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ALLEGRO is a detector concept optimised for precision measurements at the electron-positron
phase of the Future Circular Collider (FCC-ee) with a noble liquid electromagnetic calorimeter.
An extensive R&D program on the high granular noble liquid calorimeter has been launched. The
fine segmentation of the calorimeter is realised by the usage of the straight multi-layer electrodes.
This proceeding focuses on the introduction to the ALLEGRO concept, the discussion on the
design of its calorimeter, as well as relevant measurements and tests performed in the laboratory.
Specifically, the results of the simulations and the measurements with the first prototypes of the
multi-layer electrodes are compared. The optimisation studies of the mechanical structure of the
calorimeter, along with the results of the tests on the absorber prototype will be shown. The status
of the preparation for the test-beam prototype module is discussed.
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1. ALLEGRO FCC-ee detector concept

The electron-positron phase of the Future Circular Collider [1] (FCC-ee), will be a circular
lepton-lepton collider with a circumference of 90 km. FCC-ee will cover several major physics pro-
grams including Standard Model (SM) precision measurements and search for new physics beyond
the SM. Center-of-mass energies of FCC-ee will range accordingly from 90 GeV to 365 GeV. In
order to fulfill the full physics program of FCC-ee, the concept of a general purpose detector, A
Lepton coLlider Experiment with Granular calorimetry Read-Out (ALLEGRO) has been concep-
tualised [2]. The design of ALLEGRO focuses on the particle identification performance, which
is expected to be realised with the particle flow method. The most iconic feature of ALLEGRO
is its high granularity noble liquid Electromagnetic CALorimeter (ECAL). The ECAL is located
inside a 2 T solenoidal magnet and share the same cryostat. The ALLEGRO ECAL could use lead
or tungsten as absorber and liquid argon or liquid krypton as the active material. Signals from
ECAL are extracted by read-out electrodes on multi-layer printed circuit boards (PCB). In addition
to the ECAL, the design of ALLEGRO sub-detector systems comprises the vertex detector, the drift
chamber, the hadronic calorimeter using the tile calorimeter technology [3] and the muon tagger,
as shown in Figure 1.

Figure 1: Layout of the design of ALLEGRO sub-detector systems.

2. Noble liquid calorimetry

The ALLEGRO ECAL is a noble liquid sampling calorimeter. In the application of the noble
liquid technology, the calorimeter consists of repeated layers of absorber, liquefied noble gas and
read-out electrodes. Basic components of a single repeat are shown in Figure 2(a). When a high
energy incident particle induces electromagnetic shower in the absorber, electrons produced in the
shower will ionise the liquefied noble gas. With high voltage applied to the gap of noble liquid,
the ionised electron-ion pairs drift in the electric field, therefore inducing signals on the read-out
electrode. As a mature particle detecting technology, noble liquid calorimetry has been successfully
applied to numerous high energy physics experiments, such as D0 [5] and ATLAS [6]. The noble
liquid calorimetry is capable of achieving good energy resolution, linearity, stability, uniformity
and timing properties. The energy resolution of the ALLEGRO ECAL baseline design is estimated
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to be 2.5% for a 10 GeV electron. Comprehensive R&D’s are crucial for the ALLEGRO noble
liquid calorimetry, such that the signal extraction and mechanical structure inside the cryostat can
be well understood and optimised for both the detector operation and physics performance.

(a) (b) (c)

Figure 2: Noble liquid calorimetry for ALLEGRO ECAL. (a) Working principle of the noble liquid
calorimeter (figure taken from [4]). (b) Geometry of ALLEGRO noble liquid ECAL in the barrel region. (c)
Segmentation of calorimeter cells on the read-out electrode.

3. Barrel region ECAL read-out structure

The design of the ALLEGRO ECAL in the barrel region emphasises the high granularity of
the read-out. As shown in Figure 2(b), the read-out electrodes of ALLEGRO ECAL in the barrel
region are flat multi-layer PCB’s arranged in an inclination angle of about 50 degrees around the
beam pipe. On each read-out PCB, as presented in Figure 2(c), the calorimeter cells are segmented
into radial layers and 𝜃-towers.

Studies of the read-out electrode are a key element of the R&D program for the ALLEGRO
ECAL. Even though the multi-layer PCB technology supports high granularity of the signal read-out,
several consequences have to be accounted for. First, various electromagnetic couplings between
calorimeter cells and signal traces confined in a thin PCB result in cross-talks. Then, in order to
suppress cross-talk between cells, shielding is introduced to the design of the PCB, as shown in
Figure 3. Larger shielding provides a better suppression of cross-talk, but at the same time, increases
the overall level of the electronic noise due to higher capacitance. Since the high granularity design
of the read-out electrode also reduces the signal amplitude of each cell, the read-out of signal on
each cell becomes more susceptible to noise. All of the above factors have to be carefully studied, so
as to help the design of read-out electrode achieve a delicate balance among granularity, cross-talk
and noise.

4. Measurement and simulation of cross-talk

Rapid progress has been made on the R&D of ALLEGRO ECAL read-out electrode. In
particular, several PCB prototypes have been produced to facilitate various tests, therefore providing
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Figure 3: Sectional view of the design of the read-out electrode for ALLEGRO ECAL in the barrel region.

a better understand of electric properties of the electrode. For instance, the CERN prototype PCB
in Figure 4(a) is segmented into 16 𝜃-towers and 12 radial layers. The second radial layer comes
with a 4 times better granularity designed to enhance the photon-𝜋0 discrimination performance.

(a) (b) (c)

Figure 4: Measurements and simulations of the CERN prototype PCB. (a) Segmentation of the CERN
prototype PCB. (b) Setup of the cross-talk measurement in the laboratory. (c) Comparison of cross-talk
between the measurement and simulation with a shaping time of 200 ns.

Prototype PCB’s are pertinent to the measurement of cross-talk. A typical setup of the test in
the laboratory is shown in Figure 4(b), in which Copper sheets are used as grounding and absorbers
above and below the electrode during the test. A function generator injects 300 ns wide 1 V peak
to the electrode at 5 ms intervals. Signals are read by the oscilloscope from both the cell that
receives the injection and from its neighbouring cells. The peak-to-peak ratio of signal amplitude
between the latter and the former is taken as the cross-talk. The impact of cross-talk on the cell
response can be effectively reduced by introducing a pulse shaping. Several choices of shaping
time were tested from 20 ns to 200 ns, revealing a clear tendanece that a longer shaping time leads
to a lower cross-talk configuration. Particularly, the peak-to-peak cross-talk is measured to be at the
level of 0.05% with a 200 ns shaping time. Therefore, a longer shaping time should be preferred,
considering the low detector occupancy at FCC-ee.

Given that a reliable simulation allows more flexibility to optimise the design of the electrode,
electric properties of the read-out electrode are studied with finite element analysis in parallel. The
PCB model is analysed and converted to an equivalent circuit, such that the study of cross-talk
is repeated in simulation with this equivalent circuit. As the example shown in Figure 4(c), a
good agreement is observed between the measurement and the simulation, which implies that the
accuracy of the simulation is sufficient to support studies of alternative shielding scenarios for an
optimised design of the PCB.
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In order to study its impact on physics performance, the emulation of electrode cross-talk has
been implemented in ALLEGRO full simulation. On each PCB, 4 types of cross-talk are considered,
corresponding to direct radial neighbours, direct 𝜃 neighbours, diagonal neighbours as well as the
rest of the cells in the same 𝜃-tower due to the residual capacitive cross-talk in the same theta
tower due to the signal trace traversing below other cells. In the cross-talk emulation, the cross-talk
coefficients are taken from the real measurement with 50 ns shaping and one cross-talk coefficient
is assigned to one type of cross-talk neighbour. With the topo-cluster reconstruction, the impact of
cross-talk on energy resolution turns out to be marginal. The impact on photon-𝜋0 discrimination
is still under study.

5. Mechanical design and test-beam prototypes

First mechanical solutions for the structure of ALLEGRO ECAL in the barrel region have
been proposed and are being designed. The schematic drawing is shown in Figure 5. Positions of
read-out PCB’s and absorbers are fixed by stainless steel outer rings and composite material inner
rings. The design is studied with finite element analysis for strength and size. Several studies on
the structural design are current ongoing, such as the assembly of the ECAL barrel, the precise
positioning of components, as well as the interference between read-out PCB and support structure.

Figure 5: Schematic drawing of ALLEGRO ECAL barrel region mechanical design.

In 2023, a first sandwich-like prototype of two absorbers and one electrode was built. Each
absorber is made of 1.8 mm of lead covered by 50 µm of steel. The absorber prototype was put
into cold test of a liquid nitrogen bath, as shown in Figure 6(a). However, small depressions were
observed after the cold test. While the origin of depressions is still under investigation, a thicker
steel coverage of 100 µm is being considered, so as to enhance the mechanical strength. The main
goal of R&D is to prove design feasibility by building and testing a prototype in test-beam. The
design of the first test-beam prototype is shown in Figure 6(b), consisting of 64 repeats of absorber
and read-out PCB’s. The size of the prototype is expected to contain the development of a typical
EM shower. The design of this prototype will be fixed by autumn 2025, then followed by 3 or 4
more years for the production and preparation before the test-beam.

6. Conclusion

ALLEGRO is a general-purpose FCC-ee detector concept that is rapidly maturing. The iconic
feature of ALLEGRO is its highly granular ECAL using the well-proven and advantageous noble
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(a) (b)

Figure 6: Absorber and test-beam prototypes. (a) Cold test of the absorber prototype. (b) Basic design of
the test-beam prototype.

liquid calorimetry technology. Prototype of ALLEGRO ECAL PCB’s were produced and tested for
electrical properties. Dedicated measurements of electrode cross-talk were performed, of which
the result was also reproduced by the simulation. The emulation of cross-talk in the detector
full simulation is going-on, aiming at studying the impact of electrode cross-talk on the physics
performance. In the meantime, the design of the ALLEGRO ECAL mechanical structure is being
optimised. The first ECAL absorber prototype was built and then tested in liquid nitrogen bath,
which provided valuable information and experience for the test-beam prototype coming in a few
years from now.

This project has received funding from the European Union’s Horizon 2020 Research and In-
novation programme under GA no 101004761.
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