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Introduction



Towards Future High-Luminosity Colliders
¥ Picosecond timing is crucial in the calorimetry of future high-luminosity colliders applications 

! Resolve overlapping clusters -> better object reconstruction -> mitigate pile-ups 
! Particle identification with time-of-flight (TOF) 

¥ Calorimetry requirements in future colliders 
! Electron-Ion Collider  

- TOF detectors based on AC-coupled Low Gain Avalanche Diode (LGAD) being developed 

- Large area, (10) m2 
- Time resolution of around 25-30 ps 
- Spatial resolution < 30 μ m 
- 1% X0 material budget per detector layer 

! Muon Colliders 
- Require < 100 ps time resolution to separate  

beam induced background 
! FCC-ee at CERN 

- Improve pion/Kaon separation

𝒪
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Towards LHCb Upgrade 2 during HL-LHC era
¥ One possible near future application 
¥ Harsh environment during HL-LHC era 

! Instantaneous luminosity at 1.5x10 34cm-2s-1 
¥ 5D Picosecond ECAL (PicoCal) projected to handle pile-ups 

! 5D comprises x, y, z, E, and t  

! Timing resolution required (10-20)ps 

- Timestamping in both front and back sections help 
time resolution 

- Better object reconstruction to mitigate pile-up 
! Require reasonable radiation hardness 

!  

𝒪

B0 " ! 0! +! #

4

!  B0 " K*0"

for Spacal/Shashlik technologies, as measured with test beam data. The same events are also
used to compute the signiÞcanceS/

!
S + B versus signal reconstruction e!ciency as a function

of the cut on the photon energy, and with and without applying the timing cut, as shown in
Figure 4.19. In the same Þgure the performances in Run 2 conditions, at a single value of the
photon energy cut, and in Run 3 conditions, at di"erent values of the photon energy cut, are
shown; no request on timing has been done in both cases. As a result, the ECAL design proposed
for Upgrade II guarantees the same performances as of Run 2 for high energy photons, such as
the ones fromB 0 " K ! 0! decay.
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Figure 4.18: (Left) Comparison of the time properties for signal and background candidates
in the B 0 " K ! 0! simulation. Here # t is the di"erence between the measured and expected
arrival times of the photon and "t is the time resolution, which depends on the photon energy
and the relevant ECAL region; the vertical dashed line indicates the region selected by the time
window cut. (Right) Mass spectrum for B 0 " K ! 0! simulated events selected with and without
the time window applied around the expected arrival time of the photon.

We are pursuing several technological options for the upgraded calorimetry. The baseline
option combines the existing Shashlik technology in the outer region with a new technology
in the central region, where the accumulated dose is expected to exceed 40 kGy. The most
severe requirement of> 200 kGy radiation tolerance can be met by crystal Þbres, leading to
a so-called Spaghetti Calorimeter (SpaCal) [203,204] in the central region. The modules in a
SpaCal calorimeter consist of an absorber with an active medium of longitudinal Þbres acting
both as scintillator and light-transporting medium. No wavelength-shifting Þbres are required.
This conÞguration introduces ßexibility in deÞning the cell size as the area over which the Þbres
are read out. For the intermediate region where the radiation dose ranges from 40 kGy and
200 kGy, studies show that the SpaCal technology equipped with polystyrene plastic Þbres is
adequate. R&D on the implementation of precise timing shows that the Shashlik and SpaCal
technologies, with both crystal and polystyrene Þbres, have properties of light generation and
transport that make them capable of providing very good timing performance in agreement with
the aim of 15 ps at high energy as already achieved in test beam measurements. In addition, the
high occupancy in the central region motivates splitting the SpaCal modules longitudinally in
two sections at around the shower maximum. Information from the readout of both the front
and the back sections is used to achieve the best possible timing and to improve clustering,
reconstruction and particle identiÞcation. The algorithms exploit the fact that the showers are
less developed in the upstream section, meaning that the front readout su"ers less from pile-up,
while the timing in the back section helps clusterisation over adjacent cells. Studies also show
that the longitudinal segmentation makes the SpaCal performance more robust against radiation
damage.
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! Provide an option to add a timing layer between two sections 

 
- Increase granularity to avoid overlapping showers or 

disentangle merged showers 

- Improve time resolution at low ET region

LHCB-TDR-023

https://cds.cern.ch/record/2776420


Technologies and R&D



# large gain

The Large Area Picosecond Photo-Detector (LAPPD)
¥ Micro-Channel Plate (MCP) is proposed for a picosecond 

timing, and sub-mm spatial resolution approach 
! Essentially an array of miniature PMTs 

¥ Commercially available MCP has low lifetime drawback 
¥ Developed by LAPPD collaboration and commercialized by 

Incom Inc. 
! Largest (20x20 cm 2) MCP available 
! Cost-effective 
! Reducing ion feedback prolongs device lifetime
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Incom LAPPD Gen I 
(Strip anode)

¥ Time resolution (10-20) ps 

¥ Our lab working on LAPPD and High Rate 
PPD (HRPPD) 
! Both devices have anode be a 

continuous plane, allowing custom 
pixelization of external readout 

! HRPPD is smaller and less expensive 
! To get rid of photocathode, which is 

the bottleneck of lifetime

𝒪
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5. LAPPD module development 
¥ How to implement in U2 ECAL 
¥ Cooling and mechanical considerations 
¥ Fabrication of mockups 
¥ Beam test

(LA/HR)PPD Plans
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1. Basic characterization 
¥ Verify specifications 
¥ HV bias configuration 
¥ Dark/light responses 
¥ Gain curves 
¥ É

2. Simulation studies 
¥ Understand details of 

amplification mechanism, and 
transit time spread 

¥ How to modify to improve time 
resolution 

¥ Background studies

3. Timing studies 
¥ Picosecond laser pulses 
¥ XY stage, cross-talk studies 
¥ Readout electronics 

integration to include TOA, 
TTS measurements 

¥ É

4. Development of  
a new LHCb device 

¥ Modified HRPPD for LHCb U2 ECAL 
¥ Optimization of time spread 
¥ Update board layout, pixel sizes 
¥ Integration with fast timing  

GEOMETRY IN GEANT4
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The Low Gain Avalanche Diodes (LGAD)
¥ Alternative option in parallel to LAPPD 
¥ In essence, LGAD is a silicon sensor, but provides faster  

signal than standard ones, due to 
! A thinner form factor: the thickness is significantly 

reduced to 20-50 μ m 
! An additional gain layer, which amplifies the signal by 

a few tens 
¥ AC-LGAD has a higher fill factor than a DC-LGAD. 
¥ LGAD demonstrates a time resolution at 20-30 ps before 

any irradiation 
¥ Our R&D efforts towards making larger LGAD while 

retain the performance 
! Signal formation with larger capacitance 
! Challenges in mechanical support and cooling 
! Reacts to radiation effects (lifetime)
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AC-LGAD

DC-LGAD



Lab Setup for LGAD Test
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Fabrication of LGADs by BNL 
¥ Active areas of 12, 32, 52, and 102 mm2 
¥ Thickness of 20, 30, and 50 μ m 
¥ Different implantation energies for the 

gain layer 
¥ Different geometries of metal contacts

: 

Basic characterization 
IV/CV Measurements

 

Transient Current Technique 
¥ Use laser to simulate MIP 

¥ Characterization, e.g. rise time 

OUR TCT STATION

32 mm LGAD

SILICON PROBING STATION

Wire-bonded on test board



Waveform Analysis: Lab Setup
¥ Optimization Goals 

! Enhance front-end readout electronics for precise 
timestamping of fast analog signals 

! Integrate our ultra-fast sensors with waveform 
sampling for real-time data processing 

¥ Current Setup 
! Tektronix AWG 70002B : arbitrary waveform generator 

with timing resolution of ~2 ps  
! AARDVARCv3 waveform digitizer from Nalu Scientific 

- 12-bit ADC 
- 10-14 GSa/s sampling rate 
- 4 channels input 
- Real-time event visualization via an automated GUI 
- Current our main chip but may eventually be 

replaced a chip which is more tailored for our need 
! Xilinx FPGA connection via ASIC backend for 

- Timestamping algorithm for precise event timing 
- Pedestal subtraction
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TEKTRONIX AWG 70002B

AARDVARC

XILINX FPGA



Waveform Analysis: Timestamping
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¥ CFD and fitting with AARDVARC data. Pulses are generated with Tektronix.  

¥ Timestamping waveforms 
¥ Comparing 3 methods with simulated ECAL events 
¥ Outcomes not bad, but a matter of FPGA speed

CFD Fitting  
(#pts limited 
by FE)

Fitting ¥ With a improved time 
calibration of the long 
pipeline, you can see 
the linear relation 
between jitter and rise 
time



Reconstruction with Graph Neural Network
¥ Goal 

! Reconstruct energy & position (& type) 
of incoming particles 

! Cluster processing in FPGA 
¥ Why GNN? Flexibility with non-Euclidean 

data structure 
! Different cell sizes in different regions 
! Multiple cell sizes at region boundaries 

¥ Our data structure and GNN training 
¥ Status 

! Timing layer not added yet 
! Achieved better-than-classical result in 

full ET range 
! Next to explore further optimizations, 

e.g. more information in each node
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Embedded DNNs
Nodes 
ECAL cells (E, x)

Edges 
Relative  positionsxy

Global 
Event info, e.g. 
#tracks/#hits Nod
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Summary
¥ Upcoming colliders, such as EIC, Muon Colliders, HL-LHC and FCC-ee will 

operate at unprecedented collision rates, demanding precise timing to deal 
with high pile-ups and to suppress background 

¥ R&D in Syracuse towards picosecond timing in all fronts 
! Improving lifetime and resolution with LAPPD/HRPPD via HV configuration 

and removal of the photocathode 
! Improving time resolution with LGAD by tuning thickness and gain layer 
! Designing front-end electronics to read out fast analog signals 
! ML in FPGA for cluster processing
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Thanks for your attention!
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