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General requirements for future calorimeters
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• Energy Resolution : 4% resolution for PF jets allows 
discrimination between hadronic decays of W and Z bosons

• Essential for e+e- colliders where ZH is required for Higgs 
total width measurement

Science Measurement Technical Requirement (TR) PRD

Higgs properties
with sub-percent
precision

Higgs self-coupling
with 5% precision

TR 1.1: Tracking for
e
+
e
�

TR 1.1.1: pT resolution:
�pT/pT = 0.2% for central tracks
with pT < 100 GeV,
�pT/p

2
T = 2⇥ 10�5/GeV for central tracks

with pT > 100 GeV
TR 1.1.2: Impact parameter resolution:

�r� = 5
L

15 (p [GeV] sin
3
2 ✓)�1

µm
TR 1.1.3: Granularity : 25⇥ 50 µm2 pixels
TR 1.1.4: 5 µm single hit resolution
TR 1.1.5: Per track timing resolution of 10 ps

18, 19,
20, 23

Higgs connection
to dark matter

TR 1.2: Tracking for
100 TeV pp

Generally same as e+e� (TR 1.1) except
TR 1.2.1: Radiation tolerant to 300 MGy and
8⇥ 1017 neq/cm2

TR 1.2.2: �pT/pT = 0.5% for tracks
with pT < 100 GeV
TR 1.2.3: Per track timing resolution of 5 ps
rejection and particle identification

16, 17,
18, 19,
20, 23,
26

New particles
and phenomena
at multi-TeV scale

TR 1.3:
Calorimetry
for e+e�

TR 1.3.1: Jet resolution: 4% particle
flow jet energy resolution
TR 1.3.2: High granularity: EM cells of
0.5⇥ 0.5 cm2, hadronic cells of 1⇥ 1 cm2

TR 1.3.3: EM resolution : �E/E = 10%/
p
E
L

1%
TR 1.3.4: Per shower timing resolution of 10 ps

1, 3,
7, 10,
11, 23

TR 1.4:
Calorimetry
for
100 TeV pp

Generally same as e+e� (TR 1.3) except
TR 1.4.1: Radiation tolerant to 4 (5000) MGy and
3⇥ 1016 (5⇥ 1018) neq/cm2

in endcap (forward) electromagnetic calorimeter
TR 1.4.2: Per shower timing resolution of 5 ps

1, 2, 3,
7, 9, 10,
11, 16,
17, 23,
26

TR 1.5: Trigger and
readout

TR 1.5.1: Logic and transmitters with
radiation tolerance to 300 MGy and
8⇥ 1017 neq/cm2

TR 1.5.2: Total throughput of 1 exabyte per second
at 100 TeV pp collider

16, 17,
21, 26

Table 2: Technical Requirements [27, 28] to enable the physics program for Higgs and the Energy Frontier
and map to Priority Research Directions. The Science column lists the goals of the science program. Progress
towards each goal is realised both by electron positron colliders and proton proton colliders. Accordingly,
there is no specific alignment between the goals in the Science column with the rows across the other columns.

reconstruction of highly collimated jets and to cope with the high pileup. In addition, the silicon tracking
sensors and electronics will need to maintain good performance after unprecedented exposure to radiation
of approximately 1 ⇥ 1018 neq/cm2 and 300 MGy of total ionizing dose (TID) [27]. The pixel detector
replacements planned for the LHC Long Shutdown 4 in 2031 will o↵er an excellent opportunity to develop
detectors which may benefit from some of the emerging technologies motivated by R&D towards a 100 TeV
pp collider.

Finally, future tracking detectors will be 4D detectors as they will not only measure the position of
particles, but also their time of arrival. This capability will allow the new generation trackers to cope
with the extreme linear density of pileup vertices and particle rates expected at the 100 TeV pp collider
and maintain reasonable detector occupancy levels. In addition to mitigating e↵ects of pileup and high
occupancy, precise measurements of particle arrival time allows the reconstruction and identification of new
long-lived particles, which naturally occur in theories with new particles very weakly coupled to the SM.

In the past ten years, the timing technology has made substantial progress. Today, state-of-the-art
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• Timing resolution : 

• 5 ps per shower to match HL-LHC pile-up rejection at 
100 TeV pp collider

• 10 ps per shower to provide particle ID for SM and new 
particles at any collider

• High longitudinal and transverse granularity for pile-up 
rejection, particle flow, and jet substructure.

• Documented in DOE BRN for HEP Detector R&D from 2020. 



Particle ID from time-of-flight
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 Abstract--We propose to measure the velocity of particles 
produced at a hadron or lepton collider by measuring the time-of-
flight in a finely segmented cylindrical geometry, in which the 
particles product Cherenkov light while traversing the window of 
one element in an array of large-area (e.g. 5 cm x 5 cm) multi-
channel-plate photomultipliers (MCP’s). There has been a 
substantial improvement in the time resolution of MCP’s, which 
now have achieved a 10-psec transit-time spread (FWHM) for a 
single photon. We have simulated the Cherenkov emission and 
MCP response spectra for several commercially available MCP’s, 
and find that a TOF resolution on the order of 1 psec should be 
attainable. This would allow K/π  separation at σ1  up to a 
transverse momentum of cGeV/ 25≈  in a detector such as CDF 
at the Fermilab Tevatron. It may also be possible to associate a 
photon with its production vertex by conversion directly in front 
of the MCP. The system we are considering requires a custom 
large-area MCP design with an anode consisting of impedance-
matched segments, directly coupled to a circuit capable of psec 
resolution. Possible problems we know of so far are showering in 
the magnet coil that is in front of the system and stray magnetic 
field outside the coil. One last consideration is the cost, which will 
be comparable to other major detector subsystems. 

I. INTRODUCTION 

HE experimental probing of most of the most fundamental 
problems in particle physics relies on the identification of 

`flavor', the quantum numbers that differentiate the 6 kinds of 
quarks and the three generations of leptons. For example, the 
Higgs boson is expected to decay primarily to b-quarks, as 
they are massive. The top quark, which is strikingly more 
massive than the other quarks, decays into a W boson and a b 
quark; the W itself decays equally to a pair of light quarks, the 
up and down quark, and to somewhat heavier pair, the strange 
and charm quarks. The identification of b-quarks is a major 
tool in the study of the properties of the top quark. 

The quarks themselves are not stable, and essentially 
instantaneously decay to states of integer electric charge and 
zero net color (the charge of the strong interaction). These 
states consist of a number of particles, which can include 
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pions, kaons, protons, etc., and also the leptons (electron, 
muon, tau, and their neutrinos). By measuring the final 
particles one can reconstruct the parent process, and hence 
investigate the deeper questions of mass and flavor. 

Identifying the secondary particles is therefore one of the 
goals of particle detectors, large devices built around the sites 
where the beams intersect. Typically built in and around a 
large solenoidal magnet, these detectors consist of various 
devices to measure the time, position, direction, and energy of 
the secondary particles. The large magnetic field (typically on 
the order of 1-2 Tesla) bends the tracks of charged particles, 
giving a measure of their momentum. 
 The charged hadrons π , K , and p , the predominant types 
produced in collisions, have very similar interaction 
characteristics. For momenta above a few GeV most particle 
detectors measure only the 3-momentum, and cannot 
distinguish one hadron from another. The mass can be 
measured by combining a velocity measurement with the 
momentum measurement. This velocity measurement is the 
goal of time-of-flight (TOF) systems. Since the secondary 
particles are typically moving at nearly the speed of light, the 
time differences between different particles with the same 
momentum are very small. Figure 1 shows the difference in the 
time it takes the charged hadrons to travel 1.5 m, as a function 
of momentum. More accurate mass measurements may also 
allow the identification of stable heavy exotic particles which 
would otherwise be mis-identified as known particles, and 
could also allow the detection of heavy unstable particles from 
the identification of delayed secondaries if then lifetimes are 
long enough [1]. 

Picosecond Time-of-Flight Measurement for 
Colliders Using Cherenkov Light 

Timothy Credo, Henry Frisch, Harold Sanders, Robert Schroll, and Fukun Tang 

T 

Fig. 1. The separations of pions, kaons, and protons, the difference in the 
time it takes two different particles with the same momentum to travel 1.5 m, 
as a function of momentum. Large time-of-flight detector systems have a 
time resolution on the order of 100 ps [2]-[4].  

https://psec.uchicago.edu/Simulation/tim_credo_Rome_paper.pdf• In addition to identification of out-of-time 
backgrounds, good timing resolution 
provides particle identification for SM and 
BSM particles.

• ~1 ps timing precision allows K/π 
separation up ~20 GeV momentum!

• Momentum reach for heavy BSM particles  
extends further, obviously.
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Muon Collider
Parameter Unit Higgs Factory 3 TeV 10 TeV

COM Beam Energy TeV 0.126 3 10
Collider Ring Circumference km 0.3 4.5 10

Interaction Regions 1 2 2
Est. Integ. Luminosity ab�1/year 0.002 0.4 4

Peak Luminosity 1034 cm�2 s�1 0.01 1.8 20
Repetition rate Hz 15 5 5

Time between collisions `B 1 15 33
Bunch length, rms mm 63 5 1.5

IP beam size f
⇤, rms `< 75 3 0.9

Emittance (trans), rms mm-mrad 200 25 25
V function at IP cm 1.7 0.5 0.15
RF Frequency MHz 325/1300 325/1300 325/1300

Bunches per beam 1 1 1
Plug power MW ⇠ 200 ⇠ 230 ⇠ 300

Muons per bunch 1012 4 2.2 1.8
Average field in ring T 4.4 7 10.5

Table 1. A summary of parameters for the primary muon collider options considered by the Forum.

Parameter sets for the primary collider energy options considered by the Forum are derived from the
MAP and IMCC studies and are summarized in Table 1.

4.2 Feasibility statement

4.2.1 Proton Source

A muon collider requires a high intensity proton source that produces intense pulses of protons that can
be focused onto a target to produce pions that decay into muons. The general parameter requirements
developed by MAP are a multi-MW source of multi-GeV protons producing pulses at a 5–15 Hz rate. Multi-
MW proton sources have been and are being produced for spallation neutron sources and neutrino sources
(SNS [147], ESS [148], J-PARC [149], Fermilab [150]). Proton sources of the required intensity are within
the capabilities of existing technology. The R&D challenge is to adapt and extend existing facilities to muon
collider requirements, or design an optimized new source.

In the MAP program, an 8 GeV CW SRF linac capable of 4 MW was presented as the baseline proton
source, which accelerated H� beam into an accumulator ring using charge exchange injection. This was
based upon the Project X design [151]. The initial part of that design is being constructed at Fermilab as
PIP-II [152], an 0.8 GeV linac capable of 1.6 MW in CW operation. As discussed in Snowmass white papers,
PIP-II can be extended to higher energies using a linac-based upgrade [153] or a linac plus RCS system [154].
These upgrades could be developed into proton drivers for a muon collider.

4.2.2 Accumulation and Compression

The high power beam from the proton source must be collected into short intense bunches on target for a
collider. In the MAP scenario, 8 GeV H� beam from a 4 MW Linac was accumulated in a small number
of bunches in an Accumulator Ring (AR) at 15 Hz rep rate [155]. The bunches are then transferred to
a Compressor Ring (CR) for compression to ⇠ 1 m rms bunch lengths. Simultaneous delivery of all
of the bunches from the CR onto the target can be obtained by directing each bunch through separate
transport lengths in a “trombone" transport configuration onto the target. In Ref. [155], separate lattices of
⇠ 300 m circumference for the Accumulator and Compressor are presented, along with simulations of bunch
compression. A single ring combining accumulation and compression functions could also be considered.

– 28 –

Why use Muon Collider to probe higher mass scales?

• Muons are heavy 

• Small synchrotron radiation.

• Compact accelerator+storage rings.

• Muons are fundamental

• All particle energy available for each collision.

• Momentum of initial state is known.

• Good efficiency (power/luminosity)

Sketch	of	the	facility	– working	points

Accelerator
Ring

Muon Collider
>10TeV CoM

~10km circumference

µ-

µ+

4 GeV
Proton
Source

Target, p Decay
& µ Bunching

Channel

µ Cooling
Channel

Low Energy
µ Acceleration

µ Injector

IP 1

IP 2
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78: 	ℒ = 2×10+,-./0$/1 @	10	TeV
∫ℒAB�
� = (ECM/10TeV)2 ×	10	ab−1

@		3	TeV ~				1 ab−1 5	years

@	10	TeV ~		10		ab−1 5	years

@	14	TeV ~		20 ab−1 5	years   

~	2×4C4DE/3GHIJ
1	bunch/beam	colliding	each	20-30	EK

èmax	2	Interaction	Points	- IP	
ONLY	1	EXPERIMENT	CONSIDERED	at	present				

Parameter Unit 3	TeV 10	TeV 14	TeV

C km 4.5 10 14

σE /	E % 0.1 0.1 0.1

σz mm 5 1.5 1.1

β mm 5 1.5 1.1

ε μm 25 25 25

σx,y μm 3.0 0.9 0.6

Proton	driver	E	production
Baseline	@	International	Design	Study
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https://muoncollider.web.cern.ch/design/muon-collider-detector

Muon Collider Detector



Calorimeter radiation requirements
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NIEL

[ 1 MeV-neq/cm2]

TID

[Mrad]

FCC-hh Endcap Calo* 3E+16 400

HGCAL Si 1E+16 200

HGCAL Scint+SiPM 5E+13 —

MuCol ECAL**
 1E+14 1

*FCC-hh CDR
** Crilin paper (https://doi.org/10.1016/j.nima.2022.167817)

• Radiation levels for Muon Collider calorimeter are generally lower than for HL-LHC

• Not an issue for readout electronics, silicon detectors, silicon photomultipliers

• Radiation tolerance will impact choice of scintillators

https://doi.org/10.1016/j.nima.2022.167817


Hadronic shower containment at high CM energy

7

2016 JINST 11 P09012

E (GeV)

210 310 410

)−
)/E

(e
+ π

E(

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

λMC FCC 12.0 
λMC FCC 11.0 
λMC FCC 10.0 
λMC FCC 9.0 
λMC FCC 8.0 

E (GeV)

0 10 20 30 40 50 60

Ev
en

ts
/b

in

1

10

210

310
 2 TeV+πFCC 
λ12.0 

λ8.0 

Figure 3. Pion response over electron response in the active scintillator volume as a function of incident
kinetic energy for di�erent calorimeter depths (left) and distribution of the deposited energy of a pion with
an energy of 2 TeV in the active layers of the calorimeter with 8 � and 12 � depths (right).

increases leading to an extra non-linearity. Figure 3 (right) shows how low energy tails compare
between 8 � and 12 � deep calorimeters for a 2 TeV pion. The ratio of responses of the mean of the
distributions for 8 � to 12 � is 96%. The size of the low energy tail, quantified by the number of
events below 3� deviations from the peak, is 11% for 8 � and drops down to 3% for 12 �.

The containment of the shower is evaluated as the depth at which a fraction of the incident
energy has been absorbed. For this simulation we use containment at 98%, which is calculated in
two steps. First the total energy absorbed in the calorimeter per event is summed up, and second the
depth at which that the cumulative energy is 98% of that of the maximum is derived. This method
delivers a distribution of depths which is then characterized by the mean value of the distribution
and the mean (µ) value of a Gaussian fit between ±2� of the maximum, which are referred to as
mean and peak respectively. Figure 3 (right) shows this Gaussian fit.

Figure 4 shows the total thickness needed to absorb 98% of the energy of a pion versus its
incident energy. Simulation is overlaid with the data from ATLAS test-beam measurements up to
180 GeV [16] for the two methods described. The figure also shows the parametrization for the
Superconducting Super-Collider (SSC) derived in 1986 [17]. There is a rather good agreement
between data and simulation for the peak method, while the results obtained from the mean of the
distribution that accounts for tails due to longitudinal leakage grows slower in MC than in data. This
shows that the longitudinal profile of the shower is shorter in MC than in data. The agreement of the
simulation to the data is relatively good and within 10%. The discrepancy grows for the two highest
energies, 100 and 180 GeV, which should be investigated further possibly with a better simulation of
the shower depth. Data and simulation are parametrized with the function � = a · ln(E) + b which
is drawn on figure 4. The value of the parameters is listed in table 2. Despite the uncertainties, it is
clear that more than 10 � are needed to contain few TeV single pions up to 98%.
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Figure 4. Total thickness expressed in nuclear interaction lengths required to contain a single pion (⇡+)
up to 98% versus the pion incident energy for two di�erent methods explained in the text. The SSC
parametrization can be found in [17]. Data corresponds to measurements with the ATLAS Tile calorimeter
production modules [16].

Table 2. Values for the parametrization of the total thickness expressed in nuclear interaction lengths required
to contain a single pion (⇡+) up to 98% as a function of the incident energy of the pion.

Pions Data Simulation
Method a (�/GeV) b (�) a (�/GeV) b (�)
Mean 0.95 4.7 0.64 5.4
Peak 0.74 4.2 0.75 3.8

4 Jet containment

Containment of jets is evaluated from single partons hadronized with Pythia 8 [18]. In order to
study the reconstruction of isolated partons with approximately fixed pT and direction, the Z 0 ! qq̄
process in the Les Houches Event (LHE) file format [19] is used. The LHE files are modified such
that the partons pT from the Z 0 decay is fixed to a given value in the range [0.2, 10] TeV, and always
at the same angle 20� measured perpendicular to the Z-axis. As the Z 0 is produced at rest, the
decay products are back to back. All particles from Pythia are entered into the Geant4 simulation.
The anti-kt jet clustering algorithm [4] is used with a radius parameter R = 0.5. The inputs are
the energy depositions of the tiles at di�erent depths (�) after Geant4 simulation or stable particles
entering the Geant4 simulation. Jets reconstructed from the calorimeter energy deposition or the
stable particles are matched by requiring �R =

p
�⌘2 + ��2 < 0.2, where ⌘ = � ln tan(✓/2).

– 5 –

Thickness 

[nuclear interaction lengths]

ATLAS 10-12

CMS 7-10

Muon collider detector 8.5 (barrel?)

FCC-hh 12

• Calorimeter thickness required for constant shower 
containment has ~logarithmic dependence on 
particle energy.

• Shower containment not a significant challenge 
even for 10 TeV muon collider.

arXiv:1604.01415

arXiv:1604.01415



Beam Induced Background (BIB)
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Figure 2: Particle composition of the beam-induced background as a function of the muon decay distance from the
interaction point for the cases of a 1.5 TeV (left) and a 125 GeV (right) collider.

beam energy [GeV] 62.5 750
µ decay length [m] 3.9⇥ 105 4.7⇥ 106

µ decays/m per beam 5.1⇥ 106 4.3⇥ 105

photons (Ekin
ph. > 0.2 MeV) 3.4⇥ 108 1.6⇥ 108

neutrons (Ekin
n > 0.1 MeV) 4.6⇥ 107 4.8⇥ 107

electrons (Ekin
el. > 0.2 MeV) 2.6⇥ 106 1.5⇥ 106

charged hadrons (Ekin
ch.had. > 1 MeV) 2.2⇥ 104 6.2⇥ 104

muons (Ekin
mu. > 1 MeV) 2.5⇥ 103 2.7⇥ 103

Table 1: Expected average number of muon decays per meter and estimated number of background particles entering
the detector per bunch crossing for beam energies of 62.5 and 750 GeV. A bunch intensity of 2⇥ 1012 is assumed. In
parentheses are shown the thresholds set on the particles kinetic energy.

Nevertheless, the absolute flux of particles is still very high and poses a serious challenge for the detector readout
and particle reconstruction. Another potential approach for reducing the flux of background particles is discussed in
Section 6.

In Figure 3 the momentum spectra of the beam-induced background are shown for the case of 750-GeV beams. The
electromagnetic component presents relatively soft momentum spectra (hpph.i = 1.7 MeV and hpel.i = 6.4 MeV), the
charged and neutral hadrons have an average momentum of about half a GeV (hpni = 477 MeV and hpch.had.i = 481
MeV), whereas muons momenta are much higher (hpmu.i = 14 GeV).

Another distinctive feature of the background particles from muon decays is represented by their timing. Figure 4
shows the distributions of the time of arrival at the detector entry point with respect to the bunch crossing time for the
different background components. The evident peaks around zero are due to leakages of mainly photons and electrons
in correspondence with the IP, where the shielding is minimal.

3 Beam-induced background characterization

The background samples generated with the MARS15 program are the inputs to the simulation of the detector response
in the ILCRoot framework [9]. The detector used for the studies presented here has been thought for a MC with a center
of mass energy of 1.5 TeV. Both the framework and the detector are the same as those used by the MAP collaboration
before 2014. Several improvements have been achieved since then from the detectors point of view, a new detector
design based on up-to-date technologies is needed to compare the physics potential of this machine to the other proposed
Future Colliders. The old configuration is used as a starting point for this study, which is going to be updated. In the
following, it has to be kept in mind that this is not the best that can be done as of today.

The detector simulation includes a vertex (VXD) and a tracking (Tracker) silicon pixel subsystem, as described in
Refs. [9] and [10]. Outside a 400-µm thick Beryllium beam pipe of 2.2-cm radius, the vertex detector covers a region
42-cm long with five cylindrical layers at distances from 3 to 12.9 cm in the transverse plane to the beam axis. The
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• Beam muon daughters interact with machine components 
producing ~continuous flux of particles interacting in 
detectors.

• 2e12 muons/bunch

• Collision spacing : 1-15 us

arXiv:1905.03725
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Figure 3: Momentum spectra of the beam-induced background particles at the detector entry point.

Figure 4: Time of arrival of the background particles at the detector entry point with respect to the interaction point.

VXD pixel size is 20 µm. The tracker is constituted by silicon pixel sensors of 50 µm pitch, mounted on five cylindrical
layers from 20 to 120 cm in transverse radius and 330-cm long. The forward region is instrumented with disks also
based on silicon pixel sensors, properly shaped in order to host the tungsten shielding nozzles. The full simulation
includes electronic noise and thresholds and saturation effects in the final digitized signals. The calorimeter is based
on a scintillation-Cherenkov dual-readout technique, A Dual-Readout Integrally Active and Non segmented Option
(ADRIANO) [11]. The calorimeter simulation for MC in ILCRoot [12] considers a fully projective geometry with a
polar-angle coverage down to 8.4o. The barrel and the endcap regions consist of about 23.6 thousand towers of 1.4o
aperture angle of lead glass with scintillating fibers. Cherenkov and scintillation hits are simulated separately and
digitized independently. The photodetector noise, wavelength-dependent light attenuation and collection efficiency are
taken into account in the simulation of the detector response. Clusters of digitized energy deposits are then used by the
jet reconstruction algorithm.
The tracking system and the calorimeter are immersed in a solenoidal magnetic field of 3.57 T .
Simulation of the muon detector is not performed given that this is the outermost detector and signatures studied in this
article do not include final state muons. Figure 5 shows a schematic view of the full detector used in the simulation.

Before describing the physical objects reconstruction, we discuss the beam-induced background and the handles
available to mitigate its impact. As shown in Section 2, the noise in the detectors comes from the muon decay products
and from their interaction with the nozzles. The spatial and the kinematic distributions show that the tracking system is

4
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Figure 2: Particle composition of the beam-induced background as a function of the muon decay distance from the
interaction point for the cases of a 1.5 TeV (left) and a 125 GeV (right) collider.

beam energy [GeV] 62.5 750
µ decay length [m] 3.9⇥ 105 4.7⇥ 106

µ decays/m per beam 5.1⇥ 106 4.3⇥ 105

photons (Ekin
ph. > 0.2 MeV) 3.4⇥ 108 1.6⇥ 108

neutrons (Ekin
n > 0.1 MeV) 4.6⇥ 107 4.8⇥ 107

electrons (Ekin
el. > 0.2 MeV) 2.6⇥ 106 1.5⇥ 106

charged hadrons (Ekin
ch.had. > 1 MeV) 2.2⇥ 104 6.2⇥ 104

muons (Ekin
mu. > 1 MeV) 2.5⇥ 103 2.7⇥ 103

Table 1: Expected average number of muon decays per meter and estimated number of background particles entering
the detector per bunch crossing for beam energies of 62.5 and 750 GeV. A bunch intensity of 2⇥ 1012 is assumed. In
parentheses are shown the thresholds set on the particles kinetic energy.

Nevertheless, the absolute flux of particles is still very high and poses a serious challenge for the detector readout
and particle reconstruction. Another potential approach for reducing the flux of background particles is discussed in
Section 6.

In Figure 3 the momentum spectra of the beam-induced background are shown for the case of 750-GeV beams. The
electromagnetic component presents relatively soft momentum spectra (hpph.i = 1.7 MeV and hpel.i = 6.4 MeV), the
charged and neutral hadrons have an average momentum of about half a GeV (hpni = 477 MeV and hpch.had.i = 481
MeV), whereas muons momenta are much higher (hpmu.i = 14 GeV).

Another distinctive feature of the background particles from muon decays is represented by their timing. Figure 4
shows the distributions of the time of arrival at the detector entry point with respect to the bunch crossing time for the
different background components. The evident peaks around zero are due to leakages of mainly photons and electrons
in correspondence with the IP, where the shielding is minimal.

3 Beam-induced background characterization

The background samples generated with the MARS15 program are the inputs to the simulation of the detector response
in the ILCRoot framework [9]. The detector used for the studies presented here has been thought for a MC with a center
of mass energy of 1.5 TeV. Both the framework and the detector are the same as those used by the MAP collaboration
before 2014. Several improvements have been achieved since then from the detectors point of view, a new detector
design based on up-to-date technologies is needed to compare the physics potential of this machine to the other proposed
Future Colliders. The old configuration is used as a starting point for this study, which is going to be updated. In the
following, it has to be kept in mind that this is not the best that can be done as of today.

The detector simulation includes a vertex (VXD) and a tracking (Tracker) silicon pixel subsystem, as described in
Refs. [9] and [10]. Outside a 400-µm thick Beryllium beam pipe of 2.2-cm radius, the vertex detector covers a region
42-cm long with five cylindrical layers at distances from 3 to 12.9 cm in the transverse plane to the beam axis. The
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• Beam muon daughters interact with machine components 
producing ~continuous flux of particles interacting in 
detectors.

• 2e12 muons/bunch

• Collision spacing : 1-15 us

arXiv:1905.03725
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Figure 3: Momentum spectra of the beam-induced background particles at the detector entry point.

Figure 4: Time of arrival of the background particles at the detector entry point with respect to the interaction point.

VXD pixel size is 20 µm. The tracker is constituted by silicon pixel sensors of 50 µm pitch, mounted on five cylindrical
layers from 20 to 120 cm in transverse radius and 330-cm long. The forward region is instrumented with disks also
based on silicon pixel sensors, properly shaped in order to host the tungsten shielding nozzles. The full simulation
includes electronic noise and thresholds and saturation effects in the final digitized signals. The calorimeter is based
on a scintillation-Cherenkov dual-readout technique, A Dual-Readout Integrally Active and Non segmented Option
(ADRIANO) [11]. The calorimeter simulation for MC in ILCRoot [12] considers a fully projective geometry with a
polar-angle coverage down to 8.4o. The barrel and the endcap regions consist of about 23.6 thousand towers of 1.4o
aperture angle of lead glass with scintillating fibers. Cherenkov and scintillation hits are simulated separately and
digitized independently. The photodetector noise, wavelength-dependent light attenuation and collection efficiency are
taken into account in the simulation of the detector response. Clusters of digitized energy deposits are then used by the
jet reconstruction algorithm.
The tracking system and the calorimeter are immersed in a solenoidal magnetic field of 3.57 T .
Simulation of the muon detector is not performed given that this is the outermost detector and signatures studied in this
article do not include final state muons. Figure 5 shows a schematic view of the full detector used in the simulation.

Before describing the physical objects reconstruction, we discuss the beam-induced background and the handles
available to mitigate its impact. As shown in Section 2, the noise in the detectors comes from the muon decay products
and from their interaction with the nozzles. The spatial and the kinematic distributions show that the tracking system is
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Figure 5: Actual configuration of the detector. From inside to outside, in cyan are the nozzles followed by the tracking
system in magenta. The magnetic coil is drawn in blue and the calorimeter system is depicted in red. The muon system,
not implemented yet, is represented in green.

the most affected detector. As presented in Ref. [5], the maximum neutron fluence in the innermost layer of the silicon
tracker (R = 3 cm) for a one-year operation is at the level of 108 cm�2, which is lower than what has been measured
for LHC in a similar position and several order of magnitude lower than the 1017 cm�2 expected for FCC-hh [13].
The number of hits released in the tracking detector by background particles can be reduced by exploiting the time
information. As shown in [9] and reproduced in this study, these particles have an arrival time distribution that is
significantly different from the signal ones. In Figure 6 it is shown the simulated arrival time of particles to the tracker
modules with respect to the arrival time of the photons radiated from the interaction point. By selecting a time window

Figure 6: Simulated time of arrival (TOF) of the beam background particles to the tracker modules, summing up all the
modules, with respect to the expected time (T0) of a photon emitted from the interaction point and arriving at the same
module.

of a few ns around the expected arrival time, a large fraction of the background can be suppressed. This possibility
must be studied in detail in the light of the new timing detectors already proposed for HL-LHC where resolutions of
tens of picoseconds are achievable [14]. Figure 7 shows the hits density as function of the vertex detector layers. As
expected, the first barrel layer, which is closer to the beam, has high hit density, around 450 cm�2 in this configuration.
The occupancy of the other barrel layers is significantly lower, at the level or below 50 cm�2, while the endcap layers
show an occupancy around 100 cm�2. The cluster density is reduced by applying a time cut, in the first layer it goes
down to about 250 cm�2 by requiring a time window of ±0.5 ns. Improvements are seen also in the endcap layers.
In Ref. [9] preliminary studies were presented to illustrate the benefits of using a double layer silicon design. Other
strategies, not viable at the time of quoted studies, can be adopted in order to reduce the detector occupancy exploiting

5
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https://muoncollider.web.cern.ch/calorimeters

Occupancy per BX for E>0.2 MeV (no timing) at 
calorimeter surface:

• ECAL Barrel: 0.9 hits/cm2 

• ECAL Endcap: 0.2 hits/cm2 

• HCAL Barrel: 0.06 hits/cm2 

• HCAL Endcap: 0.02 hits/cm2 

BIB calorimeter occupancy

sqrt(s) = 1.5 TeV

sqrt(s) = 1.5 TeV

Calorimeter	@	1.5	TeV

22

BIB	almost	flat	distributed		in	Q	 − 	S space

ECAL HCALü based	on	CLIC	configuration
• Silicon	+	tungsten	for	ECAL,		

Iron+Scintillator for	HCAL
ü BIB	deposits	large	amount	of	energy	in	

both	ECAL	and	HCAL

Calorimeter	volume:	127	P#

ECAL:	115	P#	- HCAL:	112	P#

• Flat in azimuth and polar angle:



BIB identification in calorimeters

11

Timing information is essential for removal of BIB.

• Precision order of 100-250 ps is useful.

• Time measurements in hadronic showers 
complicated

Calorimeter	optimization

23

Calorimeter	optimization

23

Good granularity also essential for BIB removal

• Both longitudinal and transverse granularity 

• Clustering and particle flow performance will 
be important to simultaneously remove BIB, 
identify sub-structure, and obtain excellent 
energy resolution. 



Current single cell timing resolution

12

• CMS HGCAL (Si sampling calorimeter) obtains ~100 ps resolution for single 
cells with energy > ~150 MIP.

• 150 MIP ~ 150 MeV (order of magnitude) for electrons

Figure 5. Left: comparison of the TOA response curve derived in beam data (black dots) and with external
charge injection (dashed line). Right: TOA timewalk of a single channel with respect to the MCP-PMT
reference.

fit residuals seen around 200 MIP correspond to the switching of the ASIC gain, highlighting the
importance of the gain inter-calibration.

The constant term in the timewalk function a provides the systematic o�set to the time reference.
Figure 5 (right) shows the o�sets as determined for each central module of the setup: a clear
trend corresponding to the time-of-flight for relativistic particles is visible (Fig. 6, left). Since the
prototype’s clock distribution system ensures equal trace lengths to each detector module, deviations
can be attributed to various residual electronics e�ects. It must be noted that the improper accounting
of the systematic o�sets will significantly deteriorate the final resolution when combining individual
channels.

Finally, the single channel timing resolution was evaluated using both MCP-PMT and another
silicon channel as reference (Fig. 6, right). For the latter case the resolution was estimated based
on the time di�erence between two channels for which the energy was required to be in the same
energy bin; the two channel’s measurements were treated uncorrelated and therefore the resolution

Figure 6. Left: di�erence of the measured TOA time with respect to the MCP-PMT reference in pion data.
The trend follows the time-of-flight of pions and deviations are due to residual electronics e�ects. Right:
single-channel time resolution using another silicon cell or the MCP as a reference as described in the text.

– 5 –

arXiv:2005.13324



Time structure of 
hadronic showers

13

• Inherently slower evolution of hadronic 
showers makes time measurements less useful.

• Detailed study of front HCAL layers 
required.

• Data from CALICE WHCAL 30-layer SiW 
sampling calorimeter with 10 GeV pi-.
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Fig. 7. Comparison of the time of first hit distribution in tile 0 simulated for 10 GeV π− with QGSP BERT and QGSP BERT HP with data.

tude for and the known energy loss of minimum ionizing particles. The smearing in time originating from
detector effects, such as scintillator time constants, photon travel times and the SiPM response, is taken into
account by smearing the arrival time of the photons from the simulation by the measured time response of
the system to instantaneous signals from muons. Figure 6 shows the simulated distribution of the time of
first hit over all T3B tiles for the two considered physics lists, QGSP BERT and QGSP BERT HP for 10 GeV
π−. These figures illustrate a striking difference in the late shower evolution for the two models. The delayed
energy deposits are considerably reduced in the model including high precision neutron tracking.

5. Results

A direct comparison of the measured time of first hit with predictions by the two studied Geant4 physics
lists is shown in Figure 7. Here, the distribution in the central tile of T3B, which is close to the beam
axis, is shown. While both physics lists reproduce the data very well in the main peak for instantaneous
energy deposits in the first few ns, significant discrepancies are visible in the tail beyond 15 ns. Here, the
hit distribution is considerably reduced in QGSP BERT HP compared to QGSP BERT. While the former agrees
well with the measurement, the latter significantly overestimates the late shower contributions.

In order to provide a simple and robust comparison of these first results with simulations over the full
radial extent of the T3B detector, the mean time of first hit is determined for each of the cells. This mean is
formed by considering all measured hit times in a time window of 200 ns, starting 10 ns before the maximum
of the distribution in T3B tile 0, and extending to 190 ns after the maximum. It thus included the full range
shown in Figure 7 and extended by an additional 70 ns into the tails. This time window covers the time
relevant for calorimetry at CLIC, where the duration for one bunch train is expected to be 156 ns, and is also
comparable to the shaping time of 180 ns used in the front end electronics of the CALICE analog HCAL
modules.

Figure 8 shows the mean time of first hit as a function of the radial distance from the shower axis.
The beam axis passes through T3B tile 0, so that a tile index of 10 corresponds to a distance of approx-
imately 30 cm. The measurement is compared to the simulations with the two physics lists, QGSP BERT
and QGSP BERT HP. While QGSP BERT HP gives an excellent description of the data, QGSP BERT shows very
large discrepancies, with significantly overestimated late contributions at larger radii. This demonstrates the
importance of the high precision neutron tracking in Geant4 for a realistic reproduction of the time evolution
of hadronic showers in tungsten.
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Fig. 8. Mean time of first hit for 10 GeV π− as a function of radial distance from the beam axis (a tile index of 10 corresponds to
approximately 30 cm). The data are compared with simulations using QGSP BERT and QGSP BERT HP. The error bars and the width of
the area in the case of QGSP BERT HP simulations show the statistical error, while for QGSP BERT the errors are omitted for clarity.

6. Summary

T3B, a dedicated experiment for first measurements of the time structure of hadronic showers in tungsten
has been operated successfully for several test beam periods together with the CALICE analog scintillator-
tungsten hadron calorimeter. T3B uses scintillator tiles directly read out with silicon photomultipliers, and
is able to determine the time of arrival of individual photons at the photon sensor through specialized data
reconstruction algorithms. First measurements of the time of first hit in 10 GeV π− showers, compared to
Geant4 simulations, show very good agreement for the QGSP BERT HP physics list, while large discrepan-
cies are observed for QGSP BERT. The use of high precision neutron tracking in the simulation reduces the
number of late hits considerably, and brings the simulation in agreement with observation.
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Calorimeter optimization

• EM energy resolution → total absorption to address sampling fluctuations → 
monolithic crystals (CMS PbWO4 ECAL)

• Hadronic energy resolution → dual readout (scintillation + Cherenkov) to address 
fluctuations in EM fraction (DREAM or IDEA)

• EM timing resolution

• Segmentation to minimize variation of light paths 

• Bright, fast, rad-hard scintillators → higher cost

• Cost → as low as possible

• Transverse granularity → higher cost

• No introduction of dead material → minimal impact on energy resolution

• Longitudinal granularity → higher cost

• dead material → harms energy resolution
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Dual Readout (DRO) for hadronic energy resolution

• Hadronic showers are composed of both 
EM (π0) and hadronic (non-π0) 
components.

• Detector response to EM and hadronic 
components is usually very different.

• Event-by-event fluctuations in EM fraction 
(fEM) dominates hadronic energy resolution

arXiv:1712.05494The Physics of Hadron Shower Development

60 THE PHYSICS OF SHOWER DEVELOPMENT

will see, in hadronic showers a certain fraction of the dissipated energy is fundamentally
undetectable.

When discussing em showers (Section 2.1), we saw an important difference between
the absorption of photons and electrons. Electrons lose their energy in a continuous
stream of events, in which atoms of the traversed medium are ionized and bremsstrah-
lung photons are emitted. On the other hand, photons may penetrate a considerable
amount of matter without losing any energy, and then interact in a manner that may
change their identity (i.e., the photon may turn into a e

+
e
� pair).

FIG. 2.22. Schematic depiction of a hadron shower. The energy carried by the hadron is typi-
cally deposited in the form of an electromagnetic and a non-electromagnetic component. The
em component is the result of ⇡

0s and ⌘s produced in the nuclear reactions. The non-em
component consists of charged hadrons, and nuclear fragments. Some fraction of the energy
transferred to this component (the “invisible” energy needed to break apart nuclei excited in
this process) does not contribute to the calorimeter signals.

When a high-energy hadron penetrates a block of matter, some combination of these
phenomena may occur (Figure 2.22). When the hadron is charged, it will ionize the
atoms of the traversed medium, in a continuous stream of events, in much the same way
as a muon of the same energy would do (Section 2.2). However, in general, at some
depth, the hadron encounters an atomic nucleus with which it interacts strongly. In this
nuclear reaction, the hadron may change its identity dramatically. It may, for example,
turn into fifteen new hadrons. Also the struck nucleus changes usually quite a bit in such
a reaction. It may, for example, lose ten neutrons and three protons in the process and
end up in a highly excited state, from which it decays by emitting several �-rays.

Neutral hadrons do not ionize the traversed medium. For these particles, nuclear
reactions are the only option for losing energy. This is in particular true for neutrons,
which are abundantly produced in hadronic shower development. As a result, neutrons
deposit their kinetic energy in ways very different from those for the charged shower
particles, with potentially very important implications for calorimetry.

The particles produced in the first nuclear reaction (mesons, nucleons, �s) may in
turn lose their energy by ionizing the medium and/or induce new (nuclear) reactions,
thus causing a shower to develop. Conceptually, this shower is very similar to the em
ones discussed in Section 2.1. Initially, the number of shower particles increases as

Large, non-Gaussian fluctuations of EM component Large, non-Gaussian fluctuations of invisible energy losses

Responsible for the Fluctuations of Hadron Showers
4

The Calorimeter Response

5

The calorimeter response to the two components are different. The e/h ratio quantifies 
the degree of the calorimeter response difference between two components. 

For example, e/h=2 meant 50% of the non-em component is invisible.

Fluctuations of electromagnetic shower fraction

6

Large, non-Gaussian fluctuations in fem

NIM A316(1992) 184

SPACAL

SPACAL

QFCAL

The em shower fraction (fem) depends on

the energy of pion and the type of absorber material 
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Dual Readout (DRO) for hadronic energy resolution

• Solution to fEM fluctuations : measure fEM event-
by-event through separate measurements of 
Scintillation (S) and Cherenkov (C) signals.

• C signal dominated by EM component since it 
is produced only by relativistic particles

• Measure (h/e) for S and C with test beam to 
determine 𝛘 factor.

• Measure S and C separately event-by-event in 
situ and use 𝛘 to determine E.

Dual-Readout Method

13

Dual-Readout Method

13

arXiv:1712.05494
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Dual Readout (DRO) for hadronic energy resolution

13

FIG. 13: Scatter plots of the Čerenkov vs. the scintillation
signals from showers induced by mono-energetic hadrons (a).
The arrow indicates the precision with which the em shower
fraction, and thus the energy, of an individual particle can be
determined on the basis of the measured ratio of the Čerenkov
and scintillation signals, 0.7 in this example. The rotation
procedure for an ensemble of mono-energetic pions leads to
the scatter plot shown in diagram b. The precision of the
measurement of the width of that distribution is indicated by
a white arrow as well [32].

trates the di↵erence between the values obtained with
the two methods discussed here. The precision of the
energy measurement is represented by the arrows in the
two diagrams [32].

VI. THE DREAM PROJECT

Inspired by the results obtained with the ACCESS
calorimeter, discussed in Section IV, the authors em-
barked on a follow-up project intended to contain hadron
showers in a much more complete way. The instrument
they built became known as the DREAM calorimeter.
As before, the two active media were scintillating fibers
which measured the visible energy, while clear, undoped
fibers measured the generated Čerenkov light. Copper
was chosen as the absorber material. The basic element
of this detector (see Figure 14) was an extruded copper
rod, 2 meters long and 4⇥4 mm2 in cross section. This
rod was hollow, the central cylinder had a diameter of
2.5 mm. In this hole were inserted seven optical fibers.

FIG. 14: The DREAM detector [30]. The basic building
block is an extruded hollow copper rod. Seven optical fibers
(four Čerenkov and three scintillating fibers) are inserted in
the central hole. The two types of fibers are split into sepa-
rate bunches as they exit the downstream detector end. The
hexagonal readout structure is indicated. The Čerenkov fibers
of the central tower and the six towers of the Inner Ring were
filled with quartz fibers, in the twelve towers of the Outer
Ring clear PMMA fibers were used for this purpose.

Three of these were plastic scintillating fibers, the other
four fibers were undoped. All fibers had an outer diame-
ter of 0.8 mm and a length of 2.50 m. The fiber pattern
was the same for all rods, and is shown in Figure 14.

The DREAM detector consisted of 5,580 such rods,
5,130 of these were equipped with fibers. The empty rods
were used as fillers, on the periphery of the detector. The
instrumented volume thus had a length of 2.0 m, an ef-
fective radius of

p
5130⇥ 0.16/⇡ = 16.2 cm, and a mass

of 1,030 kg. The e↵ective radiation length (X0) of the
calorimeter was 20.1 mm, the Molière radius (⇢M ) was
20.4 mm and the nuclear interaction length (�int) 200
mm. The composition of the instrumented part of the
calorimeter was as follows: 69.3% of the detector volume
consisted of copper absorber, while the scintillating and
Čerenkov fibers occupied 9.4% and 12.6%, respectively.
Air accounted for the remaining 8.7%. Given the specific
energy loss of a minimum-ionizing particle (mip) in cop-
per (12.6 MeV/cm) and polystyrene (2.00 MeV/cm), the
sampling fraction of the copper/scintillating-fiber struc-
ture for mips was thus 2.1%.

The fibers were grouped to form 19 towers. Each tower

Comparison of Dual-Readout and Compensation

15

• Extensive R&D with DREAM/IDEA/RD52 detectors

• Excellent hadronic energy resolution of 30% / sqrt(E)!!

Dual Readout Calorimetry
§ Extensive R&D by the DREAM/RD52/IDEA collaborations

(Rev. Mod. Phys. Vol 90, April 2018):

s
( ~

14%
(

s
( ~

30%
(

NIM 866 (2017) 76
Lead absorber, 9 modules with ~36k fibers

27.6 cm
2.5 m

o Sampling calorimeter with lead or copper absorber
o Clear plastic fibers and scintillation fibers for C/S readout

§ Linearity and HAD energy resolution are excellent. While the 
EM resolution is good enough to achieve the W/Z separation 
goal, could it be better ?
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6

• DREAM detector• Insufficient EM energy resolution of 14% / sqrt(E)

arXiv:1712.05494
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CalVision : Crystal ECAL + DRO

• Wavelength separation using SiPMs with crystal-specific wavelength optimization and/or filtering.

Segmented ECAL
§ 5×5 mm2 SiPM (10-15 µm cell size)

§ 3 SiPMs (one on entrance, two on exit)

PbWO4 BGO

~50 C photons/GeV is enough to achieve 3% energy resolution

S photons

C photons

S photons

C photons

§ Different crystals require different optimization 
strategy for S and C detection 

Cherenkov 
photons above 
the scintillation 
peak are much 
less affected by 
self-absorption 

Larger detection 
window for 
Cherenkov 
photons below 
the scintillation 
peak 

o Rely on optical filters to separate S and C

o Front: optimized for scintillation light
o Rear: two SiPMs optimized for scintillation and 

Cherenkov light

11

PbWO4

Annotation from Y. Lai (UMD) CALOR 2022
Lucchini, Eno, Tully, et al JINST 15 (2020) P11005

• Homogenous, total absorption crystal ECALs provide optimal resolution of 3% / sqrt(E)

• Apply DRO to crystal for ultimate ECAL + HCAL system.

• How to separate S and C in homogenous crystal?

• Wavelength and pulse shape (time)

• Angular distribution, polarization
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is another important characteristic that can be used to
distinguish between the scintillation and Čerenkov com-
ponents of the light produced by high-energy particles
in crystals. And of course, the larger the di↵erence in
the time structure, the better the separation works. The
RD52 collaboration managed to improve the applicabil-
ity of PbWO4 crystals for dual-readout calorimetry by
doping them with small amounts, O(1%), of molybde-
num [40]. This had two beneficial e↵ects: it increased
the decay time of the scintillation light and it shifted
the spectrum of the emitted scintillation light to larger
wavelengths.

The e↵ects of that are illustrated in Figure 23, which
shows the calorimeter signals generated by 50 GeV elec-
trons traversing a crystal of this type. This crystal was
oriented such as to maximize the relative fraction of
Čerenkov light in the detected signals. By selecting the
UV light by means of an optical filter, almost the en-
tire detected signal was due to (prompt) Čerenkov light,
while a yellow transmission filter predominantly selected
scintillation light, which had a decay time of ⇠ 26 ns as
a result of the Mo-doping.

Whereas the di↵erences in angular dependence were
very suitable for demonstrating the fact that some of the
light generated in these crystals is actually the result of
the Čerenkov mechanism, the combination of time struc-
ture and spectral characteristics provides powerful tools
to separate the two types of light in real time. One does
not even have to equip the calorimeter with two di↵erent
light detectors for that. This was demonstrated with a
calorimeter consisting of bismuth germanate (Bi4Ge3O12,
or BGO) crystals [41]. Even though Čerenkov radiation
represents only a very tiny fraction of the light produced
by these crystals, it is relatively easy to separate and
extract it from the signals. The much longer scintilla-
tion decay time (300 ns) and the spectral di↵erence are
responsible for that [82].

Figure 24 shows the time structures of signals from
a BGO calorimeter recorded with a UV filter. The
“prompt” component observed in the ultraviolet signal
is due to Čerenkov light. A small fraction of the scintil-
lation light also passes through the UV filter. This of-
fers the possibility to obtain all needed information from
only one signal. An external trigger opens two gates:
one narrow (10 ns) gate covers the prompt component,
the second gate (delayed by 30 ns and 50 ns wide) only
contains scintillation light. The latter signal can also
be used to determine the contribution of scintillation to
the light collected in the narrow gate. In this way, the
Čerenkov/scintillation ratio can be measured event-by-
event on the basis of one signal only [41].

The same possibility was o↵ered by BSO crystals.
These have a similar chemical composition as BGO, with
the germanium atoms replaced by silicon ones. Both the
(scintillation) light yield and the decay time of this crys-
tal are about a factor of three smaller than for BGO.
Tests with BSO crystals showed that this made the
separation of Čerenkov and scintillation light somewhat

FIG. 24: The time structure of a typical shower signal from 50
GeV electrons measured in the BGO em calorimeter equipped
with a UV filter. These signals were measured with a sam-
pling oscilloscope, which took a sample every 0.8 ns [41]. The
UV signals were used to measure the relative contributions of
scintillation light (gate 2) and Čerenkov light (gate 1).

more e�cient, while maintaining the possibility to ob-
tain all necessary information from one calorimeter sig-
nal. This, combined with the fact that the expensive
germanium component is not needed, makes BSO a po-
tentially interesting candidate for a crystal-based dual-
readout calorimeter [42].

Apart from the time structure and the spectral dif-
ferences, there is one other characteristic feature of
Čerenkov light that can be used to distinguish it from
scintillation light, namely the fact that it is polarized

[43]. The polarization vector is oriented perpendicular
to the surface of the cone of the emitted Čerenkov light.
RD52 used a BSO crystal to demonstrate this possibil-
ity (Figure 25). This crystal was placed in a particle
beam and oriented such as to maximize the fraction of
Čerenkov light that reached the PMT (as in Figure 22).
A UV filter absorbed most of the scintillation light, and
the time structure of the transmitted signals showed a
very significant prompt Čerenkov signal, as well as a 100
ns tail due to the transmitted component of the scintil-
lation light. In addition, a polarization filter was placed
directly in front of the PMT. Rotating this filter over 90�

had a major e↵ect on the prompt Čerenkov component,
while the scintillation component was not a↵ected at all
[43].

B. Tests of crystal-based dual-readout
calorimeters.

The RD52 collaboration also performed tests of
calorimeter systems in which the em section consisted
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• Timing separation based on prompt 
C signal and slower S signal.

• Smart front-end electronics essential 
for prompt S/C separation based on 
timing.

50 GeV electrons
BGO crystal

• Homogenous, total absorption crystal ECALs provide optimal resolution of 3% / sqrt(E)

• Apply DRO to crystal for ultimate ECAL + HCAL system.
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Segmented Crystal ECAL
• Segmented Crystal EM Precision Calorimeter (SCEPCal) concept.

• 2 timing layers (T1, T2)

• Fast, bright crystals (LYSO:Ce)

• 3mm thick (1 X0)

• Provides 20 ps timing precision for MIPs

• 2 EM calorimetric segments using DRO-capable crystals (PbWO4, BGO, BSO)

• No dead material between segments (read out from front and back)

• 2 segments improve photon separation in general

• 2 segments provide segmentation for BIB

2020 JINST 15 P11005

Figure 14. Transverse separation of two photons emitted with an angle of about 3 degrees, in the front
and rear layer of the crystal ECAL (with PbWO crystals), for di�erent scenarios of transverse segmentation
(5 ⇥ 5 mm2, 10 ⇥ 10 mm2, 20 ⇥ 20 mm2).

a reduction of the number of longitudinal layers from 30 to 4 has only a minor impact on the BMR
(Higgs mass resolution with full hadronic final state + standard cleaning) at 240 GeV, once the
e�ect of sampling fraction is factored out. The need of such a granular longitudinal segmentation
in Si-W detector is thus mainly motivated by achieving a su�cient sampling fraction to keep the
contribution from stochastic shower fluctuations below 30%/

p
⇢ .

The SCEPCal features a total of 4 longitudinal layers. The two front timing layers provide
mostly particle identification capabilities based on high sensitivity to MIPs. The two ECAL layers
measure with precision the electromagnetic showers by avoiding any dead material between the two
segments where the shower maximum occurs. The front segment enables better shower separation,
crucial for PFA, since the e�ective shower radius in the first segment is only about half the Molière
radius as can be observed from figure 14.

The transverse granularity of a SCEPCal readout element is set to less than half of the crystal
Molière radius, thus about 1 cm for PbWO4. This provides a containment of about 65% of the
shower within one cell (front+rear segment) for particles impacting in the center of the crystal.
Increasing further the transverse segmentation would have marginal gain for PFA algorithms since
the capability of shower separation would remain limited by the intrinsic shower radius [6].

For comparison with a (Si-W) ECAL, it should also be noted that while very dense absorber
materials feature small '" (e.g.  1 cm for Pb and W), when the longitudinal layers, made of
silicon with their associated readout electronics and air gaps, are included, the e�ective shower
radius increases substantially. For instance, the Molière radius of the Si-W ECAL foreseen for the
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Figure 12. Overview of a hybrid segmented calorimeter layout featuring 4 front segments which exploit
scintillating crystals for detection of EM showers followed by an ultrathin-bore solenoid and a hadron
calorimeter based on scintillating and quartz fibers.

and has potential advantages for the practical implementation of such a detector. For a given
sampling fraction, the fiber geometry uniformly samples the shower over its entire longitudinal
development and represents thus a practical way to reduce the number of channels while keeping a
high transverse segmentation.

The hybrid calorimeter layout shown in figure 12 features, in total, 5 longitudinal segments. In
particular, the 4 longitudinal layers of the SCEPCal (T1,T2,E1,E2) bring an advantage for PFA with
respect to a monolithic HCAL block with no longitudinal segmentation. It should be noted that some
level of longitudinal segmentation in the HCAL could be achieved virtually by implementing, for
instance, double-ended readout of the fibers and exploiting the di�erence in the light signal arrival
time between the front and rear readout to infer the average longitudinal location of the shower.

In this work, we focus on the optimization of the SCEPCal section and a first demonstration of
how it can be integrated with a dual-readout HCAL. While the optimal resolution for neutral hadrons
is achieved using a dual-readout HCAL, the SCEPCal could be similarly integrated with other more
conventional HCAL designs with longitudinal segmentation and no dual-readout. We also discuss
some of the parameters that have been studied to evaluate possible performance optimization with
respect to cost and power budget. Some of the considered factors include the length of the crystal,
the transverse and longitudinal segmentation and the active area of the photodetectors.

The photodetectors of choice for the entire calorimeter system are Silicon Photomultipliers
(SiPMs), a very compact and robust solution immune to magnetic field e�ects. Developments
over the last decade have been such that the dimension of the cells (SPADs = single-phohon
avalanche diodes) constituting the SiPM can be produced as small as 5 µm [23]. Standard cell
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Table 2. Photon yield for both Cherenkov and scintillation light in response to a 45 GeV electron shower in the
rear SCEPCal segment assuming a PbWO4 crystal and the SiPM spectral sensitivity shown in figure 24 (left).

Scintillation 5( Cherenkov 5⇠

[photons/GeV] [%] [photons/GeV] [%]
Generated 200000 100 56000 100
Collected 10000 5.0 2130 3.8
Detected by NUV SiPM #1 (_ < 550 nm) 2000 1.0 140 0.25

Detected by RGB SiPM #2 (_ > 550 nm) < 20 < 0.01 160 0.3

where 5(,1 ( 5(,2) and 5⇠ ,1( 5⇠ ,2) are respectively the fraction of S and C components measured by
the first and second SiPM. As long as a su�cient contrast between the S and C signal is maintained
in each SiPM (i.e. ( 5⇠ ,1 · ⇠)/( 5(,1 · () . 0.1 and ( 5(,2 · ()/( 5⇠ ,2 · ⇠) . 0.1), as is the case for the
numbers reported in table 2, the solution of the system (4.5) provides an accurate estimate of the
pure C and S components that can be used for dual readout corrections. The scintillation light yield
from PbWO4 is small enough that it would contribute only about 12% to the measured C-signal
with an RGB SiPM and the 550 nm filter. The possibility to exploit the di�erent time constants of
S and C could further reduce such contamination.

In addition to dual-readout corrections, the measurement of C/S in the SCEPCal will also en-
hance its particle identification capabilities discussed in section 4.3.3. In particular, a requirement
on the C/S signal to be compatible with that from electron showers would improve the discrim-
ination of charged pions that start showering in the SCEPCal from electrons. With such a cut
the e�ciency for charged pion rejection improves from 99.0% to 99.4% for the same electron
identification e�ciency.

4.4.3 Cost optimization of the dual-readout HCAL

In the combined hybrid calorimeter system presented above, excellent resolution, as well as high
transverse segmentation for EM showers, are provided by the SCEPCal segment. The cost of the
system can be reduced by having a coarser segmentation for the transverse granularity and sampling
fraction of the HCAL. We have studied this possibility by varying the outer diameter (OD) of
the brass capillaries while keeping the fiber and inner tube diameters unchanged. In this way, the
sampling fraction and number of channels decrease with larger outer diameter of the brass tubes. As
shown in figure 26, if the electromagnetic resolution requirement of dual-readout fiber calorimeter
is relaxed, the brass tube thickness can be increased to 3–3.5 mm with marginal impact on the
hadron resolution but a relative channel reduction and cost decrease scaling approximately with
1/OD2. In particular, because of the presence of the crystal ECAL, which maintains an excellent
EM resolution independently of the brass tube size, the hadronic resolution of the combined hybrid
calorimeter is comparable or better than a pure HCAL for outer diameters larger than 3 mm. This
is attributed to the fraction of hadron energy deposited in the SCEPCal which is always measured
accurately regardless of the sampling fraction in the HCAL segment.
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Table 1. Comparison of some of the key crystal properties for HEP applications. From left to right: crystal
name, density, interaction length, radiation length, Molière radius, light yield relative to that of PbWO4,
scintillation decay time, photon time density and estimated cost for mass production.

Crystal d _� -0 '" LY/LY0 g⇡ Photon density Est. cost

[g/cm3] [cm] [cm] [cm] [a.u.] [ns] [photons/ns] [$/cm2/-0]
PbWO4 8.3 20.9 0.89 2.00 1 10 0.10 7.1
BGO 7.1 22.7 1.12 2.23 70 300 0.23 7.8
BSO 6.8 23.4 1.15 2.33 14 100 0.14 7.8
CsI 4.5 39.3 1.86 3.57 550 1220 0.45 8.0

with a sampling fraction of EM showers close to unity. The addition of the higher granularity
crystal segmentation (both transversally and longitudinally) is a natural direction for future crystal
calorimetry as it can open new ways for improving particle reconstruction in the PFA paradigm.

There have been many developments in the field of crystal technology in the last few decades,
including the discovery of very bright inorganic scintillators that exploit band-gap engineering
to enhance their timing properties, e.g. garnet scintillators (e.g. YAG, LuAG, GAGG) [35, 36].
In parallel, new crystal production techniques tailored to provide higher quality and more granular
crystals at a contained cost have also been developed (e.g. MPD and transparent ceramics) [37, 38].

For the design optimization of a highly granular calorimeter capable of exploiting the PFA
potential for event reconstruction, the Molière radius ('" ) and radiation length (-0), which defines
respectively the size of the transverse and longitudinal development of EM showers, are key
parameters driving the crystal choice. Conversely, the crystal light yield tends to be a less crucial
factor since the energy deposits typical of homogeneous crystal calorimeters for high energy physics
applications are in the GeV range, about three order of magnitudes larger than other commercial
applications such as Positron Emission Tomography. The performance of crystals with very low
light yield (e.g. PbWO4) for homogeneous calorimetry is only marginally a�ected by photostatistics
fluctuations, and thus other parameters related to the physics of high energy EM showers play a more
crucial role. Another recurring parameter which becomes relevant when large detector volumes
need to be instrumented is the cost of the crystal, which is a�ected mainly by its raw material and
the melting temperature required to grow the ingots [37].

A comparison of a few scintillators, namely lead tungstate (PbWO4), Bismuth Germanate
(BGO), Bismuth Silicon Oxide (BSO) and Cesium Iodide (CsI), is given in table 1, to provide an
example of the range of parameters that crystal technology can span. More examples can be found
in [39]. For the specific goal of developing a segmented crystal ECAL for 4+4� colliders, where
radiation levels are several order of magnitudes smaller than those of hadron colliders, we consider
PbWO4 and BSO as two of the best candidates, based on the criteria discussed above.

4.3.1 Segmentation

Typical electromagnetic calorimeters proposed for future colliders are based on thin active silicon
pads within a tungsten sandwich, Si-W, and feature a large number of longitudinal layers ranging
between 20 and 40. This is necessary to achieve a su�cient sampling fraction of the shower and
maintain the stochastic term of energy resolution around 20–30%. It was recently shown [13], that
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Crilin : CRystal calorImeter with Longitudinal INformation

• Muon collider specific EM calorimeter focusing 
on timing and longitudinal segmentation for 
minimizing BIB.

Key properties:

• Fine granularity : 5 layers of 10x10x40 mm3 

• Timing resolution ~100 ps @ 1 GeV

• Good energy resolution ~ 10% / sqrt(E)

• 1/10th cost reference Si-W reference (!!)

• Highly modular

• 350 mW / crystal thermal load

• Additively manufactured micro-channel heat exchanger for liquid 
coolant circulation
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Crilin performance

• Simulate H->bb at sqrt(s) = 1.5 TeV

• BIB = 300 photon/cm2/BX 

• Use particle flow with tracker and HCAL

• Compare jet reconstruction efficiency and jet pT 
resolution for Si-W and Crilin ECALs

• Jet fake rate comparable between two 
configurations

S. Ceravolo, F. Colao, C. Curatolo et al. Nuclear Inst. and Methods in Physics Research, A 1047 (2023) 167817

Fig. 2. Simulated energy-weighted longitudinal hit profile (left) and hit time distribution w.r.t prompt photons arrival (right).

Fig. 3. Crilin simulated b-jet performance and comparison with the existing W-Si implementation. Fake jet rates are comparable for the two cases.

Fig. 4. Crilin Proto-1 rendering (right). SiPM board and cooling system detail (top
left).

Fig. 5. Crilin Proto-1 SiPM board detail.

2. Crilin prototype

In its current design, the Crilin prototype (Proto-1, Fig. 4) consists
of two sub-modules, each composed of a 3-by-3 crystals matrix, housed
in a light-tight case which allows optical coupling to the SiPM boards.
The latter is coupled to an additively manufactured micro-channel heat
exchanger used to thermalize the SiPM matrix. Each SiPM board houses
a layer of 36 photo-sensors (Fig. 5), so that each crystal in the matrix
is equipped with two separate and independent readout channels, each

Fig. 6. SiPM waveform with overlaid log-n fit (top). Time resolution as a function of
N

pe
(bottom).

consisting in a series of two 15 �m pixel-size SMD S14160-3015PS
SiPMs (Hamamatsu), selected for their high-speed response, short pulse
width and to better cope with the non-ionizing dose (TNID) effects.

SiPMs are connected via 50 ⌦ micro-coaxial transmission lines to
a microprocessor-controlled Mezzanine Board, which provides signal
amplification and shaping, along with all slow control functions –
individual bias regulation, temperature and current monitoring – for
a total of 18 readout channels.

3. Sipm and electronics timing studies

A first prototype of the front-end electronics was tested by exposing
two SiPMs to a picosecond UV laser source with variable intensity.
SiPM signals were digitized at 40 Gsps. Timing was reconstructed by
means of a log-normal fit applied to SiPM pulse rising edge and a
constant fraction technique (Fig. 6, top).

2

New	materials	and	technologies
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• A	first	layer	of	LYSO	could	be	used	for	time	measurement,	then	PbF2 layer	to	absorb	the	BIB

• PbF2 has	good	light	yield	(3	pe/MeV),	fast	signal	(300	ps for	muons	50	ps for	pions),	

radiation	hard,	relatively	cheap

cell	simulation	with	Geant

Most	of	BIB	photons	are	absorbed	in	the	first	layer

Polysiloxane calorimeter [J. Phys.: Conf. Ser. 1162 012032]

→	cerium-doped	GAGG:	fast	scintillation	light	(100	ps and	50	ns	of	rise	and	decay	time),	

high	light	yield	(50k	photons/MeV)

→	Polysiloxane:	lightweight,	fast	response,	reduced	cost	and	ease	of	manufacturing,	

although	they	display	reduced	light	output	with	respect	to	inorganic	crystals

GAGG crystals

https://www.sciencedirect.com/science/article/abs/pii/S0168900222011093
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Crilin 2023 Beam Test

Evaluated single crystals of 

• PbF2 with UV-extended SiPMs 

• PbWO4-UF crystals.

arXiv:2308.01148

D. Paesani et al.

high density, good light yield, high radiation resistance and fast response speed by combining the prompt
Cherenkov emission with a fast scintillation component, yielding a dominant emission with a decay time
g < 0.7 ns.

Crystal PbF2 PWO-UF
Density [g/cm3] 7.77 8.27

Radiation length [cm] 0.93 0.89
Molière radius [cm] 2.2 2.0
Decay constant [ns] - 0.64

Refractive index at 450 nm 1.8 2.2
Manufacturer SICCAS Crytur

Table 1. Comparison of PbF2 and PWO-UF crystals.

Both PbF2 and PWO-UF crystals were employed during the beam test. Table 1 summarises the properties
of these crystals. For the beam test, the crystals were wrapped in 100-`m-thick aluminized Mylar foil and
tested one at a time in dedicated runs. Each crystal was readout by a 2⇥2 matrix of 3 ⇥ 3 mm2 Hamamatsu

Figure 1. Left: Rendering of Proto-0 mechanics. Middle: Detail of Proto-0 SiPM board. Right: Pictures of
Proto-0 during the assembly phase.

S14160-3010PS SMD silicon photomultipliers [7], with 10-`m pixel size, mounted on a dedicated PCB
(SiPM board). The crystals were optically coupled to the SiPMs by direct contact without the use of
optical grease. The left and right sides of the crystal were each read out by a pair of SiPMs connected in
series, providing two independent readout channels for each crystal (see inset in Figure 3). The signals
were transmitted from the SiPMs to the FEE board via micro-coaxial transmission lines. For the test, a
two-channel prototype version of the Crilin front-end electronics (FEE) was used. On the FEE board, after
proper termination, the pulses were processed first by a high-speed, non-inverting amplification stage with

Frontiers 3

D. Paesani et al.

timing information was free of any significant bias with respect to the digitiser sampling frequency, the plot
in Figure 5, top right, was produced, which shows that the distribution of the reconstructed time modulo the
digitiser sampling period is flat.

3 TEST BEAM SIMULATION

Detailed Geant4 [8] simulations of the beam, crystal, wrapping, and SiPM readout were developed for both
types of crystals. A sensitive detector attached to the crystal volume was used to score energy deposits,
while different beam sources were used to reproduce the test beam scenarios, as discussed below. Figure 6
shows the reference geometry, containing a single crystal and its wrapping, along with the four SiPM
packages and active silicon regions.

3.1 Optical transport

For PbF2 crystals, which represent the baseline choice for the Crilin design, a detailed simulation was
also implemented to study the optical transport of Cherenkov photons. The relevant optical properties and
surfaces were simulated. In particular, a dielectric-dielectric optical boundary between the PbF2 crystal
and Mylar wrapping was implemented, based on the LUT model [9]. The interface between the crystal
and the four SiPM packages, made of silicone resin, was simulated using a polished dielectric-dielectric
boundary (UNIFIED model). As shown in Figure 6, four 3⇥3 mm2 active regions made of silicon were
used to reproduce the active areas of the SiPMs. Sensitive detectors attached to the four silicon regions
were used to score the energy, position, and timing of optical photon hits.

3.2 Digitisation

Optical photons arriving on the sensitive detector volumes representing the SiPMs for each readout
channel were counted and used to simulate the corresponding signal waveform (Figure 6). To evaluate the
number of detected photoelectrons, optical photon hits were weighted offline based on the spectral response
of the photodetector, which has a peak PDE (photon detection efficiency) of 18% at 450 nm [7]).

For each simulated event and each readout channel, a SiPM pulse template representing the contribution
of each individual pixel (single photoelectron response) was convoluted with the arrival times of optical
photons over an interval of [�1, +100] ns with respect to the particle hit time on the crystal surface. The
resulting pseudo-waveforms were fitted using the template method discussed above (Section 2.2) to extract
timing information.

Figure 6. Left: Geometry of the Geant4 simulation. Right: Example of shower development for a 120-GeV
electron incident on the center of the front face of the crystal (optical photon tracks are not shown).

Frontiers 7

FRONT

BACK

Evaluated two crystal+SiPM orientations relative to beam

• Beam from FRONT

• Beam from BACK



25

Crilin 2023 Beam Test Results

• PbF2 outperforms PbWO4 b/c all light is 
Cherenkov, Cherenkov is “faster” than 
UF scintillator

• Back illumination outperforms Front 
because Front suffers from strong 
timing dependence on particle location 
on face of crystal.

D. Paesani et al.

Figure 12. Mean-time resolution of a single calorimeter cell for PbF2 (left) and PWO-UF (right) as a
function of ⇢dep over the range 3-10 GeV. Front-configuration corrected runs (f") ,�⇠) are shown in blue,
while back-configuration runs (f") ,⌫) are shown in black.

modelled as 2fMT = f) (⇢0) � f) (⇢1) instead of 2fMT = f)1�)0 (⇢), where the subscript MT refers to
the mean-time resolution, ⇢ ⌘ (⇢0 + ⇢1)/2, and f) = f)0 = f)1 represents the resolution as a function of
energy of a single readout channel (assumed to be identical). By generating trial time distributions in a
toy-MC simulation assuming f) (⇢) = f)1�)0 (⇢)/

p
2, it was verified that the worst-case discrepancy in the

fit parameters obtained with the f) (⇢) fit model is O(1%) for either PbF2 or PWO-UF in the energy range
of interest.

5 CONCLUSIONS

Experimental progress in high-energy physics continues to demand modern and innovative solutions for
high-performance, ultra-fast electromagnetic calorimetry.

Crilin is a promising design concept for a semi-homogeneous crystal calorimeter with longitudinal
segmentation and SiPM readout, as demonstrated by the studies of small PbF2 and PWO-UF crystals for
use in the Crilin design described in this work. For a single 10 ⇥ 10 ⇥ 40 mm3 calorimeter cell of PbF2, a
worst-case time resolution (mean time of two SiPM readout channels) better than 25 ps (20 ps) is obtained
for ⇢dep > 3 GeV, when the beam is incident on the front (back) face of the crystal. For a single cell of
PWO-UF, a time resolution of better than 45 ps (30 ps) is obtained for this range of deposited energy.
This timing performance fully satisfies the design requirements for the Muon Collider [11] and HIKE [2]
experiments, while further optimizations of the readout scheme and crystal surface preparation may yet
bring further improvements.

A more advanced Crilin prototype (Proto-1), consisting of two layers of 3⇥3 crystal matrices (for a total
of 36 readout channels), was developed in 2022; a beam test campaign for its characterization is planned in
2023.
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Figure 9. Top panels: Asymmetry variable � = (&1 �&0)/(&1 +&0) as a function of the G position of
beam incidence for PbF2, front run (left) and back run (right). Bottom panels: timing differences between
the two channels as a function of the G position of beam incidence for PbF2, front run (left) and back run
(right).

The position-dependent effects observed are particularly noticeable due to the small total longitudinal
dimension (⇠4-0) of the single crystals under test. The early stages of shower development are characterised
by a reduced number of secondary tracks with significant boost, so that the Cherenkov light emission
remains strongly directional.

It should finally be noted that, in practice, the use of mean-charge and mean-time variables (with respect
to the two readout channels) averages out all positional effects due to the light transport, as demonstrated,
for example, by the mean-charge distributions in Figure 7 and the mean-charge and mean-time distributions
in Figure 10, bottom. In the latter case, results from the simulation demonstrate that the reconstructed
values of mean charge and mean time are completely independent of the position of beam incidence.

4.3 Timing performance

For all experimental configurations, the distribution of the time difference between the two readout
channels �) = )1 �)0 was used to study the time resolution of the system as a function of deposited energy.
A 0.8 ⇥ 0.8 cm2 fiducial cut centered on the crystal face was applied for all runs. The distribution of �) as
a function of deposited energy ⇢dep for PbF2 runs is shown in Figure 11. The value of ⇢dep is obtained
from the mean of the charge values from both SiPMs, using the scaling factors discussed in Section 4.1. As

Frontiers 11
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Join us for Calo R&D at LPC!

• The CalVision collaboration is active here at the LPC working on a couple fronts:
Using wavelength, timing, polarization in homogeneous calorimetry to improve hadronic resolution while maintaining 
state-of-the-art EM resolution and developing novel particle-flow and machine-learning algorithms for application in 
DRO calorimetry.

• While CalVision nominally targets an e+e- Higgs factories, the same principles can be applied at a 
Muon Collider.

• Most recent work targeting characterization and optimization of timing properties : How does 
optimal timing for DRO crystal calorimeters depend on segmentation, orientation/arrangement of 
photosensors, material properties, wavelength sensitivity, etc.?

• New Initiatives 2023 Awardee —  https://detectors.fnal.gov/seeding-new-ideas/
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Additional Material
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Scintillator radiation 
tolerance

• Extensive R&D by RY Zhu (Caltech) and others.
• Recently:

• doi:10.1088/1742-6596/1162/1/012022 

• arXiv:2203.06788

18th International Conference on Calorimetry in Particle Physics (C A LOR2018)
IOP Conf. Series: Journal of Physics: Conf. Series 1162 (2019) 012022

IOP Publishing
doi:10.1088/1742-6596/1162/1/012022
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in the photo-detectors, and thus an increased readout noise. The radiation induced absorption reduces 
the light attenuation length [24], and thus the light output and possibly also the light response 
uniformity. There is so far no experimental evidence for a scintillation mechanism damage. All crystal 
scintillators, however, suffer from the radiation induced absorption and phosphorescence by ionization 
dose as well as charged and neutral hadrons. 

 

 
 

Figure 7.  Ionization dose induced radiation damage in large size inorganic scintillators 
 

Ionization dose induced radiation damage was investigated for large size (about 200 mm long) 
inorganic scintillators may be used to construct total absorption crystal calorimeter [7]. The left plot of 
Fig. 7 shows normalized EWLT (top) and light output (bottom) as a function of ionization dose for the 
fast component in three BaF2 crystals grown at different vendors: SIC, BGRI and Incrom. The average 
values of EWLT and light output are more than 40% after 120 Mrad. The middle and right plots of Fig. 
7 compare the values of the radiation induced absorption coefficient (RIAC) at the emission peak and 
the normalized light output as a function of the integrated dose for various crystals. LYSO clearly shows 
the best radiation hardness among all crystal scintillators with its light output maintained at 75% and 
60% respectively after 120 and 340 Mrad.  On the other hand, the light output of BGO and BaF2 is 
maintained at 35% and 45% respectively after 200 and 120 Mrad, so may be considered as cost-effective 
alternatives for LYSO.  

 

 
 

Figure 8.  Proton induced radiation damage in LYSO, BaF2 and PWO crystals. 
 

Protons were found to cause radiation damage in inorganic scintillators [8]. The left and middle 
plots of Fig. 8 show respectively the transmittance spectra and the light output as a function of 
integration time (middle) for BaF2 plates of 25 × 25 × 5 mm3 after proton irradiation in three steps up to 

39/14/2023 Caltech HEP Crystal Laboratory

Inorganic Scintillators for HHCAL
BGO BSO PWO PbF2 PbFCl Sapphire

:Ti
AFO:Ce 
Glass

DSB:Ce 
Glass1

DSB:Ce 
Glass2

ABS:Ce 
Glass3

DSB:Ce 
Glass4,5

HFG
Glass6

Density (g/cm3) 7.13 6.8 8.3 7.77 7.11 3.98 4.6 3.8 4.2 4.53 4.7 - 5.4d 5.95
Melting point (℃) 1050 1030 1123 824 608 2040 9807 14208 1550 ? 14208 570

X0 (cm) 1.12 1.15 0.89 0.94 1.05 7.02 2.96 3.36 2.62 2.41 2.14 1.74
RM (cm) 2.23 2.33 2.00 2.18 2.33 2.88 2.90 3.52 3.33 3.09 2.56 2.45
λI (cm) 22.7 23.4 20.7 22.4 24.3 24.2 26.4 32.8 31.8 28.8 24.2 23.2

Zeff value 71.5 73.8 73.6 76.7 74.7 11.1 41.4 42.9 49.6 51.9 47.2 55.7
dE/dX  (MeV/cm) 8.99 8.59 10.1 9.42 8.68 6.75 6.84 5.56 5.90 6.42 7.68 8.24
Emission Peaka 

(nm) 480 470 425
420 \ 420 300

750 365 440 430 396 440
460 325

Refractive Indexb 2.15 2.68 2.20 1.82 2.15 1.76 \ \ \ \ \ 1.50
LY (ph/MeV)c 7,500 1,500 130 \ 150 7,900 450 ~500 2,500 800 1,300 150

Decay Timea (ns) 300 100 30
10 \ 3 300

3200 40 180
30

400
90

1200
260

120, 400
50

25
8

d(LY)/dT (%/oC)c -0.9 ? -2.5 \ ? ? ? -0.04 0.3 ? ? -0.37
Cost ($/cc) 6.0 7.0 7.5 6.0 ? 0.6 ? 2.0 2.0 ? 2.0 ?

Presented in 10/22/2022 CalVision meeting, also in https://doi.org/10.48550/arXiv.2203.06788

a. Top line: slow component, bottom line: fast component.
b. At the wavelength of the emission maximum.
c. At room temperature (20oC) with PMT QE taken out.
d. Gd loaded. 
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Ultrafast Inorganic Crystals with Mass Production Capability for 
Future High-Rate Experiments  

 
Chen Hu, Liyuan Zhang, and Ren-Yuan Zhu*a 

a 256-48, HEP, California Institute of Technology, Pasadena, CA 91125, USA  

ABSTRACT  

Future HEP experiments present stringent challenges to inorganic scintillators in both fast timing response and radiation 
tolerance. This paper reports recent progress in developing ultrafast inorganic scintillators with sub-ns decay time for 
future precision timing detectors and high-rate experiments. Performance of fast and ultrafast crystals with mass 
production capability are compared to CsI crystals which are used for the Mu2e calorimeter. Examples are LYSO:Ce, 
BaF2 and BaF2:Y, which are considered for Mu2e-II. Crystal radiation hardness against gamma-rays and hadrons is 
reported. Current status and development effort for the BaF2:Y crystals are discussed. 

INTRODUCTION  
Inorganic scintillators are widely used in HEP experiments to construct electromagnetic calorimeters, providing the best 
possible energy resolution and position resolution, good electron and photon identification and reconstruction efficiency. 
The recent DOE report on basic research needs for HEP instruments [1] points out that ultrafast inorganic scintillators with 
good radiation hardness are required for future HEP experiments at the energy and intensity frontiers to mitigate severe 
radiation environment up to 100 Mrad and 3×1016 neq/cm2 of one MeV equivalent neutron fluence [2] and high event rate 
and pileup [3], respectively. Development of ultrafast heavy crystals with sub-nanosecond decay time thus is important to 
break the ps timing barrier for time of fight (TOF) systems and for ultrafast calorimetry. Table 1 lists optical and 
scintillation properties for some fast and ultrafast inorganic scintillators with mass production capability. Also listed in 
Table 1 is the figures of merit for the TOF application, which is the light yield (LY) in the 1st ns and the ratio between the 
LY in the 1st nanosecond and the total LY.  
 

Table 1 Optical and scintillation properties of fast and ultrafast inorganic scintillators with mass-production capability 
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Collider Calorimeters
• ALICE FoCal-E (Si-W sampling) + FoCal-H (Cu + Scintillator fiber) 
• https://indico.cern.ch/event/847884/contributions/4833007/attachments/2444499/4188638/RS_Calor-2022-RS.pdf

• CEPC high granularity, crystal ECAL
• https://indico.cern.ch/event/847884/contributions/4833028/attachments/2444738/4189238/20220516_R&D of a novel high granularity crystal ECAL.pdf

• SiD digital ECAL with large area MAPS
• https://indico.cern.ch/event/847884/contributions/4833035/attachments/2444859/4189669/calor2022-brau.pdf

• RADiCAL - Compact, rad-hard, ECAL
• https://indico.cern.ch/event/847884/contributions/4833038/attachments/2444198/4188065/RADiCAL-Ultracompact Radiation-hard Fast-timing EM Calorimetry.pdf

• ADRIANO2 - High granularity, Dual readout (lead-glass + plastic scintillator tiles)
• https://indico.cern.ch/event/847884/contributions/4833201/attachments/2445108/4189657/CALOR2022_20220517.pdf

• Crilin
• https://indico.cern.ch/event/847884/contributions/4833216/attachments/2444171/4191530/Crilin-Calor_v3.pdf

• CalVision Dual Readout
• https://indico.cern.ch/event/847884/contributions/4833223/attachments/2446287/4193575/CALOR_Lai.pdf

• IDEA and DREAM — dual readout

https://indico.cern.ch/event/847884/contributions/4833035/attachments/2444859/4189669/calor2022-brau.pdf
https://indico.cern.ch/event/847884/contributions/4833223/attachments/2446287/4193575/CALOR_Lai.pdf
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https://muoncollider.web.cern.ch/calorimeters

ECAL 
• Barrel: 40 layers of Tungsten absorber (1.9 mm) + Silicon Pad sensor; cell size: 5x5 mm2; r_min = 

1500 mm; r_max = 1702 mm; half_length = 2210 mm; symmetry = dodecahedron 
• Endcap: 40 layers of Tungsten absorber (1.9 mm) + Silicon Pad sensor; cell size: 5x5 mm2; r_max = 

1700 mm; z_min = 2307; z_max = 2509; symmetry = dodecahedron 

HCAL 
• Barrel: 60 layers of Steel absorber (19 mm) + plastic scintillating tiles; cell size: 30x30 mm2; r_min = 

1740 mm; r_max = 3330 mm; half_length = 2210 mm; symmetry = dodecahedron 
• Endcap: 60 layers of Steel absorber (19 mm) + plastic scintillating tiles; cell size: 30x30 mm2; r_max 

= 3246 mm; z_min = 2539; z_max = 4129; symmetry = dodecahedron 

Reference Calorimeter Details


