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IceCube’s overview

• Large-scale neutrino experiment, located deep under the 
      ice at the Amundsen-Scott South Pole Station, Antarctica

• Detects astronomical neutrinos from space to study 
      the most extreme objects in the universe, such as

⚬ Black holes
⚬ Neutron stars
⚬ Supernovae
⚬ Active galactic nuclei (AGN) / Blazar / Quasar 
⚬ GD, CCSN, TDE, GRB, etc.

• By tracking neutrinos, IceCube intend to 
answer fundamental questions about the 
origin of cosmic rays, dark matter, and 
extreme astrophysical processes





IceCube Detector



Detection principle?

or



PMT is “Photomultiplier Tube”



A bit more about the Photomultiplier Tube (PMT)

Outside Inside PMT



Scientific Achievements of IceCube (Gen1)

• Discovery of astrophysical neutrinos (2013)
• TXS 0506+056 blazar correlation (2017)
• Neutrino cross-section at PeV
• Atmospheric neutrino oscillations
• Foundation of multi-messenger astronomy



IceCube-Gen2, pushing the frontiers of neutrino astrophysics 

• Next-Generation Neutrino Observatory with over 10,000 optical modules 
      ⟶ covering 8 km³ of Antarctic ice for optical array, icetop array and radio array

• Requires new multi-PMT optical modules for enhancing sensitivity 
      ⟶ Expands detection of high-energy neutrinos and rare astrophysical events



Candidates of optical modules design for IceCube-Gen2 

LOM-16 LOM-18

• Two variations

⚬ LOM-16: 16 x 4'’ PMTs

⚬ LOM-18: 18 x 4'’ PMTs

• Sensitivities x4 better than Gen1 DOM
• 6 of each type will be deployed 

      in IceCube Upgrade Array 
      for the design verification this winter 

Madison, USA Chiba, Japan



More about LOM-16 

• 16 x 4'’ PMTs (Hamamatsu / NNVT)
• Gel Pads for mechanical / optical 

coupling between glass & PMTs

• Each PMT has 2 channel readouts 
⚬ 60 MSPS)
⚬ Channel 1: High-Gain 

￭ for Single Photoelectron
⚬ Channel 2: Low-Gain 

￭ for Bright Events
￭ High energy events

⟶ There are 10 of LOM-16s for the world’s first batch 



Benefits of Multi-PMT Optical Modules

• Higher photocathode coverage & Lower dark noise
• Excellent directional sensitivity from 360° photon coverage
• Ideal for rare events, critical in high-energy & low-energy regimes



Construction of IceCube-Gen2 Optical Modules
(LOM-16-09): Final module of the first batch
Prepared for deploying in IceCube-Upgrade

Supported by Yuya Makino, LOM-Team and Physical Science Laboratory



1 PMT Installation
2 Shielded Cover Integration
3 Wiring and Cable Management
4 Optical Gel Backfilling
5 Degassing & Vacuum Processing
6 Hemisphere Combination
7 Quality Control
8 Sealing

LOM-16-09 Construction Process



Design and Validation of a Cosmic Muon-Based Testing Method 
for IceCube-Gen2 Optical Modules

By Pound Thammarat, Yuya Makino, Chris Wendt



• Construction and testing 10,000 modules across North America, Europe, Asia (and the Pole)

• Develop a cost-effective and consistent module testing procedure

• Introduced a muon-based module validation method for LOM-16

• Anywhere / Anytime & Scaleable to IceCube-Gen2 

Primary objective for designing this testing method



Why “Muon” ?

• Abundant (>100 Hz per module)
• Free & natural calibration source
• Penetrates module geometry
• Independent of flasher system
• Suitable for mass production 

(>10,000 modules)
• Applicable for south pole deployment

→ Atmospheric Cosmic rays



LOM-16 FAT & Muon Dataset

• Intregrated LOM-16s have been tested
      through Final Acceptance Testing (FAT)

⚬ FAT: Basic functionality testing at various temperatures
⚬ All tested modules passed FAT

• During FAT, we had a muon run at -40 degree C
⚬ “Muon run” ⟶ High threshold run (few PEs), ~ 10 Hz /PMT
⚬ Nominal gain (5e6) 
⚬ Data taking 10-30 min / module
⚬ This dataset wasn’t used for LOM FAT Pass / Fail Conditions, 

but for future study ⟶ This project!

LOM-16 FAT Setup
(Chest Freezer)



Overall Testing Pipeline Setup

2024 IceCube Summer Student Programme



LOM-16s used in this study

• LOM-16-01 (NNVT)

• LOM-16-02 (Hamamatsu)

• LOM-16-05 (NNVT)

• LOM-16-06 (Hamamatsu)

• LOM-16-07 (NNVT)

• LOM-16-08 (NNVT)

All were successfully deployed at the pole!!!

LOM16-01
Nyx

LOM16-02
Stick of Butter

LOM16-05
Westfalian Watcher

LOM16-06
Starspawn

LOM16-07
Hutch

LOM16-08
Colossal Squid

• Development of new module testing method using muons
• Introduced a muon-based module validation method for LOM-16
• Anywhere / Anytime & Scaleable to IceCube-Gen2 (10,000 modules)



08

09

Muon event candidate?

06
0400

07
15

0501

PMT 08

PMT 00

PMT 01

PMT 09

14



PMT 08

PMT 00

PMT 01

PMT 09

• 12 bit ADC (0-4095)

• baseline ~ 300 counts (~200 
kHz) 

• Muon events often cause 
ADC overflow in the high 
gain channel (ch1)

⟶ information from low gain channel 
is critical for muon analysis 
(but tools not developed much!)

Muon event candidate?



Ch1/Ch2 charge ratio

• The gain of low-gain channel (Ch2) 
can't be determined by SPE because of 
too small signals

• Estimated ch2 gain by fitting ch1/ch2 
ratio where whole ch1 waveform stays 
within the ADC range. 

• Fitting for all PMTs

Example) LOM16-01 PMT 00

Fit range



LOM-16-01 LOM-16-02 LOM-16-05

LOM-16-06 LOM-16-07 LOM-16-08

⟶ Use the results to calculate PE with ch2

Ch1 / Ch2 Charge ratio (96 PMTs)



Data (LOM16 - 06)

Muon dataset charge distributions

Simulation (GEANT4)
Upper 
Polar 
PMT

Upper 
Equatorial
PMT

Lower 
Equatorial 
PMT

Lower 
Polar 
PMT

• Peak around 130 PEs
• Distributions broader in lower hemisphere

• Peak around 140 PEs
• Distribution shapes similar to data

(Some muons can be stopped before reaching to the 
freezer)



Muon simulation with Geant4 

• Generated LOM-16 muon dataset
⚬ Worked with Nobu (Chiba)
⚬ Latest LOM-16 model 

implemented in GEANT4
• Muon dataset

⚬ Down going muons from all 
directions

⚬ 100,000 events (~3,000 hit the 
module)

⚬ Flux normalized by data 
            from Particle Data Group

LOM16 
in GEANT4

Simulation
setup

for Muon run
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Example: Event rate of both PMT 15 & 07 
see > 50 PEs in the same event

Data, Threshold 50 PE

Coincidence rates (LOM-16-01) 



1,536 resolution coincidences for 6 LOM-16s
LOM16-01 LOM16-02 LOM16-05

LOM16-06 LOM16-07 LOM16-08



All LOM-16s coincidence rate

LOM16-01

LOM16-02

LOM16-05

LOM16-06

LOM16-07

LOM16-08



Vertical muon event rate (angular response)

04

08 14

06
00

07
09 15

05 01

• Data ) Coincidence rates for the polar PMT pairs are close to each other
• Data / Simulation ) Agreement reasonably good
• Proposal: This measurement can be a good demonstration 

      of the module / system working correctly in the mass production phase



Design and Validation of a Cosmic Muon-Based Testing 
Method for IceCube-Gen2 Optical Modules

Overview

• IceCube-Gen2 will deploy ≈ 10,000 optical modules to enhance sensitivity to TeV–PeV 
neutrinos, requiring scalable quality control.

• We present a cosmic muon–based testing protocol using naturally occurring 
atmospheric muons as an intrinsic calibration source.

• The method integrates waveform inspection, charge distribution profiling, and inter-
channel charge correlation to assess micro-base electronics performance.

• Validated on six LOM-16 modules, including the first South Pole deployment batch, the 
protocol enables physics-informed, large-scale quality assurance without external 
calibration systems.

Optical Module Setup

• Integrated LOM-16 modules were tested through the standard Final Acceptance 
Testing procedure, FAT includes basic functionality checks under multiple 
temperature conditions; all tested modules successfully passed FAT.

• During FAT, a dedicated cosmic muon run was performed at −40 °C, representative 
of South Pole operating conditions, The muon run employed a high-threshold 
configuration (few photoelectrons), yielding a trigger rate of approximately 10 Hz 
per PMT at a nominal gain of 5 × 10⁶.

• Data were collected for 10-30 minutes per module, while the muon dataset was not 
used for FAT pass/fail decisions, it forms the basis of the physics-informed 
validation study presented here.

Thammarat Yawisit¹*, Yuya Makino², Christopher Wendt²
¹ King Mongkut’s Institute of Technology Ladkrabang, Thailand
² Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin-Madison, United States



Design and Validation of a Cosmic Muon-Based Testing 
Method for IceCube-Gen2 Optical Modules

Muon Event Candidate

08

09

06
00

07
15

01

14

• PMT waveforms are digitized using a 12-bit ADC, providing a dynamic range of 0–4095 ADC 
counts, with a baseline level of approximately 300 counts while high-energy cosmic muon events 
frequently drive the high-gain readout channel (Ch1) into ADC overflow.

• In such events, the low-gain channel (Ch2) remains unsaturated and preserves pulse 
shape and charge information, consequently, information from the low-gain channel is 
critical for accurate charge reconstruction and muon analysis. While low-gain analysis 
tools are still under active development, this study demonstrates the necessity and 
future potential of dual-gain readout for robust detector validation.

PMT 08

PMT 00

PMT 01

PMT 09

Charge-ratio correlation

Fit range

• The gain of the low-gain channel (Ch2) cannot be 
determined using single-photoelectron (SPE) 
calibration due to its intrinsically small signal 
amplitudes. Instead, the Ch2 gain is estimated by 
fitting the charge ratio between the high-gain (Ch1) 
and low-gain (Ch2) channels and only events in 
which the full Ch1 waveform remains within the 
ADC dynamic range are used, ensuring reliable 
charge integration. A linear fit to the Ch1–Ch2 
charge correlation yields the relative gain factor. 
This procedure is performed independently for all 
PMTs across the tested LOM-16.

LOM16 
in GEANT4

Simulation
setup

• A dedicated LOM-16 cosmic muon dataset was 
generated using GEANT4. The latest LOM-16 
geometry, including the full PMT layout and internal 
structure, was implemented in the simulation. Down-
going atmospheric muons were generated from all 
directions over the upper hemisphere, a total of 
100,000 muon events were simulated, of which 
approximately 3,000 intersected the optical module, 
and simulated event rates were normalized using the 
atmospheric muon flux reported by the Particle Data 
Group (PDG), enabling direct comparison with 
experimental data.

GEANT4 Simulation-Based

Thammarat Yawisit¹*, Yuya Makino², Christopher Wendt²
¹ King Mongkut’s Institute of Technology Ladkrabang, Thailand
² Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin-Madison, United States



Design and Validation of a Cosmic Muon-Based Testing 
Method for IceCube-Gen2 Optical Modules

Thammarat Yawisit¹*, Yuya Makino², Christopher Wendt²
¹ King Mongkut’s Institute of Technology Ladkrabang, Thailand
² Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin-Madison, United States

Muon Charge Distribution
Upper 
Polar 
PMT

Upper 
Equatorial
PMT

Lower 
Equatorial 
PMT

Lower 
Polar 
PMT

• The simulated muon-
induced charge distributions 
exhibit a clear peak around 
130-140 PEs

• Distributions in the lower 
hemisphere PMTs are 
systematically broader than 
those in the upper 
hemisphere.

• These features are 
consistent with 
experimental data, 
reflecting geometric and 
optical asymmetries of the 
LOM-16 module.

• Overall distribution shapes 
and peak positions show 
good agreement between 
simulation and data.

Simulation (GEANT4)
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Example: Event rate of both PMT 15 & 07 
see > 50 PEs in the same event

Data, Threshold 50 PE
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• Coincidence rates measured 
for polar PMT pairs are 
consistent with one another, 
indicating uniform module 
response.

• The measured coincidence 
rates show reasonably good 
agreement with GEANT4

 
• This agreement 

demonstrates that both the 
optical module and the 
readout system operate as 
expected under cosmic 
muon illumination.

• We propose this 
coincidence-based 
measurement as a practical, 
physics-informed indicator of 
correct module and system 
performance during mass 
production.

Coincidence Analysis & Vertical Muon Event Rate



Madison LOM Team (Summer 2025)

• 24/7 working for LOM team
• Hardware stuff (LOM-16-09)
• Software stuff (Muon analysis)
• Team Meeting every 2 days 
• Work, work, and working 

   for the next step of mankind !

Every weird stuff was assumed as “Tau Neutrino” !

(dedicated for Jay Tang)



Future (currently) Work 

• Standardize (whatever) based testing into a full QA/QC protocol
• Expand analysis parameters and alternative particle sources
• Validate with real deployment results of the module(s) at the pole
• Integrate sim + lab test + in-ice data for designing 10,000+ Gen2 modules



LOM-16 deploying into the hole!

Big Thanks to Yuya Makino for sharing these pics!



Thank you!



Some part of stayed in Madison



Backup 
(Hardware)



Limitations of IceCube-Gen1's DOM

• Low module density → limited angular resolution
• Single 10" PMT (Photomultiplier Tube) → few directional photons
• Effective volume insufficient for rare events
• Sensitivity drop for PeV–EeV / tau neutrinos
• Need for >10,000 new modules and area expansion >7 km³



Why Multi-PMT Optical Modules?

⟶ The greater the energy range, the higher the accuracy!



PMT Preparation before constructed

Prototype optical-module production and assembly workflow for Gen2-prototype
[Credit: Yuma Makino and ICEHAP, Chiba University]



2 Shielded Cover Integration



Other Optical Module Candidates for IceCube-Gen2

mDOM D-Egg pDOM



IceCube-Gen2 Optical Module Design Candidates

→ Increasing Gen1's DOM accuracy and dynamics range



IceCube-Gen2 Optical Module Design Candidates

→ 8" PMT upward and downward!



IceCube-Gen2 Optical Module Design Candidates

→ increasing effective photocathode area of multiple-PMT







Ratio between Photoelectron (PE) and Charge (pC) in Ch1

1 PE = 0.8 pC



Find Channel 2's Gain from “Ch1/Ch2 Charge Correlation”



Using linear function to find slope (gain ratio between Ch1 & Ch2)



We know G1 is 0.8, If we know each “m” ⟶ We’ll get Ch2 gain


