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World largest water Cherenkov detector [1] 

50 kton water tank 
1996 ~ 2020: Ultra pure water 
2020 ~         : Gadolinium loaded water (SK-Gd [2]) 

Detector 
ID: 11,129 20-inch PMT 
→ Event reconstruction using Timing and Charge 
OD: 1,885 8-inch PMT 
→ Cosmic-ray muon veto (~ 2 Hz) 

Sensitive energy 
O(1) MeV ~ TeV

2Super-Kamiokande

1,000 m (2,700 m.w.e)

Kamioka Mine @ Gifu, Japan

Multi purpose detector that covers a wide energy region
IDOD

SK-I, -II, -III, -IV
1996 2018

SK-V SK-VI SK-VII
2020 2022

SK-VIII
2024

Pure water Gd water

Charged particle

Neutrino

41
.4
 m

39.3 m
[1] NIM A 501 (2003) 418-462 
[2] NIM A 1027 (2022) 166248

https://www.sciencedirect.com/science/article/abs/pii/S016890020300425X
https://www.sciencedirect.com/science/article/abs/pii/S0168900221010883?via%3Dihub
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3Photon attenuation in water

Important to understand and monitor the amount of such attenuation. 
→ Water transparency “  [m]” L(λ, t)

I(λ) = I0(λ)e− l
L(λ, t)

Cherenkov photons are attenuated by 
electron or nucleus in water. 
Absorption 
Scattering 

Possible impact on analysis 
GeV-scale 
• Cherenkov ring counting 
• Particle identification (μ or e) 
• Energy recon. using Charge 
MeV-scale 
• Energy recon. using # of photons 
• Neutron detection using hit patternMC simulation

1GeV e-
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4Photon attenuation in water

MC simulation

 is being monitored for detector stability everyday. 
 is implemented into detector simulation as photon tracking.
L(λ, t)

L(λ, t)

Important to understand and monitor the amount of such attenuation. 
→ Water transparency “  [m]” L(λ, t)

Cherenkov photons are attenuated by 
electron or nucleus in water. 
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Possible impact on analysis 
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5Photon attenuation in water
In this talk,  

Measurement of wavelength-dependent  
and Implementation into detector simulation

L(λ, t)

Contents 
Optical laser system in SK detector 
SK detector simulation 
Photon attenuation 

Analysis 
PMT hit timing distribution 
Extraction of absorption and scattering 

Results

SK-I, -II, -III, -IV
1996 2018

SK-V SK-VI SK-VII
2020 2022

SK-VIII
2024

Pure water Gd water

Focus on 3 phases
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6Optical laser system [3]

Actual device photo

Quantum Efficiency of  
PMT installed in Super-KCalibration devices installed in SK detector (ID) 

7 injectors 
5 mono-wavelengths 
- 337, 375, 405, 445, 473 nm 
→ Cover high Quantum Efficiency region of SK PMT. 

Automatic data taking 
Continuous data taking (parallel with physics run) 
Monitor the time variation of . 
In this analysis, only use “Top laser” data. 
- Merged ~1 month data in each analysis phases.

L(λ, t)

[3] NIM A 737 (2014) 253-272

https://www.sciencedirect.com/science/article/abs/pii/S016890021301646X
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Detector Monte Carlo simulation 
Geant4 based full detector simulation 
Optical laser injector simulation is possible. 

Photon attenuation in simulation 
3 attenuation components 

Each component is depend on wavelength λ. 
- Empirical function [3]

7Detector simulation 

L(λ) =
1

αabs(λ) + αsym(λ) + αasym(λ)
[m]

Absorption 

  

Rayleigh scattering (symmetric) 

  

Mie scattering (asymmetric) 

 

αabs(λ) = P0 ×
P1

λ4
+ P0 × P2 × 0.0279 × (

λ
500

)P3 [1/m]

αsym(λ) =
P4

λ4
× (1.0 +

P5

λ2
) [1/m]

αasym(λ) = P6 × (1.0 +
P7

λ4
× (λ − P8)2) [1/m]

[3] NIM A 737 (2014) 253-272
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Optimize these functions by comparing the laser data and detector simulation.

Forward enhanced

https://www.sciencedirect.com/science/article/abs/pii/S016890021301646X
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PMT hit timing distribution : Subtracted Time-of-flight 
ToF : Distance from the target (laser spot) to the hit PMT 

PMT region (6 region) 
6 regions (Top + 5 Barrels) 
- Top : outside 2m from laser injector 
- Barrel : divide in detector height

8Analysis ~ Hit timing distribution ~

Barrel2
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MC simulation

ReflectedScattered

Separate scattered photon and reflected photon (peak). 
→ Absorption and scattering can be evaluated.

Top injector
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MC production 
Changed , ,  independently 

→ 3D scanning 

Normalization of timing distribution 
Total charge from laser 

Chi-square definition 
Scattered region (between blue dot line) 

Chi-square minimization 
Evaluate combined 

αabs(λ) αsym(λ) αasym(λ)

χ2

9Analysis ~ Searching best-fit ~

Best-fit , ,  are determined at each wavelengths. 

→ Repeat same analysis to 5 wavelengths.

αabs(λ) αsym(λ) αasym(λ)

◯ : Data 
̶ : MC
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Laser MC with best-fit absorption and scattering components

10Best-fit timing distribution (SK-V)

Laser data and best-fit MC agree within < 10% level.

405nm Ratio: MC/Data
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Laser MC with best-fit absorption and scattering components

11Best-fit timing distribution (SK-VI)

Laser data and best-fit MC agree within < 10% level.

Ratio: MC/Data

600 700 800 900 1000 1100 1200

0.002

0.004

0.006
SK-VI 405 nm

data
skg4 best-fit

Top

600 700 800 900 1000 1100 1200

0.002

0.004

0.006

Barrel1

600 700 800 900 1000 1100 1200

0.002

0.004

0.006

Barrel2

600 700 800 900 1000 1100 1200

0.002

0.004

0.006

Barrel3

600 700 800 900 1000 1100 1200

0.002

0.004

0.006

Barrel4

T-ToF [ns]
600 700 800 900 1000 1100 1200

0.002

0.004

0.006

Barrel5

0.6

0.8

1

1.2

1.4 SK-VI 405 nm
skg4/data

Top

0.6

0.8

1

1.2

1.4
Barrel1

0.6

0.8

1

1.2

1.4
Barrel2

0.6

0.8

1

1.2

1.4
Barrel3

0.6

0.8

1

1.2

1.4
Barrel4

T-ToF [ns]
600 700 800 900 1000 1100 1200

0.6

0.8

1

1.2

1.4
Barrel5

405nm Overlay

Top

Barrel1

Barrel2

Barrel3

Barrel4

Barrel5

◯ : Data 
̶ : MC



T.Tada - TAUP2025 @ Xichang, China

Laser MC with best-fit absorption and scattering components

12Best-fit timing distribution (SK-VII)

Laser data and best-fit MC agree within < 10% level.

Ratio: MC/Data
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Fitting best-fit attenuation components

13Results

In detector simulation, these fitted functions are implemented for Cherenkov photon tracking. 
→ Physics analysis

SK-V SK-VI SK-VII

Absorption 

  

Rayleigh scattering (symmetric) 

  

Mie scattering (asymmetric) 

 

αabs(λ) = P0 ×
P1

λ4
+ P0 × P2 × 0.0279 × (

λ
500

)P3 [1/m]

αsym(λ) =
P4

λ4
× (1.0 +

P5

λ2
) [1/m]

αasym(λ) = P6 × (1.0 +
P7

λ4
× (λ − P8)2) [1/m]

Water transparency over 100m (  [1/m]) is achieved in high QE region of SK PMT.10−2
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Comparisons of each attenuation component. 
Some differences among phases 

Absorption 
In short wavelength (λ< 400nm) , increasing with each phases. 
→ There is a possibility that element other than Gd may be dissolved in water. 
→ Now investigating water composition with company. 

Mie scattering 
Overall, increasing with each phases. 
→ Possibility for increasing the large size impurities (~ λ). 
→ However, overall impact is small because 1 order smaller than Rayleigh scattering. 

14Comparison among phases

Absorption Rayleigh Mie
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Water transparency  is crucial for Super-K physics analysis. 

 is being monitored for detector stability everyday. 

In detector simulation, wavelength-dependent  is implemented. 
Optical laser data in 5 mono-wavelengths 
 calculated using timing distribution in divided PMT region. 
→ Water transparency over 100m is achieved in high Quantum Efficiency region of Super-K PMT. 
→ Laser data and best-fit MC are agreed within 10% level in each analysis. 
→ Best-fit functions are implemented into detector simulation and used in physics analysis. 

In comparison among 3 phases, there are differences in attenuation coefficient. 
Absorption (λ < 400 nm) 
Mie scattering 
→ Now investigating water composition with company. 

We will perform measurement in SK-VIII with same analysis method. 

Additionally, we are considering a new measurement of the vertical dependence of  using 
horizontal laser data.

L(λ, t)

L(λ, t)

L(λ, t)

χ2

L(λ, t)

16Summary
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18SK-VIII (from Sep. 2024)

Compensation coil installing work was done in Aug. 2024. 
After that, we started new observation phase “SK-VIII”.
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Optical photon injection 
Implemented direction and divergence calculated from laser data.

19Optical laser simulation

MC simulation

The topology of the laser event is reproduced in the simulations

Injection point
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Normalization factor  
Total charge from laser 
Timing distribution (T-ToF) 
- Distance from laser injector 
- Include direct light

20Analysis ~ Normalization ~

MC simulation
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Absorption 
This affects late hits in the scattering region. 
The effect of absorption is visible  
due to the long flight distance. 

Raigh scattering 
It has the largest contribution and  
affects the entire scattering region. 

Mie scattering 
Due to the strong forward scattering,  
this only affects the time distribution of  
the PMT forward from the laser. (Barrel3, 4, 5) 
In particular, it affects early hits  
in the scattering region.

21Impact for timing distribution
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• Attenuation components and these functions are 
same berween 2 MCs 

• Absorption and Rayleigh scattering are almost same. 
• Mie scattering is different. 
→ Scattering angular distribution 

• From SK-VII, modeling is unified.

22Comparison of MCs
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Comparisons of each attenuation component. 
Some differences among phases 

Absorption 
In short wavelength, increasing with each phases. 
→ There is a possibility that element other than Gd may be dissolved in water. 
→ Now investigating water composition with company. 

Mie scattering 
Overall, increasing with each phases. 
→ Possibility for increasing the large size impurities (~ λ). 
→ However, overall impact is small because 1 order smaller than Rayleigh scattering. 

23Comparison among phases

Absorption Rayleigh Mie
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NIM A 737 (2014) 253-272

24Calibration in SK-IV

https://www.sciencedirect.com/science/article/abs/pii/S016890021301646X

