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The main fluctuations in the event-to-event calorimeter response are due to: 
Large fluctuations in energy sharing between the em/non-em components. 
Fluctuations in the amount of invisible energy. 
Non-linear increase of e.m. component with energy. 

The calorimetric performance at collider experiments has always been spoiled by the problem 
of non-compensation:
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Hadronic shower

Electromagnetic (e.m.) component:  
electrons, positrons and photons 

Non electromagnetic component:  
charged hadrons, nuclear fragments, 
neutrons, invisible energy

The hadronic showers are made of two components:

h
e

≠ 1
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Dual-Readout method
The Dual-Readout concept: do not spoil e.m. resolution to get h/e=1 but measure fem event-by-
event.

Use 2 different sampling processes: Cherenkov light (produced by relativistic particles and 
dominated by the e.m. shower component) and Scintillation light production (for the dE/dx).

S = E[fem + (h/e)S(1 − fem)]
C = E[fem + (h/e)C(1 − fem)]

C
S

=
fem + (h /e)C(1 − fem)
fem + (h /e)S(1 − fem)

fem =
(h /e)C − (C/S)(h /e)S

(C/S)[1 − (h /e)S] − [1 − (h /e)C]



Use 2 different sampling processes: Cherenkov light (produced by relativistic particles and 
dominated by the e.m. shower component) and Scintillation light production (for the dE/dx).
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Dual-Readout method

S. Lee et al., Nucl. Instr. and Meth. in Phys. Res. A 882 (2018) 148 

E =
S − χC
1 − χ

χ =
1 − (h /e)S

1 − (h /e)C
with:

independent of both:  
energy & type of hadron

sample of 100 GeV π’s

The Dual-Readout concept: do not spoil e.m. resolution to get h/e=1 but measure fem event-by-
event.



RD-FA        Lead   -   9.3 x 9.3 x 250 cm3 
2018             4 towers, 4 PMT each 
                  Sampling fraction: 5%
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Dual-Readout prototypes
DREAM       Copper   -   2m long, 16.2 cm wide 
2003            19 towers, 2 PMT each 
                 Sampling fraction: 2%

RD-52            Copper, 2 modules   -   Each module: 9.3 x 9.3 x 250 cm3 
2012             Fibres: 1024 S + 1024 C, 8 PMT 
                  Sampling fraction: 4.5%

RD-52            Lead, 9 modules   -   Each module: 9.3 x 9.3 x 250 cm3 
2012             Fibres: 1024 S + 1024 C, 8 PMT 
                  Sampling fraction: 5%

SiPM               Brass   -   1.2 x 1.2 x 112 cm3 
2016-18      Fibres: 32 S + 32 C, 64 SiPM 
                  Sampling fraction: 5%This Talk

“Staggered” module: 4 kind of fibres  
S-short S-long C-short C-long 
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SiPM-based readout

Advantages:  
Compact readout:  a single SiPM directly coupled to each fibre. 
Magnetic field insensitive 
Higher PDE (Cherenkov pe are a limiting factor for both hadronic and e.m. resolution). 
Unprecedented 2-D shower spatial sampling.

Possible drawbacks:  
Some instrumental effects: temperature gain variation, Dark Count Rate (DCR), etc. 
Optical crosstalk between C and S signals 
Dynamic range & signal saturation
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Beam test setup (2016-18)
A 112 cm long, 12 x 12 mm2 wide, module was built from stacked brass layers, housing 1 mm 
diameter 32 clear & 32 scintillating fibres* with a pitch of 1.5 mm.

X0 ∼ 29 mm        RM ∼ 31 mm        fsampling ∼ 5% 
∼ 0.22 RM and 39 X0  

Shower containments ∼ 45% (S) ∼ 36% (C)

*Scintillating: Kuraray SCSF-78  
Cherenkov: Mitsubishi SK40

SiPM 

Different beam energies and types: 
Electron beams: @ 6, 10, 20, 30, 40, 50, 60, 80, 100, 125 GeV 

Muon beams: @ 50, 60, 125 GeV

DWC: selects events in central region 
Trigger:  
Preshower detector: identifies e-  
Muon counter: identifies μ

(T1.T2.TH)

M. Antonello et al, Nucl. Instr. and Meth. in Phys. Res. A 899 (2018) 52
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SiPM-based readout
Two different tiers: Cherenkov upstream, scintillation downstream.

M. Antonello et al, Nucl. Instr. and Meth. in Phys. Res. A 899 (2018) 52

3D-sketch

S13615-1025

2-tier daughter board with extension cable: 
Individual bias voltage with fine adjustment (3V-range). 
Temperature measurement for gain compensation.

Mother board: 
64 DC-coupled amplifiers (with ∼1μs shaping time). 
Signals routing to the digitisation system.



 9

SiPM-based readout

On-line system: 
SiPM response to LED. 
All SiPM equalised in bias 
voltage to have the same gain.

MADA: Multichannel Analog to Digital Acquisition system 
32 channel digitiser. 
sampling rate 80 MSpS/14-bit ADC. 
FPGA-based: realtime charge integration.
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SiPM-based readout

10 GeV electrons Single muon

EVENT DISPLAY

MADA: Multichannel Analog to Digital Acquisition system 
32 channel digitiser. 
sampling rate 80 MSpS/14-bit ADC. 
FPGA-based: realtime charge integration.
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Optical crosstalk
Optical crosstalk (between fibres) direct measurement: 

Only one uncovered S fibre illuminated (1456 fired cells). 
The sum of all 32 C signals recorded. 
The matrix shows the mean number of fired cells read out by each SiPM.

To keep S light contribution to C signal  
below 10% of C —> Optical crosstalk 

must be below 0.2% of S signal.

14561456

Light from LED  
conveyed in 1 fibre

M. Antonello et al, Nucl. Instr. and Meth. in Phys. Res. A 899 (2018) 52

Scintillation signal is more than 50 times 
greater than the Cherenkov one.

DONE
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3 main questions

Could the SiPM response to the C and S signals be linear?

Could the reached millimetric spatial resolution be a plus?

Could the number of readout channels be reduced?
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C signal linearity (TB-17)
Cherenkov light yield:  

VBias = 5.5 Vov (57.5 V) and PDE ∼ 25%. 

∼ 28.6 Cpe/GeV, 2% linear from 6 to 125 GeV. 
Correcting for 36% e.m. energy containment: ~ 69 ± 5 Cpe/GeV.

More than 2 times larger than what measured 
with the previous* PMT-based modules.

± 2%

Example: 
Stochastic term of RD-52 e.m. resolution 

could be improved from ∼14%/√E  

up to ∼12.5%/√E. 
(sampling fluctuations: ∼ 9%/√E).

M. Antonello et al, Nucl. Instr. and Meth. in Phys. Res. A 899 (2018) 52 
*N.Akchurin et al, Nucl. Instr. and Meth. in Phys. Res. A 735 (2014) 130  



Scintillation light yield:  
VBias = 5.5 Vov (57.5 V) and PDE ∼ 25%. —> Saturation 
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S signal saturation

1584

40 GeV e- @ +5.5 Vov - PDE ∼ 25%

1584

Saturation
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Scintillation light yield:  
VBias = 5.5 Vov (57.5 V) and PDE ∼ 25%. —> Saturation 

2 solutions: 
2017: reduce VBias and PDE

2017

982

40 GeV e- @ +0.5 Vov - PDE ∼ 2%

1584

40 GeV e- @ +5.5 Vov - PDE ∼ 25%

1584

Saturation

S signal saturation



Scintillation light yield:  
VBias = 5.5 Vov (57.5 V) and PDE ∼ 25%. —> Saturation 

2 solutions: 
2017: reduce VBias and PDE 
2018: filter the scintillation light with a yellow filter
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406

40 GeV e- @ +5.5 Vov and filter

2017

2018

982

40 GeV e- @ +0.5 Vov - PDE ∼ 2%

1584

40 GeV e- @ +5.5 Vov - PDE ∼ 25%

1584

Saturation

S signal saturation
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Scintillation light yield:  
VBias = 0.5 Vov (52.5 V) and PDE ∼ 2%. 

@ 10 GeV (corrected for non-linearity response): ∼ 108.4 fired cells/GeV. 
Correcting for 45% e.m. energy containment and occupancy effects: ~3200 ± 200 Spe/GeV.

± 3%
Scintillation signal is more than 50 times 
greater than the Cherenkov one.

M. Antonello et al, Nucl. Instr. and Meth. in Phys. Res. A 899 (2018) 52

Attenuation needed!!!

S signal linearity (TB-17)
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Yellow filter
Many ND/yellow filters tested: Kodak Wratten 21 gelatine filter. 
Lab measurement of transmittance spectra (with spectrophotometer). 

Good agreement between measurement and Datasheet.

T<0.3% in  
380-520 nm range



Attenuation                   = 77 times( AnoFilter

AFilter
)
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Expected attenuation
Lab measurement of the scintillation fibre emitted spectra (@ 100 cm - 350 nm). 
SiPM PDE curve (from Datasheet). 
Lab measurement of transmittance spectra.

Expected 
spectrum

a.
u.



Light attenuation causes the signal dependence on where the fibres are hit by the shower 
particles and it is a phenomenon that is mainly important for hadron showers. 

Yellow filters, absorbing the blue component, improve the response uniformity.
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Why a yellow filter?
a.

u.

A10 − A100

A10
%

No filter:       30% 
Wratten 21:   21%



This result can be further improved: 
More scintillation light (less light attenuation). 

More SiPM dynamic range (i.e. 10 μm pixel pitch).
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Scintillation light yield: 
Vop = 5.5 Vov (57.5 V) and PDE ∼ 20% (S).  

∼ 41.9 Spe/GeV, linear from 10 to 40 GeV within 3%. 

Correcting for 45% e.m. energy containment: ~ 93 ± 4 Spe/GeV. 

± 3%

No saturation effects: 
Hottest fibre: 9.8 Spe/GeV 

linear within 1%

e.m. stochastic term* ∼ 10%/√E 

Sampling fluctuations only: 

p.e. fluctuations only:

S signal linearity (TB-18)

C ∼  9.5%/√E          S ∼  10.0%/√E

C ∼  12.1%/√E          S ∼  10.4%/√E

SiPM module 

*Effects of the finite fibres attenuation length not included.
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e.m.shower profiles (TB-17)

Shower profiles: 
The possibility of separately reading each fibre allows: 

To sample em showers with a millimeter spatial resolution.  
To measure the lateral profiles very close to the shower axis.

Test BeamData Geant4 Simulation

M. Antonello et al, Nucl. Instr. and Meth. in Phys. Res. A 899 (2018) 52

10/40 GeV e-: module rotated of 
0.1◦ in both vertical and horizontal 
plane of the beam axis.  

For each selected event: 
find the shower axis (using CoG): 

find distance of each fibre to the shower axis: 

bin data (0.6 mm pitch) and find average.

x̄ =
ΣixiEi

ΣiEi
ȳ =

ΣiyiEi

ΣiEi

r = (xi − x̄)2 + (yi − ȳ)2
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e.m. showers are very narrow:  
∼10% (∼50%) of shower energy within 

∼1 (∼10) mm from shower axis.

Most precise measurement of the 
electromagnetic radial profile 

close to the shower axis. 
Fibre readout can provide  
(powerful) input to PFA.

Shower profiles: 
The possibility of separately reading each fibre allows: 

To sample em showers with a millimeter spatial resolution.  
To measure the lateral profiles very close to the shower axis.

Simulated energy deposition from 50 GeV e-  
Total energy deposited in S fibres: 1.982 GeV, of which 0.902 GeV 
(45%) is distributed among the red fibres covered by the SiPM module.

M. Antonello et al, Nucl. Instr. and Meth. in Phys. Res. A 899 (2018) 52

e.m.shower profiles (TB-17)
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Signal grouping
In a full scale module, the number of readout channels will be of the order of 108. 

The possibility to sum up the analog output is under study: 
Number of SiPM that can be grouped guarantying the Multi-Photon spectrum.  
SiPM dynamic range: sensors have to operate in a linear regime.

First test:  
Signals analogically grouped (1, 2, 4, 6 & 9 SiPM) 
Each SiPM is individually biased.

M. Antonello et al, Nucl. Instr. and Meth. in Phys. Res. A  (2018)  
https://doi.org/10.1016/j.nima.2018.10.169
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M. Antonello et al, Nucl. Instr. and Meth. in Phys. Res. A  (2018)  

https://doi.org/10.1016/j.nima.2018.10.169

Signal grouping
In a full scale module, the number of readout channels will be of the order of 108. 

The possibility to sum up the analog output is under study: 
Number of SiPM that can be grouped guarantying the Multi-Photon spectrum.  
SiPM dynamic range: sensors have to operate in a linear regime.
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9 SiPMs

Multi-Photon spectrum 
preserved also with  

9 grouped SiPM.

SiPM number 1 4 8

Space granularity (mm2) 4.5 18 36

Readout granularity can be 
reduced: 2x2, 2x3, 3x3…
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Conclusion and next steps

The SiPM-based readout could be the choice for the Dual-Readout calorimeter: 
Can be integrated in a 4π geometry. 
Exhibits a good linearity in a wide beam energy scale. 
Shows twice the Cherenkov light yield than PMTs, reducing the stochastic terms. 
Allows a fine granularity transversal segmentation. 

Next steps: 
Find an optimal readout electronics solution (ASIC, FPGA, etc). 
Optimise the attenuation of the filter and increase the SiPM dynamic range. 
Increase the Cherenkov light yield (adding an aluminized glass mirror). 
Move to a bigger module for a full e.m. shower containment.



Thank  
you

Most of the publications used can be found at: 
www.phys.ttu.edu/~dream/index.html

Please join us also for: 

Dual-Readout calorimetry: L.Pezzotti 
(20/02 Miscellaneous session El7)  

IDEA test beam results: L.Borgonovi 
(Poster session A)



Different-length (staggered) fibres —> 4 kind of fibres: S-short, S-long, C-short, C-long. 
short fibres —> hadronic compartment.

Measure time properties of detecting photons: 
total charge QT, starting time TS, time over threshold ToT, peaking time TP, peak value Vp, 
or maybe Q1 (T1), Q2 (T2), Q3 (T3)… (either single deposit or fixed time slices). 

Time structure carries information on longitudinal segmentation [Δx ∼ 5 cm —> Δt ∼ 100 ps].  

nevertheless… B field impact: for B = 2T, Rcal = 2.5 m, charged particles will impact 
calorimeter with angle: 

10 GeV (PT) charged tracks, after 60 cm, displaced by ∼ 4.5 cm.
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Longitudinal segmentation



Sampling fluctuations: 

p.e. fluctuations:  

Combined error for each channel: 

Stochastic term in e.m. resolution:

σSampling(S) ∼ 10 %

σNFC/GeV
=

1
NFC/GeV

σCombined = σ2
Sampling + σ2

NFC/GeV

σSampling(C) ∼ 9.5 %

 29

Attenuation effect

C: 69 Cpe/GeV 

S:  93  Spe/GeV
→ σCombined ∼ 15 %
→ σCombined ∼ 14 %

ϵC+S ∼ 10 %



Analog charge integration: e.g. CITIROC 1A 
Dynamic range: ∼ 2500 p.e. and time resolution: less than 100 ps. 

Power consumption: 225mW/ASIC when all stages are ON. 

An adjustment of the SiPM bias voltage is possible using a channel-by-channel DAC 
connected to the ASIC inputs.
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ASIC first step

https://www.weeroc.com/en/products/citiroc-1a

Detector Read-Out  SiPM, SiPM array

Number of Channel 32

Sensitivity Trigger on 1/3 photo-electron

Timing Resolution  Better than 100ps RMS on single photo-electron 

Dynamic range 0-400 pC i.e 2500 photo-electrons @ 106 SiPM gain

Inputs 32 voltage inputs with independent SiPM HV adjustments

Outputs 32 trigger outputs, 2 multiplexed charge output, 2 ASIC 
trigger output (Trigger OR)



A strong push for larger number of cells is not an easy game.  
This approach, in a first approximation, would show:  

Reduced fill factor (lower PDE).  
Higher spurious effect (higher Dark counts).  
Lower capacitance ≈ lower gain and reduced possibility to see the multi-photon spectrum. 

Just an example: 
Hamamatsu S13190-1010: 10000 cells, PDE 10%, DCR 100 kcp, X-talk 5%, Gain @ 
Vop=1.3*105
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SiPM dynamic range
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Calibration
Calibration done at 21.5 °C:  

Same light conditions (few photoelectrons) at different VBias 
Peak to Peak measured using the Multi Gaussian Fit 

Linear fit used to: 
extrapolate the Peak to Peak distance at low VBias (where the peaks are no longer 
distinguishable) 
measure the VBk = 51.71 ± 0.39 V (error < 1%)
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Calibration
Relative PDE measurement at different VBias: 

Same amount of light for all measurements (24% of occupancy at nominal VBias) 
Number of fired cells extrapolated using the calibration 
Relative PDE calculated —> absolute PDE reference point: 25% at + 5 VOv  @ 25 °C



 34

Photon Detection Efficiency

PDE = GF . QE(λ) . Ptrigger(λ, ΔV, T ) ΔV = VBias − VBk

PDE is the probability that a SiPM produces an output signal in response to an incident photon.
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Scintillation light yield:  

Detector operated @ VBias = 0.5 Vov (52.5 V) and PDE ∼ 2%. 

Temperature stability correction needed: 
< 0.5 °C during a single run (negligible). 
< 2.0 °C during the full energy scan (considered). 

Photon Detection Efficiency (PDE) correction for temperature variation. 
Sensors working in a strong non-linear regime:  

correction has to be applied on each SiPM individually.

D. Renker et al, Nucl. Instr. and Meth. in Phys. Res. A 567 (2006) 48-56

SATURATION EFFECT

Nfired = Ntot(1 − e
−NphPDE

Ntot )
Valid as first approximation: 
all photons come @ the same time 
and spurious effects are negligible.

Linearity correction
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Linearity correction
Light from S fibre is not homogeneously distributed: correction for non-linearity sensor 
response is underestimated. 
LED (400 nm): black plastic cover with 0.8 mm hole directly on fibre. 
FWHM = 838 μm; 85% in FWHM, 15% on corners.

NFC_Corrected = − 874 ⋅ ln (1 −
0.85 ⋅ NFC_Measured

874 ) − 710 ⋅ ln (1 −
0.15 ⋅ NFC_Measured

710 )


