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Aims of Dual Readout Project
✦ Address the factors which limit the resolution of hadron calorimeter to reach the 

theoretical resolution limit 

✦ Calibration of the calorimeter can be done with electrons 

✦ High resolution EM and HAD calorimetry

✦ Can comply with the requirements for Future collider  physics

✦ Study and eliminate/reduce dominant source of fluctuation

This research activity has been/is carried on by the
RD52 experiment @CERN 

http://highenergy.phys.ttu.edu/dream/index.html
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Principle of the Dual Readout method
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electrons positrons, photons, π0

Charged hadrons (π,k…), nuclear fragments, neutrons, neutrinos, 
breakup of nuclei (invisible energy)

Hadronic showers consist of two components: 
em (p0) and non-em components

• The calorimeter response to these two components is typically very different
• Hadronic showers are characterized by very large fluctuations due the energy

sharing between these two components
1. fem varies event-by-event (fluctuation in calorimetry response) and grows

with energy (non linearity)
2. the fluctuation in the amount of invisible energy
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Simultaneous measurement on 
event-by-event basis of em
fraction of hadron showers

1 - E.M. Fraction Fluctuation

where

E =
S � �C

1� �
It is possible 
to evaluate

and

can be measured on 
beam of Energy E0

can be extracted from a 
linear fit  of C vs S

Cherenkov light C  
only produced by relativistic 

particles, dominated by 
electromagnetic shower component

Scintillation light S measure dE/dx
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1 - E.M. Fraction Fluctuation

200 GeV “jets”

5



G. Gaudio —WG11 Detector Design Meeting - Sept. 19th, 2016 

Homogeneous Calorimeter Sampling Calorimeter
Possibility to solve light yield and 

sampling fluctuation problem.

Need to separate C and S  light. 

Two types of fibers, either sensitive to 
Cherenkov and Scintillation 

Separated by construction

1 - E.M. Fraction Fluctuation
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2 - Invisible Energy
✦ In nuclear reactions some energy has to be provided (binding energy) to free 

protons and neutrons. 

✦ This energy doesn’t result in a measurable signal (invisible energy)

✦ Invisible energy accounts on average for about 30-40% of non-em shower energy 

Large event-by-event fluctuations limit resolution

Correlation between invisible energy 
and kinetic energy carried by 

released nucleons

Evaporation nucleons: soft spectrum, 

mostly neutrons   (2-3 MeV) 
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Measurement of the kinetic energy of neutrons which is correlated to nuclear binding 
energy loss (invisible energy) from time structure of the signal (NIM A 598 (2009) 422)

Probing the tot. signal distribution with  
N fraction

N fraction anti-correlated
to f em (C/S)

Time structure of DREAM signal.
Tail absent in em showers

2 - Invisible Energy
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Dual readout with 
homogeneous materials 

(Crystals)
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Dual Readout method in homogeneous calorimeter
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Motivations:
• high density scintillating crystal widely used in particle physics experiment: ensure excellent 

energy resolution for electromagnetic showers

Properties Čerenkov Scintillation 

Angular 
distribution

Light emitted at a 
characteristic angle by 
the shower particles 
that generate it

cosθ = 1/(nβ)

Light emission is isotropic: 
excited molecules have no 
memory of the direction of the 
particle that excited them

Time structure Instantaneous, short 
signal duration

Light emission is characterized 
by one or several time 
constants. Long tails are not 
unusual (slow component)

Optical spectra

Strongly dependent on the 
crystal type, usually 
concentrated in a (narrow) 
wavelength range

Polarization polarized not polarized

Dual readout applied to an hybrid
system:
Measuring fem on an event-by-event
basis allows to correct for such
fluctuations and allows to eliminate
the main reasons for poor hadronic
resolution

• calorimeters with a crystal EM
compartment usually have a poor
had. resolution due to
• fluctuation of the starting point

of the hadronic shower in the
EM section

• different response to the em and
non-em component of the
shower in the two calorimeters
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Dual Readout method in homogeneous calorimeter
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Separation can be achieved by:
✴optical filters: exploit different spectral region of Č and S

✴time integration: exploit different time structure of Č and S
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Dual Readout method in homogeneous calorimeter
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Crystal matrix + fiber sampling calo
NIMA 598 (2009) 710, NIM A 610 (2009) 488
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BGO Matrix results
Resolution obtained from distribution of integrated charge

✴ Čerenkov energy resolution shows a constant term of about 1.5% 

✴ good linearity (within ± 3%) 

✴ Čerenkov light yield about 6 p.e./GeV 
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Energy Resolution Linearity
100 GeV electron



G. Gaudio —WG11 Detector Design Meeting - Sept. 19th, 2016 

BGO vs BSO for dual readout use
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purity of the Č signal obtained with filters: 
separation power better by a factor of 6

Energy Resolution

Response Uniformity

✴Č light yield: p.e.
detected per unit
deposited energy 2-3
times larger in BSO

✴ light attenuation
length for Č light:
mostly the same in
both crystals
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Mo:PbWO4 matrix results
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Molybdenum doping causes:

★ shift of the S spectra to higher λ wrt undoped 
crystal
★ longer S decay time (50 ns)
★ shift of the absorption cut-off to higher λ

This allows to obtain a very good C/S 
separation using filters. 

Very narrow window where C light can be 
collected results in strong light attenuation

Different filter combinations were used 
during the PbWO4 matrix test, each 
optimizing one aspect of the readout
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Mo:PbWO4 matrix results

Scintillation

GG495 

Optimal resolution for Scintillation light reached 
using yellow filter (large photo-statistic) 

If one uses UV+UV filter configuration to 
improve the Čerenkov resolution 

• scintillation signal has to be obtained from 
integration of the tail of the signal (largely 
reducing the p.e. photostatistic )

Cherenkov

Upstream GG495 (yellow), 
downstream U330: 
good for S: measured 
resolution: ~ 1% for 100 GeV e-
poor for Č due to self 
absorption. Strong non linearity

U330 both sides 
good for Č (sum 
of two sides) 
almost no S signal
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To separate the C and S component, crystals have to be readout in non conventional way 
à results not good as the ones obtained by standard EM calorimetry

Extraction of pure C and S signals implies
• To sacrifice a large fraction of available C photons (optical filters)
• C photons are attenuated by crystal UV self absorption 

Chrystal + optical filters don’t  offer a benefit in term of C light yield in dual readout 
calorimetry (comparable with the one measured with the RD52 fiber calorimeter)

Conclusion from testing homogeneous DRC

ADVANTAGES: FORESEEN 
DISADVANTAGES:

• No sampling fluctuations
• simpler calibration

• No sensitivity to neutrons
• high cost
• rad hardness

Consideration before testing

Additional outcomes from performed tests:
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Further studies on dual readout method
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LuAG and Ce:LuAG
Studies on sampling and homogeneous dual 
readout calorimetry with meta-crystals

Jinst, Vol. 6, Oct. 2011



Dual readout with sampling 
fiber calorimeters
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The dual readout fiber calorimeters

Texas Tech Uni

INFN Pavia

INFN Pisa

2003
DREAM

2012
RD52

2012
RD52

Copper
2m long, 16.2 cm wide
19 towers, 2 PMT each
Sampling fraction: 2%

Each module:  9.3 * 9.3 * 250 cm3

Fibers: 1024 S + 1024 C,  8 PMT 
Sampling fraction: 4.5%, 10 λint

Lead, 9 modules

Copper,   2 modules

Each module:  9.3 * 9.3 * 250 cm3

Fibers: 1024 S + 1024 C,  8 PMT 
Sampling fraction: 5%, 10 λint

21



G. Gaudio —WG11 Detector Design Meeting - Sept. 19th, 2016 

Pb 3*3 matrix 

2 Cu modules

The dual readout fiber calorimeters
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EM performance RD52 calo
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Signal linearity

Radial shower profile and response uniformity
Pb – S signal
100 GeV e-

Pb
100 GeV e-
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NIM A 808 (2016) 41

Small angle EM performance RD52 Cu calo

20 GeV e
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DREAM DREAM

Cu-fiber RD52 Cu-fiber RD52

NIM A 735 (2014) 130

EM performance RD52 Cu calo
Em performance strongly improved with the new RD52 Cu-fiber prototype. 

Better sampling fraction
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NIM A 735 (2014) 130

EM performance RD52 Cu calo

C and S independent: sample different parts 
of the shower, possible to add the two signals

DREAM RD52

Constant term due to fluctuation in interaction 
point (only S). Disappears for larger angles 
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40 GeV e-

Improvement in resolution (doubled 
sampling fraction) if combining C 
and S independent signals
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Dual Readout method in sampling calorimeter
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To include corrections on:
- light attenuation
- lateral leakage

Copper
Lead

Electromagnetic
Resolution

Hadronic Resolution 
(Pb Module)
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Particle ID in sampling dual readout calorimeter
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Why copper rather than lead?

Non-linearity at low energy in calorimeters with 
high-Z absorber. Important for jet detection
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Dual Readout Sampling Calorimeters
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The response curve for a mixture of hadrons with energies 
corresponding to the W and Z masses (GEANT4 simulation)

Features of dual readout calorimeters:
• Compensation achieved without construction constraints
• Calibration of an hadron calorimeter with electrons. 
• No intercalibration between sectors
• High resolution EM and HAD calorimetry

DREAM method simulated with GEANT4

Hadronic E resolution

NIM. A762 (2014) 100 
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High resolution Calorimetry
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W/Z sep: 3σ

Required to have best possible di-jet mass 
resolution for narrow resonance 
observation
At very least one need to distinguish W/Z 
hadronic decays
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From RD52 experiment to 4p calorimeter
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Backup slides
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Pb-fiber module construction
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Pb-fiber module construction
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Cu-fiber module construction 
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