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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 recently
discovered Higgs boson. Typical examples include channels with WT W™ or Z°Z° 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 program 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 as particle detectors. A broad-based R&D and Monte Carlo simulation activity
is in progress within the High Energy community (see, for example, Ref. [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 successful physics results. A straightforward example is represented
by the study of the following two processes: e"e” — HZ — WTW xand ete” — HZ — Z°Z°x.
These processes can, in fact, be distinguished only upon the successful reconstruction and identification
of the W* and of the Z° bosons in the final state of the decay chain. 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 ¢(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 sources, by the fluctuation in the electromagnetic content of the hadronic shower and
by the unequal response of such devices to the electromagnetic (EM) and hadronic components of
the shower itself [8] (i.e.,, (#) # 1).In the past, nearly perfect compensation has been reached only
by very massive compensating calorimeters intended for fixed-target experiments, where (§) ~ 1is
achieved by construction with a small volume ratio between passive and active materials [5]. 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
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beams. Therefore, it would be challenging to achieve inadequate compensation with such a technique
and, at the same time, a sufficient shower containment.

In recent years, an alternative technique has been developed to suppress the above effects: dual-
readout calorimetry [9], based on an event-by-event evaluation of the electromagnetic fraction of the
shower. Such a technique relies on the simultaneous measurements of signals generated by different
detection mechanisms of the underlying hadronic shower, thus providing complementary information
on the composition of the shower itself. The fundamental principles of dual-readout calorimetry
are extensively discussed in the scientific literature, and a large-size prototype has been successfully
assembled and operated by the DREAM Collaboration since 2004 [9].

Dual read-out calorimetry falls under 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 [9] and 4th
Concept Collaborations [13]. In recent years, there has been renewed interest in the technique from
the IDEA collaboration [14,15]. Results from several test beams and extensive simulations indicate
that these techniques can provide excellent energy resolution at very reasonable costs. However,
compared to the integrally active techniques, sampling calorimetric techniques introduce two new
and non-negligible sources of fluctuations: Poisson fluctuations in the Cerenkovsignal, induced by
the typically low photo-electron statistics, and sampling fluctuations, induced by the unobserved
energy deposited in the passive absorber. Such fluctuations do not only impair 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 such problem relies on designing a detector with two
distinguished regions: a front electromagnetic section and a rear hadronic section. The drawback of
such approach is that the two sections most often consists of media with very different properties and,
consequently, different detector responses, which impairs the energy resolution of hadronic particles
and jets. This is due to the introduction of an extra spatial fluctuation affecting those showers whose
development encompasses both sections.

Conversely, an integrally active dual-readout calorimeter, where both the Cerenkovand the
scintillation sections are active, lacks the above limitations. Therefore, not only the energy resolution
of hadronic showers is 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 [17] which
successfully demonstrated that the mixture of scintillation and Cerenkov 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 [18], mainly because of the low efficiency in collecting the Cerenkov signal.
Another reason for the above is that absorption bands in the crystal can absorb a fraction of the
Cerenkov light (which covers all the spectrum) and re-emit it as scintillation light. The inherently
stochastic process would introduce 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 [19], 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.
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This paper is organized as follows. In Section 2, we make general considerations on the dual-
readout technique and provide the formulae and the guidelines for designing of a dual-readout
calorimeter. In Section 3 we extend the previous concept to triple-readout. Section 4, 5 and 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 peculiar 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 -
particles and from 7° decays) and hadronic particles (such as p, n, 7* ). Such electromagnetic and
hadronic particles induce a different response in a detector. In other words, if an electromagnetic and
a hadronic particle deposits the same energy, the device would return a different signal. Stochastic
fluctuations between the electromagnetic and the hadronic components in the process of shower gen-
eration 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
independently the signal produced by the relativistic particles, 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 such
calorimeters is predominantly sensitive to EM particles (for example, one based on the Cerenkoveffect)
while the second is sensitive to all ionizing particles (for example, a calorimeter based on scintillating
plastics), then, those two independent measurements would provide complementary information from
the shower. 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]E 1)
fic

sz[fem+l_fem]15. )
s

where E is the unknown energy we want to measure, S and C are, respectively, the scintillating
and Cerenkovresponses of the device, f,; is the EM fraction of the shower and:

<Z>c =1#c and (Z)S =1s )

are two calibration constants describing the response of the two dual-readout elements of the
calorimeter. In general (but not necessarily), the latter depends on the energy of the impinging particle.
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As long as Egs. 1 and 2 are independent, the system can be solved for the unknowns f,;; and
E, directly determining the shower energy compensated for the EM fraction fluctuations. As already
remarked by D. Groom [11] and R. Wigmans [12], Egs. 1 and 2 can be solved to obtain:!

S —tan(6.,s)C

Ecorr = 4

corr 1 _ tan(@c/s) ( )
where tan(6cs) = ij%‘; . The variance of E is, in first approximation:
1 2 tan(6css) \°

2 — ch C/S 2 5

7B <1 - fﬂ”(9C/s)> st (1 - tﬂ"(%/s)) o ®

where o5 and o are the standard deviations of, respectively, S and C.

If tan(0c/s) > 1, then O'%CM is smaller than either 02 and 02 and the net effect is an improvement
of the energy resolution of the device. Since S and C are measured for each shower and tan(6¢,s)
depends exclusively on the design of the detector, the compensation for the EM fluctuations occurs on
an event-by-event basis. We will show it in Section 6.2 that an unexpected (and excellent) consequence
of the mechanism of compensation is that E.+ 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 S and C signals. A very informed review of the two methodologies can
be found in Reference [8]. In the following, we discuss the most relevant differences among them.

Sampling calorimeters.
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Figure 1. Number of 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
(ILCroot simulation).

The most popular sampling dual-readout calorimeters employ scintillating and clear fibers
embedded in a passive absorber [9,14,15]. 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 relatively
inexpensive and dense, minimizing the cost and size of the detector simultaneously. On the other
hand, all these advantages come at the cost of introducing sampling fluctuations in the measurements

1 The quoted authors use, respectively, 1/R and x in place of tan(6c,s). The reason for the nomenclature introduced in the

present article will become clear in Sections 2.3.
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(cfr. Section 1 above). This consequence is because the development of EM and hadronic showers is
governed by two distinct parameters: X, and Aj, 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 impractical to
build because of its large size (when optimized for EM particles). An example of the large sampling
fluctuations expected for EM showers in a typical sampling dual-readout calorimeter with a brass
absorber is shown in Fig. 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 will have a
cost in terms of a further deterioration of 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. Those
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[13].

Integrally active calorimeters The unfavorable effect of sampling fluctuations disappears or it is sig-
nificantly reduced, 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 detected (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 resolution.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 Cerenkov and scintillating plastic for the second component. That
strategy overcomes most of the limitations of both the sampling and the integrally active homogeneous
techniques described above. An implementation of that, ADRIANO, will be discussed in the second
part of this article.

2.2. Methods for Separating the Scintillation and Cerenkov Light Components

Currently, two techniques are being used to separate the scintillation and Cerenkov components of
a shower. In one method, the scintillation and Cerenkov photons are generated in physically separate
media, and read out by distinct photo-detectors[9,13,24]. Each medium is chosen to optimize the
corresponding light production and tan(6c,s) (see above). Plastic scintillators are used to generate
the scintillation signal and transparent materials with high refractive index are chosen to produce
Cerenkovsignals (like quartz, lead glass, and lead fluoride, among others). This method has the
advantage that scintillation and Cerenkovlight 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 Cerenkov light [17]. The two signals are separated by the different nature of their production
mechanisms, such as, fluorescence of specific molecules in one case and Cerenkoveffect in the other. The
light produced in these two cases exhibit peculiar properties regarding, for example, its directionality
(isotropic vs directional), time structure (presence of one or more decay constants vs. prompt), and
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light spectrum (narrow emission curve vs. 1/A3 behavior). 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. [25,26]). The superiority of the technique where
physically separate media are used for the production of the scintillation and Cerenkovsignals 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[27,28].

2.3. Figures of Merit of a Dual-Readout Calorimeter

The most critical parameters affecting a dual-readout calorimeter’s (stochastic) performance are
light yield and the 6 s angle. They are briefly discussed below.

1. Light yield. From general principles of calorimetry, it is well known that the concomitant 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 smallest possible level. Of course, these arguments
apply to both the Cerenkovand 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
nuclear effect is ~210-15% (corresponding to about 30-45 pe/GeV).

2. The 0¢ /s angle. The requirement for the system of Egs. (1,2) to have a solution is that ¢ and 7
have different values. In that case, it can be solved for f,;; and E.y» on an event-by-event basis.
In practice, the scintillation and Cerenkov signals provide complementary information regarding
the same EM or hadronic shower, which can be exploited to improve energy measurements. If 77¢
= 115 that complementarity is lost as the two readouts do not provide independent information.
This is shown graphically in Figure 2 for a 40 GeV 7! 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, 1 and 7 particles). In contrast, the point
(1/1¢,1/75) 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 Egs. 1 and 2 is null and the systems cannot be solved. On the other hand, the larger the angle
0c,s the segment(1/1¢,1/1s)-(1,1) forms with the S axis, the more precise is the determination
of E o, since its variance (T%Mr decreases correspondingly (cfr. Eq. 5). Therefore, 6,5 can be
considered as a figure of merit of the compensation power of a dual-readout calorimeter: as
already noted in Section 1, the larger 0,5, the more compensating is the calorimeter. From
Figure 2, we can express 0, in terms of #¢ and 75 through the following relationship:

1-1/%c

tan(0c/s) =

From the practical point of view, a significant value of 6,5 corresponds to a large skewness of the
response function of the Cerenkov readout for EM and hadronic particles. It can be obtained, for
example, by choosing a Cerenkovradiator with a low value of the refractive index np. The lower np,
the fewer are the hadronic particles in the shower above the Cerenkovthreshold.
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Figure 2. Scatter plot of Cerenkov and scintillating signals for 40 GeV 71~ in a brass-based sampling
dual-readout calorimeter with 1 mm fiber spacing (ILCroot simulations). Refer to text for explanation
of the symbols.

We stress again that the light yield and 6,5 depend exclusively on the detector’s layout. Those
values need to be as large as possible for a properly designed calorimeter.

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, the components of an hadronic
shower inducing a different response in the calorimeter are, in fact, three: a) the electromagnetic, b)
the non-neutron hadronic, c) the neutron component. Figure 3 shows the scatter plot of the Cerenkov
signal (A.U.) and the fraction of energy deposited by neutrons in a shower generated by a 45 GeV 7~
in a dual readout calorimeter (ILCroot simulation using Geant4). Such large fluctuation will affect the
final energy resolution of the device and cannot be compensated with simple dual-readout methods.
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Figure 3. Scatter plot of the Cerenkov signal (A.U.) and the fraction of energy deposited by neutrons in
a shower generated by a 45 GeV 7~ (ILCroot simulation).

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.
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3.1. Neutrons Related Fluctuations

The next most significant contribution to the fluctuations in the observable energy of a shower is
due to the binding energy losses in a nuclear break-up. The latter is proportional to the number of
neutrons with kinetic energy of 1-2 MeV produced during the shower’s final development. Therefore,
a calorimeter that can distinguish the signals generated from thermal neutrons can be used to correct
the fluctuations of the binding energy losses. Neutrons in this energy range are 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 separation 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 much
longer tails.

To demonstrate the significance of this technique, we show in Figure ?? the simulated time
distribution of the light generated in the scintillating fibers by the protons (left) and the neutrons
(right) of a 100 GeV 7t~ ~ 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 the
dual-readout calorimeter. [29].
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Figure 4. Time distribution of scintillating light of protons (left plot) and neutrons (rigth plot) for a 100
GeV 7t~ impinging onto a fiber calorimeter. The x-axis is in nsec[29].

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 Cerenkovsignal produced by the thermal neutrons is expected to be non-
existent since the scattered protons are far below the Cerenkovthreshold. From the practical point
of view, comparing the waveforms of the S and the C signals in a dual-readout calorimeter will give
straightforward information on the neutron fraction of a shower. Furthermore, the time history of
the prompt Cerenkovwould serve several other purposes; among the others, it can be used to tag
electromagnetic late light not due to neutrons, tag energy deposits from overlapping events, monitor
the calorimeter for energetic activity between beam crossings, 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 a Gd-155 or Gd-157 resulting in an isotopic change of the Gd nucleus followed by radiative
dis-excitation of the latter (1*>Gd(n, ) and reactions'®’ Gd(n, ) ) [21].
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Figure 5. Neutron capture cross section vs energy for natural Gd (IRDFF 1.0) (left) and radiative photon
spectrum (from Ref. [21])

The capture cross section is shown in Figure 5. The energy region of interest for hadron calorimetry
is between 0.1 and few MeV. The radiative photon is emitted with an energy in the range of 83 keV
and 8 MeV. It can be detected with high efficiency with, for example, gaseous detectors. A new R&D
initiative exploiting the above technique has been recently started [23].

4. The ADRIANO Calorimeter

In the remaining part of this article we apply the guidelines discussed above and introduce
a realistic implementation of a integrally active, non-homogeneous dual-readout calorimeter. The
detector response of that model will be analyzed with Monte Carlo simulations and the energy
resolution will be evaluated as a function of the detector layout and construction parameters. A
triple-readout implementation will also be 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 ADRIANO (A Dual-Readout, Integrally Active and Non-homogeneous
Option) calorimeter follows the considerations done in Section 2.3 as well as few general criteria applied
when designing a realistic detector for a 471 experiment. Such criteria take into account at least two
more factors, namely: a) the total number of readout channels and b) the ratio between the active
area of the photo-detectors and the total calorimeter area. The first criterium is essentially intended to
reduce the cost of the apparatus and to assure that the detector can be reliably calibrated. The second
criterium is related to the constraints imposed by the available space for instrumenting a calorimeter
in a typical 47T experiment and to the physical size of presently available photodetectors. The other
requirements we have established for the conceptual design of ADRIANQO are the following:

1. The scintillation and Cerenkovcomponents are produced in distinguished volumes of the
calorimeter, with no cross-talk between them. The light generated in each region is individually
transported and read-out by individual photo-detectors.

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 Cerenkovregion or to optically
shield and protect the outer boundary of a cell.

3. Itis highly desirable that the volume of the Cerenkovregion be much larger than the scintillation
volume. In that case, the detector can be operated also as an EM calorimeter, with no need for a
dedicated EM section in front of the hadron calorimeter. This choice is somehow complementary
to the latest proposed dual-readout calorimeters (see, for example, Ref. [15]). Another advantage
of having a large Cerenkovvolume is in the larger f.;, since the EM component of an hadronic
shower develops mostly in a narrow core along the direction of the primary particle.

4. Scintillation and Cerenkovlight yield need to be at least 150 pe/GeV, namely a factor ~ 4 com-
pared to the equivalent intrinsic nuclear fluctuation (see above) . In the case of Cerenkovsignal,
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this could be easily obtained with materials with refractive index greater than 1.8. The scintil-
lation light is generated in plastic plates or fibers with volume sufficiently large to yield the
required number of photo-electrons. As explained in Section 3.1, this choice will also make
the detector sensitive to neutrons and, with a proper front-end electronics, it would allow it to
operate in triple-readout mode.

5. In order to improve the compensating power of ADRIANO, 11¢/1s ratio must be maximized
(discussed in Section?2.3). This is most effectively obtained by increasing #¢ as much as possible,
since, in plastic scintillators, g has a narrow range of variation around values of the order
of unity. On the other hand, #¢ 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 will be discussed in details
in the next Section.

6. The calorimeter is designed to be not longitudinally segmented, leading to a 2-D device. The
rational behind 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 for ADRIANO a correction mechanism 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 of a segmented version. The
number of readout channels is much lower with a consequent easier calibration. Construction is
also greatly simplified. A non-segmented calorimeter, built using modular, projective towers, is a
convenient choice for experiments at colliding beam where showers are predominantly generated
by jets. A High-Granularity implementation of ADRIANO is also under study, in either dual-
readout and triple-readout configuration. See, for example, Ref. [22,23] and references therein.

7. The last requirement is related to the total surface of photo-detector needed to instrument a
realistic calorimeter for an experiment at a collider. It becomes impractical (and expensive) to
build a detector where the ratio R4 between the active surface of all photo-detector and the total
detector surface exceeds few percent. This is especially relevant when the light collection system
of such detector is based on optical fibers, as they have to be grouped in separate bunches and
routed to their respective photo-detectors. 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
photo-detector. Our goal for the ADRIANO calorimeter is to keep R;; smaller than 10%. For
comparison, we have estimated a R;,; value of about 21% for the calorimeter proposed by the
4th Concept Collaboration[13] and about 24% for DREAM prototype[9].

4.1. Detector Layout

The guidelines established above are rather generic and leave ample margins for layouts aimed
at specific applications. In the following, we will 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 40 x 40 mm? cross-section and 1800 mm length. In case of a 47
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 cover the entire solid angle, up to 6,,,;,, = 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 Cerenkovlight”. The scintillating section consists of

2 Most dense and high refractive glasses are reported by their maufacturers to produce a faint fluorescence light when subject

to excitation. The lower the purity of the glass, the more intense is such effect. In the following, we will disregard this effect
and assume that only Cerenkovlight is produced.
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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 Cerenkov section. For the studies reported in this article, we have assumed that the Cerenkovra-
diator is made with SFS7HHT[37] super-flint glass produced by Schott Industries. This choice, sup-
ported by the results of the simulations discussed later (cfr Section 5.2 and 6), has been made for
several reasons:

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

¢ The hadronic interaction length of SF57HHT glass is about 21 cm bringing to a compact longitu-
dinal module and 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 Cerenkovlight production mechanism depends only on the refractive index of the medium,
which is insensitive to changes in ambient parameters. As opposite to crystals, the light yield
is also far more insensitive to inhomogeneities, impurities or defects of the medium. As a
consequence, manufacturing of lead glass cells is a much more reproducible process than that of
crystals;

e The 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 guarantee than
non-uniformity in the light transmission are very low, with corresponding lower contributions to
the constant term of the energy resolution function.

* Lead glass is among the cheapest active media available for a calorimeter.
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Figure 6. Refractive index of several lead glasses candidates as active absorber for ADRIANO.
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Figure 7. Attenuation length of several lead glasses candidates as active absorber for ADRIANO.

Figure 6 shows the refractive index curve of SE57HHT and those of several similar lead glasses
we have considered for the ADRIANO project. For wavelengths corresponding to the absorption
curve of most commercially available WLS fibers, the refractive index ranges in the [1.85,1.91] interval.
Therefore, the Cerenkovthreshold occurs at 8 = 0.53, 23% below the Cerenkovthreshold of typical
quartz fibers used in sampling dual-readout calorimeters, with a correspondingly larger photostatis-
tics.With a GEANT4 simulation, we estimated that the number of Cerenkovphotons with a wavelength
in the[360nm — 600nm] interval being generated by a 40 GeV charged pion showering inside SF57HHT
is of the order of 10°. However, because of the short attenuation length of the glass (shown in Figure 7),
most of those photons are re-absorbed before reaching the photodetector if the latter, as in traditional
lead glass calorimeters, is located at one end of each glass block. In order to minimize this problem, the
Cerenkovlight of ADRIANO is collected with a system of wavelength shifting (WLS) fibers embedded
in the glass and optically coupled to it. Studies reported here are based on a light collection with four
Bicron BCF92 fibers having 2.2 mm diameter, running along the longitudinal axis of each cell (cfr.
Figure 8).

It is worth noting that the optical coupling between the WLS fibers and the absorber further
suppresses the Cerenkovlight produced by the slower hadrons. This filtering mechanism is based on
Snell’s law and on the fact that slower hadrons emit Cerenkovphotons at a smaller angle than faster
electrons. According to this law, the minimum angle, 6,,;,, , that the Cerenkovphoton must have with
respect to the WLS fiber in order to penetrate the cladding of the latter, is defined by the following
relation: X 212

sin(Omax) = (nubs — nd) . @)

Nfip

where 1,5, 1) and 1y, are the refractive indexes 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, 0,,;, ranges
between 45.0° and 49.2° for a photon wavelength in the [360nm — 600nm| range. This will limit the
acceptance of Cerenkov photons emitted by charged particles with § < 0.74. The net effect is an
increase of 77¢ and, consequently, of 6, (cfr. Eq. 6) corresponding to an improvement of ADRIANO
compensation power (cfr. 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
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methods applied to the front and rear scintillating signals. These methods, successfully adopted in
existing experiments [30,31], 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 approximately 0.05:1.
This represents a reasonable compromise between good energy resolution of the detector (requiring as
many fibers as possible) and easy of construction. The ratio R4 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 24cm. Therefore, a 180 cmm long calorimeter would corresponds to
about 7.5 A;. Scintillating fibers and Cerenkovfibers of each cell are grouped in separate bunches and
are readout by individual photodetectors. Therefore, a cell with a footprint of 40 x 40mm? represents
the smallest sensitive region regarding detector granularity.

Figure 8. Individual module layout of the ADRIANO module.

A sketch of the base cell is shown in Fig. 6. The granularity of the calorimeter could be further
improved by grouping the fibers in smaller bundles and increasing the number of photodetectors
accordingly. Larger modules can be assembled by mounting several cells in a mechanical support
structure.

As already noted, one key feature of ADRIANO calorimeter is that it is integrally active, but,
on the other hand, the scintillation and Cerenkov signal are produced in physically separated media,
avoiding any contamination among 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, will be further justified
in the remainder of this article. These decisions are not arbitrary, but the result of an ongoing and
intense R&D program [32-34] by the T1015 Collaboration.

Detection of electromagnetic showers. In principle, the ADRIANO calorimeter can detect electro-
magnetic particles in dual-readout mode (namely, by measuring scintillation and the Cerenkovand
combining them into Eq. 4). However, as already observed for the passive dual-readout case, the
energy 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 Cerenkov and scintillating lights produced and b) the amount of Cerenkov light
generated in the foremost 20 cm of lead glass. The latter is justified by the fact that, for ADRIANO,
Xo /A1 = 5%, therefore an EM shower would deposit most of its energy in the front section of the
apparatus (as opposite to the case of hadronic showers which extend much further longitudinally).
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In order to estimate such initial energy deposit, we added, along the cell, special WLS fibers (from
here on referred to as Qyg), which are black painted for the 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 the previous experiments [35], will be thoroughly discussed in
Section 7.5.

5. Monte Carlo Simulation of an ADRIANO Calorimeter

Monte Carlo simulations of a hadronic shower propagating through a detector are traditionally
regarded as complex, with results often influenced by the underlying software and user-defined
parameters. The following section details the simulation framework employed for the subsequent
studies, along with the specific parameters used.

5.1. Monte Carlo Simulation Tools

The simulations of ADRIANO were conducted using the ILCroot software framework[38] .
ILCroot is interfaced with several Monte Carlo frameworks using the Virtual Monte Carlo package
(VMCQ)[41]. Among the currently supported frameworks, we selected GEANT4 [40] due to its large
developer community and versatility. The GEANT4 simulation framework offers various interaction
models, known as physicslists, to simulate 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 [42] (the High Precision version). Both lists use the Bertiniintra — 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.

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 x 100 cm?and consist
of 625 cells, each with a cross-section of 4 x 4 cm?. 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 have studied several configurations of the ADRIANO module, differing for
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.
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Table 1. Layout details of the ADRIANO modules studied in the text.

Detector SciFib SciFib WLS  WLS Capillary Capillary
Layout diam. pitch diam. pitch Mat. thick
[mm]  [mm] [mm] [mm] [um]
ADRIANO2x2 1.0 2.0 1.4 4.0 steel 150
ADRIANO3x3 1.0 3.0 1.4 4.0 steel 150
ADRIANO4x4 1.0 4.0 1.4 4.0 steel 150
ADRIANO5X5 1.0 5.0 1.4 4.0 steel 150
ADRIANO6x6 1.0 6.0 1.4 4.0 steel 150
ADRIANO4x4_2 1.0 4.0 14 4.0 steel 200
ADRIANO4x4_3 1.4 4.0 1.4 4.0 steel 150
ADRIANO4x4_4 2.0 4.0 14 4.0 steel 150
ADRIANO4x4_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:

Po1P _wid
Pz*lPl - dl ZU2’

(8)

where w; and d; are the pitch and diameter of the fibers in the i-th layout, while P; is the corresponding
capture probability. (°)

5.3. Simulation of Detector Response

Cerenkov section. To appropriately reproduce the optical response of the Cerenkovradiator, we
implemented 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 Cerenkovphotons is treated according to the
classical Cerenkoveffect theory[43]. The spectral distribution of emitted photons is given by:

2052
207tz=5in“0,y,

2 —
N /dLdA = ===,

©)
where a is the fine structure constant, 8, is the Cerenkovcone opening angle, A is the photon wave-
length 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 sin®6,;,, which is obtained
from the Sellmeier series equation:

BiA2 N ByAZ? N B3AZ2
A2—Cp A2—C  A2-C5

n(A) =1+ (10)
All glass-specific parameters in the Sellmeier equation are provided by the manufacturer. 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 Figure 6 and 7, respectively along with several other lead glasses that we have considered

3 Eq. 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) L.
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for this study. For wavelengths corresponding to non-zero values of the WLS fibers absorption curve
(cfr. fig. 9), the refractive index ranges in the [1.85 — 1.90] interval.
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Figure 9. Absorption and emission spectra of BCF-92A WLS fibers.
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Figure 10. Quantum efficiency of the BKF SiPM simulated in ILCroot.

The propagation of the Cerenkov 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 Cerenkovphoton, 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 6,,;,, defined in Eq. 7 total internal reflection occurs at the fiber
surface, preventing photon capture.

The simulations also account for the Photon Detection Efficiency (PDE) of the photodetector and
its coupling to the WLS fibers. The PDE of a commercial device [44] 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 were performed in 5 nm wide bins. To address a few
secondary instrumental effects that might have been neglected in our simulations, we normalized
the overall photo-statistics obtained with the above algorithms using experimental data reported in
Ref. [45], which were 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 SCSF82. These fibers were chosen due to their excellent response time and
widespread use in the high-energy physics (HEP) community. The fast response time 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 SCSF82 fibers in the HEP community
also facilitates the normalization of our simulations, given the large volume of available experimental
data.
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The photon detection efficiency of the photodetector [44] and its coupling to the SCSF82 fibers
are included in the simulations. The algorithms used to simulate light production, propagation in the
fibers, and absorption by the photodetector are based on publicly available libraries. Additionally,
Birk’s saturation effect was accounted for in the materials used. To ensure accuracy, we normalized 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 were included in our studies:

1. Excess Noise Factor (ENF): An ENF of F=1.106 was considered in the simulation of the photode-
tector. 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 photoelectrons (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?.3).

2. Non-Uniformity of Scintillating Fiber Response: A non-uniformity of 0.6% was considered
for the scintillating fiber response. This parameter value includes contributions from the in-
trinsic non-uniformity in the production of scintillation light and the non-uniformity in the
self-attenuation of the fibers. This figure is derived from measurements performed by the CHO-
RUS Collaboration with a calorimeter prototype employing identical fibers and a layout similar
to ADRIANOI5].

3. Signal Threshold: A signal threshold of 3 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 3 photoelectrons, independent of the measured energy. 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 Cerenkovcomponents 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, respectively, the longitudinal (left) and
lateral (right) CoG of the scintillation light. The exponential decrease in Figure 12 (left) occurring after
the shower maximum is fitted with a straight line. 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.
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4io 2

Figure 11. Development of a typical shower induced by a 40 GeV pion impinging on the ADRIANO
calorimeter.
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Figure 12. Longitudinal (left) and lateral (right) development of the center of gravity of the scintillating
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, respectively, 40 GeV pions (left) and electrons (right)
impinging onto the surface of the module with an angle 6 ~ 2°.
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Figure 13. Hadronic (blue) and EM (red) scintillation signal (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.
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The blue histogram corresponds to the hadronic component of the shower, while the red histogram
corresponds to the EM component. The ratio of the two distributions provides a direct estimate of 7.
The sum of the two components is shown on the right hand side of each plot (black curve).

Analogously, Figure 14 represents the electromagnetic and hadronic distributions for the Cerenkov-
component collected via the WLS fibers coupled to the glass. In this case, the ratio between the blue
and red histograms directly estimates #¢.
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Figure 14. Hadronic (blue) and EM (red) Cerenkov signal 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 (left) and for the Cerenkov signal (right).
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Figure 15. Hadronic (blue) and EM (red) Cerenkov signal (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.
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Figure 16. Hadronic (blue) and EM (red) Cerenkov signal (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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The differences between the integrally active and the sampling calorimeters are straightforward,
especially for the Cerenkov component of the devices, resulting in a factor of 1.2 and 50, respectively
in the ratio of the scintillating and Cerenkov light yield between the ADRIANO and the sampling
detectors. We explain the 20% difference in scintillation response between ADRIANO and the DRS
because the former is 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 Cerenkov
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 the Table 2. Table 1
summarizes the nomenclature of the various configurations. Results for a DRS module, published by

the 4th Concept Collaboration, are included for reference.”.

Table 2. Summary of raw detector response (average photoelectrons/GeV) for different layouts of an
ADRIANO module. Results for a DRS module are included for comparison. See text for details.

Detector hadr EM Tot hadr EM Tot Tot Tot s e
Layout peg ped peg pet  pel pel pes pe¢

ADRIANO2x2 630.6 4248 10554 2657 60.6 3263 1109.7 4794 1485 4.384
ADRIANO3x3 2513 180.5 4318 287.6 668 3543 4479 511.7 1392 4.308
ADRIANO4x4 146.1 1092 2553 2851 683 3534 2792 5132 1338 4.176
ADRIANO5x5 93.0 706 163.6 2828 69.1 3519 1787 5079 1317 4.094
ADRIANO6x6 703 543 1245 2797 685 3482 1372 4983 1296 4.081
ADRIANO4x4 2 1397 1079 2476 2736 664 3400 2614 4932 1295 4.122
ADRIANO4x4_3 2965 2117 5083 2826 671 3497 5275 5094 1400 4208
ADRIANO4x4_4 6488 4420 1090.8 2705 639 3345 11327 4972 1468 4.230
DRS Ref.[13] 1265 798  206.3 64 11 74 2317 113 1584 5944

The first six columns in Table 2 correspond to the average scintillation and Cerenkov photo-
electrons 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 #¢ and 7s: the corresponding values of the latter are listed in the last two columns
of Table 2. Analogously, the 7" and 8" columns refer to the average photoelectrons expected for a
1 GeV electron. It is worth noting that while the Cerenkov light yield is mostly constant across the
various configurations, the scintillation yield varies considerably from one to another. This effect is
reflected into similar variations of the parameter 7. It indicates, as expected, that different layouts
of ADRIANO have, indeed, different compensation power (cfr. Eq. 6 and the related discussion).
The different response among the configurations is explained by observing that the Cerenkov 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 77c. Consequently, a

4 Anin-depth study of a DSR module is reported in Ref. [13]. The results therein are obtained with the same framework and

algorithms discussed in Section5
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DRS has intrinsically 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 15 and 7¢ defined in Egs. 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., fe; 1) as is shown in Figure 17, and the energy response of the two
systems is consistent with such circumstances.
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Figure 17. Scatter plot of simulated Cerenkov and scintillating signals for 40 GeV electrons in the
ADRIANO calorimeter.

Therefore, for the first calibration step, we set:

S =C = 40GeV (11)
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Figure 18. Scatter plots of S vs C for the ADRIANO (red) and the DRS (blue) detector for 40 GeV
pions.

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(@c/s)C

=4 \% 12
1—tan(0c;s) 0Ge (12
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For comparison, the analogous distribution for the DRS detector is plotted in Figure 18 (right). The
line connecting the event loci of the two distributions have considerably different slopes, indicating
that tan(6c,s) (or, alternatively, 77c and 7) are different, as expected, for the two detectors. From Egs.
11,12 and 6, we are, then, able to extract the two calibration constants: 75 and #c.
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Figure 19. Scatter plots of S vs C for the ADRIANO detector for pions with different energies
impinging in the center of the module.
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Figure 20. tan(6¢,s) values form fit to the profile of S vs C for the ADRIANO detector for pions with
different energies impinging in the center of the module.

It is worth noting that the calibration method discussed above is applicable if and only if the
parameters 775 and 7¢ 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(0c,g) are plotted. The behavior of tan(6¢,s) is practically constant except at the lowest
energies considered, where we observe a variation of tan(6¢,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(6c,s) value for a 40 GeV pion impinging onto the DRS detector is ~30%
larger than in ADRIANO.
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Figure 21. Corrected energy E, for showers induced by 40 GeV negative pions and version (4x4) of
detector layout.
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Figure 22. Plots of Ey,,y;,/ Ecorr for negative pions with different energies. The detector has been
calibrated with two samples of pions at 40 GeV and 70 GeV.

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. In this case, we 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
47t 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 pion 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 will
no longer be monochromatic, suffering from long tails and 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 with abundance and higher purity. In order to
calibrate the detector with samples of pions of known energy, we rewrite Eq. 4 in the following form:

gi i
F=a—p (13)

where §; and C; are, respectively, the scintillating and Cerenkov responses of the uncalibrated calorime-
ter for showers induced by pions of energy E; and belonging to a control sample of population 7.
Assuming that tan(6¢,s) is mainly independent of the shower energy (cfr. Section 6.2), x and p inherit
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the same property. Their values can be estimated from the set of n relations (13) with simple linear
regression methods. More specifically:

_ Li(G/E)(Si/E:) —1/n Y (Gi/E) Y7 (Si/Ei)

~ = 14
P Y (Ci/E)? —1/n(5] G/ E;)? (14)
a=1/n i(gi/Ei) —p/n f(éi/Ei) (15)

1 1

To compare the two calibration techniques discussed above, we can apply the set of Egs. (13)-(15) to a
control sample containing, for sake of simplicity, pions of only two energies, 40 GeV and 70 GeV.
The distribution of the corrected energy E, obtained with this method is indistinguishable
(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 25,
confirming our speculation that « and B, to a large extent, do not depend on the shower energy.

6.4. Energy compensation with dual-readout

Once tan(fc/s) has been obtained for one particular energy, then E.,, for any energy is obtained
by applying Eq. 4. We note that Eq. 4 corresponds to a coordinate rotation by the angle 6,5 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 on Eo,r, 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
axis. The above effect is shown graphically in Figure 23.
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Figure 23. Coordinate rotation of the reference by the angle system (C, S) by the angle 6c /s . Oscint
and o are the uncertainties of the original S and C while o, _,, is the uncertainty on the rotated
distribution.
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It has been noted by Groom[11] that the projection of the event distribution onto the S’ axis is of
minimal width and, consequently, that E.,;+ has a smaller uncertainty compared to the cases where
either C or S are used separately. This effect is clearly apparent in Figs. 21 and 23, where we plot E.yr
(or, equivalentlyS’ ) for a 40 GeV negative pions impinging on ADRIANO. A value of o = 2.3 GeV is
obtained from a Gaussian fit to the plot, corresponding to a net decrease of the stochastic term in the
energy resolution of about 5%. The fit normalized x? 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 ADRIANO performance studies for the eight layouts consid-
ered in Section 6. The studies are repeated two-fold: in the first case, we assume that ADRIANO is
operated in dual-readout mode, while, in the second, a triple-readout approach has been considered.

7.1. Performance in Dual-Readout Mode
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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 Ej,,y, / Ecorr in ADRIANO for negative pions with different energies. Several detector
layouts are considered.

Once the calibration procedure presented in Section 6.2 and 6.3 is completed, the pair of calibration
constants (175 , #c) 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 % for five
ADRIANO configurations is shown in Figure 24. The standard deviations are obtained by a Gaussian
fits to Ecorr — E. The distributions are well described by the following expression:

TEcorr _

F DB, (16)

=l
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indicating that the non-Poisson fluctuations of f;, responsible for the known departure of the energy
resolution of non-compensated calorimeters from the E~'/2 scaling law, are almost completely elimi-
nated by the dual-readout compensation mechanism. The stochastic (¢) and constant term () from a
fit of Eq. 16 to the data for the detector layouts considered are summarized in table 3, along with the
reduced 2.

Table 3. Fit parameters to Eq. 16 for different ADRIANO layouts. See text for details.

Detector Fit. par.  Fit. par.  Fit. par. ‘
Layout « B Xiiorm
ADRIANO2x2 0.23 0.014 14.37
ADRIANO3x3 0.29 0.022 4.95
ADRIANO4x4 0.35 0.022 2.53
ADRIANOb5X5 0.43 0.022 2.08
ADRIANO6x6 0.48 0.028 1.58
ADRIANO4x4_2 0.36 0.020 5.89
ADRIANO4x4_3 0.31 0.018 7.33
ADRIANO4x4_4 0.27 0.020 1.42

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

7.2. Performance in Triple-Readout

As noted in Section3.1 the energy resolution of ADRIANO could be further improved by operat-
ing 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 3.1.
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Figure 26. Average time distribution of the scintillating signal for 40 GeV negative pions. The
exponential fit superimposed to the distribution has two different characteristic times.
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Figure 27. Standard deviation of corrected energy EXR, for showers induced by negative pions with

different energies. Several detector layouts are considered. Fits to curves described by Eq. 16 are

superimposed to individual points.

The average time distribution of the scintillating signal for 40 GeV 71~ 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 to 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
Eq. 4 in the following form:

Ez;ljr = “Sfast + BC + 7Ssi0w (17)
where C is the Cerenkov signal, S0, is the neutron component of the scintillating signal, Sy, is the
remaining part of the scintillating signal, &, B and <y are the new calibration parameters. Once the latter
are evaluated, using a technique equivalent to that described in Section 6.3, then Eq. 17 can be used to
measure the calorimetric energy.

We, then, repeated the studies presented in section 6.2 and extracted ELX, using Eq. 17. The
corresponding standard deviations, obtained from Gaussian fits to ELX ., are shown in Figure 27. Event
in the triple-readout case, the distributions are well described by Eq. 16 and the fit parameters for five
different ADRIANO layouts are summarized in table 4 .

Table 4. Fit parameters to Eq. 16 for several ADRIANO layouts operated in triple-readout mode. See
details in the text.

Detector Fit. par.  Fit. par.
Layout a b

ADRIANO2x2 0.22 0.004
ADRIANO3x3 0.27 0.005
ADRIANO4x4 0.31 0.012
ADRIANO5x5 0.36 0.016
ADRIANO6x6 0.39 0.022

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 4x4) the improvement is
larger than 10% for a and about 50% for the b.
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7.3. Effects of leakage

The results presented in Section 7 refer to an ADRIANO module of 4 meters long (or about
16.5 Ap). 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 47t 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 will consider
the effects of longitudinal shower leakage and punch-through expected in an ADRIANO module of
180 cm length (in that case, that includes both the EM and hadronic sections), which is closer to the
dimension of a typical collider experiments. The results of such studies, for one of the detector layouts
considered above, are presented below.

7.4. Performance of a 180 cm long ADRIANO module
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Figure 28. Estimated energy E.. for showers induced by 40 GeV negative pions in a 180 cm long
ADRIANO module.
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Figure 29. (E fo;ward — Epackward) / (E forward + Epackwara) Plotted versus the center of gravity of the light
produced in showers induced by 40 GeV negative pions.

The distribution of the corrected energy E.,r obtain for a 180 cm long ADRIANO module with
baseline layout (4x4mm? fiber pitch) for showers induced by a 40 GeV 7~ 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.

Therefore, an estimate of the shower CoG could be used to correct the energy measurement
for eventual leakage. In order to do 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
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of the module will register an amount of light whose ratio would depends on the position along
the fiber where the energy had been lost. This effect is demonstrated in Fig. 29 where we plot the
quantity 7rp = (Eforward — Ebackward)/ (E forward + Evackwara) versus the CoG of showers induced by 40
GeV negative pions. For sake of completeness, the simulation algorithms include also 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 1 photoelectron from electronic noise;

4. the finite size of binning of a 14 bits FADC.

The correlation between the two quantities is straightforward, and g 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.
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Figure 30. Uncertainty on the CoG of a shower estimated with the light division method for different
energies of the pion.
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Figure 31. (Ecorr — Epeam)/ Eveam VS 1p for 40 GeV negative pions impinging on a 180 cm long
ADRIANO module.

The resolution on the estimate of CoG depends on ny,, the number of photoelectrons collected,
with a contribution proportional to Ag;//fipe, where Ay is the attenuation length of the fibers.
Consequently, the uncertainty on CoG depends on the shower energy, as Figure 30, shows. The
observed distribution is well described by the following expression:

coc(cm) = 29.66/VE + 0.04 (18)

where E is in GeV units, demonstrating the stochastic nature of the underlying processes. Once #rp
has been estimated, late starting showers, which have increased probability of sizeable longitudinal
leakage, can be tagged and the energy can be corrected. An analysis of the visible energy as a function
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of g demonstrates a strong correlation between the two quantities. This is shown in Figure 31 where
we plot the expression (Ecorr — Epeam )/ Epeam VS 1B for 40 GeV negative pions. The shower leakage
becomes evident for values of #rp 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 Eq. 19:

b b d d
Eleak — <1.— — > 19
o =\ L T Y0150 Gt o? T (00102 1)

where the parameters 4, b, c and d are obtained from a fit to the plot shown in Figure 31.
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Figure 32. Ecorr — Epeyy Vs 11pp 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 curve described in formula 20

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 Fig. 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 Eo;r — Epeqy, for several
values of Ey,,;,, and the baseline ADRIANO layout are shown in Figure 33. A fit to the plot indicates
that described by the following expression:

o 324
==—=®29 20
EVE 20
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When comparing the above result with the values of 4 and b listed in Tab. 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 7.5A] detector only marginally.

7.5. ADRIANO Performance with electrons

In this section we will discuss the performance of ADRIANO with electron induced showers. As
noted in Section4.1, in this case, the showers develop according to the parameters characteristic of a
purely EM shower (X and pp) 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 (cfr. 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 an (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.

Calibrated energy for e” @ 40 GeV | hEnergy
Entries, 5000
Mean 40.06

RMS 2,031
70 %2 I ndf 292.8/183
Constant 64.41+1.17
Mean 40.04 +0.03

60 Sigma 1.943 + 0.022
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Figure 34. E.,+ for 40 GeV electrons impinging with an angle of ~ 3° on a 180 cm long module.
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Figure 35. C signal for 40 GeV electrons impinging with an angle of ~ 3° on a 180 cm long module.

This is confirmed by the plot in Figure 34 showing E for a 40 GeV electron beam reconstructed
using the formula (4). The value of g, obtained from a Gaussian fit corresponds to an energy
resolution of ~ 30%/+/E, which is typical of an hadronic shower. On the other hand, the projection
of the plot in Figure 17 on the C axis is much narrower (cfr. Figure 35) than that observed for
hadronic showers and corresponds to an energy resolution of ~ 3.6%/+/E. Therefore, with an efficient
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identification of EM particles, we could recover an energy resolution typical of an homogeneous EM
calorimeters 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 Ryg = Cpp/C of the light collected in the foremost 20 cm of the lead glass and the whole
Cerenkov signal;
2. The normalized difference Rcg = g—jrg of the total scintillating and Cerenkov signal.

The variable Ry is correlated to fraction of the Cerenkov light generated in the foremost region of
ADRIANO. The attenuation length of SF57HHT glass for the, mostly blue, Cerenkov photon is about
10 cm. Therefore, the Cerenkov 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 X, and 0.8 Aj. Therefore, the special Cy fibers will be able to collect a
considerable fraction of the light generated by an EM shower, but only a small fraction of an hadronic
shower. Similarly, from Egs. 1 and 2 we have that C/S ~ 1 for EM showers and C/S ~ (e/h) < 1 for
hadronic showers. Therefore, Rcg is expected to reflect such different conditions.
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Figure 36. CSy( for 40 GeV electrons (red) an negative pions (blue) in a 180 cm long module.
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Figure 37. Ry for 40 GeV electrons (red) an negative pions (blue) in a 180 cm long ADRIANO module.

Rpo and Rcg are shown respectively in Figure 36 anf ?? for 40 GeV electrons (red) and negative
pions (blue). By requiring that:

Ry > 0.51 and Rps < —0.1553 1)

we are able 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 Eq.16 with @ = 5.3 and 8 = 0.4, indicating that the good energy resolution for EM
particles is almost completely recovered.
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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 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 imple-
mented 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 Cerenkovlight 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 another experimental
setup for comparing our simulation algorithms[45]. This fact suggests that ADRIANO’s Cerenkov
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 mech-
anism 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 on 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 fibers matrix is substantially narrower than the characteristic dimensions
associated to hadronic showers (i.e. a range of about 1 cm for 50 + 100MeV typical spallation protons
and several centimeters for neutrons). From the practical point of view, Tab. 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 established a mathe-
matical 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 non-longitudinally
segmented detector. The active absorber primarily detects electromagnetic (EM) showers through
Cerenkov signals, while the scintillating fibers are sensitive to all ionizing particles. This dual-
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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 energy resolution described by 7 = LE ® B within
the energy range of 20 to 200 GeV. The stochastic term a 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 ADRIANQ’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 Cerenkov 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 & = &;/" @ 0.4% (including the most
relevant instrumental effects). Although ADRIANO is non-longitudinally segmented, 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 dcog(cm) = 29.66/ VE. 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 A; (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 Cerenkov 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 significant ad-
vancement 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 capabilities, paving the way for more efficient and accurate
particle detection systems.
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