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Experimental testing of the Standard Model of Particle Physics via high-energy particle collisions: 
Large Hadron Collider (LHC) @ CERN.

      LHC upgrade to  
>5x design luminosity 

= HL-LHC

The medium-term future at CERN: High Luminosity LHC

Run 1

HL-LHC

~450fb-1 3000fb-1


4000fb-1
~190fb-1~30fb-1

Run 2 Run 3

➡LHC / HL-LHC Plan (Jan 2022)

https://hilumilhc.web.cern.ch/sites/default/files/HL-LHC_Janvier2022.pdf


HL-LHC necessitates upgrades to the CMS detector 3
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‣ improved trigger & computing

‣ radiation-tolerant sensors & electronics

‣ timing and increased granularity

• inst. luminosity

• detector irradiation

• pile-up interactions

General mitigation strategyExperimental challenges

2 x 1034 s-1 cm-2

O(1014 neq/cm2)


O(40)

up to 7.5 x 1034 s-1 cm-2

>O(1015 neq/cm2)


140-200

HL-LHCLHC

Endcap Calorimeters:

1.5 < |η| < 3.0

Tracker:

Radiation tolerant,

high granularity,

less materials, tracks in 

hardware trigger (L1), 

coverage up to |η| = 3.8

Barrel Calorimeter:

New BE/FE electronics,

ECAL: lower temp., 

HCAL: partially new scintillator

Muon system:

New electronics

GEM/RPC coverage in 

1.5 < |η| < 2.8, 

investigate muon tagging 
at 

higher η

other:

• HLT up to 7.5kHz

• MIP timing detector

• Beam radiation instr. 
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New calorimeter endcap: High-Granularity Calorimeter (HGCAL) 4
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• Hexagonal silicon sensor based modules 
in CE-E and high radiation regions of CE-H.

Both endcaps Silicon Scintillators
Area ~620m2 ~370m2

#Modules ~26000 ~3700
Channel size 0.5 - 1.2 cm2 4-30 cm2

#Channels ~6 M ~240k
Op. temp. -30 ° C -30 ° C

Per endcap CE-E CE-H (Si) CE-H 
(Si+Scint)Absorber Pb, CuW, Cu Stainless steel, Cu

Depth 27.7 X0 8.5 λ
Layers 26 7 14
Weight ~215 t / endcap

HGCAL = Sampling calorimeter

η=1.5

~2
.3

 m

➡CMS-TDR-019

https://cds.cern.ch/record/2293646


Idea: HGCAL will be a 3D imaging calorimeter 5
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LHC —> HL-LHC: Much more pile-up in the CMS detector 6
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HL-LHC: O(140) p-p collisions in one bunch crossing HL-LHC: A lot of activity in the CMS detector

Increasing pile-up 
•  140 - 200 collisions per bunch crossing >> 3-5x larger than in Run 2.


‣  spread over few centimetres

‣  spread over O(200) ps

Nominal 5E34 cm-2s-1 luminosity “Ultimate” 7.5E34 cm-2s-1 luminosity 



Pile-up tends to hide the signal-of-interest 7
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VBF H (γγ)

jet

+

Layers projected onto one plane

-no timing cut applied-

Pileup hits
Pileup hits

Pileup hits

Pileup hits
Pileup hits

200 PU



Idea: HGCAL will be 3D imaging calorimeter with timing capabilities 8
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v13_patch1

 event           = 2363 
 run             = 664 

 showerStartDepth = 0.0367242 
 showerStartLayer = 1 

 EnergySum_EE    = 8535.08 
 EnergySum_FH    = 454.055 
 EnergySum_all   = 8989.14 

 EnergySum_preShower = 0 
 EnergySum_postShower = 8989.14 

 ESW_sum         = 162.708 
 ESW_layer       = 207.874 

 ESW_density     = 177.798 
 ESW_laydens     = 186.429 

 ESW_dv          = 185.235 
 E_DNN1          = -999 
 E_DNN2          = -999 
 E_DNN3          = -999 

 EPi_DNN1        = 0.999934 
 EPi_DNN2        = 0.999976 
 EPi_DNN3        = 0.999844 

 NHits_EE        = 1024 
 NHits_FH        = 153 
 NHits_all       = 1177 

 NHits_preShower = 0 
 NHits_postShower = 1177 

 showerDepthX0   = 11.6399 
 showerDepthLambda0 = 0.597054 

 xmean           = -1.25378 
 ymean           = 1.95452 
 zmean           = 30.9073 
 spreadX         = 19.2025 
 spreadY         = 20.2711 
 spreadR         = 27.9223 

 xmean_EE        = -1.19492 
 ymean_EE        = 1.92166 
 zmean_EE        = 28.1591 

 xmean_FH        = -2.36009 
 ymean_FH        = 2.57217 
 zmean_FH        = 82.5662 

 lambda1_EE      = 114.974 
 lambda2_EE      = 5.19741 
 lambda3_EE      = 3.16974 

October 2018 (config 1) run 664 - event 2363 
beam setting: 200 GeV/c e+

De vs. π, 1 = 0.99993 
De vs. π, 2 = 0.99998 
De vs. π, 3 = 0.99984 
➡ pion-like

EE

FH  
(not input to classifier)

Hit energy scale:
0.5 MIP 5 MIP 500 MIP50 MIP

PI= Layer 1

VBF H (γγ)

jet

+

Layers projected onto one plane

-no timing cut applied-

Pileup hits
Pileup hits

Pileup hits

Pileup hits
Pileup hits

Layers projected onto one plane

-require hits within 90ps time window-

Pileup hits
Pileup hits

Pileup hits

Pileup hits
Pileup hits

200 PU



O(10ps) timing capabilities helpful 9
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282 Chapter 10. Reconstruction and detector performance

selection of r = 2 cm (5 cm).

The time of the shower is computed as the average of the selected hits. The two algorithms for
selecting the hits give similar performance in terms of time resolution in absence of pileup, and
both were tested extensively to verify the robustness of the results obtained in the absence of
pileup.

Figure 10.31 shows the time distribution of the hits within a radius r = 2 cm, in two h intervals
(1.65 < |h| < 1.85, and 2.65 < |h| < 2.85) for no pileup, and pileup corresponding to a mean
number of interactions per bunch crossing of 140 and 200.
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Figure 10.31: Time distribution of hits collected within a 2 cm radius about the shower axis, at
low h (left) and high h (right), for photon showers (top), and K0

L showers (bottom).

The distributions for K0
L have long tails at late times, even in the absence of pileup, while this

is not the case for photons. In presence of pileup, the tails are more pronounced, with early
times (the predominant contribution of pileup) being noticeably populated at high h, the region
of highest pileup density. The distribution of the hits selected in the time interval of highest
density, using the algorithm described above, is shown in Fig. 10.32. The selected hits of photon
showers, on average, have the same shape in the absence and in the presence of pileup, while
for K0

L showers there is a residual contamination from pileup.

The fraction of the total shower energy deposited within r < 2 cm of the shower axis is larger
for photon showers, with a consequent higher multiplicity of hits as compared to hadron show-
ers of the same energy. In the case of hadron showers there is a larger fraction of signal hits
with energy below threshold, where additional energy deposited by pileup can fire the ToA,
giving rise to a larger fraction of hits fired by combined pileup plus signal contributions. The

• Can expect timing resolution for silicon-based shower detections around a few 10 ps per channel.

• Extensive (however slightly outdated) simulation studies performed in the HGCAL technical design report.

➡Rejecting hits in the tails provides robustness in case of pileup. ➡Sensitivity to hits from displaced vertices even in case of pileup.

Other take-aways on what can be expected:

• O(10) - O(100) contributing hits with recorded timestamps per shower.

➡Can expect ~10ps resolution for showers with transverse momenta >5 GeV.



FE Electronics
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Timing noise contributions :

Preamplifier Time walk                 TDC quantization  noise and linearity       CLK jitter
where: 
S / trise = dV/dt = slew rate 
N = system noise 
Vth = 10 N

© N. Cartiglia Trento workshop 2016
https://indico.cern.ch/event/485239/overview/

FRONT-END ELECTRONICS for IMAGING/TIMING 
CALORIMETRYChristophe de LA TAILLETIPP 2017 Beijing

TOA TDC Jitter

TD
C

 h
it

TDC bin

𝜎𝑡2 =
𝑡𝑟𝑖𝑠𝑒
𝑆/𝑁

2

+
𝑡𝑟𝑖𝑠𝑒𝑉𝑡ℎ

𝑆 𝑅𝑀𝑆

2

+
𝑇𝐷𝐶𝑏𝑖𝑛

12

2

+ 𝑇𝐷𝐶 𝑅𝑀𝑆
2 + 𝐶𝐿𝐾 𝑅𝑀𝑆

2

Realisation of such a timing resolution is not trivial 10
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• Precision timing in such a complex, high granularity system is a great challenge for the electronics system:

33
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Figure 35: Resolution on the time difference between neighbouring hexagonal cells of a 6”
300 µm thick p-on-n hexagonal silicon sensor, as a function of (S/N)eff.

13 Summary

The extensive series of tests performed on prototype diodes and modules have validated the
conceptual design of the silicon section of the CMS High Granularity Calorimeter. Despite
having a limited number of modules, the flexibility of the mechanical support structure has
facilitated the testing of several configurations, focusing on different longitudinal parts of the
electromagnetic shower. The measured basic quantities, such as shower shapes and energy
distributions, match very well with the GEANT4-based simulations, lending credence to the
use of the simulation to fine-tune the design of the HGCAL. The intrinsic performance of the
silicon-based calorimeter, in terms of energy resolution, spatial precision and timing, has been
measured and also compared with simulation.

Subsequent tests, in 2017 and beyond, will use front-end electronics more suited to the HGCAL
application, and will include the hadronic sections (silicon and scintillator+SiPM) foreseen for
HGCAL.

References

[1] CMS Collaboration, “Technical Proposal for the Phase-II Upgrade of the Compact Muon
Solenoid”, Technical Report CERN-LHCC-2015-010, LHCC-P-008, CMS-TDR-15-02, 2015.

[2] S. Callier et al., “SKIROC2, front end chip designed to readout the Electromagnetic
CALorimeter at the ILC”, JINST 6 (2011) C12040,
doi:10.1088/1748-0221/6/12/C12040.

10 ps

Single planar silicon pad 
sensor timing performance 

evaluated in 2016 beam tests 
[JINST 13 (2018) P10023]

➡ Front-end ASIC is key! 

* Intrinsic silicon timing resolution is ~10 ps for high-enough signals.


**The clock distribution system is expected to contribute < 15 ps jitter.

noise and 
linearity

* **+



2018 test beam with the SKIROC2-cms prototype ASIC 11
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• Prototype ASIC:                                                                                   

        SKIROC2-cms with Time-of-Arrival (TOA) test block


- TOA from fast shaper followed by discriminator and Time-
to-Amplitude converter (TAC = TDC)


- TAC based on voltage ramp stopped at clock edge (rising, 
falling)

- Ramp saturation causes non-linearity in the response


- TOA resolution measured to reach 50 ps with single chip 
(2017 JINST 12 C02019)


• Several HGCAL beam tests performed @ CERN SPS in 2018

• e.g. 2021 JINST 16 T04001, 2021 JINST 16 T04002, arXiv:2111.06855

• One of the goals: validate the timing performance of a 

prototype


• Reference timing device: MCP-PMT with less than 30ps 
contribution to the measured timing resolution.

EE 
28x1 modules

~28 X0 (~50cm)

callier@omega.in2p3.fr

Time of Arrival principle (TOA)
� TOA based on a Time to Amplitude Converter (TAC):

� 1 analog ramp / channel sampled on clock edges (both)
� 1 global counter @ 40 MHz sampled with OR64_TOA
� 1 global TrigExt available to calibrate ramps

� If needed, pulse shape in “rolling” SCA used to mitigate counter value (multi-hits)
� Channel with TOA data are marked with Hit bit
� Relevant data in memory mapping:

� Digitized TAC ramp (both edged)
� Hit bit (HA)
� Global counter value @ 40 MHz

Clk40

TAC Ramp
Fast

shaper

DAC: Vth TOA

Clk40
Start

TrigExt

Trig

Ramp

Clk40
Global
Counter N+1N

N+1N

Trig

Ramp

Clk40
Global
Counter

TOA (stop falling clk) Chn 0
TOA (stop rising clk) Chn 0

1   0   0
1   0   0 HA

HA

Global TS 12 LSB + 1 extra bit0   0   0
0   0 Global TS 14 MSB

46

TOA in SKIROC2cms

October 2018 @CERN SPS (H2) 

Configuration 2:

28-layer EE setup

e+ up to 300 GeV/c


delay wire chambers: incidence 
location reference


microchannel plates (MCP): 
incidence time reference

https://iopscience.iop.org/article/10.1088/1748-0221/12/02/C02019/meta
https://iopscience.iop.org/article/10.1088/1748-0221/16/04/T04001
https://iopscience.iop.org/article/10.1088/1748-0221/16/04/T04002
https://arxiv.org/abs/2111.06855
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TOA calibration & reconstruction strategy 12
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“ “

*

clock (copy)

* CPD = clock 
phase difference




Three-step calibration procedure 13

Thorben Quast | Pisa Meeting 2022, 25 May 2022

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 (a.u.)risenormalised TOA

5

10

15

20

25

30

 +
 T

O
F>

 (n
s)

M
C

P
<T

Data

Fit

/ndf = 577.1 / 932χResiduals: 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 (a.u.)risenormalised TOA

150−
100−
50−

0
50

100
150

)
ps

D
at

a 
- F

it 
(

 preliminaryCMS HGCAL CERN SPS beam test 2018
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October 2018 (config 1) 
beam setting: 250 GeV/c π-

CE-E

CE-H(Si)

October 2018 (config 1) 
beam setting: 250 GeV/c π-

CE-E

CE-H(Si)

October 2018 (config 1) 
beam setting: 200 GeV/c μ-

CE-E

CE-H(Si)

October 2018 (config 1) 
beam setting: 150 GeV/c e+

CE-E

CE-H(Si)

14
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116 readout channels could be time-calibrated

➡Demonstrated in test beam:                                                    
Resolve time evolution of real particle showers!

Early hit Late hit Early hit Late hit Early hit Late hit



Per-channel timing resolution well below 100ps 15
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 preliminaryCMS HGCAL CERN SPS beam test 2018

• Expect ~50ps asymptotic timing resolution, dominated by Skiroc2-cms performance.

Resolution measured w.r.t. MCP Resolution measured w.r.t. HGC channel

‣ Intrinsic MCP resolution already subtracted

‣ σMCP(800 MIP) ~ 70ps

‣ Timestamp from channels on same module correlated

‣ σch(800 MIP) ~ 80ps 
‣ Per-channel resolution of 80ps/√2 ~ 55ps

Error bars not shown

^ ^



Global jitter between HGC prototype and reference time 16
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+288 GeV e
 > 50 MIPhitE

 > 500 ADCMCP1A

Per-shower distribution of hit timestamps Resolution of 288 GeV EM showers w.r.t. different references

Shower number in a 288 GeV positron run
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‣ Hit timestamps within one shower consistent w.r.t. each other

‣ Common shift w.r.t. the reference MCP

➡ Indication of a global jitter between the HGC prototype 

and the reference MCP + clock copy system 
• Origin of this jitter is specific to the test beam setup

‣ Shower timestamp = energy-weighted sum of hit timestamps

‣ Blue: Shower timestamp w.r.t. MCP = ~56ps 
‣ Red: shower timestamp from half the layers w.r.t. each other = 2x 

shower timestamp of full HGC prototype = ~36ps 
➡ Assume uncorrelated global jitter: ~50ps (independent on beam 

energy)



Shower timestamp: Resolution below 20ps & about 10ps bias 17
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 preliminaryCMS HGCAL CERN SPS beam test 2018
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 preliminaryCMS HGCAL CERN SPS beam test 2018

• Shower timestamp = energy-weighted sum of hit timestamps, TOF-subtracted from each hit time

Shower timing resolution: Shower timing bias (w.r.t. MCP):

‣ Good agreement for all energies, between intrinsic HGC and 
HGC vs. MCP resolution after subtracting the global jitter.


‣ Good: MC reproduces data.

‣ Bias of 10ps or less for EM shower energies above 50GeV.

➡ Asymptotic resolution of less than 20 ps in tested range!

20 ps



Next: Ultimate ASIC will be the HGCROC 18
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• HGCROC features a Time-of-Arrival block based on a 
constant-threshold discriminator and a 3-stage TDC:


‣ Gray counter on 160 MHz PLL  
Using 2 bits, LSB = 6.25 ns


‣ Coarse TDC (LSB = 195 ps) 
classical DLL with start/stop signals


‣ Fine TDC (LSB = 24.4 ps) 
residue integrator based on a DLL line


• Architectural advantages:


‣ High-speed conversion and low power consumption


‣ Large time range due to global counter


‣ Keeps performance under temp. and process variations

ToA and ToT extraction method

|  PAGE 15CEA-Saclay/DRF/Irfu | BOUYJOU - 02 2019

Use the ToA measurement to mark the ToT rising edge and to use a dedicated TDC to 
measure the time of the falling edge of the ToT preamplifier signal. 
The time difference between the two instants will constitute the ToT duration. 

The shortest ToT interval to convert is around 2 ns and with an input charge of 10 pC 
the duration of the longest ToT pulse is 200 ns.

TDC ToT specifications
Resolution < 50 ps rms
Range 12 bits over 2-200 ns
Min time between hits 25 ns
Power consumption < 2 mW / channel
Fixed latency 12 clock periods
Technology TSMC 130 nm
Area Pitch 120 µm
Temperature -30 °C

TDC ToA specifications
Resolution < 25 ps rms
Range 10 bits over 25 ns
Conversion rate > 40 MHz (bunch clock)
Power consumption < 2 mW / channel
Area Pitch 120 µm

Technology TSMC 130 nm
Temperature -30 °C

MULTI-CHANNEL TDC ARCHITECTURE FOR TOA MEASUREMENT

10/11 bits over 25 ns multichannel TDC architecture :

Timing and resolution :

3 stages TDC (LSB 25 or 12 ps)

TDC resolution is increased by a counter

The 2 most significant bits of the TDC are
now obtained by a counter operating at the
CTDC frequency who is also a multiple of
the 40 MHz bunch clock.

The common 8-bit counter Î 2 bits for LSB
and 6 other bits for bunch marking.

A common PLL in phase with the external
bunch clock (40 MHz)

𝑅𝑀𝑆𝑞𝑢𝑎𝑛𝑡𝑖𝑠𝑎𝑡𝑖𝑜𝑛 =
𝐿𝑆𝐵
12

= 3,5 ps

CdLT  HGCROCV1 TWEPP, 2018 |  PAGE 19



Timing performance of the final HGCROC version 19
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• Significant improvements during the prototyping 
of the HGCROC ASIC from v1 to v3.


• Minimum threshold is now set to 15 fC (~5 MIPs 
in 300μm Si).  

• Extremely promising results:

➡The measured jitter floor is about                     

13 ps… 
➡…which is about 3x better than the 

SKIROC2-cms.

preliminary

preliminary

Questions to answer in the comings months:

-  Timing resolution of HGCROC-based silicon modules?

-  Timing resolution of such modules operated with full electronics chain?



~2m

~2
.3
m

CE-E CE-H

Scintillator

Silicon

\cite{cemain:2019}

Summary - not a conclusion 20
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HGCAL: where highly granular calorimetry comes to life at the energy frontier 

• Silicon as sensitive material in high radiation region, scintillator+SiPMs elsewhere.


• 4D energy measurement of particle showers.

O(10ps) timing resolution targeted 

• Integral for suppression of pile-up signatures, but non-trivial to achieve.


• 20 ps timing resolution + 10 ps bias for EM showers demonstrated in test beam experiment with prototype ASIC.


• Final ASIC should have x3 better timing resolution. Tests with final modules and full electronics chain coming.
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Backup



6’’ silicon sensors:

• n-type, 128 cells

• 1 cm2 cell-size

• depletion: 200 & 300μm

• SKIROC2-CMS ASIC,

64 ch., 4 chips/module


• Developed for CALICE 
(Skiroc2) & adjusted for 
HGCAL requirements

• CuW

• Cu • Gold plated

baseplate

Si sensor PCB

Kapton®

+
active 

material

(a) (b)

HGCAL 2018 prototype module construction 22
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HGCAL 2018 test beams 23
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October 2018 @CERN SPS (H2) 
94 HGCAL modules:


28-layer EE setup + 12-layer FH setup


e+, μ-, π- up to 300 GeV/c


full in-situ calibration, performance+comparison to simulation

delay wire chambers (DWC), microchannel plates, threshold Cherenkov detectors

Setup

Particles

Goal
Aux. detectors

March 2018 @DESY II (T21) 
1 + 2 HGCAL modules:

1 module: mounted on moving stage


1.6 - 6 GeV/c e-


silicon module design qualification

DATURA beam telescope

DESY II CERN SPS



Clock path 24
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clock

clock



Intrinsic MCP timing resolution is ~25ps 25
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Timestamp correlation between channels on the same module 26
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Shower timing resolution dominated by high-energy hits 27
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• Shower timestamp = energy-weighted sum of hit timestamps, TOF-subtracted from each hit time
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Resolution vs. hit selection energy threshold


