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Introduction

• High luminosity hadron colliders requires new 
type of detectors to cope with increased 
radiation level, data rates, and pileup
o HL-LHC: Timing layers
o Future colliders / LS4 HL-LHC upgrade: Integrated 

space-time (4D) tracking detectors
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ITk inner system

HGTD



The Pileup Challenge
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• Pileup vertex density >~ longitudinal impact parameter resolution
o The association of tracks to vertices becomes ambiguous 
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The ITk Challenge
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Pile-up jet misidentified as hard-scatter jet 
when using only using (x,y,z) tracking
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Why timing?

5

Nominal HL-LHC Luminous region σt = 180ps
HGTD(30ps) à 30/180 = 6x pile-up rejection
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Exploit the time spread of collisions to reduce pileup contamination
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Why timing?
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HGTD can resolve pileup from hard-scatter 
tracks that are within the ITk z0 resolution
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Physics impact

20% increased acceptance
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ToF Particle ID



4D Tracking
Add new timing dimension to ITk pixels 
to address the pileup challenge and 
enable new reconstruction capabilities

Use pixel hit time in track pattern 
recognition:
- Reduce combinatorics

- Improve efficiency and purity
- Speed up tracking reconstruction

4D Vertexing
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There are plans to incorporate 
4D tracking/vertexing capability 
in ACTS
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50x50µm 3D pixels



15https://indico.cern.ch/event/831165/contributions/3717101/attachments/2023879/3384913/CDT2020_Petruzzo.pdf

https://indico.cern.ch/event/831165/contributions/3717101/attachments/2023879/3384913/CDT2020_Petruzzo.pdf
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4D Tracking R&D @ SLAC
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https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF3_IF7-131.pdf

Sensors
3D, AC-LGADs, MAPS

Electronics
Smaller sensors, low 

power, more channels, 
extremely high radiation 

environment 

Layout
How to best combine spatial with timing information, 
optimizing material budget, power, time resolution, 
radial and eta coverage, … 
• Mixture of layers with different balance of spatial 

and timing resolution for overall 4D tracking for a 
wide range of applications

Simulation and 
physics performance
Add timing information to pixel hits
Clustering – Layout studies 
• Pixel size and general layout
• Cluster reconstruction in 4D
Track seeding 
4D Kalman Filter within ACTS
4D Vertexing

b-tagging
Di-Higgs
Forward PU suppression
Strange-quark jet tagging with ToF

https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF3_IF7-131.pdf
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Backup

19



Time tagging detectors

20

TDC
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𝜎!"= 𝜎#$%&$'" +𝜎!()*+,$-." +𝜎/(!!*0" +𝜎123" +𝜎4-54."

Time tagging detectors
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𝜎!"= 𝜎#$%&$'" +𝜎!()*+,$-." +𝜎/(!!*0" +𝜎123" +𝜎4-54."

Time tagging detectors

Fluctuations on the local density of e-h pairs (non-uniform charge deposition)
Physics limit to precision timing with silicon detectors (LGAD, 3D, …) 
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𝜎!"= 𝜎#$%&$'" +𝜎!()*+,$-." +𝜎/(!!*0" +𝜎123" +𝜎4-54."

Time tagging detectors

Larger signals cross the
discriminant threshold earlier 
than smaller ones
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𝜎!"= 𝜎#$%&$'" +𝜎!()*+,$-." +𝜎/(!!*0" +𝜎123" +𝜎4-54."

Time tagging detectors

• Constant Fraction Discriminator
• ToT (ATLAS HGTD)
• Multiple Sampling (fit)
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𝜎!"= 𝜎#$%&$'" +𝜎!()*+,$-." +𝜎/(!!*0" +𝜎123" +𝜎4-54."

Time tagging detectors

𝜎3 =
𝑁
𝑑𝑉
𝑑𝑡

∝
𝑡4567
𝑆/𝑁

Key to precision timing: Large 
signal with short rise time and 
low noise



LGAD Silicon Sensors
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n-on-p silicon detector with gain from 
additional highly doped p-layer
• Thin: small trise
• Not too thin (low C)
• Moderate gain: increase signal, 

limit noise, low power
• ~50µm, Gain~20 seems optimal 
• Radiation hard



ATLAS HGTD
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Pixel detector with coarse spatial 
resolution but precision timing

LGAD Si sensors:
- pad size: 1.3 x 1.3 mm2

- 3.6M channels
- 6.4 m2

Target time resolution: 
- 35-70 ps/hit up to 4000 fb-1
- 30-50 ps/track

Pseudorapidity coverage: 2.4<|η|<4.0
Radial extension: 12 cm < R < 64 cm
z position: 3.5 m
Thickness in z: 7.5cm
2 double, 3-ring, planar layers per endcap



TDC (SLAC)
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• Time resolution (20ps) = 
difference in delay of the 
cells in each line

• TOA given by the number 
of stages needed for the 
STOP to surpass the START

• No power consumption if 
no hitTDC: Vernier configuration            

with two delay lines



ASIC performance
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HGTD Performance
Track-time matching efficiency and time resolution 
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Tracks extrapolated to HGTD surface + iterative algorithm to assign 
HGTD hits to tracks: performance limited by material interactions inside 
ITk volume, services, and PP1
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material  
interaction

secondary hit



Vertex t0
Two type of topologies, depending on the number of 
forward jets: CF, FF
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FF is straightforward, but it is not the 
largest contribution

Are the two jets 
compatible in time?

No need to know the time of the primary vertex (t0)



Vertex t0
Two type of topologies, depending on the number of 
forward jets: CF, FF
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CF is the largest contribution, and the 
most difficult

Are the two jets 
compatible in time?

Only one jet has 
time information!

Requires the knowledge of the vertex t0



Vertex t0
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• The challenge:

1. The primary vertex needs to have 
enough tracks within the HGTD 
acceptance. 
• Physics process dependent
• Track-hit efficiency ~ 50%

2. When the HS does have enough tracks 
within acceptance, how do we pick the 
correct vertex time?  



What limits HGTD performance? 
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Vertex t0
Track-hit assignment

• Key challenges
o Track-hit assignment 

efficiency (~50%), and 
mistag rate (~10%) --
material

o Vertex t0 determination
• Eta coverage
• Algorithm performance



What limits HGTD performance? 
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Vertex t0
Track-hit assignment

• Key challenges
o Track-hit assignment 

efficiency (~50%), and 
mistag rate (~10%) --
material

o Vertex t0 determination
• Eta coverage
• Algorithm performance

A barrel timing detector would
directly improve HGTD and 
forward physics performance!



HGTD Physics Impact
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 = 14 TeV, HL-LHCs

VBF preselection, 85% ITk PU-tag HS efficiency

Central-Forward (CF) Rejection only

CF and Forward-Forward (FF) Rejection

FF Rejection only

Pileup jet suppression VBF Hàinvsible



CMS MTD
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CMS Physics Impact
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40

b-tagging
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HHàbbbb

20% increased acceptance
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• Need long time readout window
• Better with large radius layer

Long Lived Particles
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Long Lived Particles

Better with large radius layer

New capability to determine
particle velocity (beta) à
mass reconstruction
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ToF Particle ID
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Ideal for Su Dong’s 
Higgs flavor exploration
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LBNL ATLAS Effort
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LS4 4D Tracking @ SLAC
• Sensors

o 3D, AC-LGADs, MAPS? 
o AC 

• Electronics
o Smaller sensors, low power, more channels, extremely high radiation 

environment 

• Layout
o How to best combine spatial with timing information, optimizing material 

budget, power, time resolution, radial coverage, eta-coverage, … 
• Mixture of layers with different balance of spatial and timing resolution for 

overall 4D tracking for a wide range of applications
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https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF3_IF7-131.pdf

https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF3_IF7-131.pdf


LS4 4D Tracking @ SLAC
• Simulation, tracking and vertexing performance 

o Add timing information to pixel hits (+ resolution smearing)
o Clustering – Layout studies 

• Pixel size and general layout
• Cluster reconstruction in 4D

o Track seeding in 4D
o 4D Kalman Filter within ACTS
o 4D Vertexing

• Physics performance
o b-tagging
o Di-Higgs
o Forward PU suppression (in conjunction with HGTD)
o strange-quark jet tagging with ToF PID
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• Tracking efficiency, purity, 
impact parameter and time 
resolution in single muon/pions at 
mu=0, 200, and jets from Di-Higgs 
and VBF events

• Vertex time resolution 


