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Outline

• Part I: Introduction of Neutrino

Ø The need of Neutrino

Ø Standard Model Neutrino and Neutrino Oscillation

• Part II: Discovery of Neutrino Oscillation, Atmospheric Neutrinos, Long-Baseline Neutrino 
Experiments

Ø Search for neutrino oscillation signals

Ø Super-Kamiokande à Hyper-Kamiokande

Ø K2K à MINOS/T2K/NOvA and DUNE (extremely brief)

• Part III: Reactor Neutrinos

ØDaya Bay Reactor Neutrino Experiment and Contemporaries (brief)
ØJUNO
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Ø Bohr: “The energy in 
microworld was conserved 
not on an event-by-event 
basis, only on average”

The Crisis of the beta-Spectrum in 1920s
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The spectrum is continuous!

Ø Pauli thought of another 
idea ……



① Dear Radioactive Ladies and Gentlemen!
② I have hit upon a desperate remedy to save…the 

law of conservation of energy.
③ …there could exist electrically neutral particles, 

which I will call neutrons, in the nuclei…
④ The continuous beta spectrum would then make 

sense with the assumption that in beta decay, in 

addition to the electron, a neutron is 
emitted such that the sum of 
the energies of neutron and 
electron is constant

⑤ But so far I do not dare to 
publish anything about this 
idea, and trustfully turn first to you, dear 
radioactive ones, with the question of how likely 
it is to find experimental evidence for such a 
neutron…

⑥ I admit that my remedy may seem almost 

improbable because one 
probably would have seen 
those neutrons, if they exist, 
for a long time. But nothing ventured, 
nothing gained…

⑦ Thus, dear radioactive ones, scrutinize and 
judge.

https://www.symmetrymagazine.org/article/march-2007/neutrino-invention
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“I have done a terrible 
thing, I have 
postulated a particle 
that cannot be 
detected.”
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The First Attempts Detecting Neutrinos in 1930s-1940s

• In 1941, Kan Chang Wang suggested a 

method detecting the neutrino

• In 1942, James S. Allen carried out the 

measurement, obtaining ~50 eV recoil E

卢鹤绂院士
中国“核能之父”

“第一个揭露原子弹
秘密的人”
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Prof. Kan Chang Wang (1907-1998)

卢鹤绂院士
中国“核能之父”

“第一个揭露原子弹
秘密的人”
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• PhD from Berlin Univ. under Meitner • Vice Director of JINR 1959-1960
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Latest Direct Neutrino Mass Measurement by KATRIN
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• 259 days of data released at 

Neutrino 2024

• 1000 days planned and 

eventual sensitivity 0.2eV

KATRIN Talk @ Neutrino 2024

Confidence interval

● KATRIN’s new upper limit

using Lokhov-Tkachov construction

● Feldman-Cousins limit:
○ m𝜈 < 0.31 eV at 90 % CL 

○ Shrinking upper limit for negative m𝜈
2

● Bayesian analysis in preparation

19

Poster by
W. Xu

Lokhov, Tkachov, Phys. Part. Nucl. 46 (2015) 3, 347-365
Feldman, Cousins, Phys. Rev. D 57 (1998) 3873-3889

Preprint →
https://www.katrin.kit.edu/130.php#Anker0
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KATRIN: A Long Journey
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15 Years of Hard Working 
and Persistence!
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A Very Smart Approach: PTOLEMY
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PTOLEMY Collaboration, arxiv/1307.4738, presentations etc; Planned at LNGS.

“PPPL is well positioned to support 

PTOLEMY tritiu
m requirements”
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Cd

Reines&Cowan Detected Neutrinos in 1956

β decay：N N′ + e + ν

Detection:

e+ + np+ ν

Ø Cowan and Reines at the Savannah 
River Power Plant (1956-1959)

Inversed β decay

Creation:

11
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Various Neutrino Sources
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Various Neutrino Sources
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• Bruno Pontecorvo in 1957:

Interaction Eigenstates ≠ Mass Eigenstates 
→ Neutrino Mixing and Oscillation

14

Neutrino Mixing & Oscillation First Proposed by Pontecorvo
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3-Flavor Neutrino Mixing & Oscillation

Ø Extended to 3 flavor 

mixing by Maki, 

Nakagawa and Sakata,

after muon neutrino 

was discovered at BNL

in 1962
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Neutrino Mixing & Oscillation

⇒ Oscillation Probability:

Ø Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix

Amplitude ∝ 𝐬𝐢𝐧𝟐 𝟐𝛉 Frequency ∝ 𝜟𝒎𝟐𝑳/𝑬

16
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The Search for Neutrino Oscillation 1956-1998

Atm. ν anomaly

• The search for neutrino 
oscillation lasted decades 
but nothing conclusive

Reactor ν no sign

Solar ν anomaly J. Conrad
ICHEP’98

J. Conrad, ICHEP’98

KamLAND
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Neutrino Oscillation Discovered by Super-Kamiokande in 1998

T. Kajita, Neutrino’98



NUSYS 2024, Beijing Normal University, ZhuhaiWei Wang/王為 SYSU 广州小谷围论坛2015 19

The Super-Kamiokande Experiment
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Atmospheric Neutrinos

• A large uncertainty on the absolute flux 
• Good knowledge on flavor ratio
• Up-down symmetric

Abs flux: ~20% uncertainty

Well predicted ratio

Up-down symmetry
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How to Identify/Reconstruct Neutrinos in the Super-K Detector?

• Vertex finding: first, PMT hit time; then more precise fitters
• Ring recognition: charge & position of hit PMTs
• PID (e-/µ-like): hit pattern
• Momentum: total number of photoelectrons

FC Single Ring Events

CCnµ: 94.5%

CCnµ: 99.4%

CCne: 88.0%

CCne: 82.6%

Sub-GeV

Multi-GeV
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An Over-Simplified Super-K Neutrino Event Reduction Scheme

Neutrino Interactions 
® charged particles 
® Cherenkov radiation 
® recorded by PMTs

+ Cosmic Rays + Others

µ-like ring e-like ring

Event Reduction

Fully 
Contained

Partially 
Contained

Upward-
going µ

Event Reconstruction
Same procedures for Monte 

Carlo simulation events



NUSYS 2024, Beijing Normal University, ZhuhaiWei Wang/王為 SYSU 30

Data Analysis: 2-Flavor Oscillation Analysis as an Example
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Data Analysis: 2-Flavor Oscillation Analysis as an Example
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Warning: Very Much Outdated Results!



NUSYS 2024, Beijing Normal University, ZhuhaiWei Wang/王為 SYSU

Current Super-Kamiokande Status (from Neutrino 2024 Milan)

32

Magdalena Posiadala-Zezula, NEUTRINO 2024, Milan 17-22 June 2024

The Super-Kamiokande experiment

3

SK-VII 

•  Super-Kamiokande has been taking data since 1996 and has come through seven run periods 
• Densely packed PMTs (40% / 20% for SK-II) and good water quality provide excellent sensitivity for 

various physics targets.  
•  In 2020 we have added Gd sulfate to the water in order to increase the sensitivity for neutron capture.

Gd Added!
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The Very First Long-Baseline Neutrino Oscillation Experiment K2K
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The First Results of K2K in 2002: Indication of Neutrino Oscillation
4

events.
The expected number of FC events at SK without os-

cillation is estimated to be 80.1+6.2
−5.4. The correlations

between energy bins from the spectrum measurement at
the ND and the F/N ratio are taken into account in the
estimation of the systematic errors. The major contri-
butions to the errors come from the uncertainties in the
F/N ratio ( +4.9%

−5.0%) and the normalization (5.0%), dom-
inated by uncertainties of the fiducial volumes due to
vertex reconstruction both at the 1KT and SK.
A two flavor neutrino oscillation analysis, with νµ dis-

appearance, is performed by the maximum-likelihood
method. In the analysis, both the number of FC events
and the energy spectrum shape for 1Rµ events are used.
The likelihood is defined as L = Lnorm×Lshape. The nor-
malization term Lnorm(Nobs, Nexp) is the Poisson proba-
bility to observe Nobs events when the expected number
of events is Nexp(∆m2, sin2 2θ, f). The symbol f repre-
sents a set of parameters constrained by the systematic
errors. These parameters are described in detail later.
The shape term, Lshape =

∏N1Rµ

i=1 P (Ei;∆m2, sin2 2θ, f),
is the product of the probability for each 1Rµ event to
be observed at Erec

ν = Ei, where P is the normalized
Erec

ν distribution estimated by MC simulation and N1Rµ

is the number of 1Rµ events.
In the oscillation analysis, the whole data sample is

used for Lnorm, i.e. Nobs = 56. The spectrum shape in
June 1999 was different from that for the rest of the run-
ning period because the target radius and horn current
were different. The estimation of energy correlations in
the spectrum at the ND and in the far/near ratio has
not been completed for this period. Thus, data taken in
June 1999 are discarded for Lshape. The discarded data
correspond to 6.5% of total POT. The number of 1Rµ
events observed excluding the data of June 1999 is 29,
and the corresponding number of 1Rµ events expected
from MC simulation in the case of no oscillation is 44.
The parameters f consist of the re-weighted neutrino

spectrum measured at the ND (ΦND), the F/N ratio,
the reconstruction efficiency (ϵSK) of SK for 1Rµ events,
the re-weighting factor for the QE/non-QE ratio Rnqe,
the SK energy scale and the overall normalization. The
errors on the first 3 items depend on the energy and
have correlations between each energy bin. The diagonal
parts of their error matrices are summarized in Table I
as described earlier. The error on the SK energy scale
is 3% [15]. Two different approaches are taken for the
treatment of systematic errors in the likelihood. The first
is to treat the parameters f as fitting parameters with
an additional constraint term in the likelihood (method
1) [1]. The other approach is to average the L(f) sampled
over many random trials weighted according to the prob-
ability density distribution of the systematic parameters
f (method 2) [16].
The likelihood is calculated at each point in the ∆m2

and sin2 2θ space to search for the point where the like-
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FIG. 2: The reconstructed Eν distribution for 1Rµ sample
(from method 1). Points with error bars are data. Box his-
togram is expected spectrum without oscillations, where the
height of the box is the systematic error. The solid line is the
best fit spectrum. These histograms are normalized by the
number of events observed (29). In addition, the dashed line
shows the expectation with no oscillations normalized to the
expected number of events (44).

lihood is maximized. The best fit point in the phys-
ical region of oscillation parameter space is found to
be at (sin2 2θ, ∆m2)=(1.0, 2.8 × 10−3 eV2) in method
1 and at (1.0, 2.7 × 10−3 eV2) in method 2. If the
whole space including the unphysical region is consid-
ered the values are (1.03, 2.8 × 10−3 eV2) in method 1
and (1.05, 2.7×10−3 eV2) in method 2. The results from
two methods are consistent with each other. At the best
fit point in the physical region the total number of pre-
dicted events is 54.2, which agrees with the observation
of 56 within statistical error. The observed Erec

ν distribu-
tion of the 1Rµ sample is shown in Figure 2 together with
the expected distributions for the best fit oscillation pa-
rameters, and the expectation without oscillations. Con-
sistency between the observed and best-fit Erec

ν spectrum
is checked by using Kolgomorov-Smirnov(KS) test. A KS
probability of 79% is obtained. The best fit spectrum
shape agrees with the observations.

The probability that the observations are due to a
statistical fluctuation instead of neutrino oscillation is
estimated by computing the likelihood ratio of the no-
oscillation case to the best fit point. The no-oscillation
probabilities are calculated to be 0.7% and 0.4% for
method 1 and 2 respectively. When only normalization
(shape) information is used, the probabilities are 1.3%
(16%) and 0.7% (14.3%) for the two methods. Allowed
regions of oscillation parameters are evaluated by calcu-

5

10
-4

10
-3

10
-2

0 0.2 0.4 0.6 0.8 1
sin22θ

∆
m
2 (
eV

2 )
FIG. 3: Allowed regions of oscillation parameters. Dashed,
solid and dot-dashed lines are 68.4%, 90% and 99% C.L. con-
tours, respectively. The best fit point is indicated by the star.

lating the likelihood ratio of each point to the best fit
point, and are drawn in Figure 3. Both methods give
essentially the same results. In order to be conserva-
tive, the result from method 1 is shown in the figure as
it gives a slightly larger allowed region at the 99% C.L.
The 90% C.L. contour crosses the sin2 2θ = 1 axis at 1.5
and 3.9× 10−3 eV2 for ∆m2. The oscillation parameters
preferred by the total flux suppression and the energy
distortions alone also agree well. Finally, the uncertain-
ties of neutrino interactions are studied using the same
procedure as the spectrum measurement at the ND. It is
found that the effects of the interaction model difference
on all the results are negligible due to the cancellation
caused by using the same models in both the ND and
SK.
In conclusion, both the number of observed neutrino

events and the observed energy spectrum at SK are con-
sistent with neutrino oscillation. The probability that the
measurements at SK are explained by statistical fluctua-
tion is less than 1%. The measured oscillation parameters
are consistent with the ones suggested by atmospheric
neutrinos. At the time of this letter the K2K experiment

has collected approximately one-half of its planned 1020

protons on target.

We thank the KEK and ICRR Directorates for their
strong support and encouragement. K2K is made pos-
sible by the inventiveness and the diligent efforts of the
KEK-PS machine and beam channel groups. We grate-
fully acknowledge the cooperation of the KamiokaMining
and Smelting Company. This work has been supported
by the Ministry of Education, Culture, Sports, Science
and Technology, Government of Japan and its grants for
Scientific Research, the Japan Society for Promotion of
Science, the U.S. Department of Energy, the Korea Re-
search Foundation, and the Korea Science and Engineer-
ing Foundation.
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The Final Result of K2K in 2006: Improved Results
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FIG. 6: The energy spectrum for each type of neutrino at
ND (left) and SK (right) estimated by the beam MC simu-
lation. The neutrino beam is 97.3% (97.9%) pure muon neu-
trino with contaminations of νe/νµ ∼ 0.013 (0.009), νµ/νµ ∼
0.015 (0.012), and νe/νµ ∼ 1.8 × 10−4 (2.2 × 10−4) at ND
(SK).

through the two horn magnets and the decay volume until
they decay into neutrinos or are absorbed in materials.

Since GEANT treats different types of neutrinos iden-
tically, we use a custom-made simulation program to
treat properly the type of neutrinos emitted by particle
decays. Charged pions are treated so that they decay into
muon and neutrino (π+ → µ+ νµ, π− → µ− νµ, called
π±

µ2) with branching fraction of 100%. The kaon de-

cays considered in our simulation are so-called K±
µ2, K±,0

e3

and K±,0
µ3 decays. Their branching ratios are taken from

the Particle Data Group [21]. Other decays are ignored.
Neutrinos from K0

S are ignored since the branching ratio
for K0

S decaying to neutrinos is quite small. The Dalitz
plot density of V −A theory [21, 22] is employed prop-
erly in Kℓ3 decays. Muons are considered to decay via
µ± → e± νe(νe) νµ(νµ), called µ±

e3, with 100% branch-
ing fraction. The energy and angular distributions of the
muon antineutrino (neutrino) and the electron neutrino
(antineutrino) emitted from a positive (negative) muon
are calculated according to Michel spectra of V −A the-
ory [22], where the polarization of the muon is taken into
account.

The produced neutrinos are extrapolated to the ND
and SK according to a straight line and the energy and
position of the neutrinos entering the ND and SK are
recorded and used in our later simulations for neutrino
interaction and detector simulators.

The composition of the neutrino beam is dominated
by muon neutrinos since the horn magnets mainly fo-
cus the positive pions. Figure 6 shows the energy spec-
tra of each type of neutrino at ND and SK estimated
by the beam MC simulation. About 97.3% (97.9%)
of neutrinos at ND (SK) are muon neutrinos decayed
from positive pions, and the beam is contaminated with
a small fraction of neutrinos other than muon neutri-
nos; νe/νµ ∼ 0.013 (0.009), νµ/νµ ∼ 0.015 (0.012), and
νe/νµ ∼ 1.8 × 10−4 (2.2 × 10−4) at ND (SK). The va-
lidity of our beam MC simulation has been confirmed by

Detector
Water Cherenkov

1KT

ν beam

SciFi Detector
SciBar Detector

Muon Range Detector

FIG. 7: The schematic view of the near neutrino detectors
for K2K-IIb period. In K2K-I, the Lead-Glass calorimeter
was located at the position of the SciBar detector.

both the HARP experiment and PIMON measurements,
which will be described in detail in Sec. V.

III. NEUTRINO DETECTORS

A near neutrino detector system (ND) is located 300 m
downstream from the proton target. The primary pur-
pose of the ND is to measure the direction, flux, and the
energy spectrum of neutrinos at KEK before they oscil-
late. The schematic view of the ND during the K2K-
IIb period is shown in Fig. 7. The ND is comprised
of two detector systems; a one kiloton water Cherenkov
detector (1KT) and a fine-grained detector (FGD) sys-
tem. The FGD consists of a scintillating-fiber/water-
target tracker (SciFi), a Lead-Glass calorimeter (LG)
in K2K-I period, a totally active fine-segmented scin-
tillator tracker (SciBar) in K2K-IIb and K2K-IIc peri-
ods, and a muon range detector (MRD). The far detec-
tor is the 50 kiloton water Cherenkov detector, Super-
Kamiokande (SK), which is located 250 km away from
KEK and 1000 m (2700 m water equivalent) below the
peak of Mt. Ikeno-yama in Gifu prefecture.

A. 1 kiloton water Cherenkov detector

A one kiloton water Cherenkov detector (1KT) is lo-
cated in the experimental hall at KEK as the upstream
detector. The 1KT detector is a miniature version of
SK, and uses the same neutrino interaction target mate-
rial and instrumentation. The primary role of the 1KT
detector is to measure the νµ interaction rate and the νµ

energy spectrum. The 1KT detector also provides a high
statistics measurement of neutrino-water interactions.

The cylindrical tank, 10.8 m in diameter and 10.8 m
in height, holds approximately 1000 tons of pure water.
The center of the water tank is 294 m downstream of the

37

D. Results

The likelihood is maximized in the ∆m2 – sin2 2θ space
and the best fit point within the physical region is found
to be at (∆m2, sin2 2θ) = (2.8 × 10−3eV2, 1.0). The val-
ues of all systematic parameters at the best fit point
are within 1σ of their estimated errors. At this point,
the expected number of events is 107.2, which agrees
well with the 112 observed within the statistical uncer-
tainty. The observed Erec

ν distribution is shown in Fig. 43
together with both the expected distributions for the
best-fit parameters, and the expectation without oscil-
lations. The consistency between the observed and the
best-fit Erec

ν distributions is checked using a Kolmogorov-
Smirnov (KS) test. For the best fit parameters, the KS
probability is 37 %, while for the null oscillation hypothe-
sis is 0.07 %. The observation agrees with the expectation
of neutrino oscillation. The highest likelihood is found at
(∆m2, sin2 2θ) = (2.6×10−3eV2, 1.2), which is outside of
the physical region. The probability that we would get
sin2 2θ ≥ 1.2 if the true parameters are at our best fit
point is 26.2%, based on the virtual MC experiments.
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FIG. 43: The reconstructed Eν distribution for the 1-ring µ-
like sample. Points with error bars are data. The solid line is
the best fit spectrum with neutrino oscillation and the dashed
line is the expectation without oscillation. These histograms
are normalized by the number of events observed (58).

The probability that the observations can be explained
equally well by the no oscillation and by the oscillation
hypotheses is estimated by computing the difference of
log-likelihood between the null oscillation case and the
best fit point with oscillation. The null oscillation prob-
ability is calculated to be 0.0015 % (4.3σ). When only
normalization (shape) information is used, the probabil-
ity is 0.06% (0.42%).

TABLE XX: Summary of the null oscillation probability.
Each row is classified by the likelihood term used, and each
column represents the data set.

K2K-I+II K2K-I only K2K-II only
Shape + Norm. 0.0015% (4.3σ) 0.18% (3.1σ) 0.56% (2.8σ)
Shape only 0.42% (2.9σ) 7.7% 5.2%
Norm. only 0.06% (3.4σ) 0.6% 2.8%

TABLE XXI: Effect of each systematic uncertainty on the
null oscillation probability. The numbers in the table are null
oscillation probabilities when only the error written in the
first column is turned on.

Norm-only Shape-only Combined

Stat. only 0.01% 0.22% 0.0001%
FD spectrum 0.01% 0.24% 0.0002%
nQE/QE, NC/CC 0.01% 0.23% 0.0002%
Far/Near 0.02% 0.23% 0.0003%
ϵ1Rµ — 0.23% 0.0002%
Energy scale — 0.38% 0.0002%
Normalization 0.03% — 0.0005%

All errors 0.06% 0.42% 0.0015%

The null oscillation probability calculated separately
for each sub-sample or each likelihood term is shown in
Tab. XX. In addition, Tab. XXI shows the effect of each
systematic uncertainty on the null oscillation probability.
The effect is tested by turning on the error source written
in the first column in the table. As shown in the table,
the dominant contributions to the probabilities for the
normalization information are from the F/N flux ratio
and the normalization error, while the energy scale is
the dominant error source for the probability with the
Erec

ν shape information consistent with the results found
using the MC test described in Sec. IXB2.

The allowed region of oscillation parameters are eval-
uated based on the difference of log-likelihood between
each point and the best fit point:

∆lnL(∆m2, sin2 2θ) ≡ ln

(

Lphys
max

L(∆m2, sin2 2θ)

)

= lnLphys
max − lnL(∆m2, sin2 2θ),

(28)

where Lphys
max is the likelihood at the best-fit point and

L(∆m2, sin2 2θ) is the likelihood at (∆m2, sin2 2θ) with
systematic parameters that maximize the likelihood at
that point.

The allowed regions in the neutrino oscillation param-
eter space, corresponding to the 68%, 90% and 99% con-
fidence levels (CL) are shown in Fig. 44. They are de-
fined as the contour lines with lnL = lnLphys

max − 1.37,
−2.58 and −4.91, respectively. These regions are derived
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FIG. 46: Allowed region of oscillation parameters evaluated
with the number of events only (left) and the Erec

ν spectrum
shape only (right). Both information allow the consistent
region on the parameters space.
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FIG. 47: Allowed region of oscillation parameters evaluated
with partial data of K2K-I-only (left)/K2K-II-only (right).
Both data allow the consistent region on the parameter space.

a statistical fluctuation with no neutrino oscillation is
0.0015% (4.3σ). In a two flavor oscillation scenario, the
allowed ∆m2 region at sin2 2θ = 1 is between 1.9 and
3.5 × 10−3 eV2 at the 90 % C.L. with a best-fit value of
2.8 × 10−3 eV2.
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⇒ Neutrino Oscillation Probability:

Ø Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix (with Majorana CP phases),

Amplitude ∝ 𝐬𝐢𝐧𝟐 𝟐𝛉 Frequency ∝ 𝜟𝒎𝟐𝑳/𝑬

The Status of Neutrino Oscillation in 2006
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~7.5x10-5 eV2

~2.5x10-3 eV2
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A Upgraded K2K: the T2K ExperimentT2K beamline

• 30 GeV proton beam from J-PARC Main Ring extracted onto a 
graphite target


• p+C interactions producing hadrons (mainly pions and kaons)

• Hadrons are focused and selected in charge by 3 electromagnetic 

horns 

• If π+ are focused 𝜈μ are produced by π+ → μ+ + 𝜈μ

• Changing the horn current we can produce 𝜈̅μ from π- → μ- + 𝜈̅μ 


• Off-axis technique → detectors intercept a narrow-band beam at 
the maximum of the oscillation probability

6

𝜈μ survival probability

Claudio Giganti for T2K @ Neutrino’24
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The Current Generation of Long-Baseline Experiments

• Offaxis beam, L/E at oscillation maximal
• Disapearance for atmospheric sector
• Appearance for mass ordering and CP

38
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The Latest Results from T2K+Super-Kamiokande See arXiv:2405.12488
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visible shift in the preferred values for �m2
32. The un-

certainty on �m2
32 is inflated by 3.6 ⇥ 10�5 eV2/c4 to

account for these e↵ects.

Dataset— The atmospheric dataset is slightly in-
creased compared to [9] to include the full Super-
Kamiokande IV period (2008–2018), corresponding to a
total live-time of 3244.4 days. The same T2K dataset as
in [8] is used, corresponding to exposures of 19.7 ⇥ 1020

and 16.3 ⇥ 1020 protons on target in neutrino and an-
tineutrino running modes, respectively.

Bayesian results—The Bayesian analyses assume uni-
form priors on �CP or sin �CP, sin2 ✓23, �m2

32, and the
MO. They find a preference for the normal ordering, and
a weak preference for the upper octant (Table I). SK
and T2K data prefer di↵erent octants which leads the
joint analysis to have a weaker octant constraint than
the individual experiments and a higher probability for
maximal mixing, while for the CP-violating phase, both
experiments favor similar values (Figure 1). The exclu-
sion of the CP conserving values of JCP (Figure 2) and
�CP is quantified by determining the largest fraction of
the posterior density for which the value considered is not
included in either of the corresponding highest posterior
density credible intervals obtained by the two Bayesian
analyses (Table II).

TABLE I. Octant and MO posterior probabilities using either
the full dataset or samples from only one experiment and
assuming equal prior probabilities. Values obtained by the
second analysis are shown in parentheses.

SK only T2K only SK+T2K
Upper octant 0.318 (0.337) 0.785 (0.761) 0.611 (0.639)
Normal ordering 0.654 (0.633) 0.832 (0.822) 0.900 (0.887)

0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75

23θ2sin

3−

2−

1−

0

1

2

3C
P

δ SK + T2K
T2K
SK (+ND)
σ1
σ2

FIG. 1. The (sin2 ✓23, �CP) credible regions obtained with the
SK, T2K, and combined datasets. The MO is marginalized
over and a prior uniform in �CP is used.

Frequentist results—Ensembles of pseudo-experiments
are constructed to evaluate the frequentist significance

TABLE II. Largest credible interval from the Bayesian anal-
yses not containing di↵erent CP conserving values of JCP and
�CP. Values in parentheses indicate how these could change
due to possible biases seen in robustness studies.

Value tested Prior uniform in
�CP sin(�CP)

JCP = 0 2.3� (2.2�) 2.0� (1.9�)
�CP = 0 2.6� (2.5�) 2.3� (2.2�)
�CP = ⇡ 2.1� (1.9�) 1.6� (1.4�)
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FIG. 2. The posterior density for the Jarlskog invariant with
credible intervals overlaid, marginalized over both MOs, and
assuming a uniform prior in either �CP or sin �CP.

of the CP and MO results, taking into account statisti-
cal fluctuations and randomizing the values of nuisance
oscillation and systematic parameters according to their
posterior [31] and prior probability distributions respec-
tively. Estimating the significance of CP conservation
(CPC) based on the presence or not of both 0 and ⇡ in
the �CP confidence intervals was found to have significant
over-coverage. Instead, the log-likelihood ratio between
assuming CPC (sin �CP = 0, here equivalent to JCP = 0)
and without any assumption is used as a test statistic.
For the neutrino MO, the log-likelihood ratio between
normal and inverted ordering is used (Figure 3).
The obtained p-values are summarized in Table III.

CPC is disfavored with a lower p-value (p = 0.037) than
when using only the T2K data (p = 0.047). Good agree-
ment (p = 0.75) is found with an ensemble that allows
for CP-violation by assuming posterior-distributed �CP

values. The inverted ordering is disfavored while good
agreement with the normal ordering hypothesis is found,
resulting in a CLs parameter [32] for the inverted order-
ing of 0.18. The distribution of the MO test statistic
depends on the assumed values of sin2 ✓23 (from SK sam-
ples) and �CP (from T2K samples). The p-value for the
inverted ordering varies between 0.05 and 0.08 when as-
suming di↵erent fixed true values for sin2 ✓23 and �CP

over the range of their 90% confidence intervals. The
best-fit values and 68.3% confidence intervals obtained
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of the CP and MO results, taking into account statisti-
cal fluctuations and randomizing the values of nuisance
oscillation and systematic parameters according to their
posterior [31] and prior probability distributions respec-
tively. Estimating the significance of CP conservation
(CPC) based on the presence or not of both 0 and ⇡ in
the �CP confidence intervals was found to have significant
over-coverage. Instead, the log-likelihood ratio between
assuming CPC (sin �CP = 0, here equivalent to JCP = 0)
and without any assumption is used as a test statistic.
For the neutrino MO, the log-likelihood ratio between
normal and inverted ordering is used (Figure 3).
The obtained p-values are summarized in Table III.

CPC is disfavored with a lower p-value (p = 0.037) than
when using only the T2K data (p = 0.047). Good agree-
ment (p = 0.75) is found with an ensemble that allows
for CP-violation by assuming posterior-distributed �CP

values. The inverted ordering is disfavored while good
agreement with the normal ordering hypothesis is found,
resulting in a CLs parameter [32] for the inverted order-
ing of 0.18. The distribution of the MO test statistic
depends on the assumed values of sin2 ✓23 (from SK sam-
ples) and �CP (from T2K samples). The p-value for the
inverted ordering varies between 0.05 and 0.08 when as-
suming di↵erent fixed true values for sin2 ✓23 and �CP

over the range of their 90% confidence intervals. The
best-fit values and 68.3% confidence intervals obtained

The results show an exclusion of the CP-conserving value of the Jarlskog
invariant with a significance between 1.9σ and 2.0σ, a limited preference for 
the normal ordering, and no strong preference for the θ23 octant. 
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What to Do to Answer the Remaining Questions?

• More statistics: always a good thing

• Better detectors: to better reconstruct events

• Better neutrino sources: tailored sources à stronger signals 

40
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Future Long-Basline Program: Hyper-Kamiokande
7/28/24Bolshiye Koty, Summer 2024
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Future Long-Baseline Program: Hyper-Kamiokande

• Super-K/T2K  à Hyper-K/T2HK

42
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U.S. Efforts of Long-Baseline Neutrino Experiment

• In the U.S., MINOS/MINOS+/NOvA upgrading to LBNF à DUNE
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DUNE - Neutrino24 - Chris Marshall6

LBNF beamline: world-leading intensity
● Very high flux between oscillation 

minimum and maximum, with 
coverage of second maximum

● ACE-MIRT upgrade enables >2MW 
beam by ~doubling frequency of 
spills, and can be achieved before 
operations begin

Flux at ND
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DUNE - Neutrino24 - Chris Marshall3

Long-baseline neutrino oscillations:
Is the 3-flavor model correct?

● Measure neutrino and antineutrino 
oscillation as a function of L/E

● Does the three-flavor model 
describe the data?

● If yes: measure the mixing angles, 
mass splittings, and CP phase

● If no: characterize the new physics

● Need for a global program: 
different energies, matter effects, 
systematics, etc.
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A Dream Neutrino Detector: Liquid Ar TPCs
7/28/24Bolshiye Koty, Summer 2024
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DUNE - Neutrino24 - Chris Marshall7

LArTPC: flavor & energy reco over a 
broad range of topologies

● 60% of interactions at DUNE energy have final state pions → LArTPC 
enables precise hadron reconstruction

● Excellent e/μ and e/γ separation

DUNE Horizontal Drift
simulated 3.0 GeV ν

μ

DUNE Horizontal Drift
simulated 2.5 GeV ν

e

Chris Marshall for DUNE @ Neutrino’24
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DUNE - Neutrino24 - Chris Marshall26

ProtoDUNE: preparing for second runs
● Successful prototype of horizontal 

drift at CERN Neutrino Platform in 
2018 (ProtoDUNE-SP)

● ProtoDUNE-HD completed filling 
30th April, running since May, with 
beam turning on at 6pm tomorrow 
evening

● LAr will be transferred to 
ProtoDUNE-VD in October for 
running starting in early 2025

3 GeV π+

π+ n→π0 p 

π0 →γγ

stopping 
proton

cosmi
c 
muon

A Dream Neutrino Detector: Liquid Ar TPCs
7/28/24Bolshiye Koty, Summer 2024
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DUNE versus Hyper-K Comparison in CP Phase
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DUNE versus Hyper-K Comparison in Mass Ordering
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DUNE versus Hyper-K Comparison in Mass Ordering
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The Search for Neutrino Oscillation @ Reactors 1956-2002

KamLAND
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KamLAND Set Out to Discover Reactor Neutrino Oscillation

KamLAND reactor
exclusion region

(3 years)

Mostly ruled out 
by recent SNO 

results

KamLAND

KamLAND uses the entire Japanese nuclear power industry as a longbaseline source

"Dome" Area

Outer Detector
Water Cherenkov

Steel Deck

Steel Sphere

Tyvek light baffles

OD PMT's

Nylon Balloon
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Year 2002: Reactor Neutrinos Oscillate Too!

Sometimes, we just need to push it a bit further……

from ~10m to over 100,000m

Reactor Neutrino Exp.: 1956 - 2001

KamLAND measurement: 2002

“No water here, try another place”
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⇒ Neutrino Oscillation Probability:

Ø Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix (with Majorana CP phases),

Amplitude ∝ 𝐬𝐢𝐧𝟐 𝟐𝛉 Frequency ∝ 𝜟𝒎𝟐𝑳/𝑬

The Status of Neutrino Oscillation 2002-2012
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~7.5x10-5 eV2

~2.5x10-3 eV2
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We Were All Very Very Very Desperate

One of the Funders of the 
SM, Glashow, called for 
the measurement of θ13

Photo by Kam-Biu Luk

Work Harder…
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• At different distances, the 
survival rate is dominated by 
different mixing angles

• To measure θ13, a baseline of 
~2 km is optimal

54

What Reactor Neutrinos Can Measure

~sin22θ13

~sin22θ12
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Reactor Neutrinos for Theta13

Six antineutrinos/fission: 
~2-8MeV, ~5% accuracy

θ13 Driven θ12 Driven



Mikaelyan LA, Sinev
VV. , Phys. At. Nucl. 
63:1002 2000.

“Two identical liquid 
scintillation 
spectrometers 
stationed at the Krasno-
yarsk underground site 
(600 MWE) at distances 
R1 = 1100 m and R2
= 250 m from the 
reactor source 
simultaneously detect 
(e+,n) pairs”





NUSYS 2024, Beijing Normal University, ZhuhaiWei Wang/王為 SYSU 58

The Daya Bay Anti-neutrino Detector

top reflector

4m acrylic vessel

ACU-B ACU-A ACU-C

3m acrylic vessel

stainless tank

bottom reflector

calibration pipe

PMT cable dry box

radial shield
PMT

overflow tank



NUSYS 2024, Beijing Normal University, ZhuhaiWei Wang/王為 SYSU

A Small Big Science Project

59



NUSYS 2024, Beijing Normal University, ZhuhaiWei Wang/王為 SYSU 60

A Small Big Science Project
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First Daya Bay Oscillation Results with 1958 Days

4

been corrected for but are included as an uncertainty.209

Thermal power data provided by the power plant carry an210

uncorrelated uncertainty of 0.5% per core [23–25]. The fis-211

sion fractions are also provided for each fuel cycle as a func-212

tion of burn-up, with a ∼ 5% uncertainty from the qualifica-213

tion [26, 27]. A DRAGON [28] model was constructed to214

study the correlation among the fission rates of isotopes. The215

uncertainties of the fission fraction simulation result in a 0.6%216

uncorrelated uncertainty of the νe yield per core. The spatial217

distribution of the fission fractions in the core has a negligible218

effect.219

Fig. 3 is a comparison of the background-subtracted and220

efficiency-corrected IBD rates in the three EHs with the pre-221

dicted neutrino fluxes.222
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FIG. 3. Daily average measured IBD rates per AD in the three ex-
perimental halls as a function of time. Data between the two ver-
tical dashed lines are used in this analysis. The black curves are
no-oscillation predictions based on reactor flux analyses and detec-
tor simulation for comparison. The predictions have been corrected
with the best-fit normalization parameters in determining sin2 2θ13.

The νe rate in the far hall can be predicted with a proper223

combination of the two near hall measurements. The resid-224

ual reactor-related uncertainties are reduced to 0.05 of the un-225

correlated uncertainty of a single core. We observe a deficit226

expressed as a ratio of observed to expected events in the far227

hall:228

R = 0.940± 0.011(stat)± 0.004(syst) .

A standard χ2 approach is constructed with pull terms ac-229

counting for the correlation of the systematic errors [29].230

χ2 =
6∑

d=1

[
Md − Td

(
1 + ε+

∑
r ω

d
rαr + εd

)
+ ηd

]2

Md

+
∑

r

α2
r

σ2
r

+
6∑

d=1

[(
εd
σd

)2

+
∑

d

η2d
σ2
B

]
, (2)

where Md are the measured IBD events of the d-th AD with231

backgrounds subtracted, Td is the prediction from neutrino232

flux, MC, and neutrino oscillations, ωd
r is the fraction of IBD233

contribution of the r-th reactor to the d-th AD determined by234

baselines and reactor fluxes. The uncertainties are listed in Ta-235

ble III. The uncorrelated reactor uncertainty is σr (0.8%), σd236

(0.2%) is the uncorrelated detection uncertainty, and σB is the237

background uncertainties listed in Table II. The correspond-238

ing pull parameters are (αr, εd, ηd). We have evaluated a com-239

bined detector- and reactor-related correlated uncertainty, but240

it is not used in the fitting. The corresponding normalization241

parameter ε is not constrained in the χ2. The best fit value is242

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/5. The no oscillation hypothesis is243

excluded at 5.2 standard deviations.244

The accidental backgrounds (Am-C and (α,n)) are uncorre-245

lated (correlated) among ADs. The fast neutron and 9Li/8/He246

are site-wide correlated. For the worst case, they are corre-247

lated in the same hall and uncorrelated among different halls.248

If so, we find the best fit value unchanged while the systematic249

uncertainties increases by 0.001.250

Fig. 4 shows the measured number of events in each de-251

tector, relative to that expected assuming no oscillation. The252

6.0% rate deficit is obvious for EH3 in comparison with the253

other EHs, providing clear evidence of non-zero θ13. The254

oscillation survival probability at the best estimate values is255

given by the smooth curve. The χ2 versus sin22θ13 is shown256

in the inset.257

The observed νe spectra in the far hall is compared to the258

prediction in Fig. 5. The disagreement of the spectra shows259

strong evidence for neutrino oscillation. The ratio of the260

spectra is consistent with the best-fit oscillation solution of261

sin2 2θ13 = 0.092 obtained from the rate-only analysis. The262

χ2/NDF is 32.1/26 for this comparison, but is increased to263

72.3/26 when it is tested against the no-oscillation assump-264

tion [30].265

In summary, with a 43,000 ton·GWth·day livetime expo-266

sure, we have observed 10,416 reactor antineutrinos at the far267

hall. Comparing with the prediction based on the near-hall268

measurements, we find a deficit of 6.0%. Our rate-only analy-269

sis has yielded sin2 2θ13 = 0.092±0.016(stat)±0.005(syst)270

This implies that the neutrino mixing angle θ13 is non-zero271

with a significance of 5.2 standard deviations.272

The Daya Bay experiment is supported in part by the Min-273

istry of Science and Technology of China, the United States274

Department of Energy, the Chinese Academy of Sciences, the275
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8 Weeks Later

• We collected 10,416 
antineutrino events at 
the far site during the 
synchronized 3-site 
running period:

– The detector 
comparison paper 
arXiv:1202.6181 covers 
the period before Xmas

– Turning points were 
when reactors were 
refueled or 
maintained 

• Counting all the 
events, backgrounds 
and systematic factors, 
we see ......
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FIG. 4. Measured versus expected signal in each detector, assuming
no oscillation. Reactor and survey data are used to compute the flux-
weighted average baselines. The oscillation survival probability at
the best fit value is given by the smooth curve, corrected with the
best fit normalization parameters. The AD4 and AD6 data points
are displaced by -50 and +50 m for visual clarity. The χ2 versus
sin2 2θ13 is shown in the inset.
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The m3 Component of the Electron Type Neutrino!

• We see a deficit through the 
near-far ratio: 0.94+/-0.011(stat)
+/-0.004(syst) at the far site

• sin22θ13=0.092 ± 0.016(stat)± 
0.005(syst)

• A 5-sigma discovery!
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Daya Bay, RENO, and Double Chooz in 20125
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FIG. 4. Measured versus expected signal in each detector, assuming
no oscillation. Reactor and survey data are used to compute the flux-
weighted average baselines. The oscillation survival probability at
the best fit value is given by the smooth curve, corrected with the
best fit normalization parameters. The AD4 and AD6 data points
are displaced by -50 and +50 m for visual clarity. The χ2 versus
sin2 2θ13 is shown in the inset.
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The m3 Component of the Electron Type Neutrino!

• We see a deficit through the 
near-far ratio: 0.94+/-0.011(stat)
+/-0.004(syst) at the far site

• sin22θ13=0.092 ± 0.016(stat)± 
0.005(syst)

• A 5-sigma discovery!
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RENO Phys.Rev.Lett. 108 (2012) 191802

0.113 ± 0.013(stat.) ± 0.019(syst.)
April 2012, 4.9σ

Daya Bay Phys.Rev.Lett. 108 (2012) 171803

0.086 ± 0.041(stat.) ± 0.030(syst.)
Nov. 2011, 94.6% C.L.

Double Chooz far detector
Phys.Rev.Lett. 108 (2012) 131801
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The Daya Bay Measurement with the Full Data Set (Neutrino 2024)

PhysRevLett. 130 161802

Daya Bay reported the precision measurement with 3158-days full dataset in 2022

sin22θ13 = 0.0851±0.0024                                                precision 2.8%

Δm2
32 = 2.466±0.060 (-2.571±0.060)×10-3 eV2 precision 2.4%

Systematics, mainly detector differences, contributed about 50% in the total error
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Global comparison θ13

64

Daya Bay leads the precision measurement, nGd+nH gives 2.6% precision

By combining all reactor results, ultimate precision of sin22θ13: 2.5%
Consistent results from reactor and accelerator experiments

Figure by Hongzhao Yu

Note: average is error 
weighted average 
assuming no correlation
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Global comparison Δm2

65

Reactor weighted average 2% dominated by Daya Bay
Accelerator weighted average 1.5% (SK+T2K) + NOνA + MINOS + IceCube

Consistent results from reactor and accelerator experiments

Note: average is error 
weighted average 
assuming no correlation
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Global comparison Δm2

66

Consistent results from reactor and accelerator experiments

Normal Ordering slightly preferred (<2σ) from reactor/accelerator averages

Note: average is error 
weighted average 
assuming no correlation
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The Neutrino Decades (1996-2016) Rewarded

67



NUSYS 2024, Beijing Normal University, ZhuhaiWei Wang/王為 SYSU 68

e- / μ-Flavor Feels Mass Ordering Differently

Minakata and Parke et al PRD74(2006), 053008
Also See: Zhang&Ma, arXiv:1310.4443/

Mod. Phys. Lett. A29 (2014) 1450096

• Both reactor 
and long-
baseline 
experiment 
measure 
mass-squared 
splitting

• A natural 
question to ask: 
Is this 
meaningful?
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Global Efforts Resolving 𝛎 Mass Hierarchy

Source / Principle Matter Effect
Interference of 

Solar&Atm Osc. 
Terms

Collective 
Oscillation

Constraining Total 
Mass or Effective 

Mass

Atmospheric 𝛎
Super-K, Hyper-K, IceCube
PINGU, ICAL/INO, ORCA, 

DUNE
Atm 𝛎µ + JUNO

Beam 𝛎µ T2K, NO𝛎A, T2HKK, 
DUNE Beam 𝛎µ + JUNO

Reactor 𝛎e JUNO, 
JUNO + Atm/Beam 𝛎µ

Supernova Burst 𝛎
Super-K, Hyper-K, IceCube

PINGU, ORCA, DUNE, 
JUNO

Interplay of 
Measurements

Cosmo. Data, 
KATRIN, Proj-8, 0νββ
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Known θ13 Enables Neutrino Mass Hierarchy at Reactors

70

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

✓Mass hierarchy reflected 
in the spectrum

✓Independent of the 
unknown CP phase

L~20km

∝ sin22θ13

Reproduction based on State-of-Art Knowledge
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Challenges in Resolving MH using Reactor Sources

71
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• Energy resolution: ~3%/sqrt(E)
• Energy scale uncertainty: <1%
• Statistics (the more the better)
• Reactor distribution: <~0.5km

Challenges in Resolving MH using Reactors

72

Y.F. Li et al
PRD88(2013)013008

S.F. Ge et al 
JHEP 1305 (2013) 131



NUSYS 2024, Beijing Normal University, ZhuhaiWei Wang/王為 SYSU 73

Looking for Suitable Power Plants is Easy?
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Jiangmen Underground Neutrino Observatory (JUNO) 74

u Proposed as a reactor neutrino experiment for mass ordering in 2008  (PRD78:111103,2008;  PRD79:073007,2009)

ð driving the design specifications: location, 20 kton LS, 3% energy resolution, 700 m underground

u Rich physics program in solar, supernova, atmospheric, geo-neutrinos, proton decay, exotic searches
u Approved in 2013. Construction in 2015-2024

J.Phys.G43, 030401 (2016)

74 institutions, >700 collaborators
Asia: China (34), Taiwan,China (3) Thailand (3), Pakistan, Armenia
Europe: Italy (8), Germany (7), France (5), Russia (3), Belgium, Czech, 
Finland, Latvia, Slovakia, UK
America: Brazil (2), Chile (2), USA (2)

Optimal Baseline

6 cores, 17.4 GWth

2 cores, 9.2 GWth
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The Jiangmen Underground Neutrino Observatory

Taishan Power Plant

Yangjiang Power Plant

Only 8 Reactors Left…..
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JUNO Site 76

Vertical Shaft, 564 m
put into use in 2023

Surface buildings / campus
• Office / Dorm
• Surface Assembly Building
• LAB storage (5 kton)
• Water purification / Nitrogen
• Computing
• Power station
• Cable train

Slope tunnel, 1266 m

~ 650 m
Rµ ~ 0.004 Hz/m2

<Eµ> ~ 207 GeV

~200 people working onsite now
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Acrylic Sphere: 
Inner Diameter (ID): 35.4 m
Thickness:12 cm

Stainless Steel (SS) Structure:
ID: 40.1 m, Outer Diameter (OD): 41.1 m
17612 20-inch PMTs, 25600 3-inch PMTs

Water pool:
ID: 43.5 m, Height: 44 m, Depth: 43.5 m
2400 20-inch PMTs

JUNO Detector 77

20 kton LS

35 kton
water

Top Tracker (TT)
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The Detector Performance Goals

78

KamLAND Daya Bay PROSPECT JUNO

Target Mass ~1kt 20t ~4t ~20kt

Photocathode 
Coverage ~34% ~12% (Effective) ESR + PMTs ~80%

PE Collection ~250 PE/MeV ~160 PE/MeV ~850 PE/MeV ~1200 PE/MeV

Energy Resolution ~6%/√E ~7.5%/√E ~4.5%/√E 3%/√E

Energy Calibration ~2% 1.5%→ 0.5% ~1% <1%

An extremely demanding detector and a challenging job
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JUNO Detector 79
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Central Detector  80

u 35.4 m spherical acrylic vessel, containing 20 kton LS, supported by 
the 41.1 m Stainless Steel structure via 590 supporting bars

u SS structure completed except bottom 4 layers
u Acrylic panel production completed

ð A special production line for low backgrounds (< 1 ppt U/Th/K) 
ð Processed while maintaining high transparency (>96%) and low surface 

background (<5 ppt U/Th in 50 µm thickness): Shaping, sanding/polishing, 
cleaning, machining, and protection of panels by PE film

u Acrylic vessel construction on-going (critical path)
ð SS structure built from bottom to top, then, acrylic built from the top to bottom, 

layer by layer, 17/23 layers finished, defects repaired
ð SS bars connecting the acrylic and SS, sensors for stress monitoring 

arXiv: 2311.17314 (2023)
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Inside the detector 81

Acrylic Sphere

Installation platform
Diameter and height change for each layer of acrylic bonding

Supporting Bar

SS Structure
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Veto Detectors 82

u Water Cherenkov + Top tracker
u Water Cherenkov detector

ð 35 kton water to shield backgrounds from the rock
ð Instrumented w/ 2400 20-inch PMTs on SS structure
ð Water pool lining: 5 mm HDPE (black) to keep the 

clean water and to stop Rn from the rock, will cover 
w/ tyvek

ð 100 ton/h pure water system installed. Requirement: 
U/Th/K<10-14 g/g and Rn<10 mBq/m3, attenuation 
length>40 m, temperature controlled to (21±1) °C

u Top tracker (to be installed)
ð Refurbished OPERA scintillators
ð 3 layers, ~60% coverage on the top
ð Dq ~ 0.2°, DD ~ 20 cm

u Earth Magnetic Field compensation coil

Veto 20-inch PMT
EMF coil

Dustproof
Tyvek

NIMA 1057 (2023) 168680
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Packing PMTs as Tight as Possible

83

20” PMT (~18K)
MCP-PMT (~13K)
Hamamatsu HQE (5K)

3”sPMT(~25K)
HZC XP72B22 (Photonis)
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Characterizing Every Single PMT with Great Care

84
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• 20-inch PMT: 15,012 MCP-PMT (NNVT) + 5,000 Dynode PMT(Hamamatsu HPK)
3.1-inch PMT: 25,600 Dynode PMT (HZC XP72B22)
– All PMTs delivered and their performance tested OK

• Water proof potting done: failure rate < 0.5%/6 years
• Implosion protection: acrylic top & SS bottom (JINST 18 (2023), P02013)

– Mass production completed

PMT Summary

85

LPMT (20-in) SPMT (3-in)
Hamamatsu NNVT HZC

Quantity 5,000 15,012 25,600
Charge Collection Dynode MCP Dynode
Photon Det. Eff. 28.5% 30.1% 25%

Dynamic range for 
[0-10] MeV [0, 100] PEs [0, 2] PEs

Coverage 75% 3%

Reference Eur.Phys.J.C 82 
(2022) 12, 1168

NIM.A 1005
(2021) 165347

3 mm clearance
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Calibration System based on the Daya Bay experiences

Automatic Calibration Unit (ACU) 

Guide Tube Calibration 
System(GTCS) 

p Complementary for covering 
entire energy range of 
reactor neutrinos and full-
volume position coverage 
inside JUNO central detector

Cable Loop System (CLS) 

Remotely Operated 
under-liquid-scintillator 
Vehicles (ROV) 
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• Four systems for 1D, 2D, 3D scan with multiple sources
• Energy scale and non-linearity will be calibrated to <1% using g peaks and cosmogenic 12B beta 

spectrum 

Calibration and Expected Energy Resolution

87

JHEP 03 (2021) 004

𝝈
𝑬𝒗𝒊𝒔

=
𝟐. 𝟔𝟏%
𝑬𝒗𝒊𝒔

𝟐

+ 𝟎. 𝟔𝟒% 𝟐 +
𝟏. 𝟐𝟎%
𝑬𝒗𝒊𝒔

𝟐

Photon 
statistics

Dark noise,
Annihilation
-induced 𝜸s

Constant 
term

All systems ready for installation

Expected energy resolution: 2.95% @1MeV

For positron  

Calibration house

arXiv:2405.17860 (2024)
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sin2𝟐𝜽𝟏𝟐, ∆𝒎𝟐𝟏
𝟐 , |∆𝒎𝟑𝟐

𝟐 |, leading measurements in 100 days; precision <0.5% in 6 years

Precision Measurement of oscillation parameters 

88

Chin. Phys. C46 (2022) 12, 123001
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Neutrino Mass Ordering

89

Design Now 

Thermal Power 36 GWth 26.6 GWth (26%↓)

Signal rate 60 /day 47.1 /day (22%↓)

Overburden ~700 m ~ 650 m

Muon flux in LS 3 Hz 4 Hz (33%↑)

Muon veto efficiency 83% 91.6% (11%↑)

Backgrounds 3.75 /day 4.11 /day (10%↑)

Energy resolution 3.0% @ 1 MeV 2.95% @ 1 MeV (2%↑)

Shape uncertainty 1% JUNO+TAO
3𝜎 NMO sens. Exposure <6 yrs × 35.8 GWth ~6 yrs × 26.6 GWth

u JUNO NMO median sensitivity:   
3σ (reactors only) @ ~6 yrs * 26.6 GWth exposure

u Combined reactor and atmospheric neutrino analysis in 
progress:  further improve the NMO sensitivity (see next 
pageà )

Sensitivity mostly from 1.5-3 MeV

arXiv:2405.18008 (2024)
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• JUNO will be the first to study atmospheric neutrino oscillation with liquid scintillator: 
e/µ separation, ⁄𝝂 𝝂 separation, n energy (instead of lepton energy), track direction in LS

Atmospheric Neutrino

90

u Improving the reconstruction and 
PID algorithm, as well as 
sensitivity

u Plan to install all spare PMTs on 
top wall of the water pool to 
improve PID and direction 
reconstruction

spare PMTs 
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Reactor Antineutrino Anomaly (RAA)
http://irfu.cea.fr/Spp/Phocea/Vie_des_labos/Ast/ast_visu.php?id_ast=3045

• T. A. Mueller et al., PRC83, 054615 (2011)

• P. Huber, Phys. Rev.C84, 024617 (2011)

• Daya Bay, PRL116(2016), PRL123(2019) 

• RENO, PRL121(2018)

• NEOS, PRL118(2017)

• Double Chooz, Nature Physics 16(2020)Reactor Neutrinos NOT Perfect
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7/28/24 Lake Baikal Summer School 2024, Bolshiye Koty

The “ab initio” (summation) Method

Phys.Rev.Lett. 114, 012502 (2015)
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The 5 MeV bump was predicted with a large 
uncertainty from summation calculation. 

Additionally, the saw-tooth structures were also predicted in the summation spectrum. 

ü — the fission rate of the parent isotope p

ü — the cumulative yield of isotope i

— the branching fraction from isotope i decaying to the energy level j of daughter 
isotope 
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• Main goal: Measure the reactor neutrino 
spectrum (as a reference to JUNO)
– better resolution to reduce fine structure effects 

and spectrum uncertainties
– Improve nuclear database

• 10 m2 SiPM + 2.8 ton Gd-loaded LS @-50℃
– 700k/year@44m from the core (4.6 GW), ~10% 

bkg
– Energy resolution:  <2%/√E, 4500 p.e./MeV 
– SiPM (>94% coverage) w/ PDE > 50%
– Operating at -50℃, dark rate 100kà100 Hz/mm2

– 2.8 ton (1-ton FV) new type of Gd-LS for -50℃
• Detector assembled at IHEP with ~100 SiPM 

tiles/readout (out of 4100 in total)
– Temperature uniformity and stability OK!
– Single PE readout

• Disassembling, to be re-installed in the Taishan 
Nuclear Power Plant in 2024

JUNO-TAO

93

arXiv:2005.08745
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JUNO’s Multi-Physics Potential

  

Marta Colomer Molla, Rencontres de Blois 2021, Status and physics prospects of JUNO 5

JUNO physics program
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Neutrino as Probes: Nuclear and Earth Sciences

95

Cadeddu & Y.F. Li et al, PRL120, 072501 (2018) 

First time measuring neutron radius!

A. Donini et al, Neutrino tomography of Earth, 
Nature Physics 2018
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Summary and Future Perspectives

vNeutrino physics has provided the first new physics beyond the SM and it is now 

entering the precision phase à Reactor Neutrinos are playing essential roles 
continuously

vWe have been using reactor neutrinos for free --- is it time for us to pay the industry 
back? J

vTechnologies are always essential for making progresses in science; 
Science always gives technologies more values and, often, leads the 
developments of technologies; Applications and fundamental science drive new 

technologies in synergy

vThe unanswered questions in neutrino physics require new technologies

96
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Summary and Future Perspectives

vLooking back to the modern history of neutrino experiments

v Important to “dream big” and dare to “dream”

v Important to be programmatic

v Important to prepare the young generations

v Important to collaborate internationally

97
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Understanding Reactor Antineutrinos
• Fuel evolution: Phys.Rev.Lett. 118 (2017) no.25, 251801

235U: 4-sigma effect
235Pu: 1.2-sigma effect

• Isotope decomposition, PRL 123 (2019) no.11, 111801 
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• More advantageous for the normal ordering case
• Uncertain due to a different unknown parameter, the atmospheric 

mixing angle
99

KM3NeT/ORCA and PINGU Sensitivities
• F Capozzi et al for KM3NeT/ORCA, PINGU Group for PINGU

J. Phys. G: Nucl. Part. Phys. 45 (2018) 024003
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Combining JUNO and PINGU/DeepCore (courtesy of M. Wurm)

§ Nominal configuration, i.e. PINGU (26 strings) + JUNO (10 cores)

§ Reduced configurations, i.e. IC Upgrade (7 str) + JUNO (8 cores)

Ø In any case, 5σ-discovery after 5 years


