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The LHCb experiment aims to collect a dataset of 300 fb−1 in its high-luminosity phase. Such
an objective calls for challenging upgrades of all the detector systems to successfully operate
at a peak luminosity of 1.5 × 1034 cm−2s−1. The future electromagnetic calorimeter, named
PicoCal, will have to face a high radiation dose and mitigate a harsh occupancy, keeping the
current energy resolution. To meet these requirements, the calorimeter regions are redesigned
with finer granularity, longitudinal segmentation, and a timing resolution of approximately 20 ps.
The candidate technologies are Spaghetti calorimeter (SpaCal) with garnet scintillating crystals
(GAGG) and tungsten absorber in the innermost region, SpaCal with scintillating plastic fibres and
lead absorber in the intermediate area, and Shashlik with polystyrene tiles, lead absorber, and fast
WLS fibres in the outer part. An additional timing layer based on microchannel-plate technology
was investigated. This proceeding summarises the proposed new features and the status of the art
of the R&D project, reporting results from test-beam activities.
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1. Introduction

The LHCb experiment is a single-arm forward spectrometer operating at the LHC [1]. Its
physics program focuses on CP violation, rare decays, and heavy-flavour spectroscopy [2]. LHCb
is carrying on its third data-taking period (Run3) in the so called Upgrade 1 configuration [3]. An
intense R&D effort is ongoing tomake the detector able to profit from themuch higher instantaneous
luminosity deliverable by the LHC [4, 5]. The target peak luminosity for Run5 is 1.5× 1034cm2s−1,
namely seven times more than the one in Run3 and Run4. The LHCb electromagnetic calorimeter
(ECAL) is a 7.76 × 6.30m2 wall, 12.6m downstream of the interaction point [6]. As shown
in Fig 1-left, it is expected to absorb up to 1 MGy in its lifetime, demanding high radiation
tolerance in the inner region (the limit for the current Shashlik technology is 40 kGy). Furthermore,
higher granularity will be mandatory to cope with the high occupancy regime. Simulation studies
demonstrated that measuring the time of the energy deposits is a critical feature for the combinatorial
background rejection in Upgrade 2 conditions. Another Upgrade2 feature will be the double-side
readout with photomultiplier tubes (PMT) on the front and back faces of the calorimeter. The target
energy and time resolution are: σE/E = 10%/

√
E[GeV] ⊕ 1% and σt ≈ O(10 ps). The name of the

new calorimeter project is PicoCal. Its development plans foresees an enhancement phase between
Run3 and Run4, and a generalized upgrade between Run4 and Run5 (Upgrade 2)1. The central
and right plots of Fig. 1 illustrate the geometry of the PicoCal regions. The Shashlik technology
will be exploited in the outer regions [7]. It is based on alternating lead and plastic-scintillator
tiles as passive and active materials crossed by wave-length shifting fibres (WLS). It fulfils the
energy resolution target, several spare modules are available and can be upgraded to implement the
double-side readout. The ongoing R&D focuses on the WLS to improve radiation hardness and
timing capabilities. The candidate technology for the central region is the Spaghetti Calorimeter
(SpaCal). It involves lead or tungsten matrices as passive components and plastic (polystyrene)
or crystal (GAGG) fibres as scintillating parts [8]. By design, this new technology has a small
Moliere’s radius and high radiation-hardness properties [9]. Section 2 summarises energy- and
time-resolution results from test-beam campaigns. In parallel to the characterisation of the timing
performance of SpaCal and Shashlik, the feasibility of an ancillary layer dedicated to the timing
was investigated. Section 3 resumes laboratory and test-beam results about it.

2. Main Test Beam Results

Test-beam campaigns were conducted at DESY (1–5 GeV electrons) and CERN-SPS (20–100
GeV electrons). Fig. 2 illustrates the energy resolution results for the SpaCal prototypes. As
shown in the right plot, a 3-degree tilt was enough to avoid channelling effects and was used in
all the cases. The target energy resolution was verified. Fig. 3 displays the time resolution of
SpaCal and Shashlik prototypes depending on the energy of the impinging electron. The time
stamps were measured using the constant-fraction-discrimination algorithm. Depending on the
technology, a time resolution better than 20 ps was achieved at different energies. In the SpaCal
case, the double-sided readout was effective for good time resolution at low energy.

1The detailed schedule of the Runs is available at http://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
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Figure 4.16: Expected accumulated radiation dose on the ECAL after an integrated luminosity
of 300 fb�1.

combination of Shashlik and SpaCal technologies, as explained later in this section. In certain
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Figure 4.17: (Left) First optimisation of ECAL regions and cell sizes for Upgrade II with the
SpaCal/Shashlik option. (Right) Occupancy in the SpaCal/Shashlik option with the baseline
cell-size layout for the front modules.

regions the occupancy is very high, and it is evident that the improved spatial and angular
resolutions must be complemented with accurate time information on the arrival time of particles
to further suppress background from pile-up interactions. Time information provided by the
tracking detectors will also help the association of electromagnetic clusters to charged-particle
tracks and primary vertices.

The e↵ectiveness of time information in suppressing the background is demonstrated in
Figure 4.18. The left plot compares the time properties for signal and background candidates in
the B0 ! K⇤0� simulation and the right plot shows the corresponding mass spectra with and
without a time window of three times the resolution, applied around the expected arrival time of
the photon. Events have been generated with a full simulation of a SpaCal/Shashlik calorimeter
with the granularity discussed above and in Upgrade II conditions. The time resolution, as
obtained from simulation, is a few tens of ps, energy-dependent, and reproduces the performances
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Figure 1: Left: Expected radiation dose (in Gray) absorbed by the ECAL at the end of LHCb operations
depending on the position on its surface. Center and right: map of PicoCal regions in the enhancement [5]
and Upgrade2 [4] phases. Technology names and cell granularities are listed in the legend. Double-sided
readout and timing features will be included only in the Upgrade2 phase.
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Figure 2.36: Energy resolution for electrons at 3�+3� incidence angle in a lead/polystyrene
SpaCal prototype with 1mm fibres, with a comparison between testbeam measurements and
Hybrid Monte Carlo simulations. The red markers are the measurements, with the noise term
subtracted in quadrature. The simulation points are fitted and drawn with a 1-standard-deviation
error band.

Figure 2.37: Simulated energy resolution of the lead/polystyrene SpaCal prototype with 1.5 mm
fibres and stainless steel tubes, obtained with Hybrid Monte Carlo. The module length is 260 mm,
and the electron incidence angle is 3�+3� incidence angle. The stochastic term from the fit is
(10.4 ± 0.1)%, while the constant term is (0.72 ± 0.06)%.

the system will start in early spring 2028, as soon as all modules, the cables and most of the
electronics are installed. The installation of the first batch of photo-multipliers marks the start of
the commissioning. In the baseline of this project both the front-end boards and the calibration
system are very similar to those presently installed, simplifying the commissioning phase. Hence,
the enhanced ECAL is expected to be ready for data taking well before the cavern closure in
December 2028.

For the front-end board, su�cient ASICs are available from the previous FEB construction.
Some of the common electronic components provided by CERN will have to be purchased. The
design of the control boards is ready, and the production can start as soon as the TDR has been
approved and the resources are made available.
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Figure 2.34: Energy resolution for electrons at 3�+3� incidence angle in a tungsten/polystyrene
SpaCal prototype with 1⇥1 mm2 fibres, with a comparison between testbeam measurements and
Hybrid Monte Carlo simulations. The markers are measurements performed at DESY (orange)
and the SPS (red), with noise term subtracted in quadrature. The error bars represent the
statistical uncertainty of the measurements. The blue line is a fit to the data, with sampling
and constant terms reported on the plot. The grey dashed line corresponds to a resolution
of 10% sampling and 1% constant terms. The simulation points are fitted and drawn with a
2-standard-deviation error band in green, and are in very good agreement with the measured
data.
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Figure 2.35: Time resolution of the tungsten/polystyrene SpaCal prototype measured at DESY
and the SPS with R7600U-M4 PMT and 3�+3� incidence angle. The PMT was dry coupled via
a hollow light guide. The bias voltage was 500 V at DESY II and 375 V at the SPS.

time resolution are fully compliant with the Upgrade II specifications.

2.7 Project organisation

2.7.1 Schedule

The overall schedule is shown as a Gantt chart in Fig. 2.39, and is prepared according to the
schedule of LS3 running between December 2025 and December 2028. The commissioning of
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Figure 2: SpaCal energy resolution from test-beam campaigns. Left: Lead-polystirene, double-side readout;
center: tungsten-polystirene, single-side readout; right: tungsten-GAGG, double-side readout. Details on
prototypes and data-taking methods are documented in Ref. [4, 5, 9].
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Figure 2.38: Time resolution of the lead/polystyrene SpaCal prototype measured at 3�+3�

incidence angle of the electron beam, using R11187 PMTs. The PMTs were in direct dry contact
with the central bundles. In DESY, the PMTs were biased at 480 V (front) and 540 V (back);
at the SPS, 400 V (front) and 410 V(back).

The R&D for the photo-multiplier will be finalised early in 2026, including irradiation
tests. This will leave a comfortable period of 15 weeks for the market survey and the following
production. The PMTs will be mounted on to the modules in batches, once the SpaCal and
Shashlik modules are installed and the cables are in place. Some contingency is kept between
R&D, market survey and production.

The R&D for the tungsten absorber is well advanced already. For the production we estimated
180 days, which might be reduced, depending on the number of available 3D printing devices.
The assembly of the modules will take up to a year, which was estimated based on the experience
with “module 0”. At present, we anticipate having two teams of two people, however by doubling
the tooling and the teams the assembly time could be easily shortened. The R&D for the lead
absorber is still ongoing, but based on the current rate of progress, we expect this phase of the
project to be concluded by mid 2024. The assembly of modules will start as soon as the first
batch of lead absorbers are available. In total, 150 modules with lead (including spares) must be
assembled, which is four times the number of modules with tungsten absorber, but the assembly
will be somewhat faster due to the reduced number of fibres.

Concerning the infrastructure, we set to mid 2024 the deadline for finishing the ongoing
design phase for the modification of the metallic platform that houses the electronic racks on top
of the calorimeter. The number of racks will be kept the same, but the existing 46U ones will be
exchanged with 52U racks, allowing for an increased rack height and more space to incorporate
the increased number of FEBs.

Milestones for the development of the detector software are given in Sect. 2.4.8.

2.7.2 Distribution of responsibilities

The major national contributions to the ECAL LS3 enhancement are expected to come from
China, Spain, France, Italy, US as well as CERN. Some individuals from institutes in other
countries are also contributing expertise to the project. Institutes that have declared interest
in participating to the ECAL LS3 enhancement are: CERN; Peking Univ., Tsinghua Univ.,
Wuhan Univ., CCNU Wuhan, SCNU Wuhan and Hunan Univ. (China); ICCUB Barcelona, La
Salle Barcelona and CSIC Valencia (Spain); IJCLab Orsay, LPC Clermont and LAPP Annecy
(France); INFN Sezione di Bologna, INFN Sezione di Milano-Bicocca and INFN Sezione di
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Figure 2.34: Energy resolution for electrons at 3�+3� incidence angle in a tungsten/polystyrene
SpaCal prototype with 1⇥1 mm2 fibres, with a comparison between testbeam measurements and
Hybrid Monte Carlo simulations. The markers are measurements performed at DESY (orange)
and the SPS (red), with noise term subtracted in quadrature. The error bars represent the
statistical uncertainty of the measurements. The blue line is a fit to the data, with sampling
and constant terms reported on the plot. The grey dashed line corresponds to a resolution
of 10% sampling and 1% constant terms. The simulation points are fitted and drawn with a
2-standard-deviation error band in green, and are in very good agreement with the measured
data.
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Figure 2.35: Time resolution of the tungsten/polystyrene SpaCal prototype measured at DESY
and the SPS with R7600U-M4 PMT and 3�+3� incidence angle. The PMT was dry coupled via
a hollow light guide. The bias voltage was 500 V at DESY II and 375 V at the SPS.

time resolution are fully compliant with the Upgrade II specifications.

2.7 Project organisation

2.7.1 Schedule

The overall schedule is shown as a Gantt chart in Fig. 2.39, and is prepared according to the
schedule of LS3 running between December 2025 and December 2028. The commissioning of
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Figure 2.30: Invariant mass distribution of B0 ! K⇤0� candidates selected with and without a
cut on the arrival time of the photon clusters. Time resolutions on the K⇤0 decay vertex of 20
and 100 ps are assumed. Only final-state photons in the SpaCal regions are included.
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Figure 2.31: Time resolution as a function of cluster energy for the Shashlik module comparing the
standard PMT R7899-20 with the fast PMT R7600U-20, as well as comparing the performance
of the current Y11 WLS fibres with the new faster YS4 fibres.

modules, that are equipped with Y11 WLS fibres, is shown for the current PMT (R7899-20), in
comparison with a new faster photon detector (R7600U-20). A comparison is also shown with
what can be achieved when replacing the current Y11 fibres with faster ones of type YS4, which
is the baseline for Upgrade II.

2.5.3 Electronics with fast-timing capabilities

The measurement of the electron and photon arrival times in the ECAL requires completely new
electronics for Upgrade II. To avoid any delays for Run 5, the development of key components
such as the front-end ASICs has already started.

Two new ASICs are currently under development. One ASIC is intended to measure the
energy over a large dynamic range (from 0 to 100GeV in transverse energy), and is called
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Figure 3: SpaCal energy resolution from test-beam campaigns. From left to right: Lead-polystirene with
double-side readout, tungsten-polystirene with single-side readout,tungsten-GAGGwith double-side readout,
Shashlik with single-side readout with various PMT and WLS configurations. Details on prototypes and
data-taking methods are documented in Ref. [4, 5, 9].

3. R&D on LAPPD timing layer

Having a surface of 20×20 cm2, the LAPPDby Incom Inc. [10] is the largestmicrochannel-plate
photomultiplier (MCP-PMT) ever built, all made of inexpensive materials [11]. The feasibility of
a LAPPD timing layer located between the front and back sections of the PicoCal was investigated.
The large number of charged particles moving at the shower maximum allows the detection of a
sizable signal from primary ionisation within the MCP tiles. In turn, this allows operations without
the photocathode -the less radiation-tolerant part of the LAPPD- with the advantage of further
cost reduction. Ageing campaigns of Incom MCPs demonstrated a not problematic gain reduction
up to an integrated charge of 300 C/ cm2, namely the target lifetime for a PicoCal application.
Not relevant gain and dark-rate degradations were observed up the expected radiation dose. Test
beams at DESY and SPS verified a time resolution better than 20 ps at low energy. Laboratory
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tests studied the time-resolution degradation depending on the rate of the impinging particles.The
situation for rates up to a few MHz/ cm2 is acceptable, but the expected particle flux in PicoCal
innermost regions demands a vigorous R&D effort to improve the LAPPD capabilities in high-rate
environments. Experimental methods and detailed results are documented in Ref. [12].

4. Conclusions

The LHCb PicoCal prototypes meet radiation hardness and energy resolution targets. The
time-resolution requirements are met at high energy. The LHCC approved the upgrade programme
documented in the Framework-TDR [4, 5]. The current R&D is focuses on the optimisation of
the PMT coupling and response homogeneity with full-size prototypes. The timing-layer R&D
improved the knowledge about the integration of the MCP technology in calorimeter detectors.
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