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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-lon Collider nucl. instrum. Methods A 1057 (2023) 168687

- TOF detectors based on AC-coupled Low Gain Avalanche Diode (LGAD) being developed
arxiv:2306.13567
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| FCC-ee at CERNEur. Phys. J. Plus 136, 1066 (2021) = TE 4
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https://iopscience.iop.org/article/10.1088/1748-0221/19/02/T02015
https://www.sciencedirect.com/science/article/abs/pii/S0168900223006770
https://link.springer.com/article/10.1140/epjp/s13360-021-02034-2
https://arxiv.org/abs/2306.13567

Towards LHCb Upgrade 2

¥ 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,V, z, E, andt
| 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
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| Provide an option to add a timing layer between two sections

| ] scintillator
I absorber l ] light guide

——3 Beam direction Timing layer

Increase granularity to avoid overlapping showers or
disentangle merged showers

- Improve time resolution at low Erregion


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

Technologies and R&D



The Large Area Picosecond Photo-Detector (LAPPD)

¥ Micro-Channel Plate (MCP) is proposed for a picosecond _ __[\_ﬁ%itﬁ:&%genl
timing, and sub-mm spatial resolution approach ok ) /
| Essentially an array of miniature PMTs #large gain § / :
¥ Commercially available MCP has low lifetime drawback i : %" CCCCCCCCCCCC
¥ Developed by LAPPD collaboration and commercializedby § | »~ | QY - ‘”
Incom Inc. g1 —esimvic
| Largest (20x20 cm 2) MCP available 5 e
| Cost-effective
| Reducing ion feedback prolongs device lifetime ol bl wl” SSSSSNSSS o
¥ Time resolution ! (10-20) ps e
¥ Our lab working on LAPPD and High Rate  Transit Time = t,-, ':‘mcommgpno:on
PPD (HRPPD) top window N —
! Ecc))lm r?uec;/lijzeslgr?gea?lgc\aﬂg I:)ce:uastom B T " CAvER
pixelization I[c))f external regdout - “\\\\\“‘\\\\\\\\\\\\\\\\\\\\\ SN GLAsS
| HRPPD is smaller and less expensive mo2 (T SUBSTRATE
| To get rid of photocathode, which is | aneseqas ' —

LAYER

the bottleneck of lifetime

L \ All inexpensive glass
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(LA/HR)PPD Plans

1. Basic characterization 2. Simulation studies
¥ Verify specifications ¥ Understand details of
¥ HV bias configuration amplification mechanism, and
¥ Dark/light responses transit time spread
¥ Gain curves ¥ How to modify to improve time
¥ E resolution

¥ Background studies
3. Timing studies

¥ Picosecond laser pulses 4. Development of

¥ XY stage, cross-talk studies a new LHCb device

¥ Readout electronics ¥ Modified HRPPD for LHCb U2 ECAL
Integration to include TOA, ¥ Optimization of time spread
TTS measurements ¥ Update board layout, pixel sizes

¥ E ¥ Integration with fast timing

5. LAPPD module development
¥ How to implement in U2 ECAL
¥ Cooling and mechanical considerations

¥ Fabrication of mockups
¥ Beam test GEOMETRY INNGEANT4




The Low Gain Avalanche Diodes (LGAD)

¥ Alternative option in parallel to LAPPD P
¥ In essence, LGAD is a silicon sensor, but provides faster
signal than standard ones, due to (a) JTE

| A thinner form factor: the thickness is significantly e _
reduced to 20-50 " m Epitaxial layer — p

| An additional gain layer, which amplifies the signal by

a few tens DC-LGAD
¥ AC-LGAD has a higher fill factor than a DC-LGAD. AC-pads

¥ LGAD demonstrates a time resolution at 20-30 ps before
any Irradiation

¥ Our R&D efforts towards making larger LGAD while JTE
retain the performance R

| Signal formation with larger capacitance
, , _ substrate — p**

| Challenges in mechanical support and cooling

| Reacts to radiation effects (lifetime)

dielectric l \
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Lab Setup for LGAD Test

Fabrication of LGADs by BNL
¥ Active areas of 12, 32, 52. and 132 mmz2

Small area AC-LGAD _;‘; -
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¥ Thickness of 20, 30, and 50 "m

¥ Different implantation energies for the
gain layer

¥ Different geometries of metal contacts

process characterization

Basic characterization
IV/CV Measurements

i
SILIC@N’FTF\’OBTNG Y. TO

Test siructuresro” | '

6x2 arrey of 0.5cm cells
No GAIN (diodes!

Cai becut és sirgle cells

6X6 array of D.5cm cells

i Canbecutassingle cells

Transient Current Technique
¥ Use laser to simulate MIP
¥ Characterization, e.g. rise time




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
- 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

I Xilinx FPGA connection via ASIC backend for
- Timestamping algorithm for precise event timing
- Pedestal subtraction

from Nalu Scientific
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Waveform Analysis: Timestamping

ECAL Simulation Event with Timeslamps

— ¥ Timestamping waveforms

s from ML Timestamping for b Spacal Modules with New Features
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the linear relation
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Reconstruction with Graph Neural Network

¥ Goal Giona Embedded DNNs-
| Reconstruct energy & position (& type) PR By
of incoming particles \ _________ ’ ol C’ E
| Cluster processing in FPGA N
¥ Why GNN? Flexibility with non-Euclidean Edges .
data structure Relative xy positions
| Different cell sizes in different regions T S —
| Multiple cell sizes at region boundaries 078 Sapepislnminiies checlie
¥ Our data structure and GNN training = 0.6 T 1
¥ Status T 0.5F S — 1
| Timing layer not added yet %NOA%— ; 1
| Achieved better-than-classical result in 035‘ ) E
full Errange 0-2§' ; ' E
| Next to explore further optimizations, 0-15 S .. | ' —
e.g. more information in each node 0 ] 2 EE

E incoming [GeV]‘
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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

I 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
I ML in FPGA for cluster processing
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Thanks for your attention!



