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Introduction
• Muon colliders have great potential for high energy physics especially 

in the TeV range. Indeed:
- It has unique advantages both with respect to hadron colliders, permitting exact 

knowledge of the initial state and free from QCD background, and with respect to ! + ! − 
colliders, because a Muon Collider can reach higher energies (due to very reduced beam 
bremsstrahlung)

• However, the events reconstruction is affected by the Beam Induced 
Background (BIB) due to " → !$%$& decay and following interactions; 

• Time of arrival and high-granularity are key factors. This means that 
a finely segmented calorimeter that can implement timing 
reconstruction should be favored for this type of collider. 

• The present MC ECAL barrel is based on W and Si pad layers. 
- This choice can be very expensive. Moreover, this type of calorimeter would need a huge 

number of channels and would be characterized by low time resolution. 
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Beam Induced Background
• Expected BIB on the ECAL barrel ~300 !/cm2 /events with 

E~1.7 MeV.
• BIB can be subtracted using information from energy 

releases in the ECAL.
• The BIB produces most of the hits in the first layers of the 

calorimeter while i.e. muons produce a constant density of 
hits after the first calorimeter layers. 

• Since the BIB hits are out-of-time wrt the bunch crossing, a 
measurement of the hit time performed cell-by-cell can 
be used to remove most of the BIB. 

Energy released in ECAL barrel by one BIB 
bunch crossing

BIB at √s = 1.5 TeV

Energy released in ECAL barrel by 
uniformly distributed prompt muons in the 
(θ,φ) space

pT(μ)=20 GeV       
hit longitudinal
coordinate
distribution hit time distribution
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The Crilin calorimeter
• The goal is to build a crystals calorimeter, fast,
relative cheap, and with high granularity (both
transversal and longitudinal) optimized for
muon collider.

• Our proposed design, Crilin, is a semi-
homogeneous electromagnetic calorimeter
made of Lead Fluoride Crystals (PbF2)
matrices where each crystal is readout by 2
series of 2 UV-extended surface mount SiPMs.

• It represents a valid and cheaper alternative
to the W-Si Muon Collider ECAL.

S. Ceravolo et al 2022 JINST 17 P09033
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Performances with photons
The ECAL barrel with Crilin technology has been implemented in the Muon Collider simulation framework

- 5 layers of 45 mm length, 10 X 10 mm2 cell area. Dodecahedra geometry à 21.5 X0

- In each cell: 40 mm PbF2 + 3 mm SiPM + 1 mm electronics + 1 mm air

!
" ≃

14%
"

for theta = 1.57 '()*+*,-./0 ≃ 0 number of fake clusters per event

• Crilin is particularly suited for the BIB
mitigation strategy: having thicker
layers, the BIB energy is integrated in
large volumes, reducing the statistical
fluctuations of the average energy

• Moreover Crilin has just 5 layers wrt to
40 layers of the W-Si calorimeter, less
readout channels and it costs a factor
10 less

• The same strategy is being applied
to the jet reconstruction: different
energy range than >10 GeV photons
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Radiation enviroment

• Neutron fluence ~"#"$n1MeVeq/&'(year on ECAL. 
• TID ~ 1 Mrad/year on ECAL. 

FLUKA simulation for the BIB at )=1.5 TeV
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Crystal radiation hardness

• For PbF2: 
Ø after a TID > 35 Mrad no 

significant decrease in 
transmittance observed.

Ø Transmittance after neutron 
irradiation showed no 
deterioration 

• For PbWO4-UF:
Ø after a TID > 200 Mrad no 

significant decrease in 
transmittance observed.
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Crystal C2: PbF2
Longitudinal measure
1st measure after irradiation (<≈1 h)

PbF2

PbWO
4

Radiation hardness of two PbF2 and 
PbWO4-UF crystals (10x10x40 mm3) 
checked for TID ( up to 100 Mrad @ 
Calliope, Enea Casaccia) and neutrons 
(14 MeV neutrons from Frascati 
Neutron Generator, Enea Frascati, up 
to 1013 n/cm2) 
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SiPMs radiation hardness
Neutrons irradiation: 14 
MeV neutrons with a total 
fluence of 1014 n/cm2  for 80 
hours on a series of two 
SiPMs (10 and 15 !m pixel-
size). 
Extrapolated from I-V curves 
at 3 different temperatures:
• Currents at different 

operational voltages.
• Breakdown voltages;

15 "m pixel-size

10 "m pixel-size

For the expected radiation level
the best SiPMs choice are the
10 "m one for its minor dark
current contribution.

SiPM with bias

SiPM w/o bias

1 Mrad dose
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R&D status
Prototype versions
• Proto-0 (2 crystals à 4 channels)
• Proto-1 (3x3 crystals x 2 layers à 36 

channels)

Front-end electronics
• Design completed
• Production and QC completed

Radiation hardness campaigns

Test beam campaigns
• Proto-0 at CERN H2 (August 2022)
• Proto-1 at LNF-BTF (July 2023) and CERN 

(August 2023)
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Proto-0: Single crystal beam test

Aim:
• Validate CRILIN new readout electronics and 
readout scheme. 
• Study systematics of light collection in small 
crystals with high n. 
• Measure time resolution achievable with different 
crystal choices.

Beam test on Proto-0 in a single crystal 
configuration in fall 2022:
• 10 × 10 × 40 mm3 single crystal à 2 

options: PbF2 (4.3 X0) PbWO4-UF (4.5 X0). 
• Four 3x3 mm2, 10 μm pixel size SiPMs for 

two independent readout channels 
(SiPM pairs connected in series).

• Mylar wrapping - No optical grease.
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pC/GeV

pC/GeV

Results
Two different orientation were tested à FRONT and BACK:

• The BACK run time resolution is better, even after
correction, for both crystals.

• PbF2 outperforms PbWO4-UF despite its higher light
output (purely Cherenkov)

• PbF2 à !MT < 25 ps worst-case for Edep > 3 GeV
• PbWO4-UF à !MT < 45 ps worst-case for Edep > 3 GeV

Published: Frontiers in Physics
https://doi.org/10.3389/fphy.2023.1223183
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Proto-1
Two stackable and interchangeable submodules assembled by bolting, each composed 
of 3x3 crystals+36 SiPMs (2 channels per crystal) 
• light-tight case which also embeds the front-end electronic boards and the heat 

exchanger needed to cool down the SiPMs.
Cooling system:
• Total heat load estimated: 350 mW per crystal (two readout channels) 
• Cold plate heat exchanger made of copper mounted over the electronic board. 
• Glycol based water solution passing through the deep drilled channels. 

matrix cases made of ABS plastic

Locking plates

Seal

Hydraulic 
connectors
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Proto-1: Electronics
The SiPMs board is made of:
• 36 10 !m Hamamatsu SiPMs àeach crystal has 

two separate readout channels connected in 
series.

• Four SMD blue LEDs nested between the 
photosensor packages. 

The Mezzanine Board for 18 readout channels:
1. Pole-zero compensator and high speed non-

inverting stages;

2. 12-bit DACs controlling HV linear regulators for 
SiPMs biasing.

3. 12-bit ADC channels;
4. Cortex M4 LPC407x Processors. 

SMD LEDs

SiPM array (1 crystal)
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Test Beam @ BTF: Result
Threshold a 6 pC à 50 MeV

∼ 0.13 pC/MeV response (Teflon)
∼ 0.32 PE/MeV @ Vop +2  (Teflon)
∼ 0.25 PE/MEV @ Vop +2  (Mylar)
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Test Beam @ CERN
e- 40 – 60 – 100 – 120 – 150 GeV @CERN, 
August 2023 

Super Cindy

Proto-1
Lead-Glass

• Beam reconstructed with 2 silicium strip 
telescopes

• Data acquisition with 2 CAEN V1742 
(32 ch each) modified @ 2 Vpp

• 5 Gs/s sampling rate
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Proto1

Reconstructed 
beam

Reconstructed beam on 1st layer crystals
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Test Beam @ CERN – 2 –
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Test Beam @ CERN – 3 –

• Low pass filtering (Bessel 2nd order) cutoff_parallel ∼ 2 * cutoff_series

• Cut-off frequency based on two parameters: baseline RMS and risetime

(10-90%)

• Wave quality flag based on baseline RMS, peak, and risetime to discard

bad waves

• Processing cuts: peak > 2 mV

Series Layer Parallel Layer

Times [ns]

A
m
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itu
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V
]

Times [ns]

A
m
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itu

de
 [m

V
]

Sync pulses reconstruction:
- O(10 ps) ch-to-ch in the same chip
- O(30 ps) board-to-board jitter

sync signals edge
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Test Beam @ CERN: Result

MC 
120 GeV e-

2nd layer

0 10 20 30 40 50 60
layer0 energy [GeV]

0

20

40

60

80

100

120

0 10 20 30 40 50 60
layer1 energy [GeV]

0

10

20

30

40

50

1st layer

DATA
120 GeV e-

1st layer

2nd layer

0 20 40 60 80 100 120
ene tot dep [GeV]

0

10

20

30

40

50

60
Entries  1000

Mean    45.72

Std Dev     8.954

Underflow       0
Overflow        0

MC 
120 GeV e-

Total Energy 
on Proto-1

0 20 40 60 80 100
 [GeV]crilinE

0

10

20

30

40

50

60

70
Entries  1272
Mean    45.01

Std Dev     10.63

Underflow       0
Overflow        0

Data 
120 GeV e-

Total Energy 
on Proto-1

Edep [GeV]

Edep [GeV]

Excellent agreement between data e MC
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Test Beam @ CERN: Timing 
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60 ps /E[GeV] ⊕ 8 ps

• We have funds to build a larger matrix
composed of 5x5 crystals and 5 layers:

- 21 X0 and 1 MR
- a lateral leakage recovery matrix of

lead glass crystals

60 ps /E[GeV] ⊕ 8 ps

beam

Transverse view

2.5 MR

PbF2
10x10x40

SF-57
25x25 x220 mm3

2 MR
1 MR
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Summary
• High granularity & longitudinal segmentation prototypes
• Time resolution: < 20 ps for single crystals, E > 5 GeV  
• (Cherenkov) light transport dynamics in small crystals with high n under control 
• Radiation resistance: PbF2(PWO-UF) robust to > 35(200) Mrad and SiPMs validated 

up to 1014 n1MeV/cm2 displacement-damage eq. fluence



Backup slides
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Muon Collider

Main issues: BIB and 
radiation damage
Optimized detector interface:
• Based on CLIC detector, 

with modification for BIB 
suppression. 

• Dedicated shielding 
(nozzle) to protect 
magnets/detector near 
interaction region. 
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• Extrapolation of tracks to the upstream crystal face 
• Geometrical 1×1 cm2 fiducial volume

• Proto-0 assembly
• PbF2 crystal and SiPM matrix are visible
• SiPM series wiring scheme (in red)
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Tracking and coordinates



Edep
• Geant4 simulation of beam test in both 

configurations
• Energy scale from MC fit using resampled 

beam positions from tracking systems 

Optical and digitisation
• Optical transport simulation of Cherenkov 

light also implemented for PbF2 (next slides)
• Wrapping and SiPM optical surfaces 

implementation
• WF digitisation using single PE SiPM 

response and optical photons arrival times

Energy scale

September 7 2023 R&D status for an innovative crystal calorimeter for the future Muon Collider – I. Sarra 24



• Template fit for WF reconstruction
• Timing extraction using CF method

CF optim bias check fit chi2s chi2:pos
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Waveform recontruction



Effects on waveforms (data)
• Pulse shape modification as a function of impact 

position selected with different fiducial cuts
• Green à particle incident directly on SiPM pair giving 

signal
• Magenta à particle incident on opposite SiPM pair
• Purple à particle incident between SiPM pairs
• Dashed line à signal shape for back runs

Optical simulation
• Simulated time distributions for optical 

photons arrival on the photosensors, for two 
beam positions

• POS0: centred beam the crystal 
• POS1: 3 mm beam offset (towards CH0) 
• shaded areas à contributions due to light 

reaching the photosensors directly (i.e., with 
zero or one reflections)
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Positional effects: waveshapes



• +/- 10 % maximum imbalance in light collection
• anticorrelated effect on timing (T1-T0)

• No significant effects for back-runs
• Similar effects for PbWO4-UF 

• Light propagated indirectly is more strongly 
attenuated due to the longer total path length 
traversed and the multiple reflections

• earlier arrival times for photons arriving directly

front-run back-run

PbF2 DATA
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Positional effects: charge and timing



Correction process

September 7 2023 R&D status for an innovative crystal calorimeter for the future Muon Collider – I. Sarra 28

• The front mode shows a peculiar distribution both in 
time time difference and charge sharing: 
Ø the relationship between this two quantities can 

be used as correction function
Ø Negligible effect in back runs



MC validation: optical simulation
• Simulated time distributions for optical photons arrival on 

the photosensors, for two beam positions
• POS0: centred beam the crystal 
• POS1: 3 mm beam offset (towards CH0) 
• shaded areas à contributions due to light reaching the 

photosensors directly (i.e., with zero or one reflections)

• Confirmation of the positional effects
• Charge asymmetry matched within 20 %
• Smaller timing offsets in simulation wrt data
• mean-time and mean-energy information are 

always well behaved
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Excellent channels equalization:

Ø Same SiPMs production lot 

Ø Cherenkov light and good production quality

120 GeV: crystals charges on 1st layer
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Sipms left
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Test Beam @ CERN – Proto-1 –



Test Beam @ CERN – Proto-1 + Lead Glass –
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Energy resolution is dominated by leakage

Ø Used 24 X0, ~2 MR, lead glass crystal + PMT to recover the longitudinal leakage

Ø We obtained about the lead glass measured energy resolution @ 120 GeV à Proto-1 apport is 

negligible à good indication for the future large-scale prototypes
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