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l Dipartimento di Fisica, Università della Calabria, and INFN Cosenza, Italy
m Tufts University, Medford (MA), USA

n LIP, Lisbon, Portugal

Abstract

The RD52 calorimeter uses the dual-readout principle to detect both electromagnetic and
hadronic showers, as well as muons. Scintillation and Čerenkov light provide the two sig-
nals which, in combination, allow for superior hadronic performance. In this paper, we
report on detailed, GEANT4 based Monte Carlo simulations of the performance of this
instrument. The results of these simulations are compared in great detail to measurements
that have been carried out and published by the DREAM Collaboration. This comparison
makes it possible to understand subtle details of the shower development in this unusual
particle detector. It also allows for predictions of the improvement in the performance that
may be expected for larger detectors of this type. These studies also revealed some inade-
quacies in the GEANT4 simulation packages, especially for hadronic showers, but also for
the Čerenkov signals from electromagnetic showers.
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1 Introduction1

Dual-readout calorimetry is a novel particle detection technique, which makes it2

possible to measure electrons, photons and hadrons with very good precision, and3

without the (inter-)calibration issues that complicate working with traditional ca-4

lorimeter systems that consist of separate electromagnetic (em) and hadronic sec-5

tions. There is a growing interest in applying this technique, both for upgrades of6

existing detector systems (e.g., the CMS experiment at CERN’s Large Hadron Col-7

lider) and for experiments at proposed future particle colliders or in space.8

Generic prototypes of dual-readout calorimeters have been and are being built by9

the DREAM and RD52 Collaborations. Test results have been published in a num-10

ber of papers [1]. The largest detector of this type had an instrumented mass of 135011

kg. This was of course more than enough to study em showers (and also muons)12

in all possible detail. However, high-energy hadron showers are typically only con-13

tained at the 90-95% level in an instrument of this size and, therefore, the ultimate14

performance for hadron detection could not (yet) be assessed properly. However,15

the results obtained for the incompletely contained showers are very encouraging.16

In this paper, we report on an extensive program of Monte Carlo studies of the17

performance of these unusual particle detectors. The purpose of these studies was:18

(1) To test the (limits of the) validity of such simulations with experimental data19

already obtained. In particular, we were interested in the dependence of the20

response and the energy resolution on parameters such as the particle’s energy21

and its angle of incidence. The simulations also predicted certain effects that22

had not yet been studied experimentally, such as the anti-correlation between23

the two types of signals produced by the calorimeter. Verification of these24

predictions was also important in assessing the validity of the simulations.25

(2) To predict the effects on the performance for certain modifications of the de-26

tectors, for example a larger instrumented mass, an increased light yield, or a27

different choice of absorber medium.28

These studies also made us aware of a number of subtle details of shower devel-29

opment and their (observable) consequences in this intricate particle detector. The30

paper is organized as follows. In Section 2, the structure of the simulated calorime-31

ters and details of the simulation programs are described. Results of the simulations32

are given in Sections 3, 4 and 5 for muons, electrons and hadrons, respectively. The33

results are evaluated and discussed in Section 6.34

2 Equipment and simulations35

The RD52 calorimeters form the second generation of integrated em + hadronic36

calorimeters based on separate readout of the scintillation and Čerenkov light pro-37
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Fig. 1. Front view of the tested SuperDREAM calorimeter, and the basic structure of the
lead (a) or copper (b) based modules. For comparison, the structure of the original DREAM
calorimeter is shown as well (c). All dimensions are given in mm.

duced in the shower development. Two different types of optical fibers are used as38

the active media in this detector: Scintillating fibers for the scintillation light and39

clear PMMA plastic fibers for the Čerenkov light. In the first generation (called40

DREAM), these two types of fibers were housed together in the holes of extruded41

copper rods (see Figure 1c). In the RD52 (SuperDREAM) detector, each fiber is42

separately embedded, which leads to a substantially larger sampling frequency43

and correspondingly reduced sampling fluctuations. Also, the Čerenkov light is44

detected in clear plastic fibers, while quartz fibers were used for this purpose in45

DREAM.46

Figure 1 shows a picture of the front face of the RD52 calorimeter. It consists of47

nine modules, each module is subdivided into four towers, and each tower generates48

two signals, one from the scintillating fibers and one from the Čerenkov ones. In49

total, this detector thus produces 72 signals for each event.50

These particular modules were built with lead as absorber material. Figure 1a shows51

a detail of the structure, with alternating layers of scintillating and clear fibers. We52

also built several modules using copper as absorber material. The fiber arrange-53

ment in these modules, depicted in Figure 1b, was slightly different. Each module54

measured 92×92 mm2 and contained about 4000 fibers, 2000 of each type.55
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Fig. 2. The simulated calorimeter structure. Shown are part of the front face, including the
10×10 mm2 beam size used in the simulations (a), the entire calorimeter module oriented
at a tilt angle θ and an azimuth angle φ with respect to the incident particle beam (b), and a
detail of the front face showing the fiber arrangement (c).

2.1 The simulated calorimeter structure56

The simulated calorimeter structure was almost identical to the experimental ones.57

It consisted of nine modules, measuring 92×92 mm2 each. The fibers were dis-58

tributed according to a square grid, as shown in Figure 2a,c. Each module contained59

3721 fibers. The absorber material could be chosen. In these studies, we used ei-60

ther lead or copper. Small differences with the RD52 calorimeters concerned the61

fact that no tolerances were applied to the grooves that contain the fibers. Since the62

simulated modules thus do not contain any air, the sampling fraction is somewhat63

smaller than for the experimental ones. On the other hand, this is compensated by64

the fact that light produced anywhere in the 1 mm thick fibers was taken into ac-65

count in the simulations. In reality, the cladding of the fibers does not contribute to66

the creation of scintillation light. Also, the fiber arrangement was not exactly the67

same as in the RD52 calorimeters. In the simulations, a prefectly square grid was68

used for both types of fibers, while in reality the arrangement was slightly different.69

Yet, the total number of fibers per module was approximately the same in all cases.70

Figure 2b shows the orientation of the entire, 2.5 m long detector, at an angle with71

respect to the beam particles entering the detector through its front face. The angles72

θ and φ indicate the tilt and the rotation in the horizontal plane, respectively.73

All simulations described in this paper were carried out for a calorimeter with the74

structure described above. However, some of the experimental data with which75
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comparisons are being made were obtained with the DREAM calorimeter, in which76

the fiber arrangement was quite different (see Figure 1c). This was true for all muon77

data, and for the hadron data taken with a copper based calorimeter. In order to78

assess the possible effects of the different calorimeter structure, a subset of the sim-79

ulations was also performed for a calorimeter structure that closely represented the80

one shown in Figure 1c. The results of this exercise are described in the appendix 2 .81

In the same spirit, we have also investigated the possible effects of air gaps inside82

the calorimeter structure, and the effects of changing the physics list in the simula-83

tions. The results of this work are also decribed in the appendix. The figures shown84

in the following sections were obtained for the calorimeter structure from Figure 2,85

unless explicitly stated otherwise.86

2.2 The simulations87

The simulations were carried out with the GEANT4 Monte Carlo package [2].88

Events were generated with GEANT4.9.6 patch-02, which was released in May89

2013. For applications of calorimetry in high energy physics, GEANT4 recom-90

mends to use the FTFP BERT physics list which contains the Fritiof model [3],91

coupled to the Bertini-style cascade model [4] and all standard electromagnetic92

processes. This is the default physics list used in simulations for the CMS and AT-93

LAS experiments at CERN’s Large Hadron Collider [5].94

Each run consisted of typically 3000 events. The impact point of the particles was95

randomly distributed over a 10×10 mm2 area around the center of the detector. For96

the (highly directional) Čerenkov light, each photon was examined and followed97

all the way as it propagated to the rear end of the detector if it was emitted within98

the numerical aperture of the fiber. In order to translate the Čerenkov signals into a99

measured number of photoelectrons, an overall quantum efficiency factor was ap-100

plied 3 . This quantum efficiency depends on a number of factors that change from101

photon to photon: The photon energy, the angle of incidence, the point of incidence102

on the photocathode, etc. This is impossible to simulate. For that reason, we have103

chosen to used a fixed number for this quantum efficiency throughout these simu-104

lations: 0.11. This number is very reasonable, since it reproduces the “light yield”105

(i.e., the average number of photoelectrons produced per GeV deposited energy,106

which we measured in several different ways) quite well. Any other choice of this107

quantum efficiency would only have affected the em energy resolution, which is108

dominated by Poisson fluctuations in the number of photoelectrons, but none of the109

other characteristics of the Čerenkov signals discussed in this paper.110

2 Since experimental muon data were only obtained with the DREAM calorimeter, the ex-
perimental results are in this case compared with the results of these additional simulations
in the text (Section 3).
3 We used the Optical Boundary (OpBoundary) process provided in GEANT for this pur-
pose.
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The numerical aperture was calculated on the basis of the indices of refraction111

provided by the producers of the fibers used in the calorimeters: n = 1.49 and 1.42112

for the core and cladding materials of the PMMA fibers, n = 1.458 and 1.42 for the113

core and cladding materials of the quartz fibers used in the DREAM calorimeter.114

For the scintillation signals, it was not necessary to follow each photon in detail.115

Since the scintillation photons are emitted isotropically, the signals were (in first116

approximation) proportional to the energy deposited in the scintillating fibers by117

the ionizing shower particles. However, there is one important caveat: Saturation of118

the light produced by densely ionizing particles. This phenomenon especially af-119

fects the hadronic scintillation signals, in particular the contributions from protons120

produced in nuclear breakup and neutron scattering. It is described by the following121

expression:122

dL

dx
∝ dE/dx

1 + kB · dE/dx
(1)

where L is the amount of light produced by a particle of energy E and kB a mate-123

rial property known as Birks’ constant [6]. This constant is typically of the order124

of 0.01 g cm−2 MeV−1, whereas the specific ionization (dE/dx) of a minimum125

ionizing particle mip is of the order of 1 MeV g−1 cm2. In comparison with mips,126

the specific light production (photons per unit energy) is thus reduced by a fac-127

tor 2 (11) for particles with a specific ionization of 100 (1000) times the value for128

minimum ionizing particles. For the scintillating fibers used in our calorimeters, kB129

was determined to be 0.126 mm/MeV [7], and this is the value we used to convert130

deposited energy into scintillation signals in these simulations.131

2.3 Calibration132

Just like in the analyses of all the experimental data obtained with the DREAM133

and RD52 dual-readout calorimeters, the energy scale in our simulations was de-134

termined from the response to 40 GeV electrons, both for the scintillation and the135

Čerenkov signals. The angle of incidence of the beam particles was the same for136

the calibration and for the electron energy scan, both in the experiment and in the137

simulations: (θ, φ) = (1.0◦, 1.5◦). Electrons entering a tower in its center deposit138

typically about 85% of their energy in that tower, regardless of their energy. The139

establishment of the relationship between deposited energy and the average result-140

ing signal (i.e., the calibration constants) is thus straightforward when electrons141

are being sent into each calorimeter tower. These calibration constants were sub-142

sequently used to determine the energy equivalence of the signals recorded for all143

other particles (electrons, hadrons and muons).144

In the analyses of the experimental data, corrections had to be applied for light at-145
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tenuation in the fibers [8,9]. This was necessary in order to convert the signals from146

hadrons and muons, which produce light much deeper inside the calorimeter than147

the electrons that were used for the calibration, to the same energy scale. However,148

in the simulations this procedure was not necessary, since the signals from these149

particles are automatically converted to that energy scale by using the calibration150

constants as derived above. On the other hand, light attenuation corrections in the151

simulations would be needed if one wanted to compare with raw experimental sig-152

nal distributions.153

3 Results for Muons154

Detailed experimental studies of the muon response functions were only carried155

out with the original DREAM calorimeter [9]. In order to avoid contributions from156

signals generated in the windows of the PMTs, these studies were performed at an157

angle of incidence (θ, φ) of (0.7◦,6◦).158

The simulations were performed both with the standard (RD52) geometry, and with159

the actual (DREAM) geometry in which the experimental data were obtained. In160

Figure 3, the latter simulation results are shown, together with the experimental161

data 4 .162

The most interesting experimental result of the muon studies is the fact that the163

deposited energy, as derived from the observed signals, is not the same for the two164

types of fibers. As the muon energy increases from 40 to 200 GeV, the average165

measured energy loss increases substantially, as a result of the increased brems-166

strahlung losses. However, the energy loss measured with the scintillating fibers is167

systematically larger than for the clear ones, by a constant amount. The explanation168

of this remarkable fact is that the clear fibers do not produce a signal from the ion-169

ization component of the energy loss, since the Čerenkov photons emitted in that170

process fall outside the numerical aperture of the fibers. The clear fibers thus only171

register the muon’s radiation losses, while the scintillating fibers in addition also172

detect the ionization loss.173

The results of the GEANT4 simulations, shown in Figure 3, also exhibit a sys-174

tematic and constant difference between the muon’s energy loss derived from the175

signals in the two types of fibers. However, this difference is somewhat smaller than176

in reality, mainly because the simulated Čerenkov signals are a bit larger than the177

measured values. This is also illustrated in Figure 4, where the ratio of the average178

scintillation and Čerenkov signals is plotted as a function of the muon energy. Just179

as in the experimental data, the simulated ratio increases with energy, but the value180

of that ratio is about 20-25% larger than in practice.181

4 The simulations with the RD52 geometry confirmed the conclusions described in this
section. See appendix for details.
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Fig. 3. The average measured energy loss by muons in the DREAM copper calorimeter, as
a function of the muon energy. The experimentally measured results are compared with the
GEANT4 simulated ones. The DREAM calorimeter was calibrated with 40 GeV electrons.
The simulations were performed for the actual (DREAM) structure of the calorimeter with
which the experimental data were obtained (Figure 1c).

4 Results for Electrons182

4.1 The e/mip ratio183

An important characteristic of any sampling calorimeter is the so-called e/mip184

ratio. This parameter indicates the efficiency with which electromagnetic showers185

are sampled, relative to minimum ionizing particles. As we will see, this parameter186

depends on the choice of the absorber material and has profound consequences for187

some aspects of the calorimeter performance.188

The efficiency with which mips are sampled follows directly from the structure of189

the calorimeter, and the materials of which it is composed. In our case, the cross190

section of one simulated module measures 92×92 = 8464 mm2. It contains 3721191

round fibers with a diameter of 1 mm each, for a total cross section of 2922 mm2,192

1461 mm2 for each of the two types of fibers. The remaining 5542 mm2 is taken by193

the absorber material, since no air gaps around the fibers are assumed.194

The specific energy loss of a mip amounts to 12.73 MeV/cm in lead, vs. 12.57195

MeV/cm for copper. For the fibers, the specific energy loss is 2.05 MeV/cm for196
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Fig. 4. The ratio of the average Čerenkov and scintillation signals from muons traversing
the calorimeter, as a function of the muon energy. The experimentally measured results [9]
are compared with the GEANT4 simulated ones. The calorimeters were calibrated with 40
GeV electrons, and the simulations were performed for the actual (DREAM) structure of
the calorimeter with which the experimental data were obtained (Figure 1c).

the (polystyrene) scintillating fibers, and 2.30 MeV/cm for the (PMMA) Čerenkov197

ones. This leads to a sampling fraction for mips of (2.05× 1461)/(2.05× 1461 +198

2.30 × 1461 + 12.57 × 5542) = 3.94% for the copper/scintillating-fiber structure199

and 3.89% for the lead/scintillating-fiber one.200

Fig. 5. Distribution of the energy deposited by 40 GeV electrons in the scintillating fibers of
the lead (a) and the copper (b) calorimeter structure. The angle of incidence of the electrons
(θ, φ) was (1.0◦,1.5◦) in these GEANT4 simulations.

As is shown later in this section, the sampling fraction for electromagnetic showers201

is, for all practical purposes, independent of the energy and the angle of incidence202
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of the electrons. Figure 5 shows representative scintillation response functions, for203

40 GeV electrons in the lead (Figure 5a) and copper (Figure 5b) modules, respec-204

tively. On average, these electrons deposit 1.109 and 1.329 GeV in the scintillating205

fibers and, therefore, the sampling fractions for the em showers in these calorime-206

ters amount to 2.77% (lead) and 3.32% (copper), respectively. And thus we find207

that the e/mip ratios are 0.71 for the lead/scintillating-fiber calorimeter and 0.84208

for the copper/scintillating-fiber one.209

In the early days of calorimetry, it was generally believed that in an em shower,210

the energy is deposited by a large collection of minimum ionizing particles (elec-211

trons and positrons), and that therefore the e/mip ratio has to be 1.0. The fact that212

this was not the case in practice gave rise to a lot of speculations [10–12]. How-213

ever, the explanation for this phenomenon turned out to be the fact that a large214

fraction of the shower energy is deposited in the late stages of the shower develop-215

ment, through processes such as Compton scattering and the photoelectric effect.216

In a sampling calorimeter, the energy sharing between the different materials is for217

these processes very different than for minimum ionizing particles traversing the218

calorimeter. For example, the cross section for photoelectric effect is proportional219

to Z5. This means that in a lead/plastic structure, photoelectrons are in practice220

only produced in the absorber, and these photoelectrons only contribute to the sig-221

nal if they are produced sufficiently close to the boundary with a plastic fiber. In222

practice, the response to the particles produced in the late stages of the shower de-223

velopment is thus suppressed compared to the response to mips. This suppression224

is larger in calorimeters with high-Z absorber material and in calorimeters with a225

small sampling frequency (i.e., thick absorber layers) [13].226

Just like in the early days of EGS3 [14], the Monte Carlo simulations confirm the227

essential aspects of this explanation. The suppression of the late-stage signals is228

clearly more important when lead (Z = 82) is used as absorber than for copper229

(Z = 29). Yet, the suppression is somewhat less in this fine-sampling structure230

than in more crudely sampling lead/plastic-scintillator calorimeters such as the one231

built by members of the ZEUS Collaboration, for which an e/mip value of 0.67232

was reported [15].233

One consequence of these results is that the calorimeter signal of the lead calorime-234

ter is more strongly dominated by the early, highly collimated shower component235

than that of the copper calorimeter. In the latter, the diffuse rather wide component236

from particles generated beyond the shower maximum plays a larger role. The ef-237

fects of this difference manifest themselves, for example, in the quality of a Gaus-238

sian fit to the response function. Figure 5 shows that the (normalized) χ2 of this239

Gaussian fit amounts to 233/33 for lead and 77.8/32 for copper. The explanation of240

this difference is the topic of the next subsection.241
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4.2 The calorimeter response function for electrons242

4.2.1 Angular dependence of the scintillator response functions243

The lateral profile of em showers has several components. Before the shower maxi-244

mum, the energy is primarily deposited by energetic e+e− pairs that travel in almost245

the same direction as the incoming primary electron. Beyond the shower maxi-246

mum, electrons from processes such as Compton scattering have a very different,247

much broader angular distribution. The RD52 Collaboration has measured the lat-248

eral shower profile for 100 GeV electrons [16], which shows that ∼ 20% of the249

shower energy is deposited in an area of 2×2 mm2 around the shower axis. Since250

the early, collimated shower component is extremely narrow, the calorimeter re-251

sponse becomes dependent on the impact point of the electrons when these parti-252

cles travel in the same direction as the fibers. An impact point in a scintillating fiber253

will lead to a larger scintillation signal than an impact point somewhere in between254

scintillating fibers, i.e., in the absorber material or a Čerenkov fiber. This is because255

the early, collimated component generates a large signal contribution in that one hit256

fiber.257

Fig. 6. Distribution of the energy deposited by 40 GeV electrons in the scintillating fibers of
the lead (a) and the copper (b) calorimeter structure. The angle of incidence of the electrons
(θ, φ) was (0◦,0◦) in these GEANT4 simulations.

Figure 6 shows the effect of this. The response function for 40 GeV electrons con-258

sists of two distinctly different components. The broad component represents the259

events in which the beam particles entered the calorimeter in a scintillating fiber.260

The signals are in this case larger than those constituting the narrow component,261

which contains all the other events. It is interesting to compare the response func-262

tions for the lead (Figure 6a) and copper (Figure 6b) calorimeters in some detail.263

Both exhibit the same double-hump structure, but the difference between the mean264

response values of these two humps is clearly smaller in the case of copper.265

This can, for example, be concluded from the value of the ratio rms/mean for these266

distributions: 0.265 for lead, 0.204 for copper. The reason for this difference is267

the same as the reason for the difference in e/mip values, discussed in the previous268

subsection. The larger the relative contribution of the late, broad shower component269
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Fig. 7. Distribution of the energy deposited by 40 GeV electrons in the scintillating fibers of
the copper calorimeter structure. The angle of incidence of the electrons (θ, φ) was (0◦,0◦)
in diagram a and (0.2◦,0.2◦) in diagram b. Results from GEANT4 simulations.

to the calorimeter signal, the smaller the difference between the mean signals from270

events where the electron enters the calorimeter in a scintillating fiber or elsewhere,271

i.e., the smaller the rms/mean value for the total signal distribution.272

The extreme sensitivity of the calorimeter response to the impact point of the show-273

ering electrons exhibited in Figure 6 rapidly decreases when the electrons enter the274

calorimeter at a small angle with the fiber direction. In that case, the early, col-275

limated shower component does not entirely develop inside a single fiber, but is276

increasingly sampled just like the shower particles produced in the later stages.277

Since the fibers have a radius of only 0.5 mm, and the radiation length of the cop-278

per calorimeter (which sets the scale for the longitudinal shower development) is279

about 50 times larger, the angle of incidence for which this becomes a significant280

effect is very small indeed.281

This is illustrated in Figure 7, which shows the effect of rotating the angle of inci-282

dence (θ, φ) from (0,0) to (0.2◦, 0.2◦) on the response function of the scintillation283

signals from the copper calorimeter. The high-side tail of the response function al-284

most completely disappears as a result of this very small rotation. In this process,285

which corresponds to tilting and displacing the rear end of the calorimeter module286

by only 6 mm, the rms/mean value of the scintillator response function is reduced287

from 0.204 to 0.063. In fact, the orientation of the calorimeter is so senstive to the288

precise value of (θ, φ), that in practice extreme response functions such as those dis-289

played in Figure 6 have never been observed in our measurements 5 . Yet, the fact290

5 It should be pointed out that the angular divergence of the beam particles played no role
in this. This divergence was smaller than 0.1 mrad, i.e., more than a factor of 30 smaller
than the effect of a rotation from 0 to 0.2◦. The fact that extreme response functions such
as the one shown in Figure 7a have not been observed in practice is more likely due to the
difficulty of precisely orienting the module with respect to the beam line. It may also be a
consequence of the fact that the fibers are never perfectly straight, for example because of
tolerances in the grooves that contain them.

12



that the em response function of fiber calorimeters substantially broadens when291

the angle between the incident particles and the fiber direction approaches zero is292

experimentally well established [17].293

As illustrated by Figure 5, further rotation to angles of the order of 1◦ leads to a294

complete disappearance of the high side tail. Only the relatively poor χ2 of the295

Gaussian fit, especially for the lead calorimeter, is testimony to the effects that296

spoil the scintillator response function for angles of incidence very close to zero.297

The differences between the lead and copper structures can be understood from the298

fact that the radiation length of lead is almost a factor of three smaller than for299

copper. As a result, the extremely collimated part of the shower extends much less300

in depth, and a small rotation of the calorimeter has a correspondingly smaller effect301

on the energy sharing of this component between the active and passive calorimeter302

media.303

Fig. 8. The normalized χ2 of a Gaussian fit (χ2/ndf) to the response function (a) and the
ratio of the rms width and the σ of a Gaussian fit (b) as a function of the azimuth angle of
incidence φ of the 40 GeV electrons. The tilt angle θ was chosen to be 1◦ in all simulations.
Results are given separately for these GEANT4 simulations of em shower development in
the lead and copper/scintillating-fiber structures.

Figure 8 shows how the quality of a Gaussian fit to the scintillator response function304

improves as the angle is increased. Results are given separately for the lead and305

copper structures. When the angle θ reaches values of 2-3◦, the response function306

is in very good approximation Gaussian, even for lead.307

4.2.2 Comparison of the scintillator and Čerenkov response functions308

We now turn our attention to the Čerenkov response function. Experimentally, we309

have observed that the deviations from a Gaussian shape that characterize the scin-310

tillator response function for very small angles of incidence are practically absent311
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for the Čerenkov signals [16,8], especially in copper. The Monte Carlo simulations312

confirmed this phenomenon, as illustrated in Figure 9, which shows the simulated313

response functions for 40 GeV electrons in the scintillation and Čerenkov channels314

for a lead calorimeter oriented at (1◦,1◦) and a copper one oriented at (0.4◦,0.4◦).315

Fig. 9. Comparison of the response functions to 40 GeV electrons for the scintillator (a, c)
and Čerenkov (b, d) channels in the lead (top row) and copper (bottom row) calorimeter
structures. The angle of incidence (θ, φ) in these GEANT4 simulations was (1.0◦, 1.0◦)
in lead and (0.4◦, 0.4◦) in copper. These values were chosen because of the substantial
differences between the quality of Gaussian fits to the scintillation and Čerenkov response
functions at these angles.

This effect can be quantified by means of variables that measure the quality of a316

Gaussian fit to the data points, such as the normalized value of the χ2, or the ratio317

of the rms width of the signal distribution and the σ of a Gaussian fit. In Figure318

10, the values of these variables are plotted as a function of the azimuth angle of319

incidence for the scintillation and Čerenkov signals from the lead calorimeter.320

They clearly show to what extent the Čerenkov response function is better described321

by a Gaussian fit than the response function measured with the scintillation signals.322

The reason for these differences is the fact that the photons produced in the ex-323

tremely collimated early shower component do not contribute to the Čerenkov sig-324

nals. Since these photons are emitted at an angle of about 50◦ with the direction of325

the shower axis (and thus with the fibers), they fall ouside the numerical aperture of326

the fibers. This is essentially the same reason why light produced by the ionization327
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Fig. 10. The χ2 of a Gaussian fit to the response function (a) and the ratio of the rms width
and the σ of a Gaussian fit (b) as a function of the azimuth angle of incidence φ of the
40 GeV electrons. The tilt angle θ was chosen to be 1◦ in all these GEANT4 simulations.
Results are given separately for the scintillation and Čerenkov signals in the lead structure.

component does not contribute to the muon Čerenkov signals (see Section 3). As328

a result, the Čerenkov signals have a somewhat broader radial shower profile than329

the scintillation signals and, therefore, the response is less dependent on the impact330

point of the particles.331

Effects similar to those depicted in Figure 10 were observed for the copper struc-332

ture. However, since the angular dependence of the response functions is consid-333

erably smaller than for lead to begin with, the differences between the response334

functions for the two types of fibers is less spectacular than in lead.335

4.3 Response, signal linearity and shower containment336

In the practice of particle physics experiments, a very important characteristic of337

a calorimeter is the precision with which one can measure the energy of particles338

developing showers in it. This precision is usually assessed by measuring the energy339

resolution for beams of mono-energetic particles entering the detector in a precisely340

known point and along a precisely known line. In this subsection, we discuss some341

other aspects of this problem.342

In this paper, we define the response of a calorimeter as the average signal per unit343

energy. A calorimeter is said to be linear if the signals it produces are proportional344

to the energy of the absorbed particles, in other words if the response is constant.345

We simulated the development of electrons of different energies, entering the calo-346

rimeter at different incident angles to investigate these issues.347
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Fig. 11. Angular dependence of the electromagnetic calorimeter response for lead. Shown
are the average scintillation (a) and Čerenkov (b) signals per GeV deposited energy as a
function of the azimuth angle of incidence φ. The tilt angle was 1◦ in these simulations.

Figure 11 shows the angular dependence of the response to electrons developing348

showers in the lead calorimeter. These results were obtained at 40 GeV, but the349

results at other energies were not significantly different. The tilt angle θ was chosen350

to be 1◦ in these simulations, and that did affect the results. The dip at φ = 1◦351

is a consequence of the fiber arrangement in the simulated structure. As can be352

seen in Figure 2c, particles entering the detector at angles φ = θ (e.g., 1◦,1◦) can353

travel through a very narrow corridor without encountering any fiber. We verified354

that this effect also occurs for other geometries in which the angles of incidence355

in the horizontal and vertical planes were the same (φ = θ). In each case, the φ356

dependence of the response exhibited a ∼ 1% dip in the vicinity of the tilt angle357

(θ). No such effects were observed at any other angle of incidence. The increased358

response at φ = 0 is a consequence of the impact point dependence discussed in359

the previous subsection (see for example Figure 7). Figure 11 shows that for angles360

φ > 1◦, the response is constant to within ±0.5%, at least for the scintillation361

signals. The Čerenkov response increases very slightly with the angle of incidence,362

by ∼ 1% between φ = 1◦ and 5◦. This is a consequence of the directionality of the363

Čerenkov light. As the angle of incidence increases, the acceptance of light emitted364

by the shower particles in the fibers gradually increases, to reach a maximum at the365

Čerenkov angle of 51◦ [16].366

The linearity of the calorimeter was determined from simulations of electrons en-367

tering it at an angle of (1.0◦,1.5◦), which corresponds to the orientation used in368

most of our beam tests. Results are shown in Figure 12, and indicate linearity to369

within ±0.5%, for electrons in the energy range from 5 - 150 GeV. Experimental370
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Fig. 12. The linearity of the simulated (copper) calorimeter, for electrons at an incident
angle of (1.0◦,1.5◦). The shaded area represents a constant response to within ±0.5%.

measurements have shown that the em response of the RD52 calorimeter was linear371

to within ±1% over the energy range 10 - 150 GeV [16].372

Simulations of the energy deposit profile made it possible to determine the energy373

fraction contained in one of our RD52 calorimeter towers or modules (see Figures374

1,2). For 100 GeV electrons, entering the detector along the fiber direction (i.e., an-375

gle of incidence 0,0) in the geometrical center, the simulations gave a containment376

of 87% in one tower and 96% in one 4-tower module. These numbers are consistent377

with those measured experimentally (e.g., 85% containment in one tower for par-378

ticles entering at (1.0◦,1.5◦) in a 10x10 mm2 squared area around the tower center379

[16]).380

4.4 The em energy resolution381

4.4.1 Angular dependence of the em energy resolution382

The small-angle effects on the em response function discussed in subsection 4.2383

also have important consequences for the electromagnetic energy resolution of this384

type of calorimeter. This em energy resolution is affected by Poisson fluctuations385

in the sampled energy fraction and in the number of photoelectrons. If this were all,386

one would expect the resolution to be better for the scintillation signals than for the387

Čerenkov ones. This is because the sampling structure is exactly the same for the388

two types of fibers, while the light yield for the scintillation process is much larger389

than for the Čerenkov effect. Yet, as illustrated by Figure 9, for small incidence390

angles the resolution is clearly better for the Čerenkov signals, especially in the391

case of the copper calorimeter.392

Figure 13 shows the em energy resolution in the lead calorimeter as a function of393

the azimuth angle of incidence. For angles φ > 2◦, the resolution is better for the394
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Fig. 13. The dependence of the energy resolution on the azimuth angle of incidence φ.
Results for 40 GeV electrons in the lead calorimeter structure. The tilt angle θ was 1◦ in
these simulations.

scintillation signals, but for smaller angles the Čerenkov signals provide a better395

resolution.396

These phenomena have the same origin as the differences observed between the397

Čerenkov and scintillation response functions (see Figure 10). At small angles of398

incidence, the scintillation response depends much more on the impact point than399

the Čerenkov response. This dependence on the impact point of the particles is re-400

sponsible for an additional contribution to the energy resolution. This contribution401

is in first approximation independent of the electron energy and thus leads to a con-402

stant term in the energy resolution. The Poisson fluctuations in the sampled energy403

fraction and the light yield each contribute a term that scales as E−1/2 to the en-404

ergy resolution and, therefore, the effects of the impact point dependence are most405

prominently visible at high energy.406

Figure 14 shows the energy resolution in the copper calorimeter for electrons at an407

incident angle of (1.0◦,1.5◦). The simulations were carried out for electron energies408

of 5 GeV and from 10 - 150 GeV in steps of 10 GeV. The results are represented409

by the curves drawn in Figure 14: A solid (blue) line for the scintillation signals, a410

dashed (red) line for the Čerenkov signals and a dotted (green) line for the sum of411

both signals. The figure also contains the experimental resolutions, measured with412

the RD52 copper calorimeter [16].413

The Čerenkov resolution was obtained using a quantum efficiency factor of 0.11,414

which corresponds to a light yield of ∼ 30 Čerenkov photoelectrons per GeV de-415

posited energy, in good agreement with measured values for this light yield [16].416

The figure also shows good agreement between the simulatied and measured em417

energy resolutions, both for the scintillation and the Čerenkov signals.418
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Fig. 14. The measured energy resolutions for the different signals as a function of the energy
for the RD52 copper calorimeter [16], together with the GEANT4 calculations. The angle
of incidence was (1.0◦,1.5◦).

The horizontal scale in the figure has been drawn linear in E−1/2. Therefore, if419

the resolution would be completely determined by Poisson fluctuations, the data420

would lie on a straight line through the bottom right corner. The figure shows that421

the scintillation data clearly deviate from such a straight line. As mentioned above,422

the impact point dependence contributes an energy independent term to the energy423

resolution, which may be estimated to be of the order of 2-3%. The Čerenkov data424

suggest that such a term contributes at maxiumum 1% to the energy resolution.425

Fig. 15. Scatter plot of the Čerenkov versus the scintillation signals for 100 GeV electrons
in the copper (a) and lead (b) calorimeter structures. Results from GEANT4 Monte Carlo
simulations.
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The figure also shows that the energy resolution for the sum of the scintillation426

and Čerenkov signals is somewhat smaller than observed in practice, although the427

energy dependence of this resolution is well described by the dotted (green) line.428

The predicted improvement in the energy resolution when combining both signals429

is somewhat surprising, since one would naively expect this improvement to be430

only due to the increased sampling fraction. Since the sampling fractions are iden-431

tical for the copper/scintillator and copper/Čerenkov structures, one would expect432

the improvement in the resolution to be at best a factor of
√
2. At high energies,433

this is about the improvement experimentally observed. Yet, the improvement in434

the simulated energy resolution is clearly better. We investigated the reasons for435

this and found that there is an anti-correlation between the simulated scintillation436

and Čerenkov signals, as illustrated in Figure 15. Such an anti-correlation can be437

understood from the fact that the signals depend, on average, on the distance be-438

tween the impact point and the nearest fiber that contributes to that signal, at least439

for the scintillation case (Figure 6). Apparently, this is also true for the Čerenkov440

signals and, therefore, adding both signals event by event leads to a substantial im-441

provement in the energy resolution, since the effects responsible for a constant term442

in the resolution for the individual signals cancel each other. We checked if there443

was any evidence for this effect in the experimental data, but did not find any. For444

this reason, the experimental resolutions are a bit larger than the ones predicted by445

GEANT4.446

Fig. 16. The simulated response functions for 100 GeV electrons in the scintillation (a)
and Čerenkov (b) channels, as well as the combined signal distribution (c), in the lead
calorimeter. The electrons entered the detector at an angle (1.0◦,1.5◦).

Not surprisingly, the predicted improvement in the energy resolution resulting from447

combining the two signals is even more spectacular for the lead structure. This is448

because the impact point dependence of the response function and, therefore, the449

constant term in the energy resolution is significantly larger than in the case of450

copper, as illustrated by the rms values in Figure 15. At 100 GeV, elimination of451

this effect by combining the two signals is predicted to improve the resolution of the452

combined signal by more than a factor of two, compared to that for the individual453

signals. This is shown in Figure 16. Also in this case, no experimental evidence for454

this prediction was obtained. In fact, the measured resolution for the sum of both455

signals was only marginally better than that for the Čerenkov signal alone [16].456
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4.4.2 Effects of an increase in the Čerenkov light yield457

Because of the good agreement between the simulated electromagnetic energy res-458

olutions and the experimental data, it is also interesting to assess the improvement459

that might be expected if the light yield could be increased. This light yield is460

clearly a limiting factor for the resolution achievable in the Čerenkov channel. As461

indicated in the previous subsection, the simulations leading to the results shown462

in Figure 14 assumed a quantum efficiency for the detection of Čerenkov light of463

0.11.464

Fig. 17. The predicted effect of an increase in the Čerenkov light yield on the em energy
resolution of the copper calorimeter. See text for details.

Figure 17 shows the effect of increasing this factor to 0.4 on the energy resolution465

in the Čerenkov channel and for the combined scintillator + Čerenkov signals. One466

consequence is that the Čerenkov resolution becomes better than the scintillation467

one for all energies greater than 10 GeV. Yet, the improvement of the energy resolu-468

tion for the combined signals, which provides in practice by far the best resolution469

achievable for the detection of electromagnetic showers, is relatively modest: From470

4.7% to 4.0% at 10 GeV and from 1.6% to 1.4% at 100 GeV.471

5 Results for Hadrons472

In the simulations of hadron showers, the emphasis was different than for the elec-473

tromagnetic ones. A lack of (sufficiently detailed) experimental data was a major474

consideration in that respect. Our main goal was to investigate if and to what extent475
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the dual-readout method, which has been proven to work so nicely in practice, was476

as meritorious in the simulations. Important in that context is that the production of477

π0s and other hadrons that develop em showers be correctly treated in the simula-478

tion of hadronic shower development. For meaningful comparisons with the exper-479

imental data, a correct description of the shower containment in the limited-volume480

detector is important too. The very-small-angle effects on the response function and481

the energy resolution that affected the em calorimeter performance play almost no482

role for hadronic showers, where typically hundreds (or more) fibers contribute sig-483

nificantly to the signals. On the other hand, saturation effects in the (scintillation)484

light production by densely ionizing particles are of great importance for hadron485

showers, while these effects are insignificant for em ones.486

5.1 Hadronic response functions487

Experimental data on the response of dual-readout calorimeters to hadrons are488

available for copper [8] and lead [18]. The hadronic response functions for 60 GeV489

pions in lead are shown in Figure 18. The experimental data are plotted in dia-490

gram a for the scintillation signals and in diagram b for the Čerenkov ones. The491

corresponding response functions predicted by GEANT4 are given in diagrams c492

(scintillation) and d (Čerenkov).493

Fig. 18. The response functions for 60 GeV pions in the lead based RD52 calorimeter.
Shown are the experimental data measured for the scintillation (a) and Čerenkov (b) signals,
as well as the simulated response functions for these two types of signals (c, d).
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The figure shows rather large discrepancies between the experimental data and the494

results of the simulations, both for the scintillation and the Čerenkov signals. In495

both cases, the mean value of the simulated response function was found to be496

quite a bit larger than the experimental value (48 vs. 43 GeV for the scintillation497

signals, 36 vs. 28 GeV for the Čerenkov ones). The characteristic asymmetric shape498

of the response function was somewhat better reproduced in the simulation of the499

Čerenkov signals, compared with the scintillation ones. The same was true for the500

rms widths of the signal distributions 6 .501

Fig. 19. The response functions for 100 GeV pions in the copper based DREAM calori-
meter. Shown are the experimental data measured for the scintillation (a) and Čerenkov (b)
signals [8], as well as the simulated response functions for these two types of signals (c, d).

The results of simulations of hadron showers in the copper based DREAM calo-502

rimeter were in better agreement with the experimental data. This is illustrated in503

Figure 19, which shows the response functions for 100 GeV pions. The experimen-504

tal data are given in diagram a (scintillation) and in diagram b (Čerenkov). The505

corresponding results of the simulations are shown in diagram c (scintillation) and506

d (Čerenkov). The large discrepancy between the average signals in the experimen-507

tal and simulated data for lead has largely disappeared and the shape and relative508

width of the simulated Čerenkov response function are in good agreement with the509

experimental results as well. However, the same cannot be said about the scintil-510

6 In order to make a more meaningful comparison with the experimental data, the rms
values of the simulated distributions were determined for signals larger than a certain cutoff
value, indicated by the arrows in Figures 18 and 19. The small signals were an artifact of
the (0,0) angle of incidence, and disappeared completely for angles as small as 0.2◦.
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lation response function. Just as in the lead case, this response function is more511

symmetric and narrow than the measured one.512

Fig. 20. Simulated scintillation signal distribution for 60 GeV pions in the RD52 lead ca-
lorimeter, without (a) or with (b, c) saturation effects for densely ionizing particles taken
into account. The experimental data are shown for comparison. They are represented by the
dots.

A major fraction of the non-em component of hadronic signals is caused by the513

numerous protons produced as a result of nuclear breakup reactions that take place514

in the shower development process. As described in Section 2.2, the signals from515

such protons (and from α particles and heavier nuclear aggregates) are subject to516

substantial saturation effects, described by Birks’ constant (Equation 1). We veri-517

fied that the large discrepancies observed between the simulated and experimental518

scintillation response functions, especially in the case of lead, were not caused by519
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a wrong parameterization of these saturation effects. To that end, we simulated 60520

GeV pion showers with different values for Birks’ constant:521

• kB = 0, i.e., no saturation,522

• kB = 0.126 mm/MeV, i.e., the established value for the type of scintillating fibers523

used in our detectors, and524

• kB = 0.299 mm/MeV, a value chosen because the average scintillation response525

equals that of the experimental distribution in that case.526

Figure 20 shows the simulated response functions for these three values. Satura-527

tion clearly affects the scintillation response function. The larger Birks’ constant,528

the smaller the calorimeter response. The response function also becomes more529

asymmetric, thus better resembling the experimental data. However, as one should530

expect, the value of kB barely affects the Čerenkov response function. The copper531

based calorimeter used exactly the same type of scintillating fibers as the lead mod-532

ule. Figure 19 shows that the scintillation response for this calorimeter is smaller533

than the experimental value. Increasing the kB value would further increase this534

discrepancy. Therefore, we don’t see a compelling reason for concluding that the535

literature value of the kB value, used in our simulations, is too small.536

Fig. 21. Distribution of the event-by-event difference between the scintillation and
Čerenkov signals for 60 GeV pions showering in the RD52 lead calorimeter. Shown are
the experimental data (a) and the results of GEANT4 simulations of this process (b).

Another argument against an increased kB value derives from considerations in-537

volving the event-to-event distribution of the difference between the scintillation538

and Čerenkov signals (S − C). For muons, S − C reveals the contribution of the539

ionization component to the signals (see Figure 3). For hadron showers, S − C540

is indicative for the distribution of the contribution of the non-relativistic shower541

component to the signals. Figure 21 shows the S − C distributions for the experi-542

mental and simulated lead data. The mean value of the simulated distribution (11.2543

GeV) is smaller than for the experimental data (14.7 GeV). Increasing the kB value544

in the simulations would further increase this discrepancy. This is a fortiori true for545
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the signals from the copper calorimeter, where the difference between the average546

values of the simulated S − C distribution (11.3 GeV) and the experimental data547

(17.6 GeV) is even larger than for lead.548

Figure 21 also shows that the experimental distribution is more narrow and symmet-549

ric than the simulated one. These features indicate that the source of the observed550

discrepancies is the description of the “nuclear” processes, in which large numbers551

of non-relativistic protons and neutrons are produced, and which form the source552

of the invisible energy, i.e., the nuclear binding energy which has to be provided by553

the showering particle and which does not contribute to any signal.554

Fig. 22. The scintillation response to pions as a function of energy. The average scintillation
signal per GeV is shown for the experimental data obtained with the DREAM calorimeter
[8] and for various GEANT4 Monte Carlo simulations for copper (see appendix for details).

Additional evidence in support of this conclusion may be derived from the non-555

linearity of the calorimeter response to pions. Experimentally, the average scintil-556

lation signal per unit energy was observed to increase by about 12% between 20557

and 100 GeV in the DREAM calorimeter (Figure 22). However, according to the558

GEANT4 simulations, the increase is considerably smaller (see the appendix for559

numerical details). Such a discrepancy was absent for the response of the calori-560

meter to the Čerenkov signals. Both for the lead and copper structures, GEANT4561

predicts an increase of about 10% for the average signal from 60 GeV pions, com-562

pared to that for 20 GeV ones. This is in good agreement with the experimental563

observations. Since the Čerenkov signals are overwhelmingly caused by the em564

component of the hadron showers, i.e., the π0 component, we conclude from these565

comparisons that this component, and in particular its event-to-event fluctuations,566

are relatively well described in the simulation code.567
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5.2 The dual-readout reconstruction of the energy568

The scintillation and Čerenkov signals simulated by GEANT4 were used to test the569

dual-readout method that has proven to be so successful with experimental data.570

Figure 23 shows scatter plots in which each dot represents the scintillation and571

Čerenkov signals for a given event. These simulated data concern 100 (a), 60 (b)572

and 20 (c) GeV pions developing showers in the copper based dual-readout calori-573

meter. These data were used to reconstruct the energy of the showering particles,574

using [19,20]575

Fig. 23. Scatter plots of the Čerenkov vs. the scintillation signals for 100 GeV (a), 60 (b)
and 20 GeV (c) pion showers in the copper based dual-readout fiber calorimeter, together
with the reconstructed signal distributions derived from these scatter plots (d, e, f ). Results
from GEANT4 Monte Carlo simulations.
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E =
S − χC
1− χ

, with χ =
1− (h/e)S
1− (h/e)C

. (2)

The parameter χ is determined by the e/h values of the scintillation and Čerenkov576

fiber calorimeter structures. These values were measured to be 4.7 and 1.3 for the577

DREAM calorimeter [8], which leads to χ = 0.29. This parameter value was used578

to reconstruct the observed energy distribution based on the simulated response579

functions for the scintillation and Čerenkov light. The results of this exercise are580

shown in Figures 23d (100 GeV), 23e (60 GeV) and 23f (20 GeV).581

Especially at large energies, the distributions obtained in this way are much better582

described by a Gaussian function than the individual scintillation and Čerenkov583

response functions (see Figure 19). This confirms the experimental observations584

[8]. Also the energy resolutions obtained in this way are not too different from the585

experimental values. For example, at 100 GeV, the GEANT4 simulations for copper586

give a resolution of 7.5%, while the experimental value was measured to be 8.2%587

for pions developing showers in the calorimeter and 7.0% for pions interacting in a588

target just upstream of the calorimeter.589

Yet, in one aspect, GEANT4 is clearly off, namely the fact that the average value of590

theE distribution is clearly too low. For fully contained showers, Equation 2 should591

reproduce the beam energy, and given the fact that the average side leakage is about592

10% in this calorimeter, one should expect an average value around 90% of the593

beam energy. Yet, the simulations give typically only 80% (Figure 23d, e, f ). This is594

obviously a consequence of the fact that the scintillation response was typically too595

small and the Čerenkov response somewhat too large (Figure 19). Also, the linearity596

of the reconstructed energy (E) was not as good as for the experimental data. In597

the energy range from 20 - 100 GeV, the average E value per GeV increased by598

2.4% in copper. This is a consequence of the discrepancies between the measured599

and calculated linearity of the scintillation response discussed in Section 5.1 (see600

Figure 22).601

5.3 Radial profiles and shower containment602

One of the reasons to embark on this study was to see to what extent the recon-603

struction of the hadron energy by means of the dual-readout method would benefit604

from enlarging the existing calorimeters. To that end, the structure simulated in605

GEANT4 (Figure 2) was enlarged to 7 × 7 modules, representing a lateral cross606

section of 65 × 65 cm2. We used this structure to measure the radial shower pro-607

file, as well as the effects of enlarging the fiducial detector volume on the response608

functions and the reconstructed dual-readout energy.609

Figure 24 shows the simulated radial profiles of 60 GeV pion showers developing610

in the copper (a) and lead (b) based fiber calorimeter structures. The energy mea-611
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Fig. 24. Radial profiles for 60 GeV pions developing showers in the RD52 copper (a) or
lead (b) based fiber calorimeters. Results from GEANT4 Monte Carlo simulations.

sured in thin cylindrical rings with a thickness of 1 mm is plotted as a function612

of their radius, i.e., the distance from the shower axis. The legends show the total613

energy deposited in a 3×3, 5×5 and 7×7 module structure with the impact point614

in its center (see Figures 1, 2). They also show that the total measured energy does615

not equal the beam energy. This is a consequence of “invisible energy”, in the form616

of lost nuclear binding energy, and neutrons, neutrinos and muons escaping from617

the detector. These losses are substantially larger in the case of a lead absorber. If618

we limit the analysis to the shower particles that do contribute to the calorimeter619

signal, we see that the energy leaking out of the experimentally tested (3×3) ca-620

lorimeters amounts to 9.7% in the case of copper and 7.8% in the case of lead, in621

good agreement with the measured characteristics.622

These simulation data were also used to evaluate to what extent the hadronic en-623

ergy resolution would improve if the calorimeter would be enlarged to a 5×5 or624

7×7 structure. The results, depicted in Figure 25, suggest a substantial improve-625

ment, especially at high energy, where the contributions of stochastic fluctuations626

to the energy resolution are so small that the resolution of the 3×3 calorimeter is627

dominated by fluctuations in shower leakage. For example, for 100 GeV pion show-628
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Fig. 25. The energy resolutions for 100 GeV and 60 GeV pions in dual-readout fiber ca-
lorimeters based on copper or lead absorber, respectively, as a function of the radial size
of these calorimeters (a). The reconstructed energy distribution for 100 GeV pions in a
7×7 module dual-readout copper-fiber calorimeter (b). Results of GEANT4 Monte Carlo
simulations.

ers in the copper calorimeter, the resolution is predicted to decrease from 7.5% in629

the 3×3 calorimeter to 5.2% in the 5×5 structure. A further increase to 7×7 mod-630

ules would improve this resolution to 4.5%. According to Figure 24, the average631

shower leakage (at 60 GeV) decreases from 9.7% (3×3) to 3.4% (5×5) to 1.8%632

(7×7) as a result of such an increase of the instrumented detector volume. Figure633

25b reconfirms the earlier observation (Figure 23) that the energy reconstruction634

based on the dual-readout formula (Equation 2) yields a value that is too low by635

∼ 10%.636

6 Discussion637

The GEANT4 simulation package is the most widely used one in particle physics638

experiments, and is usually attributed great authority. However, as we have learned639

from the program of tests described in this paper, it clearly has its limitations, at640

least if one accepts that experimentally measured data represent a higher level of641

reality. To our knowledge, this is the first simulation of the performance of a fiber642

calorimeter based on the detection of Čerenkov light (or at least one of which the643

results are made public). The following is a summary of what we have learned from644

the Monte Carlo simulations of the performance of dual-readout fiber calorimeters.645

• The simulation of the electromagnetic performance of the RD52 dual-readout ca-646

lorimeters gave in general rather good results. Especially the scintillation signals647

were quite well reproduced. We refer in this context to the energy dependence648
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of the muon signals (Figure 3), the energy dependence of the energy resolution649

for electrons in the copper calorimeter (Figure 14), the shower profiles and the650

related shower containment results (Section 4.3).651

• Some aspects of the Čerenkov signals were also quite well reproduced by the652

simulations. For example, at small angles of incidence the large difference be-653

tween the shape of the em response functions for the two types of signals con-654

firmed the experimentally observed reality (Figure 9). The same is true for the655

related fact that at high energies, the energy resolution is actually better when656

measured in the Čerenkov channel than in the scintillation one (Figure 14).657

• Yet, when looking in more detail, we also found simulation results that were658

clearly at variance with the measured reality. The difference between the simu-659

lated scintillation and Čerenkov signals for muons was significantly smaller than660

measured, while the simulated Čerenkov signals were systematically too large661

(Figures 3,4). Another simulation result that is in disagreement with the exper-662

imental data concerns the energy resolution achievable for the combined scin-663

tillation + Čerenkov signals (Figures 14,16). Despite the fact that the predicted664

resolutions for the individual signals are in good agreement with the measured665

ones, the combined resolution is in practice not as good as suggested by the sim-666

ulations. We have concluded that this discrepancy is the result of a perceived667

anti-correlation between the two types of signals which is in practice not ob-668

served (Figure 15). It is quite possible that at least some of these discrepancies669

are the result of a mistreatment of the requirement that the Čerenkov light has670

to be trapped within the numerical aperture of the fibers in order to contribute to671

the signals.672

• One interesting, and for us somewhat unexpected, result of the simulations is673

the advantage of copper as an absorber material, compared to lead, even for674

electromagnetic showers. The advantage is particularly evident for particles en-675

tering the calorimeter at very small angles with the fiber direction. In copper,676

the degradation of the performance is already insignificant for angles as small as677

0.2◦ (Figure 7), while the effects in lead are still noticeable at 2-3◦ (Figure 8).678

We have learned from these simulations that the orgin of this difference is the679

fact that the radiation length of copper is almost three times larger than for lead,680

while the Moliere radii (which govern the radial shower development) are about681

the same.682

• Concerning hadronic shower development, the properties of the Čerenkov com-683

ponent are better reproduced by GEANT4 than the scintillation component. We684

have established that the non-relativistic component of the shower development,685

which is completely dominated by processes at the nuclear level, is rather poorly686

described by GEANT4. Both the average size of this component, as well as its687

event-to-event fluctuations are at variance with the experimental data. This man-688

ifests itself in the shape of the simulated scintillation response function, which is689

too narrow and less asymmetric than the experimentally measured one (Figures690

18,19), and in the average contribution of the non-relativistic shower component691

to the calorimeter signals (Figure 21). The non-linearity of the calorimeter for692

hadronic signals is not well described for the scintillation signals (Figure 22).693
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Also in this respect, the agreement with the experimental data is better for the694

Čerenkov signals.695

• Yet, some aspects of hadronic shower development that are important for the696

dual-readout application are in good agreement with the experimental data. As697

examples, we mention the shape of the Čerenkov response function and the ra-698

dial shower profiles. Attempts to use the dual-readout technique on simulated699

shower data reasonably reproduced some of the essential characteristics and ad-700

vantages of this method: A Gaussian response function, hadronic signal linearity701

and improved hadronic energy resolution. The fact that the reconstructed beam702

energy is systematically too low may be ascribed to the problems with the non-703

relativistic shower component mentioned above.704

• For these reasons, we believe that the predicted improvement in the performance705

resulting from an increased detector size is realistic. The resolution of the instru-706

ments tested so far was clearly dominated by leakage fluctuations. An increase707

in the detector volume would reduce the effects of this, in which case resolutions708

of a few percent seem to be feasible.709
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Appendix - Effects of changes in the simulated geometry744

All simulations described in this paper were carried out for a calorimeter with a745

simplified structure, which was not exactly the same as for the detectors that col-746

lected the experimental data with which comparisons are being made. Especially in747

the DREAM calorimeter, the fiber arrangement was quite different (see Figure 1c),748

and the RD52 calorimeter contained air gaps which were not taken into account in749

the simulations.750

We have investigated the possible effects of these differences by means of a subset751

of additional simulations, in which the geometry was modified such as to better de-752

scribe the experimental reality. The results of this exercise, which can be subdivided753

into three parts, are described in this appendix.754

(1) We first investigated the possible effects of the presence of air in the RD52755

calorimeters (see Fig. 1a,b). To that end, we have simulated a geometry such756

as the one shown in Fig. 2c, but with each fiber surrounded by an air gap757
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with a thickness of 50 microns. The simulations with this structure were car-758

ried out with copper as absorber material. Since part of the copper is now759

replaced by air, the sampling fraction for mips increases from 3.9% to 4.4%.760

This may be compared with the sampling fraction of the RD52 copper calo-761

rimeter, which was 4.6% or 4.3%, depending on whether the fiber cladding762

is considered part of the active material or not. Other than the (trivial) effects763

resulting from the small increase in the sampling fraction, this change in the764

geometry had no significant effects on the results of the simulations. Because765

of the increased sampling fraction, the signals were somewhat larger and the766

calibration constants correspondingly smaller. The em energy resolution was767

also somewhat better, because of the reduced contribution of sampling fluc-768

tuations. However, the characteristic effects described in this paper, such as769

the angular dependence of the response function and the differences in that770

respect between the scintillation and Čerenkov signals (Figs. 6 - 13), or the771

anti-correlation between these two types of signals (Figs. 15,16) were not af-772

fected by this change in geometry.773

Some numerical information: The e/mip value was found to be 0.83 in this774

“air-gap geometry”, versus 0.84 without the air-gap. The energy resolution775

for 40 GeV electrons (Fig. 14) improved from 4.03% to 3.43% as a result776

of the air-gap in the scintillation channel. The experimental RD52 value was777

3.78±0.04%. For the Čerenkov channel, an improvement was observed from778

4.32% to 3.96% (experimental value 4.09±0.04%). For the combined S+C779

signals the resolution improved from 2.44% to 2.32% as a result of the air780

gap. The fact that the experimental value (2.85±0.03%) for this sum was781

∼ 20% larger than both these values is a consequence of the fact that the782

anti-correlation between the S and C signals (Figs. 16,17 with and without the783

air gap) was not observed in reality. In summary, we believe that the conclu-784

sions drawn on the basis of the original GEANT4 simulations for electrons785

remain valid after these checks.786

(2) To check the validity of some of our conclusions, we have implemented the787

DREAM geometry (see fig. 1c) in our simulation code. This code was used788

to simulate the response to hadrons and muons in copper, since some of the789

experimental data with which comparisons were made (figs. 3,4,19,22) were790

obtained with the DREAM calorimeter. The simulations with this DREAM791

geometry were carried out for 20, 60 and 100 GeV pions in copper, and also792

for muons with energies between 10 and 200 GeV traversing the DREAM793

calorimeter at 6 degrees with the fiber direction. The results obtained for the794

hadrons remained significantly different from the experimental data, both in795

terms of the response functions (fig. 19) and the hadronic signal linearity796

(fig. 22). For example, the non-linearity of the scintillation signals between797

20 and 100 GeV, which was measured to be 1.123±0.010, was found to be798

1.068±0.010 in these simulations, and the ratio σrms/mean for the scintilla-799

tion signals from 100 GeV pions, which was measured to be (12.3±0.2)%800

turned out to be (10.3±0.3)% according to these simulations.801

As in the RD52 geometry, the characteristics of the Cherenkov signals were802
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Fig. 26. The response functions for 100 GeV pions in the copper based DREAM calori-
meter. Shown are the experimental data measured for the scintillation (a) and Čerenkov (b)
signals [8], as well as the simulated response functions for these two types of signals in the
DREAM geometry (c, d), in the RD52 geometry with the FTFP BERT package (e, f ) and
in the RD52 geometry with the QGSP BERT package (g, h).

35



better reproduced than those of the scintillation signals in the simulations with803

the DREAM geometry. For example, the energy resolution for 100 GeV pions804

(σrms/mean) was found to be (17.8±0.5)% with the DREAM geometry, vs.805

(17.7±0.4)% with the RD52 geometry (FTFP BERT) , while the measured806

value was (18.4±0.3)%. Also, the mean value of the Cherenkov signals was807

in better agreement with the experimental result (65.5 GeV for the DREAM808

simulations, 64.0 GeV measured) than for the scintillation signals (75.5 GeV809

for the DREAM simulations, 81.7 GeV measured).810

For electron showers, where the number of fibers that contribute significantly811

to the signals is one to two orders smaller than for hadrons, the experimen-812

tally observed differences between the response functions for the two types813

of signals [21] were confirmed in the simulations with the DREAM geometry814

(As for all other simulations, 40 GeV electrons were used to determine the815

calibration constants).816

The GEANT4 simulations of the signals from muons (to which even fewer817

fibers contributed) gave somewhat better agreement with the experimental818

data when the DREAM geometry was used, even though the essential fea-819

tures of the data were also reproduced for simulations with the RD52 geom-820

etry. This was in particular true for the increase of the signals with the muon821

energy and the fact that the scintillation signal was larger than the Čerenkov822

signal, by an energy independent amount (figure 3).823

(3) We have also used the original (RD52) geometry for hadron simulations with824

a different hadron package implemented in GEANT4, QGSP BERT. The sim-825

ulations with the QGSP BERT package were also carried out for 20, 60 and826

100 GeV pions in copper (RD52 geometry). The differences with the results827

obtained with the FTFP BERT package were minor and did not significantly828

improve the main discrepancies between experimental and simulated perfor-829

mance. For example, the distribution of the scintillation signal (fig. 20) was830

still more narrow and more symmetric than in reality. The ratio σrms/mean for831

100 GeV pions was found to be (9.4±0.3)% for FTFP BERT, (9.7±0.3)% for832

QSGP BERT, vs. (12.3±0.2)% in the experiment. The non-linearity between833

20 and 100 GeV (i.e., the ratio between the average signal per GeV at 100 and834

at 20 GeV, see fig. 22), which was measured to be 1.123±0.010, was simulated835

to be 1.039±0.008 with FTFP BERT and 1.051±0.008 with QGSP BERT.836

Figure 26 summarizes the results obtained for the different simulations of 100837

GeV π− showers, and the non-linearity of the hadronic scintillation signals838

obtained with the different simulations is shown in Figure 22.839

In summary, we believe that the conclusions drawn on the basis of the original840

hadron simulations remain valid after these checks.841
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List of Figures842

1 Front view of the tested SuperDREAM calorimeter, and the basic843

structure of the lead (a) or copper (b) based modules. For comparison,844

the structure of the original DREAM calorimeter is shown as well (c).845

All dimensions are given in mm. 3846

2 The simulated calorimeter structure. Shown are part of the front face,847

including the 10×10 mm2 beam size used in the simulations (a), the848

entire calorimeter module oriented at a tilt angle θ and an azimuth angle849

φ with respect to the incident particle beam (b), and a detail of the front850

face showing the fiber arrangement (c). 4851

3 The average measured energy loss by muons in the DREAM copper852

calorimeter, as a function of the muon energy. The experimentally853

measured results are compared with the GEANT4 simulated ones.854

The DREAM calorimeter was calibrated with 40 GeV electrons. The855

simulations were performed for the actual (DREAM) structure of the856

calorimeter with which the experimental data were obtained (Figure 1c). 8857

4 The ratio of the average Čerenkov and scintillation signals from muons858

traversing the calorimeter, as a function of the muon energy. The859

experimentally measured results [9] are compared with the GEANT4860

simulated ones. The calorimeters were calibrated with 40 GeV electrons,861

and the simulations were performed for the actual (DREAM) structure of862

the calorimeter with which the experimental data were obtained (Figure863

1c). 9864

5 Distribution of the energy deposited by 40 GeV electrons in the865

scintillating fibers of the lead (a) and the copper (b) calorimeter structure.866

The angle of incidence of the electrons (θ, φ) was (1.0◦,1.5◦) in these867

GEANT4 simulations. 9868

6 Distribution of the energy deposited by 40 GeV electrons in the869

scintillating fibers of the lead (a) and the copper (b) calorimeter structure.870

The angle of incidence of the electrons (θ, φ) was (0◦,0◦) in these871

GEANT4 simulations. 11872

7 Distribution of the energy deposited by 40 GeV electrons in the873

scintillating fibers of the copper calorimeter structure. The angle of874

incidence of the electrons (θ, φ) was (0◦,0◦) in diagram a and (0.2◦,0.2◦)875

in diagram b. Results from GEANT4 simulations. 12876
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8 The normalized χ2 of a Gaussian fit (χ2/ndf) to the response function877

(a) and the ratio of the rms width and the σ of a Gaussian fit (b) as a878

function of the azimuth angle of incidence φ of the 40 GeV electrons.879

The tilt angle θ was chosen to be 1◦ in all simulations. Results are given880

separately for these GEANT4 simulations of em shower development in881

the lead and copper/scintillating-fiber structures. 13882

9 Comparison of the response functions to 40 GeV electrons for the883

scintillator (a, c) and Čerenkov (b, d) channels in the lead (top row) and884

copper (bottom row) calorimeter structures. The angle of incidence (θ, φ)885

in these GEANT4 simulations was (1.0◦, 1.0◦) in lead and (0.4◦, 0.4◦) in886

copper. These values were chosen because of the substantial differences887

between the quality of Gaussian fits to the scintillation and Čerenkov888

response functions at these angles. 14889

10 The χ2 of a Gaussian fit to the response function (a) and the ratio of the890

rms width and the σ of a Gaussian fit (b) as a function of the azimuth891

angle of incidence φ of the 40 GeV electrons. The tilt angle θ was chosen892

to be 1◦ in all these GEANT4 simulations. Results are given separately893

for the scintillation and Čerenkov signals in the lead structure. 15894

11 Angular dependence of the electromagnetic calorimeter response for895

lead. Shown are the average scintillation (a) and Čerenkov (b) signals per896

GeV deposited energy as a function of the azimuth angle of incidence φ.897

The tilt angle was 1◦ in these simulations. 16898

12 The linearity of the simulated (copper) calorimeter, for electrons at an899

incident angle of (1.0◦,1.5◦). The shaded area represents a constant900

response to within ±0.5%. 17901

13 The dependence of the energy resolution on the azimuth angle of902

incidence φ. Results for 40 GeV electrons in the lead calorimeter903

structure. The tilt angle θ was 1◦ in these simulations. 18904

14 The measured energy resolutions for the different signals as a function905

of the energy for the RD52 copper calorimeter [16], together with the906

GEANT4 calculations. The angle of incidence was (1.0◦,1.5◦). 19907

15 Scatter plot of the Čerenkov versus the scintillation signals for 100 GeV908

electrons in the copper (a) and lead (b) calorimeter structures. Results909

from GEANT4 Monte Carlo simulations. 19910

16 The simulated response functions for 100 GeV electrons in the911

scintillation (a) and Čerenkov (b) channels, as well as the combined912

signal distribution (c), in the lead calorimeter. The electrons entered the913

detector at an angle (1.0◦,1.5◦). 20914
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17 The predicted effect of an increase in the Čerenkov light yield on the em915

energy resolution of the copper calorimeter. See text for details. 21916

18 The response functions for 60 GeV pions in the lead based RD52917

calorimeter. Shown are the experimental data measured for the918

scintillation (a) and Čerenkov (b) signals, as well as the simulated919

response functions for these two types of signals (c, d). 22920

19 The response functions for 100 GeV pions in the copper based921

DREAM calorimeter. Shown are the experimental data measured for the922

scintillation (a) and Čerenkov (b) signals [8], as well as the simulated923

response functions for these two types of signals (c, d). 23924

20 Simulated scintillation signal distribution for 60 GeV pions in the RD52925

lead calorimeter, without (a) or with (b, c) saturation effects for densely926

ionizing particles taken into account. The experimental data are shown927

for comparison. They are represented by the dots. 24928

21 Distribution of the event-by-event difference between the scintillation929

and Čerenkov signals for 60 GeV pions showering in the RD52 lead930

calorimeter. Shown are the experimental data (a) and the results of931

GEANT4 simulations of this process (b). 25932

22 The scintillation response to pions as a function of energy. The average933

scintillation signal per GeV is shown for the experimental data obtained934

with the DREAM calorimeter [8] and for various GEANT4 Monte Carlo935

simulations for copper (see appendix for details). 26936

23 Scatter plots of the Čerenkov vs. the scintillation signals for 100 GeV937

(a), 60 (b) and 20 GeV (c) pion showers in the copper based dual-readout938

fiber calorimeter, together with the reconstructed signal distributions939

derived from these scatter plots (d, e, f ). Results from GEANT4 Monte940

Carlo simulations. 27941

24 Radial profiles for 60 GeV pions developing showers in the RD52 copper942

(a) or lead (b) based fiber calorimeters. Results from GEANT4 Monte943

Carlo simulations. 29944

25 The energy resolutions for 100 GeV and 60 GeV pions in dual-readout945

fiber calorimeters based on copper or lead absorber, respectively, as a946

function of the radial size of these calorimeters (a). The reconstructed947

energy distribution for 100 GeV pions in a 7×7 module dual-readout948

copper-fiber calorimeter (b). Results of GEANT4 Monte Carlo949

simulations. 30950
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26 The response functions for 100 GeV pions in the copper based951

DREAM calorimeter. Shown are the experimental data measured for the952

scintillation (a) and Čerenkov (b) signals [8], as well as the simulated953

response functions for these two types of signals in the DREAM954

geometry (c, d), in the RD52 geometry with the FTFP BERT package955

(e, f ) and in the RD52 geometry with the QGSP BERT package (g, h). 35956
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