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Abstract: A comprehensive multi-jet physics program is anticipated for experiments at future colliders.

Key physics processes necessitate detectors that can distinguish signals from W and Z bosons and the

Higgs boson. Typical examples include channels with W+W− or ZoZo pairs and processes involving

new physics in those cases where neutral particles must be disentangled from charged ones due to

the presence of W or Z bosons in their final states. Such a physics program demands calorimetric

energy resolution at or beyond the limits of traditional calorimetric techniques. Multiple-readout

calorimetry, which aims to reduce fluctuations in energy measurements of hadronic showers, is a

promising approach. The first part of this article reviews dual- and triple-readout calorimetry within

a mathematical framework describing the underlying compensating mechanism. The second part

proposes a potential implementation using an integrally active and total absorption detector. This

model serves as the basis for several Monte Carlo studies, illustrating how the response of a multiple-

readout calorimeter depends on construction parameters. Among the layouts considered, one

configuration operating in triple-readout mode shows the potential to achieve an energy resolution

approaching 20%/
√

E.

Keywords: calorimetry; dual readout; triple readout; integrally active calorimetry; ADRIANO

calorimeter

PACS: 29.40.Ka; 29.40.Mc; 29.40.Vj

1. Introduction

The physics programs envisaged for the experiments at future lepton and hadron
colliders will be dominated by studies of processes involving multi-jet events. In such an
environment, calorimeters will play a fundamental role. Broad-based R&D and Monte
Carlo simulation activity is in progress within the high-energy community (see, for example,
Refs. [1,2] and references therein). Funding agencies have also recognized the urgency
of considerably improving the performance of hadronic calorimeters intended for future
HEP experiments [3]. A clear pattern has emerged from those studies: disentangling the
experimental signatures of processes where the W and Z bosons appear in the final states
is crucial to achieving physics results. A straightforward example is represented by the
study of the following two processes: e+e− → HZ → W+W−x and e+e− → HZ → ZoZox.
These processes can, in fact, be distinguished only upon the successful reconstruction and
identification of the W± and of the Z0 bosons in the final state. A consensus has been
established on the fact that the minimum hadronic energy resolution of calorimetric systems
needed to distinguish the W from the Z signal is σ(E)/E ≈ 30%/

√
E [4]. Such a resolution is

unprecedented in the history of experiments at high-energy colliders, where the resolution
of conventional calorimeters is limited, among other factors, by the fluctuation in the
electromagnetic content of the hadronic shower and by the unequal response of such
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devices to the electromagnetic (EM) and hadronic components of the shower itself [5]
(i.e.,

(

e
h

)

̸= 1). In the past, nearly perfect compensation has been reached only by very
massive compensating calorimeters intended for fixed-target experiments, where

(

e
h

)

≈ 1 is
achieved by construction with a small volume ratio between passive and active materials [6],
or by sampling calorimeters adopting U/scintillator layers [7]. The large volume needed
to contain the showers in such compensating calorimeters, which is a consequence of
the relatively low density of these systems, makes them impractical in experiments with
colliding beams. Therefore, it would be challenging to achieve adequate compensation
with such a technique and, at the same time, sufficient shower containment.

In recent years, an alternative technique has been developed to suppress the above
effects: dual-readout calorimetry [8], based on an event-by-event evaluation of the electro-
magnetic fraction of the shower. Such a technique relies on the simultaneous measurement
of signals generated by different detection mechanisms of the hadronic shower, thus provid-
ing complementary information on the composition of the shower itself. The fundamental
principles of dual-readout calorimetry have been extensively discussed in the scientific
literature, and a large-size prototype has been successfully assembled and operated by the
DREAM collaboration since 2004 [8].

Dual-readout calorimetry falls into two broad categories: sampling and integrally
active. A short discussion of the main differences between the two categories is presented
in Section 2.1. The sampling dual-readout techniques have been extensively investigated
by the DREAM [8] and the 4th Concept collaborations [9]. In recent years, there has been
renewed interest in the technique from the IDEA collaboration [10,11]. The results from
several test beams and extensive simulations indicate that these techniques can provide
excellent energy resolution at a reasonable cost. However, compared to the integrally active
techniques, sampling calorimetric techniques introduce two new and non-negligible sources
of fluctuations: Poisson fluctuations in the Cherenkov signal, induced by the typically low
photo-electron statistics; and sampling fluctuations, induced by the unobserved energy
deposited in the passive absorber. Such fluctuations not only degrade the energy resolution
of hadronic showers, but also have detrimental consequences on the detection of purely
electromagnetic showers, due to the smaller size of the latter, most often comparable to the
characteristic pitch of the active regions of the hadron calorimeter. Consequently, the energy
measurement of high-energy jets, where sizable contributions of electromagnetic particles
are present, is similarly affected. The obvious, and almost universally adopted, solution to
this problem relies on designing a detector with two distinct regions: a front electromagnetic
section and a rear hadronic section. The drawback of such an approach is that the two
sections most often consistsof media with very different properties, and consequently,
different detector responses, which degrades the energy resolution of hadronic particles
and jets. This is due to the fact that the measurement depends on where the shower
begins, introducing additional fluctuations that affect showers whose development spans
both sections.

Conversely, an integrally active dual-readout calorimeter, where both the Cherenkov
and the scintillation sections are active, overcomes the above limitations. Therefore, not
only is the energy resolution of hadronic showers improved, but also the calorimeter
is capable of detecting electromagnetic showers with a resolution comparable to that of
dedicated devices. An immediate consequence is that there is no need for two separate
calorimetric sections and all kinds of showers, electromagnetic as well as hadronic, can be
detected with the same device.

Integrally active dual-readout was pioneered by the DREAM/RD52 collaboration [12],
which successfully demonstrated that the mixture of scintillation and Cherenkov light
generated by charged particles in the bulk of a crystal can be separated with various
methods. Further studies indicated that the performance of a purely crystal-based dual-
readout calorimeter is inferior to that of a sampling dual-readout calorimeter [13], mainly
because of the low efficiency in collecting the Cherenkov signal. Another reason for the
above is that absorption bands in the crystal can absorb a fraction of the Cherenkov light



Instruments 2024, 8, 49 3 of 36

(which covers all the spectrum) and re-emit it as scintillation light. This inherently stochastic
process introduces another fluctuation in the components of the shower, nullifying, in part,
the compensating effect of dual readout. More recently, a hybrid dual-readout calorimeter
has been proposed [14], consisting of a crystal-based front section and a sampling (fiber-
based) rear section.

A different approach to integrally active dual-readout calorimetry is offered by the
ADRIANO technique, based on signals produced in optically separated glasses (C signals)
and scintillating fibers (S signals). The latter is discussed in great detail in the second part
of this paper.

This paper is organized as follows. In Section 2, we discuss the dual-readout technique,
providing the formulae and the design principles of a dual-readout calorimeter. In Section 3,
we extend the previous concept to triple readout. Sections 4–6 introduce the ADRIANO
calorimeter and the algorithms used to estimate its detector response. Performance studies
are presented in Section 7. Section 8 discusses our results, leading to the conclusions
presented in Section 9.

2. The Dual-Readout Concept

This section will briefly summarize a few special points related to the dual-readout
concept; they will be crucial in setting the mathematical formulae and guidelines for its
implementation in an actual detector.

A typical hadronic shower is composed of electromagnetic (electrons and positrons
from γ-particles and from πo decays) and hadronic particles (such as p, n, π±). Such
electromagnetic and hadronic particles induce different responses in a detector. In other
words, if an electromagnetic and a hadronic particle deposit the same energy, the device
returns a different signal. Stochastic fluctuations between the electromagnetic and the
hadronic components in the process of shower generation are responsible for the most
significant uncertainties in the energy measurement, unfavorably affecting the performance
of hadronic calorimeters. The dual-readout technique is based on measuring the signals
produced by the relativistic particles independently, corresponding to the electromagnetic
component of the hadronic shower and the signal produced by all charged particles.

In all practical respects, a dual-readout calorimeter comprises two independent
calorimeters sharing the same absorber. The energy of a shower that develops in the
absorber is measured in each device, thus providing two independent measurements of
the same physics process. If one of these calorimeters is predominantly sensitive to EM

particles while the second is sensitive to all ionizing particles, then those two independent
measurements provide complementary information from the shower. For the remainder
of this article, and for the sake of clarity, we assume that the section of the calorimeter
predominantly sensitive to electromagnetic (EM) particles operates based on the Cherenkov
effect. Electrons and positrons, which form the charged component of an EM shower,
contribute most significantly to the signal C in this section, while slower hadronic charged
particles (primarily pions and protons) are generally below the Cherenkov threshold. Sim-
ilarly, we assume that the signal S, from the section of the calorimeter sensitive to all
ionizing particles, is generated via the scintillation process, such as in scintillating plastic
materials. In some respects, dual readout could be considered as having a binocular view
of the shower parameters, as compared with a monocular view obtained with conventional,
single-readout devices. In practice, the two independent measurements performed on a
shower can be employed, for example, to compensate the energy measurement of the
impinging particle by mitigating the effect of the fluctuation to improve the linearity of the
calorimeter and to obtain information on the particle ID.

The basic principles for achieving such compensation are summarized in the following
formulas. The two responses of each component of a dual-readout detector are defined as

C =

[

fem +
1 − fem

ηC

]

E (1)
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S =

[

fem +
1 − fem

ηS

]

E. (2)

where E is the unknown energy we want to measure, S and C are, respectively, the scintil-
lating and Čerenkov responses of the device, fem is the EM fraction of the shower, and

(

e

h

)

C

≡ ηC and

(

e

h

)

S

≡ ηS (3)

are two constants describing the response of the two dual-readout elements of the calorimeter.
As long as Equations (1) and (2) are independent, the system can be solved for the

unknowns fem and E, directly determining the shower energy compensated for in the
EM fraction fluctuations. As already remarked by D. Groom [15] and R. Wigmans [16],
Equations (1) and (2) can be solved to obtain

Ecorr =
S − tan(θC/S)C

1 − tan(θC/S)
(4)

where tan(θC/S) = 1−1/ηC
1−1/ηS

(the quoted authors use, respectively, 1/R and χ in place of

tan(θC/S). The reason for the nomenclature introduced in the present article will become
clear in Section 2.3) The variance of Ecorr is, to a first approximation,

σ2
Ecorr

=

(

1

1 − tan(θC/S)

)2

σ2
S +

(

tan(θC/S)

1 − tan(θC/S)

)2

σ2
C (5)

where σS and σC are the standard deviations of, respectively, S and C.
If tan(θC/S) ≫ 1, then σ2

Ecorr
is smaller than either σ2

S and σ2
C and the net effect is an

improvement in the energy resolution of the device. Since S and C are measured for each
shower and tan(θC/S) depends exclusively on the design of the detector, the compensation
for the EM fluctuations occurs on an event-by-event basis. We show in Section 6.2 that an
unexpected (and excellent) consequence of the mechanism of compensation is that Ecorr

follows a Gaussian distribution (rather than a skewed one, as for the case of S and C) and
that the behavior of the detector response function is linear.

2.1. Active Regions

As mentioned in Section 1, dual-readout calorimeters are grouped into two broad
categories: sampling and integrally (or totally) active calorimeters. The former uses a
passive absorber to help stop the impinging particle, as the shower is sampled by the S-
and C-active elements interspersed with the absorber. In integrally active calorimeters,
the absorber is also an active material responsible for the production of one or both of the S
and C signals. A review of the two methodologies can be found in Reference [5]. In the
following, we discuss the most relevant differences between them.

2.1.1. Sampling Calorimeters

The most popular sampling dual-readout calorimeters employ scintillating and clear
fibers embedded in a passive absorber [8,10,11]. The two kinds of fibers provide the S and
C signals separately. The main advantage of sampling calorimeters is that the absorber can
be made to be dense and inexpensive, minimizing the cost and size of the detector simulta-
neously. On the other hand, all these advantages come at the cost of introducing sampling
fluctuations in the measurements (cf. Section 1 above). This consequence is because the de-
velopment of EM and hadronic showers is governed by two distinct parameters, Xo and λI ,
respectively, which, for a typical absorber material differ by about one order of magnitude.
As a consequence, the process of designing a calorimeter for detecting, at the same time,
EM and hadronic particles usually requires severe compromises, resulting in a device with
either poor EM performance (when optimized for hadrons) or that is impractical to build be-
cause of its large size (when optimized for EM particles). An example of the large sampling
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fluctuations expected for EM showers in a typical sampling dual-readout calorimeter with
a brass absorber is shown in Figure 1. The two plots show the number of photoelectrons
expected from scintillating and quartz fibers for 40 GeV electrons impinging at different
positions on the surface of a fiber calorimeter. Such fluctuations alone contribute about
4% to the stochastic term of the energy resolution. As mentioned in Section 1, an obvious
solution to the above problem would be designing a detector with a front EM section and a
rear hadronic section. This solution would have a cost in terms of a further deterioration in
the hadronic energy resolution due to the introduction of another fluctuation, namely, the
fraction of the energy deposited across the two sections. The situation becomes especially
problematic in the case of experiments aiming at detecting high-energy jets. Such jets
consist of EM and hadronic particles (in general with unknown and fluctuating abundances)
spread across areas comparable to the granularity of the detector. The corresponding
sampling fluctuations induce a significant contribution to the stochastic term, resulting
in an inferior performance of the device compared to the case where individual particles
are detected. A thorough investigation of the matter was performed by the 4th Concept
collaboration [9].

Figure 1. Photoelectrons from scintillating (left) and quartz (right) fibers vs. impinging point for

40 GeV electrons in a brass-based sampling dual-readout calorimeter with 1 mm fiber spacing. The

detector is tilted at 2.7° with respect to the vertical plane (ILCroot simulation [17]).

2.1.2. Integrally Active Calorimeters

The unfavorable effect of sampling fluctuations disappears, or it is significantly re-
duced, in the case of integrally active dual-readout calorimeters. In this case, the absorber
is an active material, and the S and C signals generated by the shower are integrally de-
tected (with the apparent exceptions of leakage and punch-through). Most often, such
detectors are homogeneous. Consequently, their performance for EM showers is expected
to be excellent.

Dual-readout hadronic calorimeters using homogeneous materials like crystals have
already been discussed in Section 1, along with their limitations in terms of energy resolu-
tion. That technique has been abandoned in favor of a hybrid layout, with a front section
made of crystals and a rear section based on a sampling dual-readout detector.

Another possible integrally active technique is based on a non-homogeneous layout,
using, for example, lead glass for the Cherenkov and scintillating plastic for the second
component. This strategy overcomes most of the limitations of both the sampling and the
integrally active homogeneous techniques described above. An implementation of this,
ADRIANO, is discussed in the second part of this article.

2.2. Methods for Separating the Scintillation and Cherenkov Light Components

Currently, two techniques are used to separate the scintillation and Cherenkov compo-
nents of a shower. In one method, the scintillation and Cherenkov photons are generated
in physically separate media, and read by distinct photodetectors [8,9,18]. Each medium is
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chosen to optimize the corresponding light production and tan(θC/S) (see above). Plastic
scintillators are used to generate the scintillation signal and transparent materials with
a high refractive index are chosen to produce Cherenkov signals (like quartz, lead glass,
and lead fluoride, among others). This method has the advantage that scintillation and
Cherenkov light are well distinguished, with minimal or no cross-talk.

The second method is mainly adopted in integrally active homogeneous calorimeters,
where the absorber consists of a homogeneous active medium capable of simultaneously
generating scintillation and Cherenkov light [12]. The two signals are separated by the
different nature of their production mechanisms, such as fluorescence of specific molecules
in one case and Cherenkov effect in the other. The light produced in these two cases exhibits
special properties regarding, for example, its directionality (isotropic vs. directional), time
structure (presence of one or more decay constants vs. prompt), and light spectrum (narrow
emission curve vs. 1/λ2 behavior, light is polarized). Any combination of these can be
exploited to obtain some separation of the two signals.

A comparison of the separation power for the above methodologies has been published
by the DREAM/RD52 Collaboration (see, for example, ref. [19]). The superiority of the
technique where physically separate media are used for the production of the scintillation
and Cherenkov signals is straightforward, resulting in contamination between the S and C
signals at the few percent level. This technique was chosen for the design of ADRIANO.
Other similar integrally active techniques are presently being investigated by other groups,
where plastic scintillators are replaced by single crystalline fibers [20,21].

2.3. Figures of Merit of a Dual-Readout Calorimeter

The most critical parameters affecting a dual-readout calorimeter’s (stochastic) perfor-
mance are light yield and the θC/S angle. They are briefly discussed below.

1. Light yield. From general principles of calorimetry, it is well known that the concomi-
tant effects of fluctuations in the development and detection of a particle shower
are at the origin of the stochastic term in the energy resolution function. Therefore,
experimentalists devote considerable effort to keeping those fluctuations at the small-
est possible level. Of course, these arguments apply to both the Cherenkov and
scintillation components for a dual-readout calorimeter. Since a hadronic shower has
irreducible fluctuations related to the intrinsic fluctuation of the nuclear processes
occurring between the shower particles and the detector, we want to keep stochastic
fluctuations small compared to the latter. The theoretical limit for the stochastic term
due to the nuclear effect is ≈10–15% [16] (corresponding to about 30–45 pe/GeV).

2. The θC/S angle. The requirement for the system of Equations (1) and (2) to have a
solution is that ηC and ηS have different values [22]. In that case, it can be solved for
fem and Ecorr on an event-by-event basis. In practice, the scintillation and Cherenkov
signals provide complementary information regarding the same EM or hadronic
shower, which can be exploited to improve energy measurements. If ηC = ηS, that
complementarity is lost, as the two readouts do not provide independent information.
This is shown graphically in Figure 2 for a 40 GeV π− meson impinging onto a
typical sampling calorimeter with a brass absorber, and scintillating and quartz
fibers spaced by 1 mm. The point of the plot with coordinates (1, 1) corresponds
to the cases where the primary particles decay predominantly via EM processes
(essentially, π0 and η particles). In contrast, the point (1/ηC,1/ηS) corresponds to
the opposite extreme case of a shower mostly populated by particles decaying non-
electromagnetically. When the above points lie on the C/S = 1 line, the determinant
of Equations (1) and (2) is null and the systems cannot be solved. On the other
hand, the larger the angle θC/S the segment (1/ηC,1/ηS)-(1, 1) forms with the S
axis, the more precise is the determination of Ecorr, since its variance σ2

Ecorr
decreases

correspondingly (cf. Equation (5)). Therefore, θC/S can be considered as a figure of
merit of the compensation power of a dual-readout calorimeter: as already noted in
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Section 1, the larger θC/S, the more compensating is the calorimeter. From Figure 2,
we can express θC/S in terms of ηC and ηS through the following relationship:

tan(θC/S) =
1 − 1/ηC

1 − 1/ηS
. (6)

From the practical point of view, a significant value of θC/S corresponds to a large
skewness of the response function of the Cherenkov readout for EM and hadronic particles.
It can be obtained, for example, by choosing a Cherenkov radiator with a low value of
the refractive index nD. The lower nD, the fewer the number of hadronic particles in the
shower above the Cherenkov threshold.

Figure 2. Scatter plot of Cherenkov and scintillating signals for 40 GeV π− in a brass-based sampling

dual-readout calorimeter with 1 mm fiber spacing (ILCroot simulations). The slope of thick red line

equals tan(θC/S). The blue line corresponds to a calorimeter with no compensation. Refer to text for

explanation of the symbols.

We stress again that the light yield and θC/S depend exclusively on the detector’s
layout. The difference between ηC and ηS should be as large as possible for the dual-readout
technique to be more effective.

3. Triple-Readout Calorimetry

Even if a dual-readout calorimeter is a promising detector to improve the energy
resolution for neutral hadrons, there are still margins for improvement. In fact, there are
three components of a hadronic shower that induce a different response in the calorimeter:
(a) the electromagnetic, (b) the non-neutron hadronic, and (c) the neutron components.
Figure 3 shows a scatter plot of the Cherenkov signal (A.U.) and the fraction of energy
deposited by neutrons in a shower generated by a 45 GeV π− in a dual readout calorimeter
(ILCroot simulation using Geant4 v10). Such a large fluctuation affects the final energy
resolution of the device and cannot be compensated with simple dual-readout methods.

Therefore, to further improve the energy resolution of a hadron calorimeter, the
third component, namely, the neutron component, must be measured separately from the
previous two. A detector with such properties would be a triple-readout calorimeter.

The next most significant contribution to the fluctuation in the observable energy of a
shower is due to the binding energy losses in a nuclear break-up. Most of the neutrons in a
hadronic shower have very little kinetic energy (≈1–10 MeV range), but they consume a
significant fraction of the shower energy as invisible energy—namely, the nuclear binding
energy. This energy must be supplied by the showering particle and does not contribute to
the detectable signal. The latter is proportional to the number of neutrons with kinetic en-
ergy of 1–2 MeV produced during the shower’s final development. Therefore, a calorimeter
that can distinguish between the signals generated by 1–10 MeV neutrons can be used to
correct the fluctuations of the binding energy losses. Neutrons in this energy range are
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most easily measured with a hydrogenous medium, usually a hydrocarbon, by detecting
the proton elastic recoils from the np → np scatters. The kinematics of equal-mass elastic
scattering are such that the neutron loses one-half of its kinetic energy per collision, i.e., the
recoiling proton is in the MeV energy range, and it can easily be detected in, for example,
a plastic scintillator which has a high hydrogen content. A viable way to achieve the sepa-
ration between the signals produced by neutrons and those from the remaining particles is
by considering the time development of the shower, since the neutron component has a
much longer tail.

Figure 3. Scatter plot of the Cherenkov signal (A.U.) and the fraction of energy deposited by neutrons

in a shower generated by a 45 GeV π− (ILCroot simulation).

To demonstrate the significance of this technique, we show in Figure 4 the simulated
time distribution of the light generated in the scintillating fibers by the protons (left) and
the neutrons (right) of a 100 GeV π− impinging onto a sampling fiber calorimeter. This
simulation serves as a powerful illustration of the technique’s application and its potential
impact on our understanding of the dual-readout calorimeter [23].

Figure 4. Time distribution of scintillating light of protons ((left) plot) and neutrons ((right) plot) for

a 100 GeV π− impinging onto a fiber calorimeter. The x-axis is in nsec [23].

The long tail of the time distribution is, in fact, primarily due to the neutron component:
a measurement of the latter can easily be obtained through a waveform analysis of the
scintillation signal. Conversely, the Cherenkov signal produced by the thermal neutrons
is expected to be non-existent since the scattered protons are far below the Cherenkov
threshold. From the practical point of view, comparing the waveforms of the S and
the C signals in a dual-readout calorimeter gives straightforward information on the
neutron fraction of a shower. Furthermore, the time history of the prompt Cherenkov
serves several other purposes; among these, it can be used to tag electromagnetic late
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light not due to neutrons, tag energy deposits from overlapping events, monitor the
calorimeter for energetic activity between beam crossings, and serve as a calibration monitor.
An application of the above technique is discussed in the second part of this article.

Another way to independently measure the neutron component of a shower is by a
capture process by Gd-155 or Gd-157, resulting in an isotopic change in the Gd nucleus
followed by radiative dis-excitation of the latter (155Gd(n, γ) and reactions157Gd(n, γ)) [24].

The capture cross-section is shown in Figure 5. The energy region of interest for
hadron calorimetry is between 0.1 and a few MeV. The radiative photon is emitted with
an energy in the range of 83 keV to 8 MeV. It can be detected with high efficiency with,
for example, gaseous detectors. A new R&D initiative exploiting the above technique has
recently been started [25].

Figure 5. Neutron capture cross-section vs. energy for natural Gd (IRDFF 1.0) (left) and radiative

photon spectrum (right) (from Ref. [24]).

4. The ADRIANO Calorimeter

In the remainder of this article, we apply the guidelines discussed above and intro-
duce a realistic implementation of an integrally active, non-homogeneous dual-readout
calorimeter. The detector response of that implementation is analyzed with Monte Carlo
simulations and the energy resolution is evaluated as a function of the detector layout and
construction parameters. A triple-readout implementation is also discussed, along with the
projected improvement in terms of energy resolution. In spite of using a particular detector
model, the results are general enough to be applied to other multiple-readout detectors.

The conceptual design of the ADRIANO (A Dual-Readout, Integrally Active and Non-
homogeneous Option) calorimeter follows the considerations described in Section 2.3, as well
as a few general criteria applied when designing a realistic detector for a 4π experiment.
Such criteria take into account at least two more factors: (a) the total number of readout
channels, and (b) the ratio between the active area of the photodetectors and the total
calorimeter area. The first criterion is essentially intended to reduce the cost of the apparatus
and to ensure that the detector can be reliably calibrated. The second criterion is related
to the constraints imposed by the available space for instrumenting a calorimeter in a
typical 4π experiment and to the physical size of the presently available photodetectors.
The other requirements we have established for the conceptual design of ADRIANO are
the following:

1. The scintillation and Cherenkov components are produced in separate volumes of the
calorimeter, with no cross-talk between them. The light generated in each region is
individually transported and read out by individual photodetectors.

2. The calorimeter is integrally active, with minimal passive material. The latter should
be limited to thin walls needed to physically separate the scintillating and Cherenkov
region or to optically shield and protect the outer boundary of a cell.

3. It is highly desirable that the volume of the Cherenkov region be much larger than
the scintillation volume. In that case, the detector can also be operated as an EM
calorimeter, with no need for a dedicated EM section in front of the hadron calorimeter.



Instruments 2024, 8, 49 10 of 36

This choice is complementary to the latest proposed dual-readout calorimeters (see,
for example, Ref. [11]). Another advantage of having a large Cherenkov volume is
the larger fem, since the EM component of a hadronic shower develops mostly in a
narrow core along the direction of the primary particle.

4. The scintillation and Cherenkov light yields need to be at least 150 pe/GeV, namely,
a factor of ∼4 greater than the equivalent intrinsic nuclear fluctuation (see above).
In the case of the Cherenkov signal, this could be easily obtained with materials
with refractive indices greater than 1.8. The scintillation light is generated in plastic
plates or fibers with volumes sufficiently large to yield the required number of photo-
electrons. As explained in Section 3, this choice also makes the detector sensitive
to neutrons and, with proper front-end electronics, it would allow it to operate in
triple-readout mode.

5. In order to improve the compensating power of ADRIANO, the ηC/ηS ratio must be
maximized (discussed in Section 2.3). This is most effectively achieved by increasing
ηC as much as possible since, in plastic scintillators, ηS has a narrow range of variation
around values of the order of unity. On the other hand, ηC can be easily increased by
suppressing the collection of light generated by charged pions with an appropriate
choice of the refractive index of the absorber and the critical angle of the light collection
system. This mechanism is discussed in detail in the next section.

6. The calorimeter is designed to not be longitudinally segmented, making it a 2-D
device. The rationale behind this is that, while a segmented calorimeter provides
extra longitudinal information on the shower profile, it also spoils the homogeneity of
the calorimeter as it requires extraneous materials (such as sensors, electronics, cables,
etc.) in the inner volume of the detector. On the other hand, we can apply a correc-
tion mechanism to ADRIANO for shower leakage based on estimating the center of
gravity (CoG) of the shower by a light division method (see Section 7.3 below). A
non-segmented calorimeter has a much lower cost compared to a segmented version.
The number of readout channels is much lower, with a consequently easier calibration.
Construction is also greatly simplified. A non-segmented calorimeter, built using
modular, projective towers, is a convenient choice for experiments at a colliding beam
where showers are predominantly generated by jets. A high-granularity implemen-
tation of ADRIANO is also under study, in either a dual-readout or triple-readout
configuration. See, for example, Refs. [25,26] and references therein.

7. The last requirement is related to the total surface of photodetectors needed to instru-
ment a realistic calorimeter for an experiment at a collider. It becomes impractical
(and expensive) to build a detector where the ratio Rpd, defined as the ratio between
the active surface of all photodetectors and the total detector surface, exceeds a few
percent. This is especially relevant when the light collection system of such a detector
is based on optical fibers, as they have to be grouped in separate bunches and routed
to their respective photodetectors. This usually requires that the fibers extend several
tens of cm beyond the end of the calorimeter, increasing the complexity of coupling
them to the photodetector. Our goal for the ADRIANO calorimeter is to keep Rpd

smaller than 10%. For comparison, we have estimated an Rpd value of about 21% for
the calorimeter proposed by the 4th Concept collaboration [9] and about 24% for the
DREAM prototype [8].

Detector Layout

The guidelines established above are rather generic and leave ample margin for layouts
aimed at specific applications. In the following, we adopt a particular implementation
which has the further advantage of being flexible and easy to optimize.

The ADRIANO layout considered here has a modular structure, with each module
consisting of a cell of rectangular shape with a 40 × 40 mm2 cross-section and 1800 mm
length. In the case of a 4π detector, the cell would be longitudinally tapered with an
angle of about 1.4°. Roughly 84,000 cells with a projective geometry are necessary to
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cover the entire solid angle, up to θmin ≈ 4◦. Each cell consists of a block of high-density,
optical-grade heavy glass which acts, at the same time, as an absorber and as an active
medium, producing, almost exclusively, Cherenkov light (some high density and highly
refractive glasses are reported by their manufacturers to produce a faint fluorescence when
subject to excitation. The lower the purity of the glass, the more intense this effect is; in
the following, we disregard this effect and assume that only Cherenkov light is produced).
The scintillating section consists of scintillating fibers interspersed in the heavy glass
and sitting in longitudinal grooves along the cell. More details of the two sections are
given below.

The Cherenkov section.

For the studies reported in this article, we have assumed that the Cherenkov radiator
is made with SF57HHT (produced by Schott Glasswerke (Mainz, Germany). All simula-
tions have been performed using the corresponding chemical and optical parameters as
provided by the manufacturer.) super-flint glass produced by Schott Industries. This choice,
supported by the results of the simulations discussed later (cf. Sections 5.2 and 6), was
made for several reasons:

• SF57HHT is a heavy lead glass with a radiation length Xo of about 1.2 cm and a
Moliére radius of about 1.9 cm. In the HEP community, lead glass is often used as an
active medium of homogeneous electromagnetic calorimeters because of its excellent
energy resolution and relatively low costs. This implies that it is also well suited for
measuring the electromagnetic component of a hadronic shower.

• The hadronic interaction length of SF57HHT glass is about 21 cm, leading to a compact
longitudinal module and a detector with fine lateral granularity.

• The SF57HHT glass is produced using a continuous melting technique. Therefore,
long slabs up to a few meters in length can easily be obtained for the construction
of cells.

• The Cherenkov light production mechanism depends only on the refractive index of
the medium, which is insensitive to changes in ambient parameters. As opposed to
crystals, the light yield is also far more insensitive to inhomogeneities, impurities, or
defects in the medium. As a consequence, the manufacturing of lead glass cells is a
much more reproducible process than that of crystals.

• SF57HHT is a glass produced for the optical industries. Therefore, it is a highly
transparent medium and, even more important, optically homogeneous. The latter
property guarantees that non-uniformity in the light transmission is very low, with cor-
responding lower contributions to the constant term of the energy resolution function.

• Lead glass is among the cheapest active medium available for a calorimeter.

Figure 6 shows the refractive index curve of SF57HHT and those of several similar lead
glasses we considered for the ADRIANO project. For wavelengths corresponding to the
absorption curves of most commercially available WLS fibers, the refractive index ranges in
the [1.85,1.91] interval. Therefore, the Cherenkov threshold occurs at β = 0.53, 23% below
the Cherenkov threshold of typical quartz fibers used in sampling dual-readout calorime-
ters, with correspondingly larger photostatistics. With a GEANT4 simulation, we estimated
that the number of Cherenkov photons with a wavelength in the [360 nm–600 nm] interval
being generated by a 40 GeV charged pion showering inside SF57HHT is of the order of
106. However, because of the short attenuation length of the glass (defined as the length
at which light is reduced by 1/e, shown in Figure 7 for some of the glasses considered for
ADRIANO), most of those photons are re-absorbed before reaching the photodetector if it,
as in traditional lead glass calorimeters, is located at one end of each glass block. In order
to minimize this problem, the Cherenkov light of ADRIANO is collected with a system of
wavelength shifting (WLS) fibers embedded in the glass and optically coupled to it. The
studies reported here are based on light collection with four Bicron BCF92 fibers having a
2.2 mm diameter, running along the longitudinal axis of each cell (cf. Figure 8).
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Figure 6. Refractive indices of several lead glass candidates for use as the active absorber for

ADRIANO.

Figure 7. Attenuation length of several lead glass candidates for use as the active absorber for

ADRIANO.

It is worth noting that the optical coupling between the WLS fibers and the absorber
further suppresses the Cherenkov light produced by the slower hadrons. This filtering
mechanism is based on Snell’s law and on the fact that slower hadrons emit Cherenkov
photons at a smaller angle than faster electrons. According to this law, the minimum
angle, θmin, that the Cherenkov photon must have with respect to the WLS fiber in order to
penetrate the cladding of the latter is defined by the following relation:

sin(θmax) =
(n2

abs − n2
cl)

1/2

n f ib
. (7)
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where nabs, ncl , and n f ib are the refractive indices of, respectively, the lead glass, the cladding–
glue systems, and the core of the fiber. For the case of ADRIANO and a typical single clad
fiber, θmin ranges between 45.0° and 49.2° for a photon wavelength in the [360 nm–600 nm]
range. This limits the acceptance of Cherenkov photons emitted by charged particles with
β < 0.74. The net effect is an increase in ηC, and consequently, in θC/S (cf. Equation (6)),
corresponding to an improvement in ADRIANO’s compensation power (cf. Section 2.3).
The effect described above becomes more significant when double-clad fibers are employed.

The scintillating section.

Several construction methodologies are being investigated to embed the scintillating
fibers in the glass and will be discussed in a future article. The studies reported here
assume that a matrix of 100 thin stainless-steel capillary tubes is embedded in the lead
glass. All tubes run parallel to one another along the module axis, arranged in a square
transverse pattern with a spacing of 4 mm from center to center. A plastic scintillating fiber
is inserted into each tube. The fibers are bundled together and read out by a photodetector
from both sides. The pitch between nearby fibers is sufficiently narrow compared to
the detector’s nuclear hadronic interaction length, so the shower sampling fluctuations
are kept small. The CoG of the shower can be determined with light division methods
applied to the front and rear scintillating signals. These methods, successfully adopted
in existing experiments [27,28], allow for the correction of eventual shower leakage on an
event-by-event basis. The performance of this method is discussed in Section 6.

The scintillating fiber-to-lead glass volume ratio for the proposed layout was approxi-
mately 0.05:1. This represents a reasonable compromise between good energy resolution of
the detector (requiring as many fibers as possible) and ease of construction. The ratio Rpd

for the proposed layout is less than 8%, well within our goals, as discussed in Section 4.
The hadronic interaction length of the cell, calculated with a GEANT4 simulation, is about
24 cm. Therefore, a 180 cm long calorimeter corresponds to about 7.5 λI . The scintillating
fibers and Cherenkov fibers of each cell are grouped in separate bunches and are read out
by individual photodetectors. Therefore, a cell with a footprint of 40 × 40 mm2 represents
the smallest sensitive region regarding detector granularity.

Figure 8. Individual module layout of the ADRIANO module. Green fibers at the center of each side

are WLS fibers, while the blue fibers are scintillating fibers.

A sketch of the base cell is shown in Figure 8. The granularity of the calorimeter could
be further improved by grouping the fibers in smaller bundles and increasing the number
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of photodetectors accordingly. Larger modules can be assembled by mounting several cells
in a mechanical support structure.

As already noted, one key feature of the ADRIANO calorimeter is that it is integrally
active, but, on the other hand, the scintillation and Cherenkov signal are produced in
physically separated media, avoiding any contamination between them. The individual
cells are not segmented longitudinally; therefore, the performance of the calorimeter is
not degraded by inactive material residing between segments. Although the calorimeter
is non-homogeneous, it has a uniform detector/absorber structure throughout the entire
volume; hence, we expect no degradation in the energy resolution, most often observed
when combining two different devices with different media.

The baseline layout and the choice of active materials, as described above, is further
justified in the remainder of this article. These decisions are not arbitrary, but the result of
an ongoing and intense R&D program [29–31] by the T1015 collaboration.

Detection of electromagnetic showers.

In principle, the ADRIANO calorimeter can detect electromagnetic particles in dual-
readout mode (namely, by measuring scintillation and the Čerenkov and combining them
into Equation (4)). However, as already observed for the passive dual-readout case, the en-
ergy resolution would be sub-optimal compared to a dedicated EM calorimeter.

On the other hand, because of the small volume ratio of scintillating fibers to lead
glass, the EM showers develop primarily in the active absorber, where the lead glass offers
excellent electron and photon energy resolution. A more effective way to detect EM showers
is to operate the device as a traditional calorimeter, using only the information provided
by the lead glass radiator. That would require an identification of the incoming particle
to disentangle EM from hadronic showers. Therefore, we implemented in ADRIANO
such a technique based on two observables: (a) the ratio between the total Cherenkov
and scintillating lights produced, and (b) the amount of Cherenkov light generated in
the foremost 20 cm of lead glass. The latter is justified by the fact that, for ADRIANO,
Xo/λI ≈ 5%; therefore, an EM shower would deposit most of its energy in the front section
of the apparatus (as opposed to the case of hadronic showers which extend much further
longitudinally). In order to estimate such an initial energy deposit, we added, along the
cell, special WLS fibers (from here on referred to as Q20), which are painted black for their
entire length except for the foremost 20 cm, to obtain information on the fraction of the
shower developing near the entrance of the calorimeter. This technique, already considered
in previous experiments [32], is thoroughly discussed in Section 7.5.

5. Monte Carlo Simulation of an ADRIANO Calorimeter

5.1. Monte Carlo Simulation Tools

The simulations of ADRIANO were conducted using the ILCroot software frame-
work [17]. ILCroot is interfaced with several Monte Carlo frameworks using the Virtual
Monte Carlo package (VMC) [33]. Among the currently supported frameworks, we se-
lected GEANT4 [34] due to its large developer community and versatility. The GEANT4
simulation framework offers various interaction models, known as physics lists, to simu-
late particle interactions with matter. The choice of model depends on the particle type,
energy range, and target material. Another significant advantage of ILCroot is its capability
to rerun the same simulation using any Monte Carlo framework available through the
VMC interface.

The studies presented in this article utilized two different physics lists: QGSP_BERT
and QGSP_BERT_HP [35] (the high-precision version). Both lists use the Bertini, intra-
nuclear cascade model for hadron–nucleus interactions. The high-precision version, which
is more accurate but requires significantly more computing resources, was used for all
neutron-related studies, while the standard version was used for most other studies.



Instruments 2024, 8, 49 15 of 36

5.2. Detector Geometry

The studies presented in this article focus on two ADRIANO modules, which differ
only in their total length. Both modules have a parallelepiped shape with a front face of
100 × 100 cm2 and consist of 625 cells, each with a cross-section of 4 × 4 cm2. The lengths
of the two modules are 180 and 400 cm, respectively. The studies on the longer module
aim to utilize the multiple-readout technique without the influence of detector size-related
effects. In contrast, the shorter module’s performance is impacted by punch-through and
leakage effects, making it representative of a more realistic detector. The longer module,
being essentially free of leakage at all the energies considered here, is used to estimate the
intrinsic limits of the ADRIANO technology. The simulation also includes the capillaries
housing the scintillation fibers. We studied several configurations of the ADRIANO
module, differing in the pitch and diameter of the scintillating fibers and the thickness and
the material of the capillaries. The nomenclature adopted to distinguish the configurations
considered is summarized in Table 1.

Table 1. Layout details of the ADRIANO modules studied in the text.

Detector Layout
SciFib SciFib WLS WLS

Capillary
Capillary

Diam. Pitch Diam. Pitch
Mat.

Thick
[mm] [mm] [mm] [mm] [µm]

ADRIANO2×2 1.0 2.0 1.4 4.0 steel 150

ADRIANO3×3 1.0 3.0 1.4 4.0 steel 150

ADRIANO4×4 1.0 4.0 1.4 4.0 steel 150

ADRIANO5×5 1.0 5.0 1.4 4.0 steel 150

ADRIANO6×6 1.0 6.0 1.4 4.0 steel 150

ADRIANO4×4_2 1.0 4.0 1.4 4.0 steel 200

ADRIANO4×4_3 1.4 4.0 1.4 4.0 steel 150

ADRIANO4×4_4 2.0 4.0 1.4 4.0 steel 150

ADRIANO4×4_4 2.0 4.0 1.4 4.0 steel 150

The values of the photon capture efficiencies used in the simulation for fibers of
different diameters and pitch are related by the following scaling relation:

P1 − 1

P2 − 1

P2

P1
=

w1

d1

d2

w2
, (8)

where wi and di are the pitch and diameter of the fibers in the i-th layout, while Pi is the
corresponding capture probability (Equation (8), derived from the known relations for the
capture of a photon striking a WLS fiber of diameter d in a square cell of length w and
average wall reflectivity R, is expressed as P = (1 + (1 − R)w/d)−1).

5.3. Simulation of Detector Response

Cherenkov section.

To appropriately reproduce the optical response of the Cherenkov radiator, we im-
plement several custom simulation routines in ILCroot. Shower particles are tracked
throughout the absorber by the underlying Monte Carlo framework, considering all physics
processes until the particle loses its identity or is absorbed. The generation of Cherenkov
photons is treated according to the classical Cherenkov effect theory [36]. The spectral
distribution of emitted photons is given by

d2N/dLdλ =
2απz2sin2θch

λ2
, (9)
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where α is the fine structure constant, θch is the Cherenkov cone opening angle, λ is the
photon wavelength, and L is the path length of the particle with charge z traversing the
medium. This process depends on the refractive index of the medium, expressed as a
function of sin2θch, which is obtained from the Sellmeier series equation:

n2(λ) = 1 +
B1λ2

λ2 − C1
+

B2λ2

λ2 − C2
+

B3λ2

λ2 − C3
, (10)

All glass-specific parameters in the Sellmeier equation are provided by the manufac-
turer. The photon propagation through the medium assumes no anisotropy in the refractive
index. The self-absorption mechanism of the light is accounted for by a wavelength-
dependent lookup table, also provided by the glass manufacturer. The refractive index and
absorption length of the glass used for ADRIANO are shown in Figures 6 and 7, respec-
tively, along with several other lead glasses that we considered for this study. For wave-
lengths corresponding to non-zero values of the WLS fibers’ absorption curve (cf. Figure 9),
the refractive index ranges in the [1.85–1.90] interval.

Figure 9. Absorption and emission spectra of BCF-92A WLS fibers.

The propagation of the Cherenkov light through the absorber was simulated using a
simplified ray-tracing algorithm, assuming a 93% efficiency for internal reflection at the
cell boundaries. The algorithm includes the probabilistic effect that a Cherenkov photon,
with a specific wavelength, position, and direction, crosses the glue–cladding boundary
and is trapped and transported to both ends of the WLS fiber. The wavelength-dependent
light attenuation length of the fibers is parameterized through a lookup table. For angles
smaller than θmin, defined in Equation (7), total internal reflection occurs at the fiber surface,
preventing photon capture.

The simulations also account for the photon detection efficiency (PDE) of the pho-
todetector and its coupling to the WLS fibers. The PDE of the commercial device used
in this study is shown in Figure 10. To limit computing time and storage, all studies are
restricted to a wavelength interval between 300 and 600 nm. All calculations are performed
in 5 nm wide bins. To address a few secondary instrumental effects that might have been
neglected in our simulations, we normalize the overall photo-statistics obtained with the
above algorithms using experimental data reported in Ref. [37], which are also replicated
in ILCroot. Although this methodology has the potential to introduce systematic bias in the
studies, the large photo-electron statistics involved ensure that the impact on the results
is minimal.

Scintillating fibers.

The scintillating fibers simulated in the studies presented in this article correspond
to Kuraray SCSF81. These fibers were chosen due to their excellent response time and
widespread use in the high-energy physics (HEP) community. The fast response time
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is crucial for separating the neutron-induced fraction of the scintillating light, as this is
achieved by analyzing the time structure of the signal (see Section 7.2). The extensive use of
SCSF81 fibers in the HEP community also facilitates the normalization of our simulations,
given the large volume of available experimental data.

Figure 10. Quantum efficiency of the FBK SiPM simulated in ILCroot.

The photon detection efficiency of the photodetector and its coupling to the SCSF81
fibers are included in the simulations (we simulated the SiPM’s produced at FBK, Trieste.
The PDE tables were kindly provided by FBK). The algorithms used to simulate light
production, propagation in the fibers, and absorption by the photodetector are based on
publicly available libraries [34]. Additionally, Birk’s saturation effect is accounted for in the
materials used. To ensure accuracy, we normalize the total scintillating light yield to the
experimental results published by the DREAM collaboration by replicating their setup and
experimental conditions in ILCroot.

Other systematic effects.

In addition to the mechanisms related to the generation, collection, and readout of the
photoelectrons, other effects could potentially degrade the detector’s performance. Most
of these are related to the digitization of the signals. The following effects are included in
our studies:

1. Excess noise factor (ENF): An ENF of F = 1.106 is considered in the simulation of
the photodetector. Due to the statistical nature of the multiplication process in a
SiPM, a non-negligible ENF induces additional fluctuations in the measured signal,
contributing to the stochastic term of the energy resolution function. Although this
contribution is very small in ADRIANO due to the large number of primary photo-
electrons (estimated to be less than 1% at 40 GeV), the ENF could be relevant in the
light division mechanism used for correcting shower leakage (see Section 7.3).

2. Non-uniformity of scintillating fiber response: A non-uniformity of 0.6% was consid-
ered for the scintillating fiber response. This parameter value includes contributions
from the intrinsic non-uniformity in the production of scintillation light and the
non-uniformity in the self-attenuation of the fibers. This figure is derived from mea-
surements performed by the CHORUS collaboration with a calorimeter prototype
employing identical fibers and a layout similar to ADRIANO [6].

3. Signal threshold: A signal threshold of three photoelectrons was applied to the
simulated electronics response to keep the dark counting rate below 50 kHz.

4. Finite bin size of ADC: The effect of the finite bin size of a 14-bit ADC was considered
when digitizing the front-end electronics (FEE) signals. This effect corresponds to
an uncertainty of about three photoelectrons, independent of the measured energy.
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A non-negligible contribution to the constant term of the energy resolution function is
expected from this effect.

6. Application of the Dual-Readout Principles to ADRIANO Detector

In this section, we apply the principles of dual readout presented in Section 2 to
ADRIANO and compare the detector response for several detector layouts. The discussion
includes the procedures used to calibrate the scintillation and Čerenkov components and to
extract the corrected energy. We also compare the plots obtained for ADRIANO with those
obtained for a sampling dual-readout calorimeter of identical dimensions, where the active
regions correspond to a 2 mm pitch matrix of alternating scintillating and quartz fibers.
At the same time, the passive absorber is made of brass. We assume that the light readout
of the latter would be from one end of the fibers, while the opposite side is aluminized. The
simulation algorithms for the two detectors are identical. In the rest of this article, we will
refer to the dual-readout sampling model as DRS.

The development of a typical shower induced by a 40 GeV pion in an ADRIANO
calorimeter is shown in Figure 11. Figure 12 shows the distribution of the longitudinal (left)
and lateral (right) CoGs of the scintillation light. The exponential decrease in Figure 12
(left) occurring after the shower maximum is fitted with a straight line on a semilog plot.
The slope of the latter corresponds to a nuclear interaction length of 36 cm. Analogously,
from Figure 12 (right), we estimate that 95% of the CoG of the shower is contained in a
cylinder with a radius of 12 cm.

Figure 11. Development of a typical shower induced by a 40 GeV pion impinging on the ADRIANO

calorimeter.

Figure 12. Longitudinal (left) and lateral (right) development of the center of gravity of the scintillat-

ing light for a typical shower induced by a 40 GeV pion in the ADRIANO calorimeter.

6.1. Raw Detector Response

The raw (uncalibrated) ADRIANO response of the scintillating component evaluated
from an ILCroot simulation is shown in Figure 13 for 40 GeV pions (left) and electrons
(right) impinging onto the surface of the module with an angle θ ≈ 2o.
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The blue histogram corresponds to the hadronic component of the shower, while the
red histogram corresponds to the EM component. As described in detail in Section 6.2,
the ratio of the two distributions provides a direct estimate of ηS. The sum of the two
components is shown on the right-hand side of each plot (black curve).

Figure 13. Hadronic (blue) and EM (red) scintillation signals (A.U.) for showers induced by 40 GeV

pion (left) and electrons (right) in the ADRIANO calorimeter. The black histogram corresponds to

the sum of the two components.

Analogously, Figure 14 represents the electromagnetic and hadronic distributions for
the Cherenkov component collected via the WLS fibers coupled to the glass. In this case,
the ratio between the blue and red histograms directly estimates ηC.

Figure 14. Hadronic (blue) and EM (red) Cherenkov signals (A.U.) for showers induced by 40 GeV

pion (left) and electrons (right) in the ADRIANO calorimeter. The black histogram corresponds to

the sum of the two components.

We repeated the above study for the DRS module. The corresponding plots are shown in
Figure 15 for the scintillating signal and in Figure 16 for the Cherenkov signal. The plots on the
left correspond to a 40 GeV pion beam while those on the right are for a beam of electrons.

Figure 15. Hadronic (blue) and EM (red) scintillation signals (A.U.) for showers induced by 40 GeV

pion (left) and electrons (right) in a DRS fiber calorimeter. The black histogram corresponds to the

sum of the two components.
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Figure 16. Hadronic (blue) and EM (red) Cherenkov signals (A.U.) for showers induced by 40 GeV

pion (left) and electrons (right) in a DRS fiber calorimeter. The black histogram corresponds to the

sum of the two components.

The differences between the integrally active and the sampling calorimeters are
straightforward, especially for the Cherenkov component of the devices, resulting in
factors of 1.2 and 50, respectively, in the ratio of the scintillating and Cherenkov light
yield between the ADRIANO and the sampling detectors. We explain the 20% difference
in scintillation response between ADRIANO and the DRS by the former being read out
from both ends. At the same time, the latter is read from one end only, with the other
end of the fibers being aluminized. The longer path the photons need in the DRS to reach
the photodetector is responsible for light losses due to the finite attenuation length of the
scintillating fibers.

To quantify the effect on the light yield due to the ratio between the scintillation and
the Cherenkov components of ADRIANO, we repeated the study above for several layouts
where the diameter or the pitch between the fibers was varied.

The raw response for the various detector configurations is summarized in Table 2.
Table 1 summarizes the nomenclature of the various configurations. The results for a DRS
module, published by the 4thConcept collaboration, are included for reference.

Table 2. Summary of raw detector response (average photoelectrons/GeV) for different layouts of an

ADRIANO module. The results for a DRS module are included for comparison. See text for details.

Detector Hadr EM Tot Hadr EM Tot Tot Tot ηS ηC

Layout peπ
S peπ

S peπ
S peπ

C peπ
C peπ

C pee
S pee

C

ADRIANO2×2 630.6 424.8 1055.4 265.7 60.6 326.3 1109.7 479.4 1.485 4.384

ADRIANO3×3 251.3 180.5 431.8 287.6 66.8 354.3 447.9 511.7 1.392 4.308

ADRIANO4×4 146.1 109.2 255.3 285.1 68.3 353.4 279.2 513.2 1.338 4.176

ADRIANO5×5 93.0 70.6 163.6 282.8 69.1 351.9 178.7 507.9 1.317 4.094

ADRIANO6×6 70.3 54.3 124.5 279.7 68.5 348.2 137.2 498.3 1.296 4.081

ADRIANO4×4_2 139.7 107.9 247.6 273.6 66.4 340.0 261.4 493.2 1.295 4.122

ADRIANO4×4_3 296.5 211.7 508.3 282.6 67.1 349.7 527.5 509.4 1.400 4.208

ADRIANO4×4_4 648.8 442.0 1090.8 270.5 63.9 334.5 1132.7 497.2 1.468 4.230

DRS Ref. [9] 126.5 79.8 206.3 6.4 1.1 7.4 231.7 11.3 1.584 5.944

The first six columns in Table 2 correspond to the average scintillation and Cherenkov
photoelectrons expected from a 1 GeV pion. The contributions from the shower’s purely
hadronic and EM components are shown separately, along with their sum. As noted above,
their ratio is a direct measurement of ηC and ηS: the corresponding values of the latter are
listed in the last two columns of Table 2. Analogously, the seventh and eighth columns
refer to the average photoelectrons expected for a 1 GeV electron. It is worth noting
that while the Cherenkov light yield is mostly constant across the various configurations,
the scintillation yield varies considerably from one to another. This effect is reflected in
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similar variations in the parameter ηS. This indicates, as expected, that different layouts of
ADRIANO have, indeed, different compensation power (cf. Equation (6) and the related
discussion). The different responses among the configurations is explained by observing
that the Cherenkov section corresponds to the bulk of the detector volume. Therefore,
the energy deposited therein is mostly unaffected by variations in the number of plastic
fibers. On the other hand, the opposite is true for the scintillation section, where the
sampling fluctuations become important and contribute non-negligibly to the detector’s
energy resolution. Regarding the DRS module, the lower refractive index of the quartz
fibers, as compared to lead glass, is responsible for a considerably larger value of ηC.
Consequently, a DRS intrinsically has a higher compensation power than ADRIANO.
However, this comes at the cost of a much lower light yield, potentially degrading the
dual-readout mechanism.

6.2. Detector Calibration

In order to determine the energy resolution of ADRIANO, we need to implement
a calibration procedure for the parameters ηS and ηC defined in Equations (1) and (2).
That requires two separate steps, as expected, since we are, in practice, dealing with two
independent detectors. In the first step, the photoelectrons are converted into an energy
value by evaluating the S and C signals for electrons with known energy (40 GeV in
this work). The shower produced in this case is purely EM in nature, with only EM
fluctuations (i.e., fem ≈1), as is shown in Figure 17, and the energy response of the two
systems is consistent with such circumstances.

Figure 17. Scatter plot of simulated Cherenkov and scintillating signals for 40 GeV electrons in the

ADRIANO calorimeter.

Therefore, for the first calibration step, we set

S = C = 40GeV (11)

In the second calibration step, we consider the detector’s response to hadrons of
known energy, shown in Figure 18 (left) for a 40 GeV pion impinging onto the center of
ADRIANO’s front face (left). In this case, we have

S − tan(θC/S)C

1 − tan(θC/S)
= 40 GeV (12)

For comparison, the analogous distribution for the DRS detector is plotted in Figure 18
(right). The lines connecting the event loci of the two distributions have considerably differ-
ent slopes, indicating that tan(θC/S) (or, alternatively, ηC and ηS) is different, as expected,
for the two detectors. From Equations (6), (11), and (12), and, we are then able to extract
the two calibration constants ηS and ηC.
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Figure 18. Scatter plots of S vs. C for the ADRIANO (red) and the DRS (blue) detectors for 40 GeV pions.

It is worth noting that the calibration method discussed above is applicable if and only
if the parameters ηS and ηC are energy-independent. This is shown, in fact, in Figure 19,
where S is plotted vs. C for different values of impinging particle energy and in Figure 20,
where the corresponding values of tan(θC/S) are plotted. The behavior of tan(θC/S) is
practically constant except at the lowest energies considered, where we observe a variation
in tan(θC/S) of the order of 10%. A fit to the points in Figure 20 could eventually be used for
a second-order correction in cases where a more precise energy measurement is required.

For comparison, the tan(θC/S) value for a 40 GeV pion impinging onto the DRS
detector is ∼30% larger than in ADRIANO.

Figure 19. Scatter plots of S vs. C for the ADRIANO detector for pions with different energies

impinging in the center of the module.

Figure 20. tan(θC/S) values from fit to the profile of S vs. C for the ADRIANO detector for pions

with different energies impinging in the center of the module.
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6.3. Detector Calibration with Pion-Only Samples

There could be situations where a clean electron sample of adequate statistics is
unavailable to the experimenter. For this case, we have devised a calibration scheme based
on an event sample, including pions with different (but otherwise known) energies. This
technique would be helpful in those cases, as in a 4π detector at a collider accelerator,
where it is impossible or impractical to impinge a particle beam on the detector or when the
statistics for electrons and pions of fixed energy are limited. An advantage of a calibration
scheme that does not require electrons stems from the fact that, in most practical cases,
the latter might have to go through other detectors before reaching the surface of the
calorimeter to be calibrated, where they could initiate a shower and lose energy. Therefore,
that control sample would no longer be monochromatic, suffering from long tails and being
lower than expected. On the other hand, larger samples of isolated pions whose momentum
has been measured with sufficient accuracy from, for example, a tracking system, are
generally available in abundance and with higher purity. In order to calibrate the detector
with samples of pions of known energy, we rewrite Equation (4) in the following form:

Ŝi

Ei
= α − β

Ĉi

Ei
(i = 1, . . . , n). (13)

where Ŝi and Ĉi are, respectively, the scintillating and Cherenkov responses of the uncali-
brated calorimeter for showers induced by pions of energy Ei and belonging to a control
sample of population n. Assuming that tan(θC/S) is mainly independent of the shower
energy (cf. Section 6.2), α and β inherit the same property. Their values can be estimated
from the set of n relations (13) with simple linear regression methods. More specifically,

β =
∑

n
1 (Ĉi/Ei)(Ŝi/Ei)− 1/n ∑

n
1 (Ĉi/Ei)∑

n
1 (Ŝi/Ei)

∑
n
1 (Ĉi/Ei)2 − 1/n(∑n

1 Ĉi/Ei)2
(14)

α = 1/n
n

∑
1

(Ŝi/Ei)− β/n
n

∑
1

(Ĉi/Ei) (15)

To compare the two calibration techniques discussed above, we can apply the set of
Equations (13)–(15) to a control sample containing, for the sake of simplicity, pions of only
two energies, 40 GeV and 70 GeV.

The distribution of the corrected energy Ecorr obtained with this method is indistin-
guishable (within statistical uncertainties) from that shown in Figure 21, indicating that
the two calibration techniques are, in fact, equivalent. The deviation from linearity of the
response is shown in Figure 22, confirming our speculation that α and β, to a large extent,
do not depend on the shower energy.

Figure 21. Corrected energy Ecorr for showers induced by 40 GeV negative pions and version (4 × 4)

of detector layout.
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Figure 22. Plots of Ebeam/Ecorr for negative pions with different energies. The detector has been

calibrated with two samples of pions at 40 GeV and 70 GeV.

6.4. Energy Compensation with Dual Readout

Once tan(θC/S) has been obtained for one particular energy, then Ecorr for any energy
is obtained by applying Equation (4). We note that Equation (4) corresponds to a coordinate
rotation by the angle θC/S of the coordinate system (C, S) to the new axes (C′, S′), where
the C′ axis is parallel to the line connecting the two event loci. Therefore, the uncertainties
in Ecorr, which are equal to the minor axis of the ellipse in Figure 18, are smaller than the
widths of the projections of the unrotated ellipse onto the C and S axes. The above effect is
shown graphically in Figure 23.

Figure 23. Coordinate rotation of the reference by the angle system (C, S) by the angle θC/S(∼ 37.8◦).
σscint and σC are the uncertainties in the original S and C while σEHCAL

is the uncertainty in the

rotated distribution.

It has been noted by Groom [15] that the projection of the event distribution onto the S′

axis is of minimal width, and consequently, that Ecorr has a smaller uncertainty compared
to the cases where either C or S are used separately. This effect is clearly apparent in
Figures 21 and 23, where we plot Ecorr (or, equivalently S′) for a 40 GeV negative pion
impinging on ADRIANO. A value of σ = 2.3 GeV is obtained from a Gaussian fit to the
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plot, corresponding to a net decrease in the stochastic term in the energy resolution of
about 5%. The fit-normalized χ2 is close to unity. That indicates that the corrected energy is
normally distributed, unlike a non-compensated calorimeter, where the energy resolution
function is usually a curve skewed toward higher values.

7. Performance of ADRIANO Detector

This section presents the results of the ADRIANO performance studies for the eight
layouts considered in Section 6. The studies are repeated twice: in the first case, we assume
that ADRIANO is operated in dual-readout mode, while in the second a triple-readout
approach is considered.

7.1. Performance in Dual-Readout Mode

Once the calibration procedure presented in Section 6.2 and 6.3 is completed, the pair
of calibration constants (ηS , ηC) is available for the layouts listed in Table 1. At this point,
the corrected energy Ecorr can be obtained for different values of the beam energies E.
The energy resolution

σEcorr
Ecorr

for five ADRIANO configurations is shown in Figure 24. The
standard deviation is obtained by a Gaussian fit to Ecorr − E. The distributions are well
described by the following expression:

σEcorr

E
=

α√
E
⊕ β, (16)

indicating that the non-Poisson fluctuations of fem, responsible for the known departure
of the energy resolution of non-compensated calorimeters from the E−1/2 scaling law,
are almost completely eliminated by the dual-readout compensation mechanism. The
stochastic (α) and constant (β) terms from a fit of Equation (16) to the data for the detector
layouts considered are summarized in Table 3, along with the reduced χ2.

The ratio Ebeam/Ecorr vs. Ebeam for a fully calibrated ADRIANO detector and for
different layouts is shown in Figure 25. We note that the deviations from perfect response
are smaller than 2.5% in the energy range considered here.

Figure 24. Energy resolution of five ADRIANO layouts for showers induced by negative pions of

different energies. Several detector layouts are considered. Fits with Formula (16) are superimposed

to individual points.
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Figure 25. Plots of Ebeam/Ecorr in ADRIANO for negative pions with different energies. Several

detector layouts are considered.

Table 3. Fit parameters to Equation (16) for different ADRIANO layouts. See text for details.

Detector Fit. Par. Fit. Par. Fit. Par.

Layout α β χ2
norm

ADRIANO2×2 0.23 0.014 14.37

ADRIANO3×3 0.29 0.022 4.95

ADRIANO4×4 0.35 0.022 2.53

ADRIANO5×5 0.43 0.022 2.08

ADRIANO6×6 0.48 0.028 1.58

ADRIANO4×4_2 0.36 0.020 5.89

ADRIANO4×4_3 0.31 0.018 7.33

ADRIANO4×4_4 0.27 0.020 1.42

7.2. Performance in Triple-Readout Mode

As noted in Section 3, the energy resolution of ADRIANO could be further improved
by operating the device in triple-readout mode. The method for extracting the neutron
component of the shower is based on the time history of the scintillating signal. The
technique is described in more detail in Section 3.

The average time distribution of the scintillating signal for 40 GeV π− impinging in
the center of the ADRIANO module is shown in Figure 26. As already noted, the neutrons
interacting with the calorimeter materials are responsible for the long tails of the time
distribution. The exponential fit superimposed on the distribution has two different
characteristic times, corresponding to a faster component due to all particles except the
neutrons and a slower, neutron-related component. In all practical respects, the scintillating
light collected after ∼40 nsec from the starting time of the shower is due almost entirely to
neutrons. In order to calibrate the detector in triple-readout mode, we rewrite Equation (4)
in the following form:

ETR
corr = αS f ast + βC + γSslow (17)

where C is the Cherenkov signal, Sslow is the neutron component of the scintillating signal,
S f ast is the remaining part of the scintillating signal, and α, β, and γ are the new calibration
parameters. Once the latter are evaluated, using a technique equivalent to that described in
Section 6.3, then Equation (17) can be used to measure the calorimetric energy.
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Figure 26. Average time distribution of the scintillating signal for 40 GeV negative pions. The expo-

nential fit superimposed on the distribution has two different characteristic times.

We, then, repeated the studies presented in Section 6.2 and extracted ETR
corr using

Equation (17). The corresponding standard deviations, obtained from Gaussian fits to
ETR

corr, are shown in Figure 27. Events in the triple-readout case, the distributions are well
described by Equation (16) and the fit parameters for the five different ADRIANO layouts
that are summarized in Table 4.

Figure 27. Standard deviation of corrected energy ETR
corr for showers induced by negative pions with

different energies. Several detector layouts are considered. Fits to curves described by Equation (16)

are superimposed to individual points.

Table 4. Fit parameters to Equation (16) for several ADRIANO layouts operated in triple-readout

mode. See details in the text.

Detector Fit. Par. Fit. Par.
Layout α β

ADRIANO2×2 0.22 0.004

ADRIANO3×3 0.27 0.005

ADRIANO4×4 0.31 0.012

ADRIANO5×5 0.36 0.016

ADRIANO6×6 0.39 0.022
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It is worth noting that a and b are systematically lower than those obtained in dual-
readout mode, indicating that the energy resolution of the calorimeter has improved,
as expected, through the stochastic term and the constant term. For the baseline layout
(ADRIANO 4 × 4), the improvement is larger than 10% for a and about 50% for b.

7.3. Effects of Leakage

The results presented in Section 7 refer to an ADRIANO module of 4 m long (or
about 16.5 λI). The leakage and punch-through estimated by the Monte Carlo analysis are
expected to be negligible for such a device in the energy range considered. Although a
calorimeter of such size poses no problems in fixed-target or passive experiments, it is
unlikely to be employed in a 4π detector at a future collider. In order to preserve its energy
resolution, the calorimeter must be located inside the magnetic solenoid, which imposes
relatively tight dimensional constraints. This section considers the effects of longitudinal
shower leakage and punch-through expected in an ADRIANO module of 180 cm length (in
that case, it includes both the EM and hadronic sections), which is closer to the dimensions
of typical collider experiments. The results of the study, for one of the detector layouts
considered above, are presented below.

7.4. Performance of a 180 cm Long ADRIANO Module

The distribution of the corrected energy Ecorr obtained for a 180 cm long ADRIANO
module with baseline layout (4 × 4 mm2 fiber pitch) for showers induced by a 40 GeV π−

beam is shown in Figure 28. The effects of the shower leakage for the shortened module are
already evident at this energy, as a longer tail at lower energy is observed. We expect that
the leakage is strongly correlated with the shower’s center of gravity (CoG) since the closer
the latter is to the backward end of the calorimeter, the larger the leakage is expected to be.

Figure 28. Estimated energy Ecorr for showers induced by 40 GeV negative pions in a 180 cm long

ADRIANO module.

Therefore, an estimate of the shower CoG could be used to correct the energy mea-
surement for eventual leakage. For that, we exploit the fact that the self-attenuation of the
light propagating in the scintillating fibers depends exponentially on the length traveled by
the photons toward both ends of the fiber. Consequently, the photodetectors equipping
the front and back side of the module register an amount of light whose ratio depends on
the position along the fiber where the energy has been lost. This effect is demonstrated in
Figure 29, where we plot the quantity ηFB = (E f orward − Ebackward)/(E f orward + Ebackward)
versus the CoG of showers induced by 40 GeV negative pions. For the sake of completeness,
the simulation algorithms also include the following effects:

1. A non-uniformity in the light attenuation process in the fiber equal to 0.8%;
2. A contribution of 0.3% to the fluctuations in the PDE of the photodetector;
3. A contribution of one photoelectron from electronic noise;
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4. The finite size of binning of a 14-bit FADC.

The correlation between the two quantities is straightforward, and ηFB appears to
be only slightly affected by the leakage process. Therefore, it can be used, to a good
approximation, to estimate the position of the CoG of the shower in the calorimeter.

Figure 29. (E f orward − Ebackward)/(E f orward + Ebackward) plotted versus the center of gravity of the

light produced in showers induced by 40 GeV negative pions.

The resolution on the estimate of the CoG depends on npe, the number of photoelec-
trons collected, with a contribution proportional to λsci/

√
npe, where λsci is the attenuation

length of the fibers. Consequently, the uncertainty in the CoG depends on the shower energy,
as Figure 30 shows. The observed distribution is well described by the following expression:

δCOG(cm) = 29.66/
√

E + 0.04 (18)

where E is in GeV units, demonstrating the stochastic nature of the underlying processes.
Once ηFB has been estimated, late starting showers, which have an increased probability of
sizable longitudinal leakage, can be tagged and the energy can be corrected. An analysis of
the visible energy as a function of ηFB demonstrates a strong correlation between the two
quantities. This is shown in Figure 31, where we plot the expression (Ecorr − Ebeam)/Ebeam vs.
ηFB for 40 GeV negative pions. The shower leakage becomes evident for values of ηFB lower
than −0.08, corresponding to a depth larger than about 130 cm. The correction algorithm is
based on the known logarithmic dependence of the shower profile. The expression used is
shown in Equation (19):

Eleak
corr = a

(

1. − b

(ηFB + c)
+

b

(0.1 + c)
− d

(ηFB + c)2
+

d

(0.1 + c)2

)

(19)

where the parameters a, b, c, and d are obtained from a fit to the plot, shown in Figure 31.
We repeated the above correction by operating the shortened ADRIANO module

in triple-readout mode. In this case, the energy resolution achieved after corrections
for longitudinal leakage is shown in Figure 32. The improvement obtained with the
light division technique compared to the uncorrected plot of Figure 28 is straightforward.
The values obtained from a Gaussian fit to Ecorr − Ebeam for several values of Ebeam and the
baseline ADRIANO layout are shown in Figure 33. The fit to the plot is described by the
following expression:

σ

E
=

32.4√
E

⊕ 2.9 (20)

When comparing the above result with the values of a and b listed in Table 4 for a
400 cm long ADRIANO module, we conclude that the longitudinal leakage of the shower,
when appropriately corrected, affects the performance of a 7.5λI detector only marginally.
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Figure 30. Uncertainty in the CoG of a shower estimated with the light division method for different

energies of the pion.

Figure 31. (Ecorr − Ebeam)/Ebeam vs. ηFB for 40 GeV negative pions impinging on a 180 cm long

ADRIANO module.

Figure 32. Ecorr − Ebeam vs. ηFB for 100 GeV negative pions for a 180 cm long detector module after

correction for longitudinal leakage.
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Figure 33. Hadronic energy resolution for a 180 cm long ADRIANO triple-readout module after

correction for longitudinal leakage. The individual points are fitted with the curve described in

Formula (20).

7.5. ADRIANO Performance with Electrons

In this section, we discuss the performance of ADRIANO with electron-induced show-
ers. As noted in Section 4, in this case, the showers develop according to the parameters
characteristic of a purely EM shower (X0 and ρM) and a different methodology is required
for an optimal determination of the shower energy. The scatter plot of S vs. C for 40 GeV
electrons impinging with an angle of ≈3◦ onto the center face of ADRIANO is shown in
Figure 17. The distribution, as expected, looks very different than that observed in the case
of a pion beam (cf. Figure 18), with the width of C considerably narrower than S. This
should not come as a surprise, as the lead glass active absorber behaves for EM showers
as a (almost) homogeneous calorimeter and the shower is fully contained therein. On the
other hand, the matrix of scintillating fibers sample the shower particles very inefficiently
since the pitch, optimized for hadronic showers, is too coarse in the electromagnetic case.
Consequently, although the methodology adopted in Section 6.2 is still applicable, we
expect that the dual-readout energy resolution for electrons will be sub-optimal.

This is confirmed by the plot in Figure 34, showing Ecorr for a 40 GeV electron beam
reconstructed using Formula (4). The value of σEcorr obtained from a Gaussian fit corre-
sponds to an energy resolution of ∼30%/

√
E, which is typical of a hadronic shower. On the

other hand, the projection of the plot in Figure 17 on the C axis is much narrower (cf.
Figure 35) than that observed for hadronic showers and corresponds to an energy resolu-
tion of ∼3.6%/

√
E. Therefore, with an efficient identification of EM particles, we could

recover an energy resolution typical of a homogeneous EM calorimeter by considering only
the C component of ADRIANO. A quite efficient electromagnetic–hadronic discrimination
is accomplished by using the following two variables:

1. The ratio R20 = C20/C of the light collected in the foremost 20 cm of the lead glass
and the whole Cherenkov signal;

2. The normalized difference RCS = S−C
S+C of the total scintillating and Cherenkov signal.

The variable R20 is correlated with the fraction of the Cherenkov light generated in the
foremost region of ADRIANO. The attenuation length of SF57HHT glass for the, mostly
blue, Cherenkov photon is about 10 cm. Therefore, the Cherenkov light is captured by
the closest WLS fiber only when it travels for short distances from the point where it has
been generated. Conversely, a depth of 20 cm for an ADRIANO detector corresponds to
about 13 Xo and 0.8 λI . Therefore, the special C20 fibers are able to collect a considerable
fraction of the light generated by an EM shower, but only a small fraction of a hadronic
shower. Similarly, from Equations (1) and (2) we have that C/S ≈ 1 for EM showers
and C/S ≈ (e/h) < 1 for hadronic showers. Therefore, RCS is expected to reflect such
different conditions.
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Figure 34. Ecorr for 40 GeV electrons impinging with an angle of 3◦ on a 180 cm long module.

Figure 35. C signal for 40 GeV electrons impinging with an angle of ≈3◦ on a 180 cm long module.

R20 and RCS are shown, respectively, in Figures 36 and 37 for 40 GeV electrons (red)
and negative pions (blue). By requiring that

R20 > 0.51 and RCS < −0.1553 (21)

we are able to achieve an electron identification efficiency of 98.96% with 97% purity.
The energy resolution for electrons selected with the requirements (21) is shown in Figure 38.
The points are well described by Equation (16) with α = 5.3 and β = 0.4, indicating that
the good energy resolution for EM particles is almost completely recovered.

Figure 36. RCS for 40 GeV electrons (red) and negative pions (blue) in a 180 cm long ADRIANO

module. C and S are the Cherenkov and scintillating signals, respectively
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Figure 37. R20 for 40 GeV electrons (red) and negative pions (blue) in a 180 cm long ADRIANO module.

Figure 38. Energy resolution for electrons after PID selection in a 180 cm long detector module after

correction for longitudinal leakage. The individual points are fitted with the curve described in

Formula (16). See text for further details.

8. Discussion of the Results

The studies presented in this article rely heavily on the simulation algorithms we
have implemented in ILCroot. These are well understood for the case of the scintillation
component of ADRIANO, which is very similar to several existing experimental setups
with a large availability of real data. Conversely, while the mechanism of Cherenkov
light production and transport in diffractive glasses is well understood and reproduced
by most available Monte Carlo packages, the technique of collecting that light with WLS
fibers optically coupled to glass is fairly new. We found only one other experimental setup
for comparing our simulation algorithms to [37]. This fact suggests that ADRIANO’s
Cherenkov light yield evaluated with ILCroot has a large uncertainty. We are confident
that such an uncertainty, primarily related to the efficiency of light transfer from the
glass to the WLS fiber, is reduced to an overall, energy-independent, normalization scale.
Consequently, the dual-readout compensation mechanism and the leakage corrections we
have developed in the sections above are largely unaffected (the latter relying only on the
scintillation section).

Although ADRIANO is an integrally active calorimeter, with no passive regions
(except for the thin capillaries housing the scintillating fibers), the S component is based on
a sampling technique, with all the implications this has for the overall performance. All the
layouts considered in this study show hadronic energy resolutions in the range [23%– 48%]/

√
E.

Sampling fluctuations are well contained in all cases, with minimal impact on detector
performance. As already noted, this is because the 2 mm ÷ 6 mm pitch of the scintillating
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fibers matrix is substantially narrower than the characteristic dimensions associated with
hadronic showers (i.e., a range of about 1 cm for 50 ÷ 100 MeV typical spallation protons
and several centimeters for neutrons). From the practical point of view, Tables 3 and 4
provide a solid guideline when designing an ADRIANO-style calorimeter and aiming at a
specific energy resolution.

9. Conclusions and Outlook

We have reviewed the concept of dual- and triple-readout calorimetry and estab-
lished a mathematical framework to describe the mechanism of energy compensation
quantitatively. These formulae are useful for designing new multiple-readout calorimeters.

These principles have been applied to a novel dual-readout calorimetric technique,
ADRIANO, which uses an active absorber made of heavy optical glass and scintillating
fibers. This technique marks a significant advancement in particle detection by offering
a fully active and longitudinally unsegmented detector. The active absorber primarily
detects electromagnetic (EM) showers through Cherenkov signals, while the scintillating
fibers are sensitive to all ionizing particles. This dual-readout approach allows ADRIANO
to function effectively as both an electromagnetic and hadronic calorimeter, potentially
eliminating the need for separate sections in many experiments.

Our Monte Carlo studies suggest that ADRIANO has excellent energy performance as
both an electromagnetic and a hadronic calorimeter, with the hadronic and electromagnetic
energy resolution described by σ

E = α√
E
⊕ β within the energy range of 20 to 200 GeV.

The stochastic term for hadronic energy resolution α varies between 23% and 48% across
different layouts, and the detector’s deviation from linear response is expected to be
less than 2.5%. This high level of performance demonstrates ADRIANO’s capability to
accurately measure energy in particle detection applications.

The methodology used allows for the effective discrimination between electromagnetic
and hadronic showers by detecting Cherenkov light generated in the foremost 20 cm of
the detector. Electrons and pions are identified with 98% accuracy. Once an EM shower
is identified, the module can operate purely as an EM calorimeter, achieving an energy
resolution of σ

E = 5.3%√
E
⊕ 0.4% (including the most relevant instrumental effects). Although

ADRIANO is longitudinally unsegmented, we studied the possibility of estimating the
center of gravity (CoG) of the shower using a light division technique. The results show
that this method can achieve resolutions of δCOG(cm) = 29.66/

√
E. This CoG estimate

can be used to correct measured energy for longitudinal leakage and punch-through. Our
results indicate that we can recover missing energy with an efficiency of about 95% for
a detector with a longitudinal dimension of 7.5 λI (or 180 cm) within the 20 to 200 GeV
energy range.

An intense program of detector R&D is in progress within the T1015 collaboration.
One of the goals is to accurately measure the Cherenkov light yield for various ADRIANO
modules. Once this parameter is available, the simulation apparatus we have developed
can be used to accurately predict the performance of more complex layouts and for further
detector optimization studies.

In summary, the ADRIANO multiple-readout calorimetric technique presents a sig-
nificant advancement in particle detection, offering excellent energy resolution for both
electromagnetic and hadronic showers. Its ability to operate as an integrally active, non-
longitudinally segmented detector makes it a versatile and powerful tool for future particle
physics experiments. The ongoing R&D efforts promise to refine and enhance its capabili-
ties, paving the way for more efficient and accurate particle detection systems.
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