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• Neutrino flavor (weak) eigenstates and mass eigenstates are mixed


• Neutrinos change their flavor as they travel (neutrino oscillation)

• Natural interferometer to explore fundamental nature of neutrinos

Neutrino Mixing
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Oscillation Results with 1958 Days
• Measure sin22θ13 and |Δm2ee| to 3.4% and 2.8% respectively

P ve → ve( ) = 1− sin2 2θ13 sin2 1.267Δmee
2 L

E
− solar term

effective mass 
splitting

Results are cross-checked by a few independent analyses

preliminary preliminary

results with 
1958 days

 sin2 2θ13 = 0.0856 ± 0.0029

|Δmee
2 |= (2.52 ± 0.07)×10−3  eV2

The statistical uncertainty 
contributes about 60% 
(50%) of the total θ13 
(Δm2ee) uncertainty.
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Weak eigenstate Mass eigenstate

(α = e, μ, τ) (i = 1, 2, 3)

PMNS mixing matrix

Two neutrino case:

θ          : mixing angle 
Δm2  : mass squared difference 
L       : the distance traveled

E       : the energy of neutrino
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Figure taken from J. P. Ochoa’s presentation at Neutrino2018



Neutrino Mixing
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All the three angles are finally observed! 
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Still many open questions:
Δm232 ~ Δm231 ~ 2.5 x 10-3 eV2 Δm221 ~ 7.5 x 10-5 eV2

• What is the CP-violation phase, δCP ? 

• What is the absolute mass scale/ordering?


• What is the origin of neutrino mass?


• Are there any extra spices?



Current Long Baseline Experiments The T2K Experiment

The T2K Experiment

Dedicated to measure ✓23, ✓13 and �CP

Pablo Fernández Menéndez (IFIC & CSIC) Results from LBL ⌫ Osc. Experiments 26 September 2018 8 / 36

T2K experiment
Tokai-to(2)-Kamioka long-baseline neutrino oscillation experiment

5



T2K collaboration
• ~500 members, 69 institutes, 12 countries
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ICRR members of T2K

• Kamioka Observatory: 17 members


• K. Abe, C. Bronner, Y. Hayato, M. Ikeda, J. Kameda, Y. Kataoka, 
M. Miura, S. Moriyama, M. Nakahata, Y. Nakajima, S. Nakayama, 
H. Sekiya, M. Shiozawa, Y. Sonoda, A. Takeda, H. Tanaka, T. Yano 

• RCCN (Kashiwa): 5 members


• T. Kajita, G. Megias, K. Okumura, H. Seungho, J. Xia

7

Blue: (Project) Assistant professors and Postdocs

Green : Graduate students



Latest neutrino 
oscillation 
analysis results
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19

The international journal of science / 16 April 2020

Coronavirus
The models driving  
the global response  
to the pandemic

Hot source
Remnants of 
primordial nitrogen  
in Earth’s mantle

Origin of a species
Revised age for Broken 
Hill skull adds twist to 
human evolution 

THE MIRROR 
CRACK′D
An indication of matter–antimatter  
symmetry violation in neutrinos
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Nature 580, no.7803, 339-344 (2020)

Updated results in Neutrino 2020 

C. Bronner (ICRR): one of the oscillation analysis conveners

Y. Nakajima (ICRR): one of the T2K-SK working group conveners



T2K operation history

• Data taking started in 
2009


• 515 kW stable 
operation achieved in 
2020


• Total collected protons-
on-target (POT):


• 1.97 x 1021 (ν-mode)


• 1.63 x 1021 (ν-mode)

9

Accumulated beam

• 515 kW stable operation achieved in 2020. 

• 33% more ν’s since 2018.  

• Total of 1.97x1021 POT in ν-mode and 1.63x1021 in ν-mode.
5



Oscillation signatures

• Precision measurement of 
sin22θ23 and |Δm232|

10

Current Long Baseline Experiments The T2K Experiment

The T2K Beam

The beam is 2.50 o↵-axis with respect to the far detector
T2K was the first experiment to implement the o↵-axis technique,
providing a narrower spectrum around hE⌫i = 0.7 GeV
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It has been agreed to extend (T2K phase-II) the operation of T2K to a
second phase that will run until 2026 with the goal of 20 · 1021 POT

Pablo Fernández Menéndez (IFIC & CSIC) Results from LBL ⌫ Osc. Experiments 26 September 2018 10 / 36

• Sensitivity to sin22θ13, CP violating 
phase δ, θ23 octant, and mass 
ordering through the matter effect

νμ disappearance νe appearance



Signal at Super-Kamiokande

T2K far detector: SuperKamiokande
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2,000 8” PMT outer detector
Cosmic veto/exi4ng par4cles

11,000 20” PMT inner detector
40% photo-coverage

50 kt water-Cherenkov detector

Par4cle ID via Cherenkov ring pa_ern:
Muons → sharp rings

Electrons sca_er more → fuzzier rings
No charge iden4fica4on
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11,000 20” PMT inner detector
40% photo-coverage

50 kt water-Cherenkov detector

Par4cle ID via Cherenkov ring pa_ern:
Muons → sharp rings

Electrons sca_er more → fuzzier rings
No charge iden4fica4on
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• Primary signal: Charged-Current Quasi-Elastic scattering


• Identify neutrino flavor by outgoing leptons


• Reconstruct neutrino energy with lepton kinematics

11



Observed electron neutrino candidates

12

Patrick Dunne (p.dunne12@imperial.ac.uk) 23

• O(45%) change in electron-like event 
rate between δCP=+#/2 and δCP=-#/2
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• O(45%) change in electron-like event 
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No CP-violation

More neutrinos events and less antineutrino events 
than the no CP-violation case



Constraints on δCP and θ13

13

θ13 and δCP
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MaCh3 Joint Fit, woRC
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• T2K data alone and using 
PDG2019 constraint on 
θ13 from reactor 
experiments

• T2K only intervals are 
compa4ble with 
PDG2019 θ13 values at 
be_er than 1σ

• Results from here on are 
with reactor constraint
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Prospects

14

Prospects

17

Estimation POT
Prospects

17

Estimation POT

Sensitivity will be further improved by near-detector upgrades etc.

If CP is maximally violated, we have a good chance to reach 3σ exclusion of non-CPV



More (future) T2K(-related) results 
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Neutron yield

• Made the first measurement of 
neutron yield  from neutrino and 
antineutrino CC interactions


• Important input for utilizing 
neutrons for neutrino/
antineutrino separation etc (GeV 
neutrinos)


• Constrains atmospheric neutrino 
backgrounds for supernova relic 
neutrino searches at SK(-Gd). 
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CHAPTER 8. MEASUREMENT OF MEAN NEUTRON
MULTIPLICITY

Table 8.13 summarizes the measured mean neutron multiplicities in comparison to
the equivalent expectations which are derived from the NEUT-based MC. As shown
in Figure 8.41, the measured mean multiplicity averaged over Pt shows a tendency
that the RHC sample has higher mean multiplicity than that of the FHC sample.
Since in general CC ν̄µ interactions produce more neutrons compared to CC νµ in-
teractions (e.g. CCQE interaction) in the neutrino energies of this analysis, the
observed tendency is consistent with the expectation.

The deviation from the NEUT expectation is -2.75σ (-2.69σ) for the FHC (RHC)
1Rνµ sample based on the total error of this measurement.

Figure 8.40: Measured mean neutron multiplicity as a function of reconstructed
muon transverse momentum for the Run 1-9 FHC and RHC 1Rνµ samples. The left
and right figures correspond to the FHC and RHC samples, respectively. The color
bands represent the equivalent expectations which are obtained the NEUT-based
MC. The widths of the bands correspond to the size of the MC statistical error of
the expectations.

Table 8.13: Summary of the measured mean neutron multiplicities of the Run 1-9
data in comparison to the expected numbers. For the expected numbers which are
derived from the NEUT-based MC, the errors are the MC statistical uncertainties.
For the data results, the first errors and second errors represent the statistical and
systematic uncertainties, respectively.

FHC RHC
Pt bin Expected Measured Expected Measured

0.0 - 0.25 (GeV/c) 1.22 ± 0.02 0.62 ± 0.25 +0.04
−0.06 1.76 ± 0.02 0.78 ± 0.33 +0.05

−0.06

0.25 - 0.5 (GeV/c) 1.33 ± 0.02 0.95 ± 0.23 +0.08
−0.09 2.05 ± 0.02 1.50 ± 0.41 +0.11

−0.13

0.5 - 0.75 (GeV/c) 1.77 ± 0.04 1.16 ± 0.40 +0.11
−0.10 2.36 ± 0.03 1.78 ± 0.66 +0.15

−0.18

> 0.75 (GeV/c) 2.75 ± 0.12 2.77 ± 1.17 +0.20
−0.24 3.41 ± 0.08 3.93 ± 2.32 +0.51

−0.36

Averaged over Pt 1.50 ± 0.02 1.00 ± 0.17 +0.07
−0.08 2.14 ± 0.02 1.40 ± 0.26 +0.10

−0.11

The measurement results are also compared with the expectations of the GENIE-
and NuWro-based MCs as well as the NEUT’s one as shown in Figures 8.42 and

211

Figure from R. Akutsu Ph.D thesis (2020)

Neutrino mode Antineutrino mode

CHAPTER 1. INTRODUCTION

1.2 Neutrons associated with ν-nucleus interac-
tions on water

Neutrons associated with neutrino interactions on water target are expected to be of
value to various important physics analyses: measurement of neutrino oscillations,
SRN searches, and nucleon decay searches. It has also been suggested that informa-
tion about these neutrons will improve neutrino oscillation analyses [128]. Indeed, in
near future experiments employing water Cherenkov detectors such as SK-Gd [124]
and Hyper-Kamiokande [125], utilization of such neutrons are planned in order to
improve their physics analyses.

In this section, production of neutrons related to ν interactions on water target
is outlined. Following this, benefits to physics analyses are described, and the cur-
rent status of experimental studies on neutrons associated with ν interactions are
overviewed, which emphasises the importance of the primary analysis presented in
this thesis.

1.2.1 Neutron productions

Figure 1.7: A schematic drawing of neutron productions by primary ν̄-nucleon in-
teraction inside oxygen nucleus, hadronic-final-state interactions inside the nucleus,
and hadronic secondary interactions in water. In this case, the primary reaction
ν̄! + p → "+ + n+ π− is used.

When a neutrino interaction happens in water, the interaction often produce one or
more neutrons. These neutrons are produced via three processes:

• Primary ν-nucleon interaction in nuclear medium,

- e.g. ν̄! + p → "+ + n

• Hadronic final-state-interaction (FSI) inside the target nucleus.

- e.g. p+ p → p+ n+ π+

17

Work done by the former ICRR 
graduate student, R. Akutsu 



Oscillation analysis with neutron tag
• Super-K introduced Gadolinium 

to significantly enhance neutron 
detection efficiency (See Ikeda-
san’s talk for Super-K)


• New neutron tagging algorithm 
being developed by  H. Seungho 
(ICRR grad student) and many 
other SK and T2K collaborators.


• Neutron tagging can improve 
T2K measurements

17

SK-Gd project

• Loading Gd to SK
• 7R�VLJQLrFDQWO\��HQKDQFH�GHWHFWLRQ�

capability of neutrons from ҧ߭ interactions   
• 0.02% Gd2(SO4)3 concentration in 2020. 

• About 50% of neutron would be captured by Gd, 
HQKDQFLQJ�QHXWURQ�WDJJLQJ�H⒑FLHQF\�E\�2-3 
times.

• Planned gradual increasement of Gd 
• Final target: 90% of neutron tagging
• Aiming at 70% with this Kakenhi

5
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Work in progress

1021 POT
Number of tagged neutrons w/ Gd

Can separate 
“wrong-sign” 
neutrinos and NC 
interactions

Expected electron (anti-)neutrino candidates in anti-neutrino mode beam

SK-Gd Project
Physic targets
• Precursor of nearby supernova by Si-burning neutrinos
• Improve pointing accuracy for galactic supernova
• First observation of Supernova Relic Neutrinos
• Others

• Reduce proton decay background
• Neutrino/anti-neutrino discrimination                    

(For T2K and atmospheric nubs analyses)
• Reactor neutrinos

2020.6.3 ugap2020 
4



T2K + SK joint fit
• Despite the fact that these 2 experiments share the same detector (SK tank is the far 

detector in T2K), neutrino oscillation analyses are done by independent working groups.


• T2K so far has focused on sub-GeV events, while SK also cares about multi-GeV.


• T2K neutrino beam is >99% νμ at generation, while SK atmospheric neutrino source has 
different flavors at origin.


• Given the differences in neutrino data, the 2 experiments have developed different event 
selection schemes and strategies of uncertainty estimation.
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J. Xia (Grad student at ICRR)

A joint analysis that treats the data simultaneously can help to strengthen 
both experiments and push forward the frontier of neutrino physics.

• T2K: Precise measurements of neutrino oscillation parameters thanks to its artificial 
neutrino source, but the result is still limited by statistics.


• SK: Observes atmospheric neutrinos that are abundant and free, but it has relatively larger 
systematic uncertainties. On the other hand the oscillation resonance region to determine 
mass hierarchy from neutrinos traversing through the earth is 2~10 GeV, in which T2K is not 
so sensitive.

Current Status of SK and T2K

So Why A Joint Analysis?



T2K + SK joint fit (cont’d)
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• Back in 2018, the first SK-T2K joint analysis was attempted by X. Li (https://www.stonybrook.edu/
commcms/grad-physics-astronomy/_theses/li-xiaoyue-august-2018.pdf). 

• Even with only sub-GeV 1-ring neutrino events, a 
substantial improvement in the measurement of 
𝛿CP was still achieved by the joint analysis 
compared to T2K-only results.   

• Currently we are working to include the multi-
GeV multi-ring events in the joint analysis, which 
are expected to improve the measurements of 
𝛿CP and 𝛥m232. 

J. Xia (Grad student at ICRR)

https://www.stonybrook.edu/commcms/grad-physics-astronomy/_theses/li-xiaoyue-august-2018.pdf
https://www.stonybrook.edu/commcms/grad-physics-astronomy/_theses/li-xiaoyue-august-2018.pdf
https://www.stonybrook.edu/commcms/grad-physics-astronomy/_theses/li-xiaoyue-august-2018.pdf


Summary

• T2K: Long-baseline neutrino oscillation experiment between J-PARC (Tokai) and Super-K (Kamioka)


• Testing CP-violation in neutrino (lepton) sector at world-leading sensitivity


• Many ICRR involvements in the current and future activities:


• Super-K detector operation and data processing (of course)


• Oscillation analysis


• Neutron yield measurement


• Oscillation analysis w/ Gd


• T2K+SK joint fit


• And many more…
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Enjoy discussions with the T2K members at ICRR!
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An SK-T2K Joint Neutrino Oscillation 
Analysis
Junjie Xia
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Current Status of SK and T2K

• Despite the fact that these 2 experiments share the same detector (SK tank is the far 
detector in T2K), neutrino oscillation analyses are done by independent working groups. 

• T2K neutrino beam peaks at 0.6 GeV and tails to ~30 GeV, while the SK atmospheric 
neutrino data has a broader energy spectrum from ~O(100) MeV to ~O(1TeV). 

• T2K so far has focused on sub-GeV events, while SK also cares about multi-GeV. 
• T2K neutrino beam is >99% numu at generation, while SK atmospheric neutrino source 

has different flavors at origin. 
• Given the differences in neutrino data, the 2 experiments have developed different event 

selection schemes and strategies of uncertainty estimation.

So Why A Joint Analysis?

• T2K is powerful in precise measurements of neutrino oscillation parameters thanks to its 
artificial neutrino source. However the strength becomes a disadvantage in the case of 
achieving rich data samples. For example, T2K leads the world measurement of neutrino 
CP-violating phase 𝛿CP, but the result is still limited by statistics. 

• SK observes atmospheric neutrinos that are abundant and free, but it has relatively larger 
systematic uncertainties compared to T2K in some key parameters such as neutrino flux, 
cross-sections, etc. On the other hand the oscillation resonance region to determine mass 
hierarchy from neutrinos traversing through the earth is 2~10 GeV, in which T2K is not so 
sensitive. 

• So T2K and SK have their own advantages and can be complementary. A joint analysis that 
treats the data simultaneously can help to strengthen both experiments and push forward 
the frontier of neutrino physics.



An Earlier Effort to The Joint Analysis

• Back in 2018, the first SK-T2K joint analysis was attempted by X. Li (https://www.stonybrook.edu/
commcms/grad-physics-astronomy/_theses/li-xiaoyue-august-2018.pdf). 

• Even with only sub-GeV 1-ring neutrino 
events, a substantial improvement in the 
measurement of 𝛿CP was still achieved 
by the joint analysis compared to T2K-
only results.   

• In this second iteration we are working 
to include the multi-GeV multi-ring 
events in the joint analysis, which are 
expected to improve the measurements 
of 𝛿CP and 𝛥m232. 

https://www.stonybrook.edu/commcms/grad-physics-astronomy/_theses/li-xiaoyue-august-2018.pdf
https://www.stonybrook.edu/commcms/grad-physics-astronomy/_theses/li-xiaoyue-august-2018.pdf
https://www.stonybrook.edu/commcms/grad-physics-astronomy/_theses/li-xiaoyue-august-2018.pdf


Challenges in This Work

1. Since T2K has mainly been focusing on the sub-GeV neutrino interactions, its 
implementation of the multi-GeV counterpart has shown some tension to the SK results. To 
solve this additional studies of cross-section at T2K Near Detector is needed, as well as 
model development. 

2. Due to their very differences in nature, the correlation between atmospheric and beam 
neutrino fluxes needs more study. 

3. An improvement is also needed for the current implementation of detector systematic 
uncertainties. Directions of study includes introducing another control sample, better 
strategies to estimate systematic errors, and the correlation among different detector 
systematics.  

4. The previous joint analysis was tailored to a specific framework. But it is preferred to have 
the process run in a more general way that can be self-validated. Multiple frameworks for 
the joint analysis are now under construction.  

For the moment I have been working on 1&4, and a preliminary joint analysis framework 
with systematic uncertainties on atmospheric fluxes and T2K neutrino cross-sections  
implemented has been set up.


