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4D trackers and precision timing
• White paper covering 4D trackers and precision timing

- LOIs #25, #37, #39


• Proposed structure

- Motivation for 4D tracking & requirements for future collider experiments

• FCC, ILC, EIC, muon collider

• Resolutions approaching 5-10 microns & 5-10 ps in most extreme cases

• Layout considerations


- Sensor technologies, current status, key challenges, and R&D roadmap

• Advanced LGADs (AC-LGADs, TI-LGADs, DJ, DG..) achieve excellent spatial resolution already

• Concentrate R&D effort on radiation hardness and sub 20 ps resolution (ultra thin sensors?)


- Electronics: challenges of density & power consumption, roadmap for future.
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Motivation for 4D tracking
• ATLAS & CMS constructing timing layers for HL-LHC 

- 30-50 ps resolution, but coarse spatial resolution: “Zeroth” example of 4D tracker
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Paolo Meridiani

PARTICLE ID

 31

Time-of-flight particle identification: full simulation of 
Heavy Ion minimum bias events  

Full  SIM+RECO performance close to back of the 
envelope calculations for !/K (up to p~2.5 GeV) 
and K/p separation (up to p~5 GeV) 

Same performance also in PU200 events: important 
new handle for heavy flavour physics
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Motivation for 4D tracking
• FCC-hh

- Need 10 um & 10 ps resolution in many layers 

• pattern recognition / track finding

• PU rejection


- Extreme rad hardness requirements


• ILC

- Background rejection with modest timing ~ 1 ns  

(backscattered brems)

- ToF capability important for PID & LLP
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Detector requirements for future high-energy collider experiments, TREDI2020 

Strange-tagging with TOF; V. Cairo, A. Schwartzman

https://indico.cern.ch/event/813597/contributions/3727952/
https://agenda.linearcollider.org/event/9425/contributions/48933/attachments/37233/58323/StrangeTagging_VMMCAIRO_MBASSO_SiDMeeting_Oct6th2021.pdf#page=6
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Motivation for 4D tracking
• EIC

- ToF application: 30 ps & 30 um resolution

• Don’t necessarily need timing in every layer.


- Roman pots / forward application: 

• improve proton pT resolution

• 50 ps and ~100 um resolution


• Muon collider

- Reject beam-induced background in 

tracker with timing ~50 ps
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https://muoncollider.web.cern.ch/tracking-detector

E.g. ToF in ATHENA detector

https://muoncollider.web.cern.ch/tracking-detector
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Layout considerations & compromises
• Not all applications require cutting-edge performance in both time and space.


• Where can we make compromises to conserve resources ($$$, cooling 
power, material budget, etc..)? Some examples:

- EIC roman pots: Need good timing, but only moderate space resolution

- ILC: Only modest time resolution for BG rejection

- How many layers really need ps timing? For TOF PID, LLP searches..

- Forward / central coverage?

- Segmentation: driven by occupancy, or spatial resolution?


• Applications exist for technologies that only check a few of the boxes.
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Sensor technologies
• LGADs: thin sensors with moderate gain (30 ps resolution, ~mm granularity)

• Many concepts to introduce fine segmentation

- AC-LGADs, Trench-isolated LGADs, Deep Gain LGADs, Deep Junction LGADs
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3.2. Silicon sensors 101

Figure 3.5: A cross-section diagrams comparing a standard Silicon detector and an Ultra-Fast
Silicon Detector. UFSDs have an additional p implant providing the larger electric field needed
for charge multiplication.

each pad has an extension of at least 1 mm in each direction, while the thickness is2616

about 50 µm, yielding an almost perfect parallel plate configuration. Distortion due2617

to non saturated drift velocity is minimized by operating the sensor at a bias voltage2618

where the carriers’ velocity is saturated.2619

• sTDC: the effect of the TDC binning is discussed in Sec. 3.3.5.2620

3.2 Silicon sensors2621

3.2.1 Design and specifications2622

The design requirements for a hermetic MIP precision timing detector in the CMS endcap re-2623

gion present a number of challenges. What is needed is a uniform and efficient device capable2624

of operating with sufficient radiation resistance to maintain performance throughout the life-2625

time of the HL-LHC. To meet these needs the ETL will be instrumented with Ultra-Fast Silicon2626

Detector (UFSD), planar silicon devices based on the LGAD technology [21, 22].2627

UFSDs are planar silicon sensors incorporating a low, controlled, gain in the signal formation2628

mechanism, see Figure 3.5. Charge multiplication in silicon sensors happens when the charge2629

carriers are in electric fields of the order of E ⇠ 300 kV/cm. Under this condition the electrons2630

(and to less extent the holes) acquire sufficient kinetic energy to generate additional e/h pairs.2631

A field value of 300 kV/cm can be obtained by implanting an appropriate charge density that2632

locally generates very high fields (ND ⇠ 1016/cm3). The gain has an exponential dependence2633

on the electric field N(l) = Noea(E)l , where a(E) is a strong function of the electric field and l2634

is the path length inside the high field region. The gain layer is realized through the addition2635

of a p-type implant and, to avoid breakdown, its lateral spread is controlled by deep n doped2636

implant, called JTE. Typical gain values are in the 10-30 range, modest compared to gains of2637

thousands or more in APDs or SiPMs.2638

Three vendors have successfully produced optimized UFSDs which have been tested by CMS2639

and are being considered for providing the ETL sensors, including Centro Nacional de Mi-2640

croelectronica (CNM), Barcelona [21, 56, 57], Fondazione Bruno Kessler (FBK) [58, 59], and2641

Hamamatsu Photonics (HPK) [60, 61].2642

Achieving good time performance at low gain requires silicon pixel sizes typically less than a2643

few mm2, to limit the sensor capacitance, implying that a large number of pixels are required2644

to cover the 7 m2 of each ETL endcap. The design studied in the 2017 CMS MTD Technical2645

Proposal (TP) used very large sensors, 5 cm ⇥ 10 cm, with 3 mm ⇥ 1 mm pixels. Our R&D and2646

resolution a factor of 5-10 better than bin size/
p
12. AC-coupled LGAD,

Figure 6, are n-in-p sensors, with a continuous gain layer, a resistive n++

implant, and a thin dielectric layer for AC coupled read-out. The size of the
AC metal pads determine the readout segmentation and it can be adjusted to
any geometry by simply changing two production masks (metal etching and
overglass), leaving the rest of the sensor identical. The goal of the resistive
n++ layer is to keep the signal localized, to reduce the capacitance seen by
the readout pad, and to induce the AC signal on the metal pad, somewhat
equivalent to the role of the graphite layer in the RPC. For this reason, AC-
LGAD are also called resistive silicon detector (RSD). AC-LGAD have been
produced by CNM in 2017, by FBK within the RSD project[33][34], and by
BNL [35].

Figure 6: Schematic of an a AC-LGAD sensor.

Signal formation in AC-LGAD happens in the 3 phases [36] sketched in
Figure 7: (i) The first step is similar to all other silicon sensors: the drift
of the e/h pairs generates an induced signal on the n++electrode. Note that
there is no direct induction on the metal pads, the n++ is conductive enough
to stop it. (ii) The signal spreads laterally along the lossy transmission line
composed by the n++ layer and the bulk and AC capacitance. The metal
pads act as pick-up electrodes and record a signal. (iii) In the last phase, the
AC pads discharge, with an RC that depends on the readout input resistance,
the n++ sheet resistance, and the capacitance of the system.

The signal is seen on the AC pads with a delay and an attenuation that
depends on the distance from the impinging point, as it is reported in Fig-
ure 8. The closest pad, marked in red, sees the earliest and largest signal,
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AC-LGADSi sensor LGAD (CMS/ATLAS)

Many successful prototypes produced by HPK, FBK, BNL, others. 
Promising performance!
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AC-LGAD demonstrations
• AC-LGAD prototypes characterized at FNAL test beam, collaboration 

between FNAL, BNL, KEK, UCSC
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AC-LGAD pads, HPK

500 micron pitch

X reconstruction versus X
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Position resolution vs X

Signal sharing: achieve 5-10x better resolution than “pitch / sqrt(12)”!

Maintain 30 ps timing (limit for 50 micron thickness)

Spatial requirements already achievable, without relying on tiny pitch.
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C. Madrid, R. Heller (RD50)

https://indico.cern.ch/event/1029124/contributions/4411264/
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Key sensor challenges
• Improving time resolution: must go thinner!
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necessary for hit detection only. Furthermore at high fluences gain in the bulk “p” region of the

sensor can be activated by increasing the bias voltage applied to the sensor [8, 9].

These statements gives an indication of the radiation hardness properties of thin LGADs

even at extreme fluences for hit detection. A future application of thin LGADs would then be

a tracking system very close to the interaction point in future hadron colliders.

Figure 1: Time resolution versus SNR for 35 um (Left) and 20 um (Right) thick LGAD. Gain

> 2.5 was required. The time resolution is calculated with a CFD (Constant Fraction Discrim-

inator) algorithm of 50%. [7]
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35 um sensors:

~20 ps

20 um sensors:

~15 ps
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Signal to noise ratio

• Improving radiation hardness (1017-18 neq/cm2)

- Thin sensors help: maintain gain & low depletion voltage to higher fluence
• What about susceptibility to single event burnout? (R. Heller, RD50)

- Other techniques: Deeper gain implants (DJ and DG-LGADs), carbon co-implant

S. Mazza, LOI #25

https://indico.cern.ch/event/1029124/contributions/4411270/
https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF3_IF0_University_of_California_Santa_Cruz-018.pdf
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Electronics challenges
• 4D trackers place extreme demands on electronics

- High bandwidth, low noise amplifier + high resolution TDC

- Must fit in small area and use limited power


• HL-LHC LGAD chips (ETROC,ALTIROC): 

- 1-3 mW per channel, 1.3 mm pitch, 65 nm

- Compare to RD53 (HL-LHC pixels): ~20 uW per channel, 50 micron pitch


• Significant R&D needed to keep power budget reasonable and shrink pitch!

- SiGe readout for AC-LGADs

- Monolithic LGADs
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Conclusion
• 4D tracking capability will be a critical for all future collider detectors

- Pattern recognition / PU rejection in dense environments

- ToF capability for PID and LLPs


• Sensor technology already reaches specifications for some applications

- Excellent spatial resolution achieved in various AC-LGAD designs


• Roadmap for future R&D:

- Sensors:

• Improve time resolution from 30 ps to 5-10 ps

• Extend radiation hardness for FCC: 1017-18 neq/cm2


- Electronics: 

• Shrink pitch and reduce power usage per channel
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