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ZDC ECal 1st Prototype
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SiPM 8*8 array

• SiPM array + LYSO crystal

• 8*8 channels

• One channel : 7mm * 7mm * 8.8cm

• All channels  : 6cm * 6cm * 8.8cm (8X0) 
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MC Status
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• Based on example :

https://gitlab.cern.ch/geant4/geant4/-/tree/master/examples/extended/optical/OpNovice

• Steps :

Define crystal geometry

Implement parameters of crystal 

Implement reflection surface

Observe energy dump and optical photons in crystal

not yet done :

Implement detector (SiPM), 

Implement SiPM parameters

Read hits
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MC Simulation of LYSO Crystal
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• Positron/Beam(purple)

• Electron(yellow)

• Gamma (green)

• Optical photon (cyan)

- Scintillation

- Cherenkov 

Only LYSO LYSO + MPT(w/ Birk’s)

100MeV 

e+ beam

Optical photonSiPM (air for now)

LYSO + MPT(w/ Birk’s) + Reflection Surface

Photon reflection takes 

lots of time to run

before

now

• Beam energy 50MeV-800MeV simulated.

• SiPM not simulated.
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Material Property Table of LYSO

2024/07/05 ZDC ECal 1st Prototype : MC and Analysis Status

• Reference paper

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&ar

number=8876605

• Reference code

https://github.com/JunhaoWang511/MLCsimulation/

blob/master/src/MLCDetectorConstruction.cc

energy dependent
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Reflection Surface with 3M ERS
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https://www.3m.com/3M/en_US/p/d/b5005047091/

Reflectivity = 0.98
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Tracking and Steps in MC 
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physicWorld
physLYSO physSiPM

(air)

msc 2ndary ➔ Generated scintillation optical photon ➔ assign to new track, Track ID = 2

ionization

boundary

Multiple Compton scattering 

Z< -100 Z= 0 Z> -100

• Positron/Beam(purple)

• Electron(yellow)

• Gamma (green)

• Optical photon (cyan)

- Scintillation

- Cherenkov 
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boundary

absorbed

For optical photons : no energy dump during the transportation steps until it is absorbed. 
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Optical photons are generated as positron passes through LYSO
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E         dE

Scintillation generates extra energy doesn’t come from beam = 0.511MeV (mass of electron)
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Energy Deposition
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total
Positron

(beam)
Optical photon 

scintillation

Optical photon

cherenkov

electron

gamma

• Most energy are carried by beam and electron.

• Extra energy contribution from gamma.

• Optical photons carry very small amount of energy, ~0.01%.

Edep>100MeV, gamma

Energy deposition per event
100 MeV positron

LY = 50/MeV
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Optical Photons 
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𝝀 𝒏𝒎 =
𝟏𝟐𝟒𝟎

𝑬(𝒆𝑽)

Optical photon 

scintillation

Optical photon

cherenkov

100 MeV positron, LY = 50/MeV

MPT setting

• Energy spectrum of scintillation photons is the 

same as the setup in MPT.

• Energy spectrum of Cherenkov photons is flat.

• Energy spectrum of optical photons doesn’t 

change w/ the injected beam energy.

• Increase beam energy only increase number of 

scintillation photons and total energy deposition of 

scintillation photons, not their energy spectrum. 
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Energy and Optical Photons
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Energy deposition in tower (MeV)

Energy deposition in crystal is linear with number of photons generated when E<100MeV.

100 MeV positron, LY = 500/MeV
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Effects of Light Yield Setting and Birk’s Law
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• Total energy deposition 

in crystal doesn’t 

change w/ the setting 

of LY and Birk’s law.  

• Currently we were still 

using the distribution of 

energy deposition of to 

fit data. We will switch 

to optical photons.

Scintillation

Cherenkov

Independent of LY and Birk’s setting

Affected by LY and Birk’s setting

100MeV positron

LY = 500 LY = 5000
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Data and MC comparison
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Beam Test

2024/07/05 ZDC ECal 1st Prototype : MC and Analysis Status

Beam energy VS Emax

• We performed beam test w/ 1st prototype at ELPH on Feb, 2024.

• Positron beam w/ beam energy 50MeV to 800MeV

• Nonlinearity between beam and measured energy is observed.
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Data and MC Comparison
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47MeV 98MeV
198MeV

Data

LYSO 

MC

SiPM Description 

from data fitting

Energy 

regression

with ML

Not agreed

Energy 

resolution

Energy 

reconstruction

• MC only simulates LYSO crystal (Compare w/ energy deposited).

• Saturation effect of SiPM is important and should be described.
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Description of SiPM
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LYSO SiPM
Amp 

+ ADC
Ebeam Nfire

Photon detection efficiency of SiPM

average charge contribution of remaining photons

Num. pixel of SiPM (fix) 

Light yield of SiPM (fix)

charge contributiondecrease as the increase of Nphoton

Nin

= LY* Ebeam

𝐴𝐷𝐶𝐸𝑚𝑎𝑥 =
𝛽 + 1 𝐴𝐷𝐶𝐿𝑂

𝛽 + 𝜀𝑁𝑖𝑛/𝐴𝐷𝐶𝐿𝑂

𝐴𝐷𝐶𝐿𝑂 = 𝑁𝑝𝑖𝑥[ 1 − 𝛼 𝐴𝐷𝐶𝑝𝑖𝑥(1 − 𝑒𝑥𝑝
𝜀𝑁𝑖𝑛
𝑁𝑝𝑖𝑥

+ 𝛼𝜀𝑁𝑖𝑛]

Described by fitting

https://arxiv.org/abs/1510.01102
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Data and MC Comparison after 

applying SiPM Behavior Curve to MC
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• Data

• LYSO MC 

• LYSO MC * SiPM

47MeV 98MeV 147MeV 198MeV

Data

LYSO 

MC

SiPM Description 

from data fitting

Energy 

regression

with ML

Non-linear

Not agreed

better agreed

But still not perfect

Energy 

resolution

Energy 

reconstruction
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Energy Regression
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Energy Regression Calibration with 

Machine Learning Method  
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• Purpose of energy regression : Energy deposited in the calorimeter may not 

always be directly proportional to the energy of the incident particle due 

leakage, noise, etc. By accurately estimating the particle energy, energy regression 

improves the energy resolution and energy reconstruction.

• Machine learning techniques can be used as a method to perform the energy 

regression.

(1) Collect large MC sample and select training parameters (Emax, E3x3, E5x5) 

target parameters (ratio of Ebeam/E5x5).

(1) Model training with large MC sample.

(2) Validate trained model with separated MC sample.

(3) Apply the trained MC to data.

Attention : One have to make sure MC and data are agreed at certain level.  We are 

still working on it!
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XGBoost (Extreme Gradient Boosting)
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StepN : The same process keep repeating to improve the classification. 

Step0 : Data set

X : training variables

Y : target variables

Step1 : Classify events 

Step2 : Compute the residue 

and loss function(avoid over 

fitting) of 1st tree/classification

Step3 : The 1st tree is usually 

not the best classification. The 

2nd tree/classification add a 

parameter obtained from the 

1st tree, 𝛼1 , to improve the 

classification. 

Reference : https://xgboost.readthedocs.io/en/stable/tutorials/model.html

https://docs.aws.amazon.com/zh_tw/sagemaker/latest/dg/xgboost-HowItWorks.html

➔ Final output : 

The predictions of all trees/classifications are combined to produce the final output.
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Training Conditions
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• XGBoost in Python

• Training MC sample

 197MeV

 30k events

(20% test, 80% training)

• Training variables (X): 

 E1x1

 E3x3

 E5x5

 E1x1/E5x5

 E1x1/E3x3

 E3x3/E5x5

• Target variable (Y) :

 Ebeam/E5x5

Target : Ebeam/E5x5

197MeV positron beam
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Validate ML Model
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Importance of train variables, X
Target = Ebeam/E5x5

True VS predicted

Target = Ebeam/E5x5

uncertainty

• Among all the training variables, E5x5 is the most important one.

• The training output shows reasonable prediction of target variable, Ebeam/E5x5, with 

less than 5% uncertainty.
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Impact of Energy Regression
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• A new MC sample generated w/ 197MeV positron beam w/ 30k events.

• After applying energy regression, the beam energy is will reconstructed by ML model 

and energy resolution improved from 5% to 1%. 

(E5x5/Ebeam)

Double sides crystal-ball fit

(Ebeam : Epredicted/Etrue)

Double sides crystal-ball fit
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Impact of Energy Regression
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• New MC samples with energy beam = 197MeV to 823 MeV are tested. 

• Ebeam is well predicted and energy resolution is also improved after regression 

regardless the beam energy.

Reconstructed energy Energy resolution
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Summary and To Do
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Data

LYSO 

MC

SiPM Description 

from data fitting

Energy 

regression

with ML

Non-linear

Not agreed

better agreed

But still not perfect
Energy resolution

Energy reconstruction

still tuning Fit more data with higher beam energy

Fit data with not only Emax, also E3x3, E5x5

Train well-tuned MC.

Apply model to data.
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