
Introduction

Silicon Photomultipliers (SiPM):

• Solid-state sensors with high gain (~106)

• Array of APD pixels (operated in Geiger-mode at reverse bias)

• Mass-producible, several manufacturers
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Signal Response and Saturation:

• Amplitude given by number of pixels fired 

• Correlated noise: crosstalk, afterpulses

• 𝑁𝛾 ≪ 𝑁𝑡𝑜𝑡𝑎𝑙: linear, single photon resolution

• 𝑁𝛾 → 𝑁𝑡𝑜𝑡𝑎𝑙: non-linear, over-saturation [1]

Response Curve: (№ of pixels fired vs. "seeds")

• Determine QDC pedestal, SiPM 
gain and crosstalk (dedicated measurements)

• Record SiPM signal (𝑁𝑓𝑖𝑟𝑒𝑑 =
𝑄𝐷𝐶𝑚𝑒𝑎𝑛−𝑄𝐷𝐶𝑝𝑒𝑑

𝑔𝑎𝑖𝑛
) and 

reference diode current (picoamperemeter)

for different laser intensities

• Convert ref. current to № of "seed" 
photons (𝑁𝑠𝑒𝑒𝑑 =

𝑁𝑓𝑖𝑟𝑒𝑑
𝑙𝑖𝑛𝑒𝑎𝑟

𝜇𝐶

with

𝑁𝑓𝑖𝑟𝑒𝑑
𝑙𝑖𝑛𝑒𝑎𝑟 ∝ 𝐼𝑟𝑒𝑓 for low exposures)

Comparison of Sensors:

• Combined data: curves 
normalized (to respective 𝑁𝑡𝑜𝑡𝑎𝑙)

• 100/400-pixel SiPM with 
high crosstalk exhibit 
over-saturation

• Over-saturation difficult 
to explain (possible influence of pixel 

recovery time, "delayed crosstalk"?)

• Non-saturating SiPM with 
trenches easiest to model

Analog Hadronic Calorimeter of ILD@ILC by CALICE Coll. [5]:
( similar concept foreseen for CMS calorimeter upgrade, HGCAL)

• Operation in B-field, up to 8 million SiPM on integrated frontend boards 
(sandwich calorimeter structure with separation by steel or metal layers, 30 mm x 30 mm x 3 mm wrapped scintillator tiles)

• Dynamic range of 0.5 MIP to several hundred MIP (~15 p.e. per MIP if non-saturating)

• Experimental setup covers full dynamic 
range of SiPM  single p.e. to saturation

• SiPM with low crosstalk and many pixels 
best suitable for calorimeter applications
 simple parametrization, large range 

• If over-saturation occurs the simple 
models fail  advanced model needed [4]

Device Specifications:

• 467nm tunable laser, pulse 
width ~50-100ps

• 1.5 GHz wideband amplifier
(where necessary used for SiPM gain determination)

• Dual range QDC
(0-100 and 0-900 pC, 25 and 200 fC LSB)

• ≤ 100ns gate (adapted to each SiPM)

Example and Definitions:

• № of pixels: 𝑁𝑡𝑜𝑡𝑎𝑙 = 100

• Photon Detection Efficiency 
(PDE): 𝜖𝑃𝐷𝐸 = 0.5

• № of incident photons: 𝑁𝛾 = 18

• № of "seed" photons [1]:  
𝑁𝑠𝑒𝑒𝑑 = 𝑁𝛾 ∙ 𝜖𝑃𝐷𝐸 = 9

• Crosstalk (expect. value, Borel
model [2]): 𝜇𝐶 = 1 + 𝜖𝐶 = 1.25

• № of pixels fired (incl. cross-
talk and saturation): 𝑁𝑓𝑖𝑟𝑒𝑑 = 10

Systematic Uncertainties:

• Overall: +3.5% and -3.0%

• Contributions: diffuser uniformity +1.5%, 

linearity of SiPM analog readout ±1.0%, linearity of 
reference diode ±1.0%, afterpulses -1.0%
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Reference Diode Exposure:

• ~99% of laser intensity

• Ground glass diffuser 
(Gaussian-like distribution)

• Calibrated PIN photodiode

SiPM Exposure:

• ~1% of laser 
intensity

• Engineered dif-
fuser (top-hat, 
20° square)

• PCB with SMD-
mounted SiPM

MPPC 13360-1325PE
Pixels: 2668 (w/ trenches)

Overvoltage: +4.34 V
µc: 1.01 (direct measurement)

MPPC 12571-25P
Pixels: 1600 (w/o trenches)

Overvoltage: +3.31 V
µc: 1.26 (direct measurement)

MPPC 12571-100P
Pixels: 100 (w/o trenches)

Overvoltage: +1.66 V
µc: 1.89 (direct measurement)

MPPC 12571-50P
Pixels: 400 (w/o trenches)

Overvoltage: +2.46 V
µc: 1.47 (direct measurement)

General Considerations and Description of Models:

• Ideal function 𝑁𝑓𝑖𝑟𝑒𝑑 𝑁𝑠𝑒𝑒𝑑 : few parameters, coverage of full 
dynamic range, easy to apply in calibration (e.g. invertible)

• Dark counts (shift of QDC pedestal) and afterpulses (added to systematics) negligible    

• Model 0 (no par., 𝑁𝑡𝑜𝑡𝑎𝑙 fixed): 𝑁𝑓𝑖𝑟𝑒𝑑 𝑁𝑠𝑒𝑒𝑑 = 𝑁𝑡𝑜𝑡𝑎𝑙 ∙ 1 − 𝑒𝑥𝑝 −
𝑁
𝑠𝑒𝑒𝑑

𝑁
𝑡𝑜𝑡𝑎𝑙

• Model 1: same function as Model 0 with 𝑁𝑡𝑜𝑡𝑎𝑙 as fit parameter 

• Model 2 (two par., incl. crosstalk, [3]): 𝑁𝑓𝑖𝑟𝑒𝑑 𝑁𝑠𝑒𝑒𝑑 = 𝑁𝑡𝑜𝑡𝑎𝑙 ∙
1−𝑋

1−𝜖
𝐶
∙𝑋

with 𝑋 = 𝑒𝑥𝑝 −
𝑁
𝑠𝑒𝑒𝑑

𝑁
𝑡𝑜𝑡𝑎𝑙

• Model 3 (six par., α and β related to recovery time/pulse width, [4]): only α, β, ϵC used in fits here

100 pixels, µc: 1.89 400 pixels,
µc: 1.47

1600 pixels,
µc: 1.26

2668 pixels, µc: 1.01

PRISMA Detector Lab Contribution 
to Technological Prototype: (> 20k ch.)

• Automatic assembly of scintillator 
tiles for > 150 frontend boards

• Calibration with cosmic-ray muons

Particle Flow Algorithm:

• Improved jet energy resolution 
and particle identification

• Reconstruct each particle and 
match sub-detectors

• Calorimeter with fine 3-D 
segmentation required

• Challenging reconstruction and 
calibration software  
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