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“Advanced Detector Technologies” 
• This is a big topic, and a rich one for HEP 

• For 1 hour time, one has to be highly selective 

• For this lecture, will only discuss precision timing & position detectors 
• And only limited to hadron colliders (HL-LHC and beyond)

• Dedicated precision timing detectors for HL-LHC (examples from CMS and ATLAS)
• Future prospect for precision position & timing detector R&D for beyond HL-LHC

• Only shown some examples 

• Useful to take a look at some of the history in HEP …
• Very hard to predict the future … (this is also good)

• Revisit some of the motivations for precision position & timing detectors
• Again with some examples only 
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Outline of this lecture
• Introduction: the big picture  

• Silicon trackers: some comments from historical point of view (using hadron colliders 
as an example), and what one could learn from the past

• Challenges at HL-LHC
• Motivations of precision timing detector for HL-LHC 

• Pileup mitigation and PID (Particle IDentification)
• Examples of dedicated precision timing detectors for HL-LHC

• ATLAS HGTD and CMS MTD (BTL and ETL)
• HGTD and ETL are LGAD-based

• System design considerations for precision timing detector
• Motivations of precision position and timing detector for beyond HL-LHC

• One case study: Tracking trigger  (from HL-LHC to beyond HL-LHC)
• Challenges ahead
• Some possible future directions for R&D  (just few examples only)
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Many alternatives silicon sensors for timing not covered here: Monolithic timing sensors & 3D sensors …



Some colliders in the past
6 41. Plots of cross sections and related quantities

σ and R in e+e− Collisions
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Figure 41.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.) See full-color
version on color pages at end of book.
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Trigger/DAQ challenges at high luminosity:
e+e-, ep colliders: beam background
pp-bar, pp colliders: pile up & pile up
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Experiments
I worked on …
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FOREWORD

The "Workshop on Collider Detectors: Present Capabilities and Future
Possibilities" was sponsored by the Division of Particles and Fields of
the APS and hosted by Lawrence Berkeley Laboratory. It was held at LBL from
February 28th to March 4th, 1983.

The organizing committee consisted of A.K. Mann (Chairman), C. Baltay,
R. Diebold, H. Gordon, D. Hartill, P. Nemethy, D. Ritson and R. Schwitters.
The local organizing committee was R. Cahn, S. Loken and P. Nemethy.

The workshop focused on the problems posed by high luminosities at
hadron colliders, considering luminosities on a continuous range from 1029

to 1034 cm-2 sec- l , picking two specific center-of-mass energies, 1 TeV
and 20 TeV. The participants divided into the five working groups tabulated
below.

These proceedings contain three sections. Section I consists of input
to the workshop, the introductory comments of the organizing committee chair-
man (A.K. Mann); two out of our three invited talks (W.J. Willis, M. Banner,
C. Rubbia) on collider experience; finally two documents, which were invaluable
in getting the workshop started, theoretical estimates of relevant cross sections
(R. Cahn) and of high jet behavior (F. Paige).

Section II contains the working group summary reports from the five work-
ing groups; this is the meat of the workshop. Section III is a rich mix of
contributed papers relevant to the workshop.

I want to thank Jeanne Miller, our workshop secretary, and Peggy Little, the
LBL Conference Coordinator, for all their help; Donna Vercelli, Judy Davenport
and Loretta Lizama for their work on the proceedings. I also thank our working
group leaders and scientific secretaries for their dedication and all the parti-
cipants for a lively and spirited workshop. Support for this workshop was pro-
vided by the Department of Energy and the National Science Foundation.

Peter Nemethy
Workshop Organizer

() WORKING GROUP GROUP LEADER SCIENTIFIC SECRETARY

Tracking Detectors Doh Hartill David °Herrup

Calorimetry Bernie Pope Melissa Franklin

() Triggers Mel Shochet Mike Ronan

Particle Identification Dave Nygren Rem Van Tyen

Detector Systems Barry Barish Mark Nelson

\ iii

The workshop focused on the problems posed by high luminosity 
at hadron colliders, … from 1029 to 1034 cm-2 s-1 …1 TeV and 20 
TeV energy….

37 years ago …

Some of the old worries became a reality 
at Tevatron Run II 20+ years later ! … then at LHC, soon at HL-LHC
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Trigger Working Group Report (1983, DPF workshop)

Silicon detector was new at that time and was not mentioned in the report (except silicon drift detector idea)
(even though silicon detector was used in fixed target experiments and e+e- in the 1980s)

Ted Liu, Precision position and timing detector R&D



From 
Snowmass 
1982

R. Lipton 7

Or why you can’t do physics at 1033

X70
X40

I got this from 
Ron Lipton
many years ago
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Review of Particle 
Properties

(1978)

Review of Particle 
Properties

(2011)

New
30 years



R. Lipton 9

Review of Particle 
Properties

(1978)

Review of Particle 
Properties

(2011)

New
30 years

Very hard to predict
the future in HEP …
Always nice surprises …
A lot of innovations …
often by younger generations,
taking full advantage of what’s
newly available from industry… The interplay between particle physics discoveries and technologies 



Semiconductor

10

Doping 

Silicon atom 
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Semiconductor:  Transistor invention

11

Nobel prize in 1956
John Bardeen, 
William Shockley  
Walter Brattain 
at Bell Lab, 1948

A brief History of time: 

1950s -1960s:
Transistor Radios
Transistor computers 
MOSFET invented at Bell Lab
Integrated circuits (chip):
-- early app:  Air Force /  NASA (Apollo)
Pocket calculators 

1970s + 
personal computers …

1980s + 
VLSI became more widely available (also to HEP)

(the revolution)
The rest, is history

A modern chip can have billions of transistors inside 
8/20/20 Ted Liu, Precision position and timing detector R&D
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many didn’t believe it
would work or be useful 
even if it worked.



c

b
1977

tc .nµnt

W/Z (1982)              
CERN           

gluons

spin ½ Fermion spin 1 Boson

Quarks

Leptons

Force
Carriers

The direct way:
exploits Einstein’s mass-energy relation: E=mc2

Look for the appearance of real new particles

1974 (SLAC) BNL (1974)

Elementary particles and their
discovery location and time

Fermilab Tevatron Physics BEFORE VLSI (before 1990) :  
Topless with bare bottom 
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top quark (1995)
FermiLab

Bs mixing …

c

b
1977

tc .nµnt

W/Z (1982)
HIGGS (2012)

CERN           

gluons

spin ½ Fermion spin 1 Boson

Quarks

Leptons

Force
Carriers

The direct way:
exploits Einstein’s mass-energy relation: E=mc2

Look for the appearance of real new particles

1974 (SLAC) BNL (1974)

Elementary particles and their
discovery location and time

Particle Physics with ASIC chips:  much richer …  
Only few examples shown here
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CMS,
ATLAS 

CMS 

ATLAS2

CMS2

ALICE2

Micro-Pixel

DELPHI

Detector Strip length 
[cm]

Strip length 
[cm]

ratio

ATLAS strips 
barrel

12.6 2.4 / 4.8 > 5 / 2.5

CMS strips barrel 20 / 10 5 / 2.5 / 0.15 4 / 4 / 66

pixel size [µm2] pixel size [µm2] ratio

ATLAS pixel 50x400 25x100 (50x50) 8

CMS pixel 150x100 50x50 (25x100) 6

VELO 1 to 7 cm 55x55 180 -
1300

ALICE 50X425 28x28 27

Cell granularity, the weapon against high-PU 
keeping occupancy at a reasonable level

Detector Channels Channels

CMS strips 9.8M 42M + 
172M

CMS Pixels 127M 2GP

ATLAS 
strips

6.3M 60M

ATLAS
pixels

92M 5GP

VELO 171k 41M

ALICE 12.5M 12.5G

Yes, size matters – small is sexy!

Global surface Tracker stays constant

Pixel area goes up sig
nifica

ntly

Cell size goes down significantly

A slide from Frank Hartmann’s lecture on silicon detector (part II)



The need for Higher LHC Luminosity 

100 fb-1 per year  ~ 10-5 fb-1s-1 =  1034cm-2s-1 

Rate  =  s L

Trigger & reconstruction eff.
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An old story from my graduate school days (at CLEO in early 90s)

• Long ago, a young theoretical physicist had real trouble finding a girlfriend for a 
long time. Very frustrated, he complained to Hans Bethe at Cornell

• Hans’s advice (with his strong German accent):

Young man, if the cross section is so low,       
increase the luminosity !

Rate = s L
s - cross-section

probability that an interaction will occur  

8/20/20 Ted Liu, Precision position and timing detector R&D 18
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Hans Bethe:  Nobel Prize in 1967 for his work on theory of stellar nucleosynthesis
“supreme problem - solver of the 20th century” -- Freeman Dyson (Princeton)



And the old worries (from 1983) continue in the coming decade & beyond … 

• H®ZZ ® µµee, MH= 300 GeV for different luminosities in CMS

1032 cm-2s-1 1033 cm-2s-1

1034 cm-2s-1 1035 cm-2s-1

Raw information from silicon detector/tracker  reaches ~ Pb/s  at Phase II luminosity8/20/20 Ted Liu, Precision position and timing detector R&D 20



How precision timing detector can help 

• Pileup mitigation  (for HL-LHC)
• PID (Particle Identification)

• old fashioned time of flight 
• Useful for heavy ion physics as well as low Pt particle physics

• Tracking trigger challenges (from HL-LHC to beyond): 
• will use this as an example
• How precision timing & position detector could help in the future 

• beyond HL-LHC
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Precision timing detectors for HL-LHC

Precision timing & event vertex association 

Ted Liu, Precision position and timing detector R&D 228/20/20



CMS MIP Timing Detector (MTD)

First generation precision timing detectors à challenging front-end electronics
• Thin layers between tracker and calorimeters (BTL single layer, ETL double)
• with ~30-40 ps per track resolution at HL-LHC start, & < 60 ps at 3000 fb-1 
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• LYSO with dual-end SiPM readout
• Basic unit: 1x16 array of crystals (~ 3 x 3 x 57 mm3)
• |η|<1.45, surface ~38 m2; 332k channels
• Nominal fluence: 1.9x1014 neq/cm2 (3000 fb-1)
• Single layer

• Huge MIP signal size 
• Signal: 10k - 6k photoelectrons; + SiPM gain: 4 - 1.5 105    

• Peaking time ~20 ns, LYSO decay time constant ~40 ns
• timing is given by the arrival of the first photoelectrons  (20-

100 p.e. depending on DCR) – 2 per mil of the signal matters

• Dark count rate (DCR) and out-of-time pileup 
noise is dominated by SiPM dark counts, 
out-of-time pileup  à baseline fluctuations.
Due to radiation along BTL lifetime, SiPM

DCR rate grows from 1 MHz to 55 GHz 

BTL precision timing challenges
TST

The need for DCR cancellation at front-end

BTL:
Precision determination of
the arrival time of huge waves
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BTL TOFHIR: Time Of Flight at HIgh Rate

preamp

postamp T

postamp E

QAC TAC T1 TAC T2

Trigger logic

SiPM

discri T1

discri T2

discri E

ADC

noise filter T

noise filter E

noise filter Q

8/20/20
Ted Liu, Precision position and timing 

detector R&D

Challenges:
• minimize impact of DCR noise and pileup on time resolution
• cope with very high rate (2.5 MHz MIP + 5 MHz low E hits per channel)
• handle the dynamic range variation along detector lifetime 
• 15mW/channel 

TOFHIR2 channel

• Timing measurements
Leading edge, electronics jitter < 20 ps

• Amplitude measurement
Charge integration and ToT/Slew Rate
Accuracy 2% for time walk correction

• DCR cancellation
noise and baseline fluctuation are mitigated 
by a dedicated pulse filtering circuit. 

*) SAR ADC 40 MHz provided by Krakow group

TOFHIR2
8.5 x 5.2 mm2

25



The effect of DCR cancellation 
DCR input current

DCR cancellation 
currents

DCR output current

input signal
output signal

Noise and baseline fluctuations are mitigated
• at the highest DCR the time resolution is 

improved by a factor 3.5

DCR cancellation
Sharper waves,
well separated in time…

8/20/20 Ted Liu, Precision position and timing detector R&D 26



Using CMS
Endcap Timing Layer
as an example
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• Low Gain Avalanche Detectors (LGADs)
• Basic unit: Module (4x6 cm2)

• 2x4 cm2 LGAD bump-bonded to 2 
ETROC ASICs mounted on two 
sides of cooling plates 

• Two layers/disks per endcap mounted 
on the HGC nose (~2 hits per track)

• 1.6 < |η| < 3.0, 
surface ~14 m2; ~8.5 M channels

• Nominal fluence: 1.6x1015 neq/cm2 (@ 
3000 fb-1)

• LGAD gain modest: 10-30
• Landau contribution: ~ 30-40ps
• Front-end contribution kept < ~40ps

• Extract precision timing from
small LGAD signal (~6fC) 

at end of operation
With low power:  < 4mW/channel   

ETL precision timing challenges

ETL

Beam 
axis

Disks

CE

Thermal 
screen

Sensors

Cooling and 
support structure 

Service hybrids

Module

ETL: Precision determination of
the arrival time of small water 
drop ripples
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Precision timing detectors for HL-LHC

Figure 1.5: A simplified GEANT geometry of the timing layer implemented in CMSSW for simu-
lation studies comprises a LYSO barrel (grey cylinder), at the interface between the Tracker and
the ECAL, and two silicon endcap (orange discs) timing layers in front of the CE calorimeter.

either option.

1.4 Overview of the MIP timing detector
Figure 1.5 shows a simplified implementation in GEANT of the proposed layout integrated
in the CMS detector. The MTD will comprise a barrel and an endcap region, with different
technologies based on different performance, radiation, mechanics and schedule requirements
and constraints:

• Cost effective design over a large area: Performance studies motivate the need of a
hermetic coverage, with time resolution of order 30–40 ps for charged tracks through-
out the detector lifetime.

• Integration constraints: A single layer device between the Tracker and calorimeters,
covering up to |h| ⇠ 3, is imposed by space and integration constraints.

• Granularity: A channel area of order 1 cm2 in the barrel, and varying in the endcaps
down to 3 mm2 at |h| ⇠ 3, yields a good compromise between low time response
spread within a channel, low occupancy and low channel count. The channel occu-
pancy is limited to a few percent, ensuring both a small probability of double hits,
needed for unambiguous time assignment, and a manageable data volume.

• Radiation tolerance: The devices must be able to operate efficiently up to an inte-
grated luminosity of 4000 fb�1, without any maintenance intervention for the barrel
detector, whereas the endcap detector may be accessible during the HL-LHC era.
Table 1.2 shows the expected particle fluence and radiation doses at possible timing
layer locations, between the Tracker and the ECAL calorimeter, and in front of the
neutron moderator of the endcap calorimeter.

• Marginal impact on the Tracker performance and design: The proposed design of the
barrel timing layer requires the outer radius of the tracker to be reduced by up to

8

~ 30 ps per track resolution

Will use CMS ETL (Endcap) as an example:  ETROC chip 
The LGAD sensor (2cm x 4cm) has a pixel size of 1.3 mm x 1.3mm (quite large)
For LGAD sensor for precision timing applications, see Abe Seiden’s recent talk:
https://indico.fnal.gov/event/44596/

What we have learned and challenges ahead of us
to develop precision timing & position detectors 
for beyond HL-LHC …

Ted Liu, Precision position and timing detector R&D 29

CMS MTD (BTL&ETL)

ATLAS HGTD

8/20/20

https://indico.fnal.gov/event/44596/


Sensor  planned for HL-LHC forward single charged particle detectors: 
LGAD (Low Gain Avalanche Detectors) sensors with gain and large 

electron drift velocity

Goal: Gain field ~ 300 kV/cm over 
a few µm near junction.
Bulk  field ~ 20 kV/cm, gives a 
saturated electron drift velocity ~ 
107cm/sec.   Want to have gain for 
electrons but not holes, leads to 
gain  ~ 20.  Sensor thickness 
choice for HL-LHC is 50 µm.

30

Successful fabs from 3 vendors (CNM, Hamamatsu, FBK) have been tested.     
Development is a joint ATLAS-CMS project.  Also BNL successfully making LGADs.

Slide from Abe Seiden



Scaled Pulses: Beam Test of a 50 µm Thick Sensor 

Many Signals from Sensor overlayed, very constant shape!  

• In general the time of the pulse maximum is determined by the collection
time of the last drifting electron. This is determined by the detector
thickness and the (saturated) drift velocity providing a fixed time.
•At this point all gain holes are still drifting.
• So for constant weighting field and constant velocity, the time of the peak, to

good approximation, is independent of the ionization and gain (determines
the total number of holes drifting) and Landau fluctuations (determines the
clumping of the ionization).
• This uniformity in arrival time of the peak is very useful for measuring time.

31

Sensor signals scaled 
so peak is always equal 
to 1, allows looking at 
shape independent of 
height.  Pulse duration 
~ 1 nsec.

nsec

Slide from Abe Seiden



Hybrid Pixel Detectors 
Principle

Detail of bump bond connection. 
Bottom is the detector, on top the 
readout chip:

“Flip-Chip” pixel detector:
On top the Si detector, below the readout chip, bump 
bonds make the electrical connection for each pixel. 

L. Rossi, Pixel Detectors Hybridisation, 
Nucl. Instr. Meth. A 501, 239 (2003)

32

A slide from
Frank Hartmann

Bump bond
between:

Front-end 
electronics
&
LGAD pixel/pad

Hybrid
LGAD
detector



ETROC: ETL ReadOut Chip

Ted Liu, Precision position and timing detector R&D

clock distribution 
all the way
into each pixel

16x16 pixel cell array

8/20/20

Preamp/Disc
low power
TDC

Readout

ETROC bump-bonded to LGAD,
To handle 16x16 pixels
Each 1.3 mm x 1.3 mm

Requirement: 
ASIC contribution to 
time resolution < ~40ps

Deal with small signal size
(~6fC, at end of operation)

Power consumption < 1W/chip
L1 buffer latency: 12.5 us
65nm 

33



What we have learned from ETROC (CMS ETL ASIC) 
16x16 pixel cell array (1.3mm x 1.3 mm) Preamp/Disc

low power
TDC

90 um X 94 um 

81 um X 67 um

467 um X 166 um (can be subdivided) 

SRAM hit buffer
250 um x 150 um

Preamp 

Discriminator

TDC

Hit 
circular
buffer

Hit buffer

300um x 800um

3.2GS/s 
waveform sampler

65nm implementation

(can be 
subdivided)

Ted Liu, Precision position and timing detector R&D

FNAL/SMU

8/20/20



Overall expected ETROC performance

With safety margin: 
design specification is 
~ 35ps per track (~50ps per hit),
< ~ 60ps per track at end of life

With safety margin: 
design specification is 
~ 1W per chip 

Internal clock distribution                               < 10 ps

LGAD+ preamp/discriminator + TDC bin       35 ps

Time-walk correction residual                        < 10 ps

System clock distribution                                < 15 ps

Per hit total time resolution                            41 ps

Per track (2 hits) total time resolution 29 ps

Time resolution 

Power consumption

5/27/20 Ted Liu, CMS MTD Electronics 

achieved 0.1mW

35

All confirmed
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ATLAS HGTD:   ALTIROC spec



Design aspects for precision timing detector
• Design methodology to optimize front-end design from system point of view
• System power and cooling constraint and how it influences ASIC design
• Precision clock distribution considerations: from system to detector, to chip, 

to pixel and to each TDC delay unit
• Design for monitoring and calibration considerations
• Time-frame of ASIC development:  “several miniASICs vs. single full ASIC”
• …

Will not have time to get into these in this lecture…. But do keep them in mind

8/20/20 Ted Liu, Precision position and timing detector R&D 37
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Thinner with better timing resolution 
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Thinner detectors offer potential for even better timing resolution

40

Time [ps]
24000 25000 26000 27000 28000 29000 30000

Am
pli

tud
e [

mV
]

12-

10-

8-

6-

4-

2-

0

H20_prerad V90

Averaged Pulse for 20 micron thick LGAD.  Gain = 8.

Signal much larger than baseline fluctuations indicating very good signal-
to-noise even with a gain of only 8. Rise-time (10-90%) about 170
picoseconds compared to about 430 picoseconds for the 50 micron sensors.
Contribution to the time resolution from Landau fluctuations is
proportional to the detector thickness so smaller for thinner detectors
(expected to be ~ 10 picoseconds for the 20 micron thick sensor).

Slide from Abe Seiden



Measured time resolution versus signal-to-noise ratio for thin detectors

41

Time resolution for minimum ionizing particles measured for thin
detectors versus the signal-to-noise ratio. Signal is defined as the peak
height and can be adjusted by changing the detector voltage (and gain).
Left: for 20 micron thick detector. Right: for 35 micron thick detector.
Note the modest value of signal-to-noise required to get to about 20
picosecond time resolution for the 20 micron thick sensor.

Slide from Abe Seiden



Good position & timing resolution (~10um/~10ps) 
with the same detector? 

8/20/20 Ted Liu, Precision position and timing detector R&D 42
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Can the size be small enough for precision position measurements as well? ( <~10um resolution)
à AC-LGADs

Thinner with better timing resolution 

1.3mm x 1.3mm at 50um thick:  ~ 3-4pF

With 200 um x 200um to 100um x 100um pixel size could reach 

CMS/ATLAS LGAD pixel size
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AC-LGAD:  Less complex sensor, no isolation structure 
needed for pads,  continuous n and p implants for gain layer

100% fill factor, great flexibility in patterning for readout via AC coupled
metal readout pads. Signal AC-coupled: resistive n++ implant sheet for
charge collection with pixelated metal contacts for readout.

Now have several nice measurements for detectors fabricated at BNL and
others fabricated at FBK in Italy.

Long term goal: AC-LGAD pixel detector with 10 micron position
resolution, 10 psec timing resolution per measurement. Likely required
sensor thickness ~ 20 microns.

14

Slide from Abe Seiden



AC – LGAD position resolution measurements from group in Torino. Uses
interpolation between several pads to achieve very good resolution for hits
between metal pads. For example, 100 micron metal pads, 200 micron
pitch gives better than 10 micron resolution without requiring very small
pixels. Metal pattern needs optimization for best resolution. 15
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Question:    

Can we build precision position and timing detectors?
~ 10um         ~10ps

The motivations …
The challenges …



Data formatting

Pattern 
Recognition

Track
Fitting

Data transfer

• Challenging issues

(1)  Data Reduction at detector/sensor stage
(2)  Data Transfer (rad hard, high bandwidth, low power link)
(3)  Data Formatting
(4)  Pattern Recognition
(5)  Track Fitting …

Will only use HL-LHC tracking trigger as an example here:

The need for precision timing and position detector in the future (beyond HL-LHC)

(there are many other motivations for precision timing & position detector)

Detector design for 
triggering Tracking Trigger challenges at HL-LHC

Partition detector into 
trigger towers/sectors

Pick your favorite method:
Associative Memory Approach
Hough Transformation
Adaptive Pattern Recognition
Biology Inspired …
your choice here…

Finer pattern recognition
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Data reduction 
using ”stub finding”

Ted Liu, Precision position and timing detector R&D8/20/20



Raw info produced by CMS tracker at HL-LHC

After stub finding at module level
(~ 10 -20  reduction)

After Pattern Recognition
(~ 10 reduction)

After Track Fitting
and later 
event vertexing

One way to imagine 
different stages of processing
(just conceptually) 

Bandwidth required: 
~ 100 Tbps

49

“Stub finding” is a crucial step to reduce
the raw data volume …

Ted Liu, Precision position and timing detector R&D8/20/20



CMS new tracking trigger approach: 
local Pt stub finding at module level:

• Challenging Issues:

(1)  Data Reduction at detector/sensor stage
(2)  Data Transfer (rad hard, 

high bandwidth, low power link)
(3)  Data Formatting
(4)  Pattern Recognition
(5)  Track Fitting/HLT

Detector design 
for triggering

Pt stub finding reduce the data volume by ~ 10-20.
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Essence of stub finding: the short coming 

51

a track from a long lived particle (due to new physics) decay would fail the selection

The stub finding assumes the track is originated from IP (interaction point),
and it prefers the high Pt tracks while rejecting slow moving tracks (curved)

Long 
lived 
particle

Ted Liu, Precision position and timing detector R&D8/20/20



Essence of stub finding: timing can help here

52

If timing information is also available for each layers, 
then timing  combined with position info 
could help increasing the efficiency for long lived particle

(food for thought)

t1

t2 with arrival time and position info

For beyond HL-LHC in the future

Long 
lived 
particle

Ted Liu, Precision position and timing detector R&D8/20/20



Pattern recognition and track fitting stage
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x

xx
x

x
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x
x

x
x

x
x
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x x

x x

x x

xx

Low luminosity case                          vs.            High luminosity case                                      high luminosity case with timing

In the high luminosity 
case,
many random hits will
still survive pattern 
recognition stage

Track fitting stage has
to try out all combinations

If precision timing 
information is available,
and used in the pattern
recognition stage,  
most of the random hits 
could be removed ….

(for beyond HL-LHC)

Food for thought

Ted Liu, Precision position and timing detector R&D8/20/20



Data formatting

Pattern 
Recognition

Track
Fitting

Data transfer (rad hard) high bandwidth low power data link 

HLT

Detector design for 
triggering Trigger @ future hadron collider(s)    

à the view from HL-LHC (or a wild guess)

Modern FPGAs
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There are new challenges:
(0) tracker with precision timing & position
(1)  Data Reduction at detector/sensor stage

with precision timing & position info
(2)  Data Transfer (rad hard, high bandwidth, low power link)
(3)  Data Formatting (with precision timing info)
(4)  Pattern Recognition (with precision timing info)
(5)  Track Fitting (with precision timing info)

Open question:  what if fast timing be used in tracking trigger?  
(pattern recognition and tracking in 4D:  both space and time)
what is the highest luminosity one could handle? (beyond 1E35?)

Machine learning …

Ted Liu, Precision position and timing detector R&D8/20/20

Future trend: Pushing more & more
data processing into the detector



ETROC (CMS ETL ReadOut Chip) in 65nm

16x16 pixel cell array

55

Preamp/Disc
low power
TDC

Readout

Waveform sampler 
locations: “spying” 
two pixels

The 16x16 pixel array ETROC is bump-bonded
to 16x16 sensor pixel array of LGAD 

The size of pixel: 1.3 mm x 1.3mm
(the same size for ATLAS HGTD)

LGAD size: ~ 2cm x 4cm
ETROC size:  ~2cmx2cm

This is the first generation precision timing 
detector (~30 ps level)… but by no means
precision position detector.

To also have precision position information,
the pixel size needs to be scaled from 
1.3mm x 1.3mm down to about 
~ 100 um x 100 um level or so … (i.e. if using AC-LGAD)

(a factor of  ~170)

This is challenging! 
Precision clock 
distribution to 
all pixels

Ted Liu, Precision position and timing detector R&D

FNAL/SMU

8/20/20



What we have learned from ETROC (CMS ETL ASIC) 
16x16 pixel cell array (1.3mm x 1.3 mm) Preamp/Disc

low power
TDC

90 um X 94 um 

81 um X 67 um

467 um X 166 um (can be subdivided) 

SRAM hit buffer
250 um x 150 um

Preamp 

Discriminator

TDC

Hit 
circular
buffer

Hit buffer

300um x 800um

3.2GS/s 
waveform sampler

65nm implementation

(can be 
subdivided)

Ted Liu, Precision position and timing detector R&D

FNAL/SMU

8/20/20
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2005
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The 3DIC stack can be very thin ( < ~ 10 um per tier)
à Interconnection much better than bump-bonding
à reduced power density or increased speed

• In 3D, with 130 nm, VIRPAM   ~160K AM patterns/cm^2
• CDF AMchip03: 180 nm, standard cell, 5K AM patterns/chip 

“A New Concept of Vertically Integrated Pattern Recognition Associative Memory”
TIPP 2011 Proceedings http://www.sciencedirect.com/science/article/pii/S1875389212019165

3DIC Technology

Ted Liu, Precision position and timing detector R&D8/20/20

http://www.sciencedirect.com/science/article/pii/S1875389212019165


Fig. 4 - A 3D PRAM
VIPRAM concept  
• In 3D, with 130 nm, VIRPAM   ~160K AM patterns/cm^2
• CDF AMchip03: 180 nm, standard cell, 5K AM patterns/chip 

3D Architecture intrinsically open/flexible:
“CAM cell” doesn’t have to be CAM
e.g. simple algorithm or even NN …
platform to implement more advanced/fast

pattern recognition algorithm…

648/20/20 Ted Liu, Precision position and timing detector R&D



How could 3DIC help to scale to smaller pixel size 
for precision position & timing detectors 

65

3DIC Technology

Readout and interfaces

Hit buffer

Clock distribution 

TDC   

Discriminator 

preamp stage

Sensor pixels (~100 um x ~ 100um each)

An open flexible architecture for 
precision position and timing detector
(one example below) 

3DIC allows repartition of the design blocks
vertically for the whole processing chain… 
also combination of different technologies,
even sensors …

Ted Liu, Precision position and timing detector R&D8/20/20



Outlook:
Precision Position & Timing detectors & Future Hadron Colliders

• Generally speaking, the ultimate physics reach of any higher energy hadron 
collider (given a center-of-mass energy) will be governed by its luminosity. 

• Given the huge cost associated with any future higher energy hadron collider, it 
is crucial to push for higher luminosity (similar to HL-LHC). This is to maximize 
the new physics reach of the huge investment already made, before a new 
higher energy collider can be proposed or built. 

• Because precision position & timing information is the most effective means for 
triggering and high pile-up mitigation, high precision position and timing 
tracking detector will be mandatory for any future hadron colliders

• 3DIC technology allows an open flexible architecture for future precision position 
and timing  detector development  (within and beyond HEP)
• The AC-LGAD sensor is a very promising candidate 
• Still very challenging ASIC design + 3D integration 

The existing new precision timing detector projects (such as CMS MTD, ATLAS HGTD): not only will they be important for the 
success of physics program in the HL-LHC era, they also lay some of the technological foundations for the future of the field…

66Ted Liu, Precision position and timing detector R&D8/20/20

Many alternatives silicon sensors for timing not covered here: Monolithic timing sensors & 3D sensors …

Also keep in mind that it is very hard to predict the future in HEP ….


