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2Concept of Proposed Calorimetry

New calorimetry for 
future colliders

High-Granularity calorimetry 
Better performance at low energy

Dual-Readout calorimetry 
Better performance at high energy, PID

psec timing 
PID, BG reduction, improve PFA

Mark Thomson 8

The output… reconstructed particles

100 GeV Jet

neutral hadron
charged hadronphoton

Ø If it all works…
� Reconstruct the individual 

particles in the event.
� Calorimeter energy resolution

not critical: most energy in
form of tracks.

� Level of mistakes in associating 
hits with particles, dominates   
jet energy resolution.

CERN, 17/2/2011

EIC Calorimetry Workshop, 15 March 2021 7

Č (GeV) vs. S (GeV) C/E vs. S/E

Hadronic data points (S, C) located around straight lines

θ, χ independent of both:

i) energy (!)

ii) type of hadron (!!)

(GeV)

GeV

applying the dual-readout formulae

EM  
particles

Hadronic  
particles

Y. Kim, EIC Calorimeter Workshop 2021
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3Overview of Research Plan

How to Combine High-granularity and Dual-readout with Excellent Timing

Fast timing front-end electronics 

Prototyping and beam test at FTBF   

Simulation and analysis tools 

Demonstrate performance of proposed calorimeter technology

Dual-readout

Cherenkov radiator + UV-GasPM 
•High-granularity readout 
•psec timing 
•Low-cost 

Cherenkov detector
SiPM-on-strip technology 

•High-granularity 
• low-cost

Scintillation detectorCherenkov

Scintillation
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• Generic R&D, but many applications at future experiments foreseeable

Possible Applications

中国

ヨーロッパ

Calorimeters for Higgs factories

CHAPTER 9. INTRODUCTION TO VOLUME III 403

• For the entire experimental program a precise determination and monitoring
of the luminosity will be essential;

• Measurements with polarized beams require the use of electron, proton, and
light nucleus polarimeters;

• The strategy for detector read-out and data acquisition has to be defined tak-
ing into account the data rate of the experiment, as well as the rapid devel-
opments in the field of digital electronics and computing power, suggesting
a integrated approach to both the read-out and data acquisition and software
and computing.

A reference central detector design, largely matching the physics requirements, is
presented as a 3D model in Fig. 9.2 and in 2D schematic form in Fig. 9.3. Figure 9.4
illustrates the very forward detectors. The following characteristics are assumed.

Hadron Calorimeter Endcap

Electromagnetic Calorimeter

Cherenkov Counter
Barrel EM Calorimeter
DIRC
Solenoidal Magnet

RICH Detector
Barrel Hadron Calorimeter

Transition Radiation Detector
Preshower Calorimeter
Electromagnetic Calorimeter

Hadron Calorimeter Endcap

Figure 9.2: A cutaway illustration of a generic EIC concept detector.

The central detector instruments the pseudo-rapidity region �4 < h < 4 with full
coverage of the range |h| < 3.5 (details are provided in Sec. 11.8). This acceptance
range matches the needs of the inclusive, semi-inclusive, jet physics and spec-
troscopy studies. It is complemented by the very forward and backward detec-
tors ensuring the hermeticity and the forward tagging required by specific topics
of the physics program, in particular exclusive reactions and diffractive channels.
The main requirements of the central detector are dictated by the event geometry
and the physics program, as illustrated in detail in Vol. II, chapter 8. They are re-
lated to (1) tracking and momentum measurements, (2) electron identification,

EIC

Electron-Ion Collider

REDTOP 

Rare Eta Decays To Observe new Physics
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• Proposed concept 
•Cherenkov radiator + UV-GasPM


•UV-GasPM


•Photocathode: CsI 


•Electron multiplier: DLC-RPC


• Expected Advantages 
•Uniform and efficient Cherenkov readout


•Excellent timing (thin gap without no drift region)


•High-rate capable


•Low- and uniform- mass distribution


•Large area at low-cost


•High-granularity with segmented readout pad for RPC


• Target timing resolution 

•  with multiple photoelectrons from Cherenkov light𝒪(10 ps)

Cherenkov Detector

Cherenkov radiator

UV-photocathode

RPC

Readout pad

Anode electrode

Charged particle

+HV

Cherenkov light

Avalanche

PICOSEC detector

J. Bortfeldt et al. Nuclear Inst. and Methods in Physics Research, A 903 (2018) 317–325

Fig. 12. Beam test: Dependence of the signal arrival time (left) and the time resolution (right) on the electron-peak charge for 150 GeV muons, for anode (A) voltages
between 250 V and 300 V and drift voltages (D) between 400 V and 500 V. Statistical uncertainties are shown.

Table 1
Laser tests: The experimental conditions, voltages used and the time resolution
(raw and corrected values) of the PICOSEC detector, operated with the COM-
PASS gas at 1 bar absolute pressure. The threshold is the amplitude of the small-
est signal recorded at the trigger level and the RMS is the standard deviation of
the baseline. The raw time resolution values are estimated using the CF algo-
rithm, while the corrected values are estimated after correcting the correlation
of the SAT with the electron-peak charge, as discussed in detail in Section 3.1.

Anode Drift Threshold RMS Time resolution (ps)

(V) (V) (mV) (mV) Raw Corrected

450 300 14.3 ± 0.3 2.5 ± 0.2 164.0 ± 4.2 184.6 ± 1.4
325 15.8 ± 0.3 2.5 ± 0.2 147.0 ± 4.0 169.5 ± 1.1
350 16.1 ± 0.4 2.5 ± 0.2 121.6 ± 1.8 140.1 ± 1.0
375 26.9 ± 0.6 2.5 ± 0.2 88.4 ± 0.5 108.7 ± 0.6
400 37.5 ± 1.1 2.9 ± 0.2 77.0 ± 0.5 90.3 ± 0.5
425 79.4 ± 2.7 5.6 ± 0.3 69.5 ± 0.6 76.0 ± 0.4

475 300 11.5 ± 0.3 2.5 ± 0.2 180.0 ± 6.0 187.8 ± 0.8
325 16.1 ± 0.4 2.5 ± 0.2 140.0 ± 1.0 160.3 ± 0.7
350 30.3 ± 0.7 2.6 ± 0.2 90.7 ± 0.6 123.8 ± 1.0
375 31.6 ± 1.1 2.6 ± 0.2 89.0 ± 0.6 105.3 ± 0.5
400 44.6 ± 2.2 2.9 ± 0.2 79.1 ± 0.5 86.0 ± 0.3

500 275 20.6 ± 0.4 3.1 ± 0.3 175.0 ± 3.1 230.0 ± 3.0
300 21.1 ± 0.5 3.4 ± 0.4 150.8 ± 1.8 186.0 ± 2.0
325 30.6 ± 0.8 3.1 ± 0.2 115.8 ± 1.2 145.5 ± 1.0
350 41.8 ± 1.2 3.4 ± 0.3 98.3 ± 0.9 121.2 ± 1.0
375 87.9 ± 2.6 5.9 ± 0.3 85.3 ± 0.5 92.6 ± 0.6
400 93.7 ± 4.7 5.7 ± 0.2 78.8 ± 0.5 83.8 ± 0.3

525 200 11.1 ± 0.2 2.6 ± 0.2 290.0 ± 7.0 337.5 ± 2.0
225 11.1 ± 0.2 2.7 ± 0.2 261.8 ± 3.0 278.0 ± 1.2
250 15.6 ± 0.3 2.6 ± 0.2 210.3 ± 3.0 254.2 ± 2.0
275 15.7 ± 0.4 2.6 ± 0.2 180.2 ± 2.0 208.4 ± 1.0
300 29.9 ± 0.6 2.7 ± 0.2 133.0 ± 1.4 174.8 ± 1.0
325 41.9 ± 0.4 3.0 ± 0.2 111.9 ± 0.8 141.6 ± 0.7
350 43.1 ± 1.6 3.0 ± 0.2 100.7 ± 0.9 110.5 ± 0.5

are as low as 24.0 ± 0.3 ps, as shown in Fig. 13 for anode and drift
voltages of 275 V and 475 V, respectively.

From a scan over a wide range of voltage settings we obtain the
dependence of the time resolution on the drift and anode voltages, as
shown in Fig. 14. This figure clearly shows that the time resolution
improves for higher drift voltages, while the gain is kept constant
by reducing in the same proportion the anode voltage. The optimal
time resolution is reached for drift voltages of 450–475 V, which are
the maximum settings at which the detector can be stably operated,
i.e. there is no discharge during the beam run.

The mean number of photoelectrons (N) is estimated for those
voltage settings, from the response to a single photoelectron calibration
using the UV lamp. In a first step, the electron-peak charge distribution
of the UV lamp runs is fit by Eq. (5) (where N = 1), in order to estimate
the parameters Qe and ✓. The electron-peak charge values (Qi)ni=1 of the
150 GeV muon run (where n is the number of values) were then used to

Fig. 13. Beam test: An example of the signal arrival time distribution for
150 GeV muons, and the superimposed fit with a two Gaussian function (red
line for the combination and dashed blue and magenta lines for each Gaussian
function), for an anode and drift voltage of 275 V and 475 V, respectively.
Statistical uncertainties are shown. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. Beam test: Dependence of the time resolution on the drift and anode
voltage for a PICOSEC detector irradiated by 150 GeV muons. For each curve at
a given anode voltage, the maximum drift voltage corresponds to the maximum
gain at which the detector can work in stable conditions. Statistical uncertainties
are shown.

define a likelihood function

L(N(Qi)ni=1) =
n
«

i=1

H ÿ
…

j=0

Nje*N
j! ù A(Qij,Qe, ✓)

I

(6)

324

• Similar concept 
• Based on Micromegas 
• 20ps timing resolution for MIP 

https://doi.org/10.1016/j.nima.2018.04.033
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• Ultra-low-mass high-rate-capable RPC for MEG II experiment 
•Diamond-Like-Carbon (DLC) -based electrode


•Ultra-low mass:   with 4 layers


•High efficiency:  with 4 layers


•Good time resolution:  with single layer (no optimisation for timing)


•High rate capability: 


• Fast timing photo-detector based on RPC-GasPM


•Single photon resolution of  with prototype

0.1 % X0

> 90 %

160 − 170 ps

> 1 MHz/cm2

25 ps

Cherenkov Detector

Japan

DLC on Kapton 
Prototype of Gas PM with RPC (KEK, K. Matsuoka)

Synthetic quartz plate (2.0 mm)
LaB6/ITOCopper sheet (50 mm)

Kapton sheet (120 mm) TEMPAX Float glass (1.1 mm)

PCB (0.4 mm)
Graphite electrode

HNBR packing (1 mm) Copper electrode

Stainless steel chamber

Figure 2: (Left) Cross-sectional schematic design of the GasPM prototype inside the stainless steel chamber.

Only a part around the edge of the photocathode is shown in this figure. The thickness of each component

is shown in parentheses. (Right) Picture of the GasPM prototype viewed from above.

with the ground, and a synthetic quartz plate to place the photocathode. The Kapton

and copper sheets are also used as a spacer to define the gap between the photocathode and

TEMPAX Float glass, which is 170-µm thick and is filled with gas for electron multiplication.

The GasPM chamber is closed with a 2-mm thick TEMPAX Float glass window. The

synthetic quartz and TEMPAX Float glass windows are suitable to transmit UV laser to the

photocathode; The transmittance is nearly constant at about 90% down to the wavelength

of 180 nm and 350 nm, respectively. The sizes of the signal electrode, high voltage electrode,

and photocathode are 31.2⇥ 31.2 mm2, 34.0⇥ 34.0 mm2, and 36.0⇥ 36.0 mm2, respectively,

and the active area is limited to 30⇥ 30 mm2 by the Kapton sheet. The GasPM prototype

has only one output channel that covers the whole active area.

The LaB6 film of the photocathode is underlaid with an indium tin oxide (ITO) film

to assist in transmitting photocurrent and generating a uniform electric field because LaB6

has a low electric conductivity. With radio frequency (RF) magnetron sputtering, the ITO

film was firstly deposited on one side of the synthetic quartz plate, and then the LaB6 film

was deposited on the ITO film with the four edges masked in order to bring the ITO film

into contact with the copper sheet. The target thickness of each film was determined to

be 40 nm such that the absorptance of 400 nm light is maximized at the LaB6 surface in

contact with the gas. It was calculated by using the exact expression of the absorptance [23]
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https://arxiv.org/abs/2302.12694
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• Development of Cherenkov radiator (NIU) 
•Selection of radiator material: VUV-transparent crystal (λ=100-200nm)


•Tiles slicing and polishing


• Development of high-QE CsI photocathode (Fermilab) 
•Transmission-type CsI photocathode with high QE


•Deposition of Al electrode

Cherenkov Detector

US

Fermilab evaporation system for CsI 
photocathode deposition

Tile machining at NIU
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• First test of DLC-RPC with thinner gap 

•Gap: 


•Anode: , Cathode: - 


•Gas: R134a/SF6/isobutane (94/1/5)


•NOT optimised for timing yet

192 μm

4 MΩ/sq 40 55 MΩ/sq

Cherenkov Detector

Progress in Japan

[ns]

Typical signal for Sr-90 β
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• Timing resolution 

•Best resolution of  obtained for large signal


•Large signal = avalanche over full gap length in GasPM


•Average # primary electrons ~2


⇒Single photoelectron time resolution: 


• Timing resolution expected for Cherenkov detector 
•Expected # photoelectrons with (3mm-thick MgF2 and CsI photocathode) ≳10


⇒Expected timing resolution 

80 ps

80 ps × 2 ∼ 110 ps

35 ps

Cherenkov Detector

Progress in Japan

Promising. (N.B. still not optimised for timing)
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• Investigation of best Cherenkov radiator material 
•Setting up numerical computation for photoelectron yield


•Acquired radiator material candidates (sapphire, MgF2, VUV glasses)


• Preparation for photocathode coating 
•Design of coating (conductive under-layer, electrode for bias voltage)


•Purchased optical profilometer and VUV sectrophotometer to check coating quality 

Cherenkov Detector

Progress in US

Fermilab evaporation system for CsI 
photocathode depositionOptical profilometer

VUV spectrophotometer

Sapphire (uncoadted)

Sapphire

(5-sides Al coated)
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• Readout electronics 
•Waveform digitizer (CAEN DT5742B, DRS4 16ch) for initial lab test (time resolution < 50ps)


•CAEN PETIROC system (64ch) for prototype beam test (time resolution ~15ps) 

Cherenkov Detector

Progress in US

CAEN DT5742B

Fermilab PETIROC interface card
CAEN PETIROC system
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• SiPM-on-strip technology 
•Technology developed for CALICE high-granularity scintillator-strip ECAL 


•High granularity with reduced number of readout channels (×1/10)


• Challenges for this R&D 
•Wider and longer strip


•Light yield and uniform response


•Possibility of double SiPM readout


• Scintillator material production (US) 
•Scintillator pellet with high light yield


•R&D on reflective coating


• Injection moulding (Japan) 
•Technology developed for CALICE Sc-ECAL

Scintillation Detector

Strip-SiPM optical coupling (Tokyo, Shinshu)

Equipments for scintillator pellets production 
(Fermilab)

Light yields for scintillator pellets (Fermilab)

Metal moulding for scintillator strip 
(Tokyo, Shinshu)

outside scope of US-Japan program due to limited budget
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•Setup

•Based on AHCAL test beam setup


•Large stack instrumented with 30x30mm2, 3mm-thick tiles, total size 2.16 x 2.16 x 

2.133 m3


•Alternate layers of plastic scint / sapphire


•Digitisation

•Scintillator: 10p.e./MIP, 10k-pixel SiPM


•Cherenkov: Count superluminal path length within tile ( )v > c/n

Simulation Study

  

US-J calorimeter simulation

Daniel Jeans
IPNS/KEK
Feb, 2023

  

transverse profile summer over ~2k showers 

scintillator cerenkov

shower a little narrower in cerenkov 
probably expected, since EM shower more central
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• New R&D for new calorimetric technique to address crucial requirements for calorimeters at future collider 
experiments started 

•Fusion of two key calorimeter technologies (high-granularity and dual-readout) together with excellent timing performance


• Cherenkov detector 
•Cherenkov radiator + UV-GasPM with DLC-RPC


•Excellent timing resolution of  targeted


•Can be applied to other projects as timing detector


• Scintillation detector 
•SiPM-on-strip technology


•Optimisation for strip-SiPM deign in progress


• Plan 
•Construction and performance test of first prototype of Cherenkov detector to be done soon


•Construction of full prototype toward beam test at Fermilab in 2024

𝒪(10 ps)

Summary


