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Introduction & physics motivations
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Neutrino oscillation 
• Mass hierarchy, octant of , and the value of CP-violating phase are still unknown. 
• For further precise measurements, we should reduce uncertainties due to atmospheric neutrino; 
absolute flux,  ratio, and energy spectrum. 
Cosmic-ray muon 
• Come from the decay of mesons produced in the hadronic showers as the pair of the atmospheric neutrinos. 
• We can indirectly obtain information about atmospheric neutrinos by measuring cosmic-ray muons. 
Muon charge ratio, spin polarization, and parent meson ratio 
• Muons from kaon decays tend to have larger energy and polarization than those from pion decays. 
• Measurement of charge ratio and polarization are directly related to  ratio and neutrino energy spectrum. 
• As muon energy increases, the contribution of kaon decay increases. 
→ Constrain the hadronic interaction model and new input for improving the atmospheric neutrino flux simulation.
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Use the through going muon in the detector 
Data-set : 2008 Sep. - 2018 May. 
Analysis 
• The correlation between the variation of muon rate ( ) and the variation of atmospheric temperature ( ). 

•  is the number of muon events that are normalized by its lifetime. 

•  is the temperature weighted by the muon production intensity at different altitudes in the atmosphere [6]. 
→ Atmospheric temperature data-set is provided by the Japan Meteorological Agency [7]. 

Results 
• Correlation coefficient  is obtained by fitting with linear function.  

• We can calculate the atmospheric meson ratio  using the correlation coefficient . 
→ Kaon and pion are affected differently due to the variation of the atmospheric temperature. 

• This result is important information to improve the prediction of the atmospheric neutrino flux.
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Use the pair event of the stopping muon in the detector and the decay electron. 
• Charge ratio : Determined using the decay time of stopping muon. 
• Polarization : Determined using opening angle between muon and decay electron. 
Data-set : 2008 Sep. - 2022 Dec. 
Analysis 
• Observed data was analyzed and compared with the MC simulation, which generated muon decay in water. 
MC simulation for decay electron 
• Considered muon charge, and their decay process with polarization. 
→ Nuclear capture of negative muon that affects the energy spectrum of decay electron. 
→ De-polarization mechanisms in water. (Different between positive and negative muon) 
Results 
• To determine them, chi-square is evaluated by fitting three distributions. 
→ Decay time, Opening angle ( ), Energy spectrum of decay electron. 

• Charge ratio is compared with two models (Honda flux [2], πK model [5]). 
→ Consistent with Honda flux (< 1σ). 
→ 1.9σ tension from the πK model. 
• Polarization has 1.6σ tension from Honda flux expectation [2]. 
• This result provide new input to the neutrino flux simulation to constraint atmospheric neutrino production.
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Measurement of charge ratio and polarization

Measurement of the atmospheric meson ratio
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For further precise measurement of neutrino oscillation, it is important to understand the atmospheric neutrino precisely. 
• Muon charge ratio reflects the ratio of neutrinos and anti-neutrinos. 
• Muon polarization and the atmospheric meson ratio affects the shape of neutrino energy spectrum. 

These results are consistent with Honda flux expectation within 2σ (charge ratio and polarization). 
Especially for  and , provide the unique input to improve the atmospheric neutrino simulation.P0 rK/π

 [%]effThe deviation of T
4− 3− 2− 1− 0 1 2 3 4

Th
e 

de
vi

at
io

n 
of

 m
uo

n 
ra

te
 [%

]

4−

3−

2−

1−

0

1

2

3

4

Muon charge ratio
1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.50

)
0-
µ

 o
r P

0+
µ

M
uo

n 
po

la
riz

at
io

n 
at

 th
e 

pr
od

uc
tio

n 
(-P

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

SK-IV best fit SK-V best fit SK-VI best fit

σ1 σ1 σ1 
SK combined σSK combined 1 

Chi-square map

R = 1.32 ± 0.02 (stat. + syst.) P0 = 0.52 ± 0.02 (stat. + syst.)

αT = 0.85 ± 0.01 (stat.)

Muon momentum [GeV/c]
1−10 1 10 210 310 410

Fr
ac

tio
n 

[%
]

0

20

40

60

80

100

120

+µ to +π
-µ to -π
+µK to 
-µK to 

Super-Kamiokande detector [3] 
50 ktons ultra-pure water 
Gd-loaded water [4]

Muon energy > ~0.8 TeV 
Average rate ~ 2Hz
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The calculation of the atmospheric meson ratio  
• Theoretical function of  is depend on  [6]. 

 

  

,  
→ The energies in which decay and interaction occur  
with equal probability
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Dπ

1/ϵK + (0.365 × rK/π)(Dπ /DK)2/ϵπ

1/ϵK + (0.365 × rK/π)(Dπ /DK)/ϵπ

Dπ,K ≡
γ

γ + 1
ϵπ,K

1.1⟨Ethrcosθ⟩
+ 1

ϵπ = (114 ± 3) GeV ϵK = (851 ± 14) GeV
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