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Abstract: The CMS Electromagnetic Calorimeter (ECAL) is a homogeneous PbWO4-based detector.
The upcoming High-Luminosity upgrade of the CERN LHC will provide detectors with unprecedented
instantaneous luminosity, entailing an increase of the average number of proton-proton collisions
per bunch crossing up to a value of 200. To cope with such busy environment and with the trigger
latency and rate, the ECAL readout and trigger electronics system will be replaced. The front-end
electronics will deploy custom ASICs optimised for precise timing, improved signal discrimination,
lossless data compression, and fast transmission. Off-detector FPGA processor boards will form
trigger primitives and perform basic signal reconstruction. The upgraded system has been validated
over several test beam campaigns. In terms of physics performance, it will match the outstanding
energy resolution of the current ECAL detector, while significantly enhancing the time resolution
of electrons and photons above 50 GeV.
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1 Introduction

The Electromagnetic Calorimeter (ECAL) [1] of the CMS (Compact Muon Solenoid) experiment [2, 3],
operating at the CERN Large Hadron Collider (LHC), is a homogeneous calorimeter consisting of an
array of over 75848 scintillating lead tungstate (PbWO4) crystals, arranged in a barrel (61200 crystals)
and two endcaps (7324 crystals each). The scintillation light produced by the passage and showering
of electrons and photons is read out by avalanche photodiodes (APD) in the barrel, and vacuum
phototriodes in the endcaps. The small Molière radius (2.19 cm) and short radiation length (0.89 cm)
of the ECAL crystals allow the electromagnetic showers to be contained in a compact volume and
to be reconstructed with high space resolution. The lead tungstate is a fast scintillator: in a typical
ECAL crystal, 80% of the light is emitted within 25 ns, which matches the time spacing between bunch
crosses at the LHC. Signals are sampled at 40 MHz and digitised in a set of 10 consecutive amplitude
measurements, and dedicated energy reconstruction algorithms are in place to mitigate the contribution
of detector noise or simultaneous interactions per bunch crossing (pileup) to the measured energy.

The current LHC operations will last until 2026. By then, the entirety of the data delivered by
the collider will amount to about 450 fb−1. As the LHC transitions into the High-Luminosity phase
(HL-LHC), the ECAL faces new challenges. The HL-LHC is expected to achieve an instantaneous
luminosity up to 7.5× higher than the original design value of 1034 cm−2 s−1, which will drastically
increase event rate and exposure to radiation. An average pileup of 140–200 will be typical at the
HL-LHC, compared to a maximum of about 65 during the typical ongoing operations.

The radiation damage to the crystals of the endcaps will be unsustainable beyond 500 fb−1, which
calls for a full replacement of the system by a novel calorimeter. The ECAL barrel, instead, will be
upgraded [4] to cope with the high-radiation and busy collision environment, maintain the current
energy resolution, and provide precise timing to contribute to the CMS 4D vertex reconstruction.

The ECAL barrel crystals will be kept in the upgraded detector, as they are expected to have
retained 30–50% of their initial light output at the end of the HL-LHC (3000 fb−1). The readout
electronics will be replaced: the on-detector electronics will feature custom pre-amplifiers and
analog-to-digital converters (ADC) with improved signal discrimination and higher rate sampling.
The off-detector electronics will cope with the higher output bandwidth of the upgraded CMS Level-1
(L1) trigger. In addition, lowering the operational temperature from 18 to 9◦C will help mitigate
the radiation-induced electronic noise of the APDs.
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2 The ECAL upgraded system

The upgraded L1 trigger system will operate at 750 kHz with 12.5 μs latency, a 7.5× increase in rate
and 3.3× in latency compared to the current system. The upgraded ECAL readout system must cope
with the L1 trigger needs, ensuring fast, high-granularity data transmission. A driving motivation
for the upgrade is the need to reject signals from direct ionization of the avalanche photodiodes
(APDs) by hadrons, which would otherwise saturate the L1 trigger bandwidth. The layout of the
upgraded system is outlined in figure 1.
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Collider (CERN, Switzerland), 
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The HL-LHC operations will be extremely challenging for data-taking and for online and offline event reconstruction. The radiation-hardness of the detectors and of their readout electronics must be 
ensured, as well as the fast transmission of high-quality data. While the ECAL endcaps will be replaced, the barrel will be refurbished with a new readout system. The outstanding energy resolution achieved 
by the legacy system will be maintained, and the timing resolution will be drastically improved. A large system, implementing close-to-final versions of the upgraded system prototypes, has been validated 
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Newer versions of the readout elements will be tested in future test beam campaigns. 
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THE CMS ELECTROMAGNETIC CALORIMETER (ECAL)
The ECAL [1] is a homogeneous, hermetic, 
PbWO4-based detector. Its design was led by 
the H→γγ search needs, and its excellent 
performance was crucial for the Higgs boson 
discovery (2012). Its key parameters are:

• small Molière radius: rM = 2.19 cm 
• high density: ρ = 8.28 g/cm3

• short radiation length X0 = 0.89cm
• fast light emission: ~80% of light within 25 ns 

Barrel                                    
61200 crystals, Avalanche Photo-Diodes (APD) 
Endcaps 
14648 crystals, Vacuum-Photo-Triodes (VPT)

5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13.6 TeV 13.6 - 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 450 fb-1 3000 fb-1

4000 fb-1

BUILDINGS

20402027 20292028

pilot beam
The ongoing Run3 will conclude the first phase of the 
LHC program. In the HL-LHC phase, the accelerator 
complex will deliver an instantaneous luminosity up to 
7.5x larger than the design value (1034  cm-2s-1). The 
ECAL endcaps will be replaced, as the radiation damage 
will be unsustainable beyond 500 fb-1. The ECAL barrel 
will be upgraded [2] to cope with the harsher collision 
environment, maintain the current energy resolution 
and provide precise timing to contribute to the 4D 
vertex reconstruction.

Pileup of about 
140-200 will be 
typical at HL-LHC 
(up to 80 in Run3).
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1. Introduction

Advances in sensor technology and readout electronics have given access to timing precisions
on the order 10 ps for the detection of high energy particles. While the focus of the hardware devel-
opment is moving towards the 1 ps domain and beyond, technologies with order 10 ps resolution
are now considered for large scale applications. In particular the challenges of current and future
high luminosity hadron colliders may be best addressed by enhancing the timing performance of
the detectors to the level of 10 ps. To fully exploit the physics potential of the luminosity up-
grade of the Large Hadron Collider (LHC), the High Luminosity LHC (HL-LHC), the experiments
ATLAS and CMS are investigating precision timing upgrades of their respective detectors. The
ALICE collaboration has spearheaded precision timing technologies at LHC and LHCb is inves-
tigating possible upgrades for time-of-flight based particle identification. The physics goal of the
ATLAS and CMS collaborations at HL-LHC is to precisely study Higgs boson production, decay
kinematics and rates as well as the measurement of the Higgs self coupling. This will be a crucial
additional test of the SM electroweak symmetry breaking sector. Searches for physics beyond the
standard model are also part of the program. To achieve these goals an integrated luminosity of at
last 3 ab�1 has to be accumulated over a time span of 10 years. The detector performance needs to
be maintained at a level of the LHC Run I data. The instantaneous luminosity will be at the level
of 1035cm�2s�1 [1]. This requires the operation of the HL-LHC at beam intensities that will result
in 200 simultaneous proton-proton collisions (PU) per bunch crossing.

Figure 1: Simulated event of a Higgs Boson,
produced in association with two jets, decaying
into two photons. The simlated event is embed-
ded in 200 PU events. Associating the final state
objects of the Higgs decay to each other via their
common production vertex is very challenging
in this environment.

To maintain the physics performance of the detectors at HL-LHC the granularity and speed of
the detectors as well as the readout and trigger electronics will be improved. Enhancing the timing
performance of the detectors will give an additional handle to disentangle the superposition of the
hard interaction with 200 PU events. In Fig. 1 we show a simulated event in the CMS detector
where a Higgs Boson, produced in association with two jets, decays into two photons. The event is
embedded in 200 PU events which dominate the event display.

2. Physics use cases for precsion timing at HL-LHC

The key challenge at HL-LHC is the extreme density of particles. This challenges the event
reconstruction since the association of information from different subdetectors, eg. matching of
vertices to calorimeter clusters, becomes much less reliable and the combination of subdetector
information, eg. the combination of multiple tracks to form an event vertex or the combination
of multiple calorimeter clusters to form a jet, prone to confusion. In the following we discuss the

1

The ECAL barrel crystals will be kept, and they will retain 
30-50% of the light output after 3000 fb-1 .

THE NEW READOUT ELECTRONICS LAYOUT

CATIA  Trans-impedance amplifier 
• 2x bandwidth (~35 MHz) w.r.t current electronics 
• 2 TeV dynamic range with 2 gain outputs 
• Minimal pulse shaping for precise timing and improved signal 

discrimination 
LiTE-DTU Analog-to-digital converter 
• 160 MHz sampling frequency, 12 bit resolution 
• Lossless data compression (2.08→1.08 Gb/s)  
lpGBT Transceiver 
• Fast, radiation-hard 10 Gb/s optical links 
• Trigger data granularity: single-crystal (x25 w.r.t. current system) 
BCP FPGA-based aggregator 
• Decompression and basic signal reconstruction 
• Pre-processed data streamed to L1 trigger

The upgraded CMS L1 trigger will have an increased event rate (750 kHz) and latency (12.5 μs), 7.5x and 
3.3x w.r.t the current system. The ECAL readout must comply with fast data transmission. With the 
current readout capabilities,  the trigger bandwidth would be saturated by the so-called “spikes”, i.e. 
signals from APD direct ionization by hadrons. The amplifier bandwidth and sampling rate are optimised 
for noise reduction, pileup mitigation, precise timing and on-the-fly pulse discrimination. 

Comparison of the pulse 
shape from a scintillation 
event or from a direct hit 
in the APD.

THE TEST BEAM SETUP
Test beam campaigns are being carried out at the secondary beamline H4 branching from SPS (Super 
Proton Synchrotron, CERN), where pure electron beams with Δp/p = 0.5% in 20 < p < 250 GeV are 
provided. In the 2023 campaign, 9 readout units of 5x5 crystals of a spare ECAL supermodule have been 
equipped with close-to-final prototypes of the full readout chain; an additional unit for the upgraded 
readout of the laser, monitoring the light output of crystals, was included. The experimental setup 
includes hodoscopes for the beam position monitoring and MCP detectors for external time reference.  
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ENERGY RESOLUTION TIMING RESOLUTION

The ECAL upgraded system must meet several physics benchmarks. It is required that the 
current energy resolution is maintained, i.e. that the constant term C is within 1%. With the 
current system, the timing resolution is ~180 ps. The ECAL timing resolution should be below 
30 ps for e/γ above 50 GeV to enhance the CMS vertex reconstruction efficiency by 10% at 
HL-LHC. The ongoing analysis of test beam data shows excellent physics performance. 

e-e-

Figure 1. Schematic layout of the upgraded readout electronics.

The Very Front End (VFE) board hosts two custom ASICs: the CATIA (Calorimeter TIA) and
the LiTE-DTU (Lisboa-Torino ECAL Data Transmission Unit). The CATIA ASIC is a fast, dual-gain
trans-impedance amplifier with dynamic range up to 2 TeV and 35 MHz bandwidth. The minimal
pulse shaping contributes to precise timing and improved signal discrimination. The CATIA is
complemented by the LiTE-DTU, a high-performance analog-to-digital converter operating with
160 MHz sampling rate and 12-bit resolution. A key feature of the LiTE-DTU is the lossless data
compression, which reduces the output rate from 2.08 Gb/s to 1.08 Gb/s.

The Front End (FE) board implements lpGBT transceivers, featuring fast, radiation-hard optical
links. Single-channel data will be transmitted to the trigger, rather than in 5×5 channels sums as in the
current system, which will drastically enhance the discrimination against direct APD ionization signals.

The data is transmitted off-detector with 10.24 GB/s rate. The BCP (Barrel Calorimeter Processor)
board, a FPGA-based aggregator, performs decompression and basic signal reconstruction, and
prepares pre-processed data for the L1 trigger.

3 The performance measured on beam

The upgraded system is being validated for data integrity and physics performance in test beam
campaigns at the H4 beamline branching from the CERN Super Proton Synchrotron (SPS). The H4
beamline provides pure electron beams with Δ𝑝/𝑝 = 0.5% over the range 20 < 𝑝 < 250 GeV. The
2021 campaign was carried out using a 5×5 crystals readout unit equipped with VFE board prototypes.
For the 2023 campaign, 9 readout units of a spare ECAL supermodule, for a total of 225 crystals,
were equipped with close-to-final prototypes of the full upgraded readout chain. The latter setup also
included the upgraded readout of the laser that monitors the light output of the crystals under radiation.

Several physics performance benchmarks guide the design of the upgraded ECAL. The excellent
energy resolution achieved by the current system, within 1% for the typical energy of the products
of the Higgs boson, must be maintained. While the current system achieves a timing resolution of a

– 2 –
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few hundreds of ps, precise timing will be a crucial addition to the ECAL capabilities. The target
for the upgraded system is to reduce it to 30 ps for electromagnetic showers above 50 GeV. This
improvement is expected to enhance the H→ 𝛾𝛾 vertex reconstruction efficiency by 10%, so that
the diphoton mass resolution is not degraded by large pileup.
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Figure 2. Performance of the ECAL upgraded electronics measured with 2021 and 2023 test beam data. On
the left, energy resolution as a function of the beam energy. On the right, time resolution as a function of the
effective signal amplitude normalised by the electronic noise.

Results from the analysis of the 2021 and 2023 test beam data are shown in figure 2. The energy
resolution 𝜎(𝐸)/𝐸 is computed over a 3×3 crystals matrix and is parametrised as a function of the
energy of the incoming electron beam. The measurements are fitted using the functional form

𝜎(E)/E =
N
E

⊕ S
√

E
⊕ C

where N is the noise term, S is the stochastic term and C is the constant term. The noise is fixed to the
measured weighted sum of the average baseline RMS across channels. The constant term, representing
the asymptotic energy resolution, is well below 1%, matching the design target.

The timing resolution is extracted from the spread of the signal pulse time in neighbouring channels
and is parametrized as a function of the effective amplitude Aeff over the two channels, normalized by
the measured noise 𝜎𝑛. The noise contribution and the constant term are determined by fitting with

𝜎(𝑡1 − 𝑡2)√
2

=
N𝜎𝑛

Aeff
⊕ C.

The constant term lies within 30 ps.
These results confirm that the upgraded system has excellent physics performance, meeting

the requirements.
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4 Conclusion

The HL-LHC operations will present unprecedented challenges for the CMS detector in terms of
data acquisition and both online and offline event reconstruction. Like the other CMS detectors,
the ECAL must cope with an extremely busy environment, while ensuring the fast transmission
of high-quality data.

The ECAL barrel will be fully refurbished with a new readout system. The upgraded system
is designed to maintain the outstanding energy resolution of the legacy system while dramatically
improving the timing resolution. Test beam campaigns with close-to-final prototypes have successfully
validated the upgraded readout chain, and have shown that the target physics performance is met.

The VFE ASICs are currently in the pre-production phase, while the FE and BCP boards design
is being finalized. Further test beam campaigns will test newer iterations of the readout components
in preparation for the HL-LHC operations.
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