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The LHCDb experiment is going to face much higher occupancies and radiation levels in its high-
luminosity phase, requiring major upgrades of the electromagnetic calorimeter (ECAL). As a first
step, an enhancement is planned during Long Shutdown 3 (LS3) of the LHC to mitigate ageing in
the central region and to ensure stable performance after Run 3. This upgrade introduces Spaghetti
Calorimeter (SpaCal) technology into the innermost part of the ECAL. A total of 176 new SpaCal
modules with radiation-tolerant scintillating plastic fibres will be installed: the 32 closest to the
beam line will use 3D-printed tungsten absorbers, while the remaining 144 will employ lead
absorbers produced with a novel casting approach. Both designs have been studied extensively in
test-beam campaigns at DESY and CERN, where the measured performance matches simulations
and meets the requirements for operation at higher luminosities. The scintillating fibres will be
coupled via radiation-hard light guides to fast photon detectors, with new front-end electronics for
3072 additional readout channels. Modifications to the ECAL support platform are also foreseen
to accommodate the installation. In addition, the existing Shashlik modules will be rearranged to
better follow the occupancy map, improving uniformity at high luminosity. The LS3 intervention
will not only restore ECAL performance for Run 4, but also anticipate several features of the

PicoCal upgrade foreseen for LS4.
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1. Introduction

The LHCb detector [1] is a single-arm spectrometer at CERN’s Large Hadron Collider (LHC)
designed to study b and ¢ hadrons, contributing to precision measurements in CP violation and rare
decays. During Run 3, following the first major upgrade (Upgrade I) [2], LHCb has been operating
at an instantaneous luminosity of up to 2- 1033 cm~2s~!. A further increase in luminosity is foreseen
in future runs, leading to significantly higher particle fluxes and radiation levels, particularly in the
innermost regions of the detector.

The Electromagnetic Calorimeter (ECAL) plays a crucial role in the reconstruction of photons
and electrons. However, detailed simulations indicate that the radiation damage accumulated by the
end of Run 3 will severely degrade the performance of the central ECAL region, preventing it from
efficiently contributing to the physics program in Run 4. In addition, the increased event occupancy
will challenge the current detector granularity and readout capabilities.

To preserve ECAL performance under these more demanding conditions, a dedicated interven-
tion is planned during the Long Shutdown 3 (LS3), from 2026 to 2029, aiming to mitigate ageing
effects and prepare the detector for operation at higher luminosities.

2. The new ECAL layout

The LS3 enhancement of the ECAL is designed to address the combined challenges of radi-
ation damage and increased occupancy through a re-optimization of the detector layout and the
introduction of more radiation-tolerant technologies in the most exposed regions.

The upgraded ECAL will adopt a rhombic geometry that follows the expected occupancy
profile [3], ensuring a more uniform detector response across the acceptance, as it is shown in
Fig. 1. While maintaining a modular structure with a transverse size of 12x12 cm?, the calorimeter
will be segmented into regions with different granularities and technologies, increasing towards the
beam line.
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Figure 1: Simulated ECAL occupancy for (left) the Run 3 layout and (right) the upgraded configuration at
L =2-10%3cm™2s~!. Coordinates refer to the transverse plane at the ECAL front face. The central empty
square marks the beam pipe region, while the cross in the upgraded case indicates a small acceptance gap
caused by the module rotation.

The innermost region will be equipped with Spaghetti Calorimeter (SpaCal) modules, which
use scintillating fibers embedded in a dense absorber. This technology provides enhanced radiation
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hardness and finer granularity compared to the current Shashlik design, making it suitable for
operation under high-luminosity conditions.

From the outer regions to the center, following the profile in Fig. 2, the detector will consist
of: 2512 existing Shashlik modules (12x12 cm? cells), 448 Shashlik modules (6x6 cm? cells), 176
Shashlik modules (4x4 cm? cells), 144 new SpaCal modules with lead absorbers, namely SpaCal-
Pb (3x3 cm? cells), and 32 new SpaCal modules with tungsten absorbers, namely SpaCal-W (2x2
cm? cells).
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Figure 2: ECAL regions and cell sizes for the proposed configuration to be installed during LS3. The orange
and red areas will be equipped with SpaCal modules.

To optimize the sampling of electromagnetic showers, all SpaCal modules will be tilted by
3°+3° with respect to the beam axis, using dedicated mechanical supports to preserve alignment.

The upgraded system is required to achieve an energy resolution of oz /E = 10%/VE & 1%
with energy in GeV, a response linearity within 1% up to 100 GeV, and a time resolution of 20 ps
or better. Although precise timing will not be exploited in Upgrade I, the L.S3 design is developed
to be compatible with the requirements of Upgrade II [4].

3. R&D campaign of ECAL LS3 modules

The development of the LS3 modules involved an extensive R&D campaign where SpaCal
prototypes were characterized at the CERN SPS and DESY-II testbeam facilities. The experimental
setup included Microchannel Plates (MCPs) for time reference, plastic scintillators for triggering,
and Delay Wire Chambers (DWCs) for tracking information. Prototypes were housed in a dark
box equipped with remotely controlled actuators to adjust position and inclination. Signals from
the photo-detectors were digitized using either ADC modules or a DRS4-based digitizer to extract
energy and timing data.

3.1 SpaCal-W

The SpaCal-W prototype features an absorber made of 3D-printed tungsten, manufactured in
four longitudinal sections for a total length of 19 cm. The absorber contains 5180 holes with a
square section of 1.2x1.2 mm? and a pitch of 1.67 mm. Kuraray SCSF-3HF plastic scintillating
fibers (1x1 mm? section) are inserted into these holes. Following insertion, the fibers undergo a
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controlled gluing and polishing process to ensure optical uniformity and mechanical stability, as
it is shown in Fig. 3. Each fiber bundle is coupled to a Photomultiplier Tube (PMT) through a
3D-printed plastic hollow light guide. These guides are internally lined with highly reflective ESR
foil to match the square SpaCal cell size to the circular PMT window.
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Figure 3: (Left) SpaCal-W prototype absorber and (right) a view of the fibers inserted in the module after
polishing and gluing on one side.
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3.2 SpaCal-Pb

The SpaCal-Pb prototype utilizes a low-pressure casting technique for its lead absorber, where
stainless-steel capillary tubes are embedded to create the channels for the fibers, shown in Fig. 4.
These holes have a diameter of 1.6 mm to accommodate 1.5 mm round Kuraray SCSF-3HF
fibers. Aside from the absorber material and fiber geometry, the construction procedures, including
polishing, bundling, and light-guide coupling, remain identical to those used for the tungsten
prototype.

Figure 4: (Left) SpaCal-Pb prototype absorber with stainless-steel capillary tubes and (right) a view of the
fiber bundle in yellow.

3.3 Photosensors

New PMTs are required for the LS3 SpaCal modules to ensure output signal linearity within
1%. The existing Hamamatsu R7899-20 PMTs used for Shashlik modules do not meet the new
specifications for gain, geometry, and radiation tolerance (up to 50 kGy) and will therefore be
restricted to the outer ECAL regions. Several candidates have been evaluated: the Hamamatsu
R9880U-MCD for SpaCal-W, chosen for its compactness and linearity at low gain, the Hamamatsu
R9800 for SpaCal-Pb with an enlarged window to maximize light collection and the NNVT N2014
again for the lead modules, all shown in Fig. 5.

A critical factor in high-radiation performance is the PMT window material. Tests at the
CERN IRRAD facility irradiated various materials with 24 GeV protons to a dose of 300 kGy.
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Figure 5: Three Photomultiplier tubes (PMT) used in testbeam campaigns: (left) Hamamatsu R9880-MCD
PMT, (middle) Hamamatsu R9800 and (right) NNVT N2014.

Measurements showed that quartz maintains the highest transparency at the 530 nm emission
wavelength of the fibers, significantly outperforming UV glass and borosilicate.

4. Testbeam results

Testbeam campaigns confirmed that both technologies meet the target requirements for energy
and timing. The SpaCal-W prototype demonstrated an energy resolution with a 9.9% sampling term
and a 1.1% constant term, showing excellent agreement with simulations, as shown in Fig. 6. Its
time resolution was recorded below 20 ps for beam energies above 40 GeV. Similarly, the SpaCal-Pb
prototype achieved an energy resolution with an 11.2% sampling term and a 1.2% constant term.
Its time resolution reached the sub-20 ps goal for energies above 20 GeV, as shown in Fig. 7. These
results were obtained with the modules tilted at 3° + 3° to ensure optimal shower sampling.
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Figure 6: (Left) Energy resolution and (right) time resolution of SpaCal module with tungsten absorber,
tilted by 3° + 3° with respect to the beam axis, equipped with respectively Hamamatsu R14755U-100 and
R7600U-M4 PMT.

5. Conclusion

The LS3 enhancement of the LHCb ECAL is a mandatory intervention to counter the ageing
effects caused by high radiation doses accumulated since Run 1. By replacing the innermost Shashlik
modules with 176 new SpaCal modules and rearranging the remaining detector into arhombic layout,
the calorimeter’s initial performance can be restored for Run 4. The successful characterization of
tungsten and lead prototypes proves that the SpaCal technology meets the requirements on energy
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Figure 7: (Left) Energy resolution and (right) time resolution of SpaCal module with lead absorber, tilted

by 3° + 3° with respect to the beam axis, equipped with Hamamatsu R11187 PMT.

and timing resolutions. Furthermore, this enhancement establishes the architectural foundation for
Upgrade II, ensuring the detector’s long-term viability in the High-Luminosity LHC era.
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