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Overview: The Path to 4D Tracking in VELO

Setting the Baseline

•Current VELO: Design, performance, 
and operational environment.

Motivation for the Upgrade

•Why the High-Luminosity LHC (HL-LHC) 
requires a new VELO.

•Key challenges: Radiation, timing, 
cooling, and readout rates.
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 Developing the Next-Generation VELO

• 3D Sensor R&D for high fluence & timing 
resolution.

• 28nm ASICs (IGNITE & LA-PicoPix) for fast & 
stable readout.

• Cooling Technologies: CO₂ microchannels & 
alternative fluids.

• Silicon Photonics DAQ: Pushing for a cost-
effective, high-speed solution.

 Engineering & Integration

• RF Shielding & Vacuum: Optimizing for efficiency
& material budget.

• Mechanical & Motion Systems: Ensuring stable
and precise operation



Current VELO: Baseline Overview

Design & Structure

• High-granularity pixel sensors in two retractable 
halves.

• Positioned 5.1 mm from the beam for precise 
impact parameter measurements.

• Fast readout to handle high event rates.

Operational Environment

• Operates in high vacuum, separated from the LHC 
beam by a thin RF foil.

• RF shielding mitigates beam-induced noise.

Cooling System

• CO₂ evaporative cooling with silicon microchannels 
ensures temperature stability.

• Integrated into the mechanical structure to minimize 
material budget.
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• Unprecedented Precision

• CP-violating phases measured with unattainable accuracy at any other facility.

• Probing charm CP violation at the 10−5 level—potential discovery within reach.

• Rare Decays & New Physics Sensitivity

• Enhanced sensitivity to flavour-changing neutral currents (FCNCs).

• Key measurements: 𝑩𝒔
𝟎 → µ+μ−, 𝑩𝒔

𝟎 → µ+μ−, and lepton universality tests.

• Higgs to charm-quark coupling measured with highest sensitivity of all LHC experiments.

• Expanded Physics Programme

• Hadron spectroscopy: studying tetraquarks, pentaquarks, and new exotic states.

• Dark sector and long-lived particle searches in the forward region.

Motivations: New Frontiers in Flavour Physics
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Technical & Performance Requirements
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• Operate at 𝟏. 𝟓 − 𝟐. 𝟎 × 𝟏𝟎𝟑𝟒 𝒄𝒎−𝟐𝒔−𝟏(10× Upgrade I) 

while minimizing material budget

• Total integrated luminosity 300 𝒇𝒃−𝟏

• Withstand radiation fluences up to: 

 𝟐. 𝟓 × 𝟏𝟎𝟏𝟔 𝒏𝒆𝒒/𝒄𝒎𝟐

• Achieve ~50 ps timing resolution: 

 improve primary vertex reconstruction 

 & suppress pile-up.

• Provide high spatial resolution:

 (~40-50 μm pixel pitch) for precise track 

impact parameter measurements.

• Ensure mechanical stability 

 under high-radiation & low material

• Maintain efficient cooling while keeping low material to 

minimize multiple scattering effects.

• All of that while operating sensors at LHC high vacuum



LHCb Upgrade II for High-Luminosity LHC
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Magnet Station(MS)

Upstream Tracker (UT)

Mighty TRacker (MT)

TORCH

RICH2

MUON

ECAL

Upgrade I (JINST 19 (2024) P05065)

LHCb Upgrade II Goals (2034):

• 1.5 × 10³⁴ cm⁻²s⁻¹ luminosity.

• 300 fb⁻¹ total integrated data.

• 60 interactions per crossing

(~2000 charged particles per 

event).

VELO

RICH1

Expression of interest

Physics case for an LHCb Upgrade II 

Framework TDR for the LHCb Upgrade II

https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05065
https://cds.cern.ch/record/2244311/files/PII_EoI_final_v3.pdf
https://cds.cern.ch/record/2636441?ln=en
https://cds.cern.ch/record/2776420?ln=en


Motivation & Overview

 Why 4D Tracking?

• Separates overlapping interactions
in HL-LHC.

• ~20 ps timing resolution improves
vertex reconstruction.

 High Radiation Environment

Sensors withstand 𝟐. 𝟓 × 𝟏𝟎𝟏𝟔 𝒏𝒆𝒒/𝒄𝒎𝟐
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∼ 1 ns

∼ 20 ps

 Optimized Detector Positioning

• Scenario X: 𝑹𝒎𝒊𝒏~ 𝟕. 𝟖 𝒎𝒎 based on 28nm 

technology (1.2 Grad tolerance).

• Balance between resolution and radiation

hardness.

 Cooling & Mechanical Constraints

• Ultra-light materials to reduce radiation length.

• Cooling integration while maintaining stability.



Advances in 3D Sensor Development
 3D Sensors: A Radiation-Tolerant Solution

• Planar sensors offer fast timing but struggle with charge 
collection after irradiation.

• 3D sensors provide both radiation resistance and precise 
timing, meeting VELO U2 requirements.

 Two Main Approaches: Trench vs. Column

1. Trench Sensors: Latest charge collection and timing 
uniformity results.

2. Column Sensors: Fine-tuning design and fabrication 
parameters:

1. 150 μm FBK production

2. 285 μm double-sided CNM sensors via AIDA-Innova

3. Further thickness refinements under study
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Charge collection time at 25%, 50%, 75% and 100% for 3D-trench

More insightful talks about this topic on Thursday 

morning by Andrea Lampis and Morag Williams

INFN studies and plans on 3D sensors – 29/11/24 – Adriano Lai

https://indi.to/WDmvx
https://indi.to/dvPFT
https://indico.cern.ch/event/1459997/contributions/6248282/attachments/2976908/5240627/U2Wshop_291124_3DSS_AL.pdf


Simulation-Driven Sensor Optimization
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 Key Sensor Design Parameters

• Optimized 45 μm pitch balances spatial resolution with ASIC 
constraints.

• Thickness-to-pitch ratio impacts charge collection efficiency.

• Sensor thickness & ASIC performance must be co-optimized.

 VELO U2 Simulation Studies

• Charge-sharing effects now fully integrated.

• Toy models confirm charge clustering is crucial for
resolution.

 Next Steps

• Further pitch-thickness tuning.

• Linking sensor & front-end simulations for system-level
optimization.

More insightful talks about this topic on Thursday 

morning by Andrea Lampis and Morag Williams

TCAD

Charge collection 

simulation

Front End 

simulation

VELO sensor studies for R&D - Morag Williams

https://indi.to/WDmvx
https://indi.to/dvPFT
https://indi.to/dvPFT


28nm ASIC Development for VELO U2

Why 28nm?

• Proven radiation hardness (~1.2 Grad), suitable for HL-LHC 
conditions.

• 4× more logic density than 65nm, enabling advanced 
features.

Two ASIC Prototypes Under Development

Both close to VELO U2 requirements

 LA-PicoPix

• On-pixel power compensation to reduce timing variations.

• RDL implementation nearly complete, verification ongoing.

 IGNITE

• 3D integration for separate analog and digital electronics.

• 64×64 analog prototype in production, digital phase starting 
in 2025.

• Extensive talk from Adriano Lai (https://indi.to/HSfnY)
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LA-PicoPix Analog island cluster desing

Ignite  Vertical Integration: B-TSV(1) and DBI(2)

IGNITE Status – 29/11/24 – Adriano Lai

PicoPix Status - Nov 2024 – Xavi Llopart 

https://indi.to/HSfnY
https://indico.cern.ch/event/1459997/contributions/6245443/attachments/2976907/5240626/U2Wshop_291124_IGNITE_AL.pdf
https://indico.cern.ch/event/1459997/contributions/6245442/attachments/2976910/5240631/Picopix_velo_workshop.pdf


IGNITE & LA-PicoPix Design Strategies

Feature IGNITE (3D Integration)
LA-PicoPix (Per-Pixel 

Compensation)

Power

Management

Split Analog & Digital 

ASICs for uniform power 

distribution

On-pixel power 

compensation to correct 

local fluctuations

Pixel Size
Smaller pixels (~45 µm) due 

to separate processing layers

Larger pixels (~50 µm) but 

single ASIC architecture

Post-Processing 

Complexity

Requires 3D integration + 

TSV (Through-Silicon Vias)

No TSV needed → Simpler

data processing

Scalability
Potential for higher density 

integration

Easier manufacturing & 

integration

Key Takeaways: 

• IGNITE ensures fine control over timing & power stability with 
3D integration, optimizing pixel size and enabling extra in-ASIC 
processing. Already in production.

• LA-PicoPix offers simplified manufacturing & processing (single 
ASIC and no post-processing) but requires slightly larger pixels.

• Final choice will balance timing performance, power stability, 
and manufacturability.
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CSA transient responsefor 20ke- input chargeat T={-40 , 25,
and60 °C} without powerdropcompensation

CSA transient responsefor 20ke- input chargeat T={-40 , 
25, and60 °C} with on-pixelpowerdropcompensation

On-pixel power compensation LA-PicoPix

Temperature Pixel close to 

periphery

Pixel close to 

beam

-40°C 14 ps 25 ps

27°C 14.5 ps 29 ps

60°C 17 ps 34 ps

Temperature Pixel close to 

periphery

Pixel close to 

beam

-40°C 14 ps 13.5 ps

27°C 14.5 ps 13 ps

60°C 17 ps 16 ps

Ignite miniASIC Pixel design – AFE results

PicoPix Status - Nov 2024 – Xavi Llopart 

IGNITE Status – 29/11/24 – Adriano Lai

https://indico.cern.ch/event/1459997/contributions/6245442/attachments/2976910/5240631/Picopix_velo_workshop.pdf
https://indico.cern.ch/event/1459997/contributions/6245443/attachments/2976907/5240626/U2Wshop_291124_IGNITE_AL.pdf


VeloPix2 Control Electronics & DAQ
 High-Speed Data Acquisition

 Option 1: VTRx+ (Baseline Solution, but Limited)

• 12.5 Gbps per link, well-tested in LHCb.

• Existing electrical-to-optical conversion, easy
integration.

• Challenges: Power dissipation & no scalability beyond
12.5 Gbps.
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 Option 2: Silicon Photonics (SiPh) 

• Up to 25 Gbps per link, higher bandwidth & long-term 
scalability.

• Lower cost per link & reduced power consumption.

• We need to develop it further:

• Firmware & FPGA adaptation for full DAQ integration.

• R&D in progress: First prototypes under testing at 

CERN.
VTRx+ Based Readout schematics

Silicon Photonics 

test setup at CERN



VELO U2 Cooling - Challenges & Baseline Solutions

Cooling Challenges

• Up to 2 W/cm² power dissipation → 
Requires efficient heat removal.

• Radiation effects → Increased 
leakage current can lead to thermal 
runaway.

• Material budget → Cooling must be 
ultra-thin to minimize detector impact.

• Vacuum compatibility → Must 
operate under UHV conditions & 
survive thermal cycles.
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Current VELO Cooling: Evaporative CO₂

 Why CO₂?
• High heat transfer coefficient (HTC) → Efficient 

two-phase cooling.

• Passive loop minimizes moving parts & ensures 

reliability.

• Expensive, aiming to move for something cheaper.

 Current Development & Next Steps
• Microchannel cooling under testing.

• Alternative materials (3D-printed aluminum & 

ceramic) explored for cost reduction.

• Targeting -40°C operation while balancing 

feasibility & validation needs.
Microchannel cooling for the 

LHCb VELO Upgrade I

Microchannel cooling for the LHCb VELO Upgrade I

https://arxiv.org/pdf/2112.12763
https://arxiv.org/pdf/2112.12763
https://arxiv.org/pdf/2112.12763


Alternative Technologies

Alternative Cooling Fluids: Krypton-Based

 Potential Benefits

• Operates at -60°C to -80°C, keeping sensors way below -20°C.

• More uniform cooling near critical pressure.

 Challenges & Considerations

• High system pressure (~90 bar) → Stronger mechanical support 
needed.

• Complex integration into the detector.

• High cost (~140 CHF/kg) may impact feasibility.

New Microchannel Cooling Concepts

 Fraunhofer IKTS Ceramic Cooling

• High-pressure resistant, optimized for UHV.

• First 40×60 mm² prototypes under testing.

 3D Metal-Printed Cooling (Additure & Sheffield)

• Straight & U-loop designs optimized for heat transfer.

• Next step: High-pressure flow validation.
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CO2 (R-744) Krypton (R-784)

Temperature [°C] +20/-40 °C +20/-80 °C

Pressure [bar] 70 / 10 90 / 30

Molecular weight 

[kg/kmol] 
44.01 83.79

Price per kilo [CHF] / ≈ 140 CHF

Fraunhofer IKTS 3D Metal-Printed



RF Shield & Vacuum Integration

Why RF Shielding Matters for VELO U2

• Reduces beam-induced RF noise, ensuring detector performance.

Material Constraints & Structural Considerations

• Shielding must minimize scattering while maintaining efficiency.

• Composite structures under study to balance strength, weight, and 
shielding effectiveness.
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vacuum 

barrier

VELO U1-like 

thinner RF shield

Vacuum Compatibility & Motion Integration

• In VELO Upgrade I, the RF shield acted as a vacuum barrier, 
requiring 10 mbar pressure resistance.

• For VELO U2, the vacuum barrier is moved behind the 
sensors, allowing a lighter RF shield.

• Precise vacuum sealing is essential as modules move in and 
out of the beamline.



RF Shield & Vacuum Integration
 Two Vacuum Motion Systems Under Study

1️⃣  Current Box-Like System (Upgrade I)

• Simple mechanical design with linear sealing.

• Potential issues: Higher friction and sealing wear over time.

2️⃣  IRIS Concept (Under Development)

• Flexible, adaptive sealing mechanism.

• Better long-term vacuum sealing with smooth detector motion.

• Reduces mechanical stress on moving parts.
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Focus on minimizing material 

budget while maintaining 

shielding performance.



RF Shield & Vacuum Iris concept
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Upstream view

Iris motion system

Four module planes



RF Shield & Vacuum Iris concept
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Summary & Key Takeaways

VELO U2: Advancing 4D Tracking at LHCb

 Combines high-precision spatial tracking with 
precise timing.

 Designed for HL-LHC conditions → Handles 60 
interactions per crossing.

Major Technological Advances

 Radiation-tolerant 3D sensors for high fluence 
environments.

 Next-generation ASICs (IGNITE & LA-PicoPix) 
optimized for fast timing.

 Scalable DAQ system → Evaluating SiPh for high-
speed, low-cost readout.

 Lightweight, efficient cooling & mechanical 
solutions for long-term operation.

Current focus areas:

• Further timing optimization in sensors and ASICs.

• Fine-tuning mechanical and RF shielding designs.

• Initializing new DAQ architecture and firmware.

Looking ahead:

• End of 2026: Technical Desing Report.

• 2028: Preproduction start.

• 2034: Installation of VELO U2.

• 2036: Run 5 starts 
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Thank you for your attention
Questions?



Backup



Timing Planes studies
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PV reconstruction efficiency as a function of 

multiplicity, shown for the different 

configurations with timing planes and compared 

to the 4D VELO option. The left panel shows 

options where only the forward tracks have 

timing measurements, while for the backward 

tracks are also instrumented. 

Considerations for the VELO detector at the LHCb Upgrade II

https://cds.cern.ch/record/2800144/


VELO U2 “Scenarios”
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VELO U2 faces an unprecedented radiation environment, 
requiring careful design choices:

• Scenario A (SA): Keeps the 5.1 mm inner radius and RF 
foil from Upgrade I. Maintains hit resolution but faces 
extreme radiation damage, likely needing yearly detector 
replacement. ASIC must handle 10x higher hit rates.

• Scenario B (SB): Increases inner radius to 12.5 mm, 
lowering fluence to Upgrade I levels. Requires a much 
lighter (or no) RF foil and smaller pixels (~42 μm) to 
maintain IP resolution. Material budget before the second 
hit must be minimized.

R
m

in
(m

m
)



Simulation-Driven Optimization of VELO U2 Design

 Material Placement Studies

• Evaluating how different RF shielding materials 
affect track reconstruction.

• Optimizing sensor module integration to minimize 
material while maintaining mechanical stability.

 Detection Plane Angle Optimization

• Studying different tilt angles to maximize charge-
sharing benefits.

• Optimizing hit efficiency while maintaining spatial 
resolution <12 µm.

 Mechanical & Shielding Studies

• Testing various RF shield designs to minimize 
impact on tracking performance.

• Ensuring mechanical rigidity while keeping the 
structure lightweight.
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Multiple simulations to validate technological choices before 

implementation, ensuring optimal VELO U2 performance.



RF Shield & Vacuum Integration
 Challenges with NEG Coatings

• NEG (Non-Evaporable Getter) coatings require a bakeout at +100°C, which 
is not compatible with the current vacuum system constraints.

• Alternative surface treatments under consideration to maintain low Secondary 
Electron Yield (SEY) without requiring high-temperature processing.
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Thin film amorphous 
carbon coatings with 

Secondary Electron Yield (SEY)~1
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