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Calorimeter: split a bulk of energy into pieces which your detector can see, and try to 
collect them as much as possible. (化整 零為 , 各個擊破 )
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Calorimeter: split a bulk of energy into pieces which your detector can see, and try to 
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We more or less know what happened inside this material, but not yet make use of that as 
much as possible.  In general, we just count the collected energy channel by channel to get a 
2D+E dimensional shower information. Plus matching with tracker and some pattern 
recognition algorithm, we could roughly distinguish showers from different particles, but very 
hard to separate mixed showers in one cluster.  Energy and 2D spatial resolutions are the 
major concern in the past.

However, (due to scientist’s ambition, feasible in technology and budget(?)), the R&D of 
CAL. moves toward 3D+E+t (5D) measurement 
→ high granularity, segmented CAL.
→ precise timing

signals
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Calorimeter: split a bulk of energy into pieces which your detector can see, and try to 
collect them as much as possible. (化整為零,各個擊破 )
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● General consideration for future projects
● Precision timing measurement in CAL. 
● Sensor (active medium and arrangement)
● Readout system (TF7)
● Lesson learned in R&D and construction (TF8+9)
● Summary and discussion

signals



[7]

General consideration for future projects

● Detector at future high energy e+e- colliders → manpower for CAL.
● Detectors at future hadron colliders

➢ calorimeters can stand severe conditions w/o degradation (or upgrades are priced in from the 
beginning)

● Requirements on energy resolution
➢ ultimate energy resolution may not be the key metric

● Requirements on timing precision is a wide field
➢ a look to 2030 make resolutions 20~100ps?!
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Recent development direction shifts in CAL.

● Precision timing (motivated by need for pile-up suppression (t))
● High-granularity segmentation (energy, position measurements) 
● Particle flow (combining CAL. and tracker information)
● Dual-readout (event-by-event compensation, e/h = 1)
● Ultimate energy resolution (by sensor+detector) may not be the key concern

Traditionally, CAL. measured the energy collected in every channel in a 
“cluster” as a shower energy. Possible to use shower pattern recognition 
algorithm to distinguish the particles.

The particle flow approach is to use the best suited detector to measure 
the individual particles. (各司其職 )
      → all charged particles reconstructed in tracker
      → neutral particles can be determined in the calorimeters.

This implies the possibility to separate charged and neutral particles in 
the calorimetric system. This challenge can be met by a calorimetric 
system with very high granularity that allows us to separate close-by 
particles, and well trained particle flow algorithms that are able to do 
effective clustering.
It is also aiming to improve the hadronic Jet energy measurement, which 
was mainly relied on HCAL. 
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US DOE Basic Research Needs Study in HEP (2019)
In ~10 years, high precision 5D CAL. in e+e- machines
 σt  < 10 ps (e.g. long-live particles)
In ~20 years, high precision 5D CAL. in hh machines
 σt  < 5 ps (~ 1ps pile-up suppression and PID)
Ultrafast CAL. 
 σt  < 1 ps 

Key parts:
Active medium property
Photon detector (SiPM, LGAP, MCP-PMT)
Special designed ASIC for readout

Power of precise time measurement → one motivation of this R&D 
direction 

Precision timing measurement in CAL.

Applications:
● Separation of two signals close in time
● Effectively segment the CAL. in depth (longitudinal segmented CAL.)
● Apply to scintillation/Cherenkov light coexisting fiber.
● Enhancement in performance fast timing in NN (CNN, RNN, GNN).
● Study time spectrum of a shower
● Emerging digital sensors dSiPM
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CMS MTD

sensor detector

readout

environment
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(2021,0905 PANIC2021) 

LHCb SPACAL-W CMS HGCAL

LHCb Shashlik: WLS+PMT, ~50ps@5GeV Silicon planar sensors for CAL. is a revolution.  
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Longitudinal segmented CAL.
with precision timing

Fibers in spaghetti CAL. With appropriate timing 
strobes, it may be possible to segment the CAL. 
in depth.

Scintillation/Cherenkov light in a 
single fiber 

The Cherenkov light can be used for timing 
purpose.
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Sensor (active medium and arrangement)
Current options for (near) future CAL.

In most of the cases final choices have still to be made.

TF3 TF1 TF2
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Solid state: natural selection for HG CAL., robust technology, rad. hard, fast and excellent S/N; intrinsic stability 
                fragile handling, expensive  

Scintillating tile/strip: working horse for hadron CAL., relative cheap
               rad. hard, complexity in integration, coarse information on shower shapes, pile-up rejection difficult

Crystal: large sampling fraction, excellent energy resolution, ok rad. hard., time resolution,cost effective, recyclable  

Fiber-based readout: dual readout CAL. 

Gaseous: small sampling fraction less than liquid and semiconductor, rad. hard, robust and less expensive
                good candidate (RPC, MPGD) for HG
                energy resolution is usually not a big consideration in design
                good time resolution for this generation, can reach 100ps or lower with semiconductor glass.
                gas mixture uniformity while covering large area, create dead zones if using smaller modules

            size is also limited by available PCB size (~60cm)

Liquid noble gas: linear, radiation hard, stability over time
                biggest challenge is to keep a good S/N and a low cross-talk for future project to get high granularity(!)

  R&D on warm liquid tried. 

Sensor (active medium and arrangement)
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Liquid noble gas: linear, radiation hard, stability over time
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  R&D on warm liquid tried. 

Sensor (active medium and arrangement)

How small one channel can be and how precise the signal can be 
produced? → HG and precision timing 
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Tile and Strip CAL.
Thin scintillator tile or strip as sensor. The photodetectors and readout electronics could be outside 
(classical) or integrated in (integrated) the active volume  
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Tile and Strip CAL.
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first application 
in a collider 
detector

Tile and Strip CAL.
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Potential of tile and trip scintillation CAL. by far not exhausted 
● Concepts for future experiments: Higgs Factories, DUNE ND-Gar, FCChh
● Ideas for future developments: timing, spectral sensitivity, novel materials, ...  
    towards 5D CAL.: dual readout for energy reconstruction
                                   HG with PFA for shower time spectrum 
● Explore to ultimate granularity:

Tile and Strip CAL.
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Crystal CAL.
● Scintillating crystal has a long history in development and it is still continuing in it.
● A crystal with same physics properties can be tuned by different processes (doping, co-doping, 
reshuffling matrix composition, …) to have quite different scintillation performance.
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Crystal CAL.
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Crystal CAL.
New perspectives for crystal CAL.
● Fine granularity
● Precision & maximum information

➢ E
➔hybrid dual-readout CAL.
➔segmented crystal CAL. with PFA

➢ t
➔ time resolution of ~30ps for single MIPs (CMS MTD, LYSO+SiPM)
➔ time resolution of ~30ps for EM shower (CMS ECL, PWO+APD)
➔require rad. hard fast photodetectors (TF4)
➔nano crystals for sub-nanosecond scintillation

➢ positioning

200μm achieved 

● Process to recycle crystal material
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Crystal CAL.
Three (future?) crystal CAL examples
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Crystal CAL.
Three (future?) crystal CAL examples
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Crystal CAL.
Three (future?) crystal CAL examples
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Dual-readout Fibre-Sampling CAL.

Hadronic shower includes EM component produced by π0, η0, the detector response to EM and HAD 
components is different. The fraction of energy in EM and HAD components fluctuates a lot event 
by event.

Dual-readout is to measurement on event-by-event 
basis of em fraction of hadron showers simultaneously.

 f
em

 : fraction of EM shower
 E   : total shower energy to measure
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State of the art – DREAM & RD52 

Dual-readout Fibre-Sampling CAL.

PMT readout SiPM readout 

RevModPhys.90.025002
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Short-term program: scaling up (next 3-4 years)

● Assess feasibility in scalable mechanical structure
● Handling of O(10K) SiPMs 

➢  A scalable sensor-readout-DAQ chain
➢  Timing and shower shape info for PID 

● …

It is meant to be a high 
resolution ECAL + HCAL in 
one detector.

Dual-readout Fibre-Sampling CAL.
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Readout system
Main drives and consequences

5D reconstruction and calibration
→ novel algorithms needed

Pile-up is not noise, just physics we are not 
interested in
→ opportunities for more processing on-detector, 
beyond noise rejection.

Trigger-less data taking. (for new physics?)

Readout is not just to produce data, but to produce insight.
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The boundary between the FE and BE will move.

In the past: CPU-FPGA-ASIC

Now also: GPU, TPU, DPU

Firmware is the next software. (hls4ml) 

Special ASIC design
enabling digitizer AARDVARC V3

Compact, high performance waveform sampling 
and digitizing
✔ 10-14 GSa/s
✔ 12 bits ADC
✔ 4-8 ps timing resolution
✔ 32K sampling buffer
✔ 2 GHz bandwidth 
✔ System-on-chip

Higher channel density per chip planned
Good for precision timing CAL.

Readout system
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Lesson learned in R&D and construction
Speaker: David Barney
Calorimeter upgrade R&D (T&E) for HL-LHC & by Calice

Beyond the lesson learned in sensor, electronics, connectivity, power distribution, mechanical 
engineering, and software for simulation/reconstruction/analysis, some other concerns are raised and 
indeed in discussion for quite a fraction of time.

● project system management
● adequate flexible engineering support (electronics, mechanical, software)
● long term sustainability of expertise 
● building good relationships with industry

academic: feasibility oriented, from 0 to 1, how to make it possible
industry: profit oriented, from 1 to infinite, how to cost-down
               e.g space shuttle (NASA) vs. Starship (SpaceX)

●  for simulation and analysis tools, software group needs to go hand in hand with detector group.
for large scale project like HGCAL, any small re-optimizing can affect the whole picture and hard to 
understand it in advance. Software simulation is needed, but lack of experience to feed into the simulation.

●  recognition issue
within 4K collaborators in CMS, only handful people are doing the real blue-sky research.
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Summary and discussion

● CAL. R&D has been moving into totally new (revolutionary) directions recently
➢ high granularity, longitudinally segmented
➢ precision timing
➢ new algorithm (PFA)
➢ dual-readout

● It is moving from 2D+E camera to 3D+E+t video.
➢ shower evolution in time
➢ split EM and HAD components in hadronic shower

● Using semiconductor as active medium is another revolution
➢ conventional active materials do not lose their importance

● The readout system (ASIC, FE) could be next to revolt (high bandwidth, real-time processing, …)
● Large-scale project management and long term resource/supports become more and more serious 
issues. (It takes decades to develop one new generation detector. Apple wishes you to change a 
phone every year.)

➢ To forge a close bond with industry is important, not only for production, but also for their 
expertise.

● What may be suitable for us in Taiwan.
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