in the energy range of reactor
antineutrinos [39]. The second method used full-detector
simulation in which the detector response was tuned with
the calibration data. Both methods produced consistent
predictions for prompt energies above 1.25 MeV. Around
1 MeV, there was a slight discrepancy due to different
treatments of IBD positrons that interact with the inner
acrylic vessels. Additional uncertainty below 1.25 MeV
was included to cover this discrepancy.
Figure 2 shows the observed prompt-energy spectrum

and its comparison with the predictions. The predicted
spectra were normalized to the measurement in order to
test the agreement between spectral shapes. The spectral
uncertainty of the measurement is composed of the stat-
istical, detector response and background uncertainties.
Between 1.5 and 7 MeV, it ranges from 1.0% at 3.5 MeV to
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FIG. 1. Top: Rate of reactor antineutrino candidate events in
the six ADs with corrections for three-flavor oscillations (closed
circles), and additionally for the variation of flux-weighted fission
fractions at the different sites (open squares). The average of the
three near detectors is shown as a gray line (and extended through
the three far detectors as a dotted gray line) with its 1σ systematic
uncertainty (gray band). The rate predicted with the Huber-
Mueller (ILL-Vogel) model and its uncertainty are shown in blue
(orange). Bottom: The measured reactor ν̄e rate as a function
of the distance from the reactor, normalized to the theoretical
prediction with the Huber-Mueller model. The rate is corrected
for three-flavor neutrino oscillations at each baseline. The blue
shaded region represents the global average and its 1σ uncer-
tainty. The 2.7% model uncertainty is shown as a band around
unity. Measurements at the same baseline are combined for
clarity. The Daya Bay measurement is shown at the flux-weighted
baseline (573 m) of the two near halls.
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FIG. 2. Top panel: Predicted and measured prompt-energy
spectra. The prediction is based on the Huber-Mueller model
and normalized to the number of measured events. The highest
energy bin contains all events above 7 MeV. The gray hatched
and red filled bands represent the square root of diagonal
elements of the shape-only covariance matrix (

ffiffiffiffiffiffi
Vii

p
) for the

reactor related and the full (reactor, detector, and background)
systematic uncertainties, respectively. The error bars on the data
represent the statistical uncertainty. Middle panel: Ratio of the
measured prompt-energy spectrum to the predicted spectrum
(Huber-Mueller model). The blue curve shows the ratio of the
prediction based on the ILL-Vogel model to that based on the
Huber-Mueller model. Bottom panel: The defined χ2 distribution
( ~χi) of each bin (black dashed curve) and local p values for
1-MeV energy windows (magenta solid curve). See the text for
the definitions of these quantities.

TABLE II. Average IBD yields (Y and σf) of the near halls, flux
normalization with respect to different fissile antineutrino model
predictions, and flux-weighted average fission fractions of the
near halls.

IBD Yield
Y (cm2 GW−1 day−1) ð1.55" 0.04Þ × 10−18

σf (cm2 fission−1) ð5.92" 0.14Þ × 10−43

Data/Prediction
R (Huber-Mueller) 0.946" 0.022
R (ILL-Vogel) 0.991" 0.023

Average Fission Fractions
235U: 238U: 239Pu: 241Pu 0.586: 0.076: 0.288: 0.050

PRL 116, 061801 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

12 FEBRUARY 2016

061801-5

CPC41(2017)013002

Daya Bay: Reactor Antineutrino

o  Precise flux 
•  consistent with previous results.
•  disagreed with Huber’s model at 

3.1σ.
•  yield from 235U may be the key 

contributors to the reactor 
antineutrino anomaly.

o Most precise energy spectrum
•  Observed excess of events with νe 

energy between 5 and 7 MeV.

CPC41(2017)013002

PRL 118 (2017)251801

H
ub

er
Luk



JUNO for Mass Hierarchy

18

The JUNO Experiment

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

Ö Reactor neutrino
for Mass hierarchy and 
precision measurement of 
oscillation parameters

Ö Supernovae neutrino
Ö Geoneutrino
Ö Solar neutrino
Ö Atmospheric neutrino
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

� Jiangmen Underground Neutrino Observatory, a multiple-purpose 
neutrino experiment, approved in Feb. 2013. ~ 300 M$.

2015-3-4 2

J. Cao, NuTel 2015

Kuze



How to access Mass H.?
• Detect θ13 ‘ripple’ at θ12 osc. max. (53km)
• Energy resolution is the key (80% PMT coverage)

19

Neutrino & Positron Spectra

Conditions for the example

�Three neutrino framework (no effective ∆mee ∆mµµ)

�Baseline: 50 km

�Fiducial Volume: 5 kt

�Thermal Power: 20 GW

�Exposure Time: 5 years

�more pessimistic than the true JUNO values

Positron visible energy

�E(vis) ~ E(ν) – 0.8 MeV

�Assuming 3% / sqrt(E) resolution 

�Assuming negligible constant term in resolution

Normal Hierarchy
Inverted Hierarchy

Spectrum in term of neutrino energy –

no energy resolution

Spectrum in term of positron visible 

energy – folded with energy resolution 

→ the challenge of the experiment
Neutrino 2016 - July 6, 2016

Gioacchino Ranucci - INFN Sez. di Milano
8
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Figure 2-4: (left panel) The effective mass-squared difference shift ∆m2
φ [79] as a function of

baseline (y-axis) and visible prompt energy Evis ≃ Eν − 0.8MeV (x-axis). The legend of color
code is shown in the right bar, which represents the size of ∆m2

φ in eV2. The solid, dashed, and
dotted lines represent three choices of detector energy resolution with 2.8%, 5.0%, and 7.0% at 1
MeV, respectively. The purple solid line represents the approximate boundary of degenerate mass-
squared difference. (right panel) The relative shape difference [65, 66] of the reactor antineutrino
flux for different neutrino MHs.

explained in the models with the discrete or U(1) flavor symmetries. Therefore, MH is a
critical parameter to understand the origin of neutrino masses and mixing.

JUNO is designed to resolve the neutrino MH using precision spectral measurements of reactor
antineutrino oscillations. Before giving the quantitative calculation of the MH sensitivity, we shall
briefly review the principle of this method. The electron antineutrino survival probability in vacuum
can be written as [69,79,94]:

Pν̄e→ν̄e = 1− sin2 2θ13(cos
2 θ12 sin

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

2 2θ12 sin
2 ∆21 (2.1)

= 1− 1

2
sin2 2θ13

[
1−

√
1− sin2 2θ12 sin2 ∆21 cos(2|∆ee| ± φ)

]
− cos4 θ13 sin

2 2θ12 sin
2 ∆21,

where ∆ij ≡ ∆m2
ijL/4E, in which L is the baseline, E is the antineutrino energy,

sinφ =
c212 sin(2s

2
12∆21)− s212 sin(2c

2
12∆21)√

1− sin2 2θ12 sin2 ∆21

, cosφ =
c212 cos(2s

2
12∆21) + s212 cos(2c

2
12∆21)√

1− sin2 2θ12 sin2∆21

,

and [95,96]

∆m2
ee = cos2 θ12∆m2

31 + sin2 θ12∆m2
32 . (2.2)

The ± sign in the last term of Eq. (2.1) is decided by the MH with plus sign for the normal MH
and minus sign for the inverted MH.

In a medium-baseline reactor antineutrino experiment (e.g., JUNO), oscillation of the atmo-
spheric mass-squared difference manifests itself in the energy spectrum as the multiple cycles.
The spectral distortion contains the MH information, and can be understood with the left panel
of Fig. 2-4 which shows the energy and baseline dependence of the extra effective mass-squared
difference,

∆m2
φ = 4Eφ/L , (2.3)
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Normal

m1
2

solar: 7.5×10-5 eV2

m2
2

atomospheric:

2.4×10-3 eV2

m3
2

Inverted

m1
2

atomospheric:

2.4×10-3 eV2

m2
2

solar: 7.5×10-5 eV2

m3
2

νe νµ ντ

Figure 2-1: Illustration for the patterns of normal and inverted neutrino mass hierarchies.

• First, as illustrated in Fig. 2-2 [89], MH helps to define the goal of neutrinoless double
beta decay (0νββ) search experiments, which aim to reveal whether neutrinos are Dirac or
Majorana particles. In particular, the chance to observe 0νββ in the next-generation double
beta decay experiments is greatly enhanced for an inverted MH and the Majorana nature
of massive neutrinos. New techniques beyond the next generation are needed to explore the
region covered by a normal MH.

• Second, MH is a crucial factor for measuring the lepton CP-violating phase. In the long-
baseline accelerator (anti-)neutrino oscillation experiments, degenerate solutions for the MH
and CP phase emerge, and the wrong MH would give a fake local minimum for the CP phase,
thus reduce the significance of the CP measurement. This effect is even more important
for accelerator neutrino experiments with a shorter baseline such as Hyper-K [87, 88] and
MOMENT [90]. Therefore, a determination of the MH independent of the CP phase is
important for the future prospect of neutrino physics.

• Third, MH is a key parameter of the neutrino astronomy and neutrino cosmology. On one
hand, the spectral splits [91] in supernova neutrino fluxes would provide a smoking gun for
collective neutrino oscillations induced by the neutrino self-interaction in the dense environ-
ment. The split patterns are significantly different for the normal and inverted MHs. MH is
also important for the supernova nucleosynthesis, where the prediction of the 7Li/11B ratio is
also distinct for different MHs [92]. On the other hand, MH may have important implications
on the cosmological probe of the neutrino mass scale (i.e.,

∑
mν). As shown in Fig. 2-3,

in the case of an inverted MH, future combined cosmological constraints would have a very
high-precision detection, with 1σ error shown as a blue band. In the case of a normal MH,
future cosmology would detect the lowest

∑
mν at a level of ∼ 4σ.

• Fourth, MH is one of the most important discriminators for model building of the neutrino
masses and flavor mixing. To understand the origin of neutrino mass generation, the MH
information is crucial. Due to the similar and complementary aspects of quarks and leptons,
the normal MH could be related to the quark mass spectrum and attributed to the rela-
tions of Grand Unified Theories (GUTs). On the other hand, the inverted MH predicts a
nearly-degenerate spectrum between the first and second mass eigenstates, which could be

34

The JUNO option

• JUNO (Jiangmen Underground Neutrino Observatory): ‘‘multipurpose’’ reactor jKL experiment,
under construction near Kaiping (South China).

• Baseline from reactors (10 nuclear cores) to detector about 53 km: optimized in the
region of the maximum 1-2 oscillation

D. Bay&RENO&D.C.

kamLAND

JUNO 
53 km

(17.4'GW)

(18.4'GW)

(17.4'GW)

6

1507.05613

True energy

　　 ↓

Visible energy
σ(E)/E = 
3%/√E(MeV)

G. Ranucci, Neutrino 2016
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Near-future of SK: SK-Gd
•Main motivation: Supernova relic ν

2521

SK-Gd
•Discovery of relic SN 
neutrinos is expected by O(1) 
sensitivity improvement
•0.1% Gd loading to tag        
νe+p→e+n, Gd+n→Gd+γs     

•R&D in test tank and water 
system construction going on
•Start SK-Gd in a few yrs

Filter tanks
Gd loaded 
water tank

New water system under 
construction

200-ton test tank
(240 50-cm PMTs)

•Also reduces p-decay BG

M. Shiozawa, 
NuTel 2017
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R. Rameika 
9

Booster
proton energy: 8 GeV

Main Injector
proton energy: 120 GeV

NuMI ν beam
NOvA, MINERvA, MINOS+

Booster ν beam
MicroBooNE, SBN program

DUNE ν beam
DUNE

Fermilab Neutrino Experiments
9Luk



NOνA: νμ Disappearance 

•  sin2θ23 = 0.404          or 0.624            (NH)

		νµèνeCandidate

+0.030
-0.022

+0.022
-0.030

•  Δm2
32 = (+2.67 ± 0.11) × 10-3 eV2        (NH)

Maximal mixing is disflavoured at 2.6 σ

	νµ event 

12

Nobv = 78
Npred = 473±30

PRL118 (2016)151802      Δm2
32 = (-2.72 ± 0.11) × 10-3 eV2         (IH)

      sin2θ23 = 0.398            (IH)+0.030
-0.022

Luk



Short-Baseline Neutrino (SBN) Program

•  All three detectors are liquid-argon TPCs
–  ICARUS and MicroBooNE exist
–  Build a DUNE-style detector: SBND

24

ICARUS 
(476 t @ 600 m)

MicroBooNE	
(89	t	@	470	m)	

SBND		
(112	t	@	110	m)	



Sensitivities of the SBN Program
25

arXiv:1503.01520

•  Appearance and disappearance measurements with the same detectors
•  SBN has the potential to cover the entire range of interest

νe appearance νμ disappearance 
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Daya Bay: Search For Light Sterile Neutrino
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No evidence of a light sterile neutrinoνe disappearance 
(νμ-to-)νe appearance 



Ground-based telescopes

SPT Polar 
  Bear
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BK14
CMB component

DASI
CBI
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Boomerang
WMAP
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BICEP1
QUIET−Q
QUIET−W

Polarbear
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PGW, l~100 Lensing, l~1,000

PGW, l~10

All of them employ 
• Superconducting 
sensor array ~1000pix 

Difference 
• Target angular scale  
(Primordial or lensing) 
=> scan area 
=> telescope size

Phys. Rev. Lett.  
116 031302, 2016

GroundBIRD

12



Future experiments 
and expected results

CMB-S4 (U.S.) 

• 2020 ~ 

• Telescope array 

• Combination of existing  
experiments 

• 100,000 sensors ! 

• Expected sensitivity

� (⌃m⌫) = 16 meV

� (Neff ) = 0.020

PhysRevD.90.033005

Colored area: 3σ constraint from oscillation exp. 

If CMB exp. observe the high mass(>0.1eV) neutrino  
Neutrino less double beta decay exp.  
Observe at same mass -> Majorana !  
Reject that mass point -> Dirac !! 
CMB cannot observe -> Normal !!!

0.06
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