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HGCAL: The High Granularity Calorimeter

The High-Granularity Calorimeter will replace the existing endcap calorimeters of CMS detector for

— Silicon-based modules for electromagnetic (CE-E) and part of the hadronic (CE-H-Si) section
— Plastic scintillators tiles for the low-radiation hadronic section (CE-H-SiPM)

Timing measurement for pile-up mitigation and vertex location

the High-Luminosity phase of LHC
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Electronics requirement

- 6M channels and 100k chips

- Low noise 2 ~ 0.3 fC
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- High radiation level = 200 Mrad, 1.6 1016 Neg/CM?2

- Low temperature operation - -30°C

- High precision timing information = 25 ps

- Wide dynamic range - 0.3 fC to 10 pC

10°
0
0

200 PU, HGCAL granularity + precision timing
Target for timing performance: resolution of 30ps
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HGCROC3 overview

Overall chip divided in two symmetrical parts
. 1 half is made of:
— 39 channels: 18 ch, CMO, Calib, CM1, 18 ch (78 channels in total)
—  Bandgap, voltage reference close to the edge
—  Bias, ADC reference, Master TDC in the middle
—  Main digital block and 3 differential outputs (2x Trigger, 1x Data)
Measurements
o Charge

—  ADC (AGH): peak measurement, 10 bits @ 40 MHz, dynamic range
defined by preamplifier gain

—  TDC(IRFU): TOT (Time over Threshold), 12 bits (LSB = 50ps)
— ADC: 0.2 fC resolution. TOT: 2.5 fC resolution
e Time
—  TDC (IRFU): TOA (Time of Arrival), 10 bits (LSB = 25ps)
Two data flows
. DAQ path
— 512 depth DRAM (CERN), circular buffer

—  Store the ADC, TOT and TOA data
— 2 DAQ1.28 Gbps links

e  Trigger path
—  Sum of 4 (9) channels, linearization, compression over 7 bits
— 4 Trigger 1.28 Gbps links

Control

o Fast commands
— 320 MHz clock and 320 MHz commands
— A 40 MHz extracted, 5 implemented fast commands

e  |2C protocol for slow control

Ancillary blocks

e  Bandgap (CERN)

J 10-bits DAC for reference setting

J 11-bits Calibration DAC for characterization and calibration
. PLL (IRFU)

e  Adjustable phase for mixed domain
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Performance snapshot
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TOA
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Timing information mega

Simulation

The time resolution is limited by several factors:

« Jitter: electronic noise and signal slope: the noise is
superimposed on the signal, leading to amplitude fluctuations and [ N\ || artY
thus time uncertainty - ‘ | (Spencsn = 25 1)

elec 0.03 1
elec _ 9v e
O

—

Cd
= — = L T
dv/dt 2 V'P .

— Time measurement performed after the preamplifier rather than after ‘ L 8
the shaper " ¥
« Noise decreases as +/7, signal slope increases with 1/t R 4 ‘
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— Low-noise, large gain-bandwidth product (Gywg) time ns]
Cc
o T, = ~ d
P Go@oCy Simulation
« G,= 100 dB,,, f, = 50 kHz, C,//C,=100 and e,=0.7 nV/VHz 00 -
> 0,10c(10fC) = ~ 100 pS, 0pec(100fC) = ~ 10 ps 035 1

0.30 A
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« Time Walk correction: the threshold voltage V4, is reached at

different times for signals with different amplitudes

- TW = -1, In(1 — Ef*(;’—th)

out [V1]

V,

« TDC resolution and PLL clock jitter
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TDC in HGCROC mega

. T . - N gradation equivalen ti ‘
The TDC is based on 3 sub-blocks providing each a time resolution g aidee i gy n

* Asynchronous counter running at 160 MHz: LSB = 6,25 ns Fine THC Irfu

* Synchroniser: remove metastability between event input and clk_160M
1 Counter size

Coarse TDC

* 5 bits Coarse TDC: classic delay line, LSB = 195 ps
* Low power, Vctrl made in a common Master TDC block
* Residual time amplifier

» 3 bits Fine TDC: delay line, LSB = 24.4 ps
* Measurement of the amplified residual time

1 Counter size

ToA 10b-TDC: BX time-stamping + 25 ns dynamic range, 25 ps resolution
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emorzaton - A7 bit, 3.75 ps Resolution Two-Step Time-to-Digital Converter in 65 nm CMOS

Using Pulse-Train Time Amplifier
- A 3-step Low-latency Low-Power Multichannel Time-to-Digital Converter based on

Time Residual Amplifier
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TDC calibration

mega

£
» Inter-calibration of the three TDC sub-blocks is required to achieve good linearity and therefore optimal n

performance

* An on-chip asynchronous clock generator is integrated to perform this calibration
— Code distribution — INL and DNL extraction
— Coarse and Fine TDC calibrations are performed by adjusting a control voltage at both chip and channel levels
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« The TDC performance was evaluated by injecting an asynchronous signal
into two channels (At from O to several ms)
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01 m—-rms = 15.16 ps
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Minimum ToA threshold

* Minimum ToA threshold after alignment around 10 fC
— Low dispersion, below 2 fC

* 0.5 fC electronics noise at the preamp output =» minimum
Toa threshold should be just higher than 2,5 fC
— 8fC is the best we achieved
— Minimum toa threshold > 5 * noise =» digital noise

* A 40 MHz coupling component is added to the preamplifier
signal, altering its waveform

— As aresult, both the minimum ToA threshold and the time
walk become phase-dependent with respect to the digital

clock

Channel distribution of Min. Toa wrt. injection phase

[fC]
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Private work
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H G CROC . . . f > i, Private-work : fCiI;4=647:50nsz+4.58ns
. tlmlng performance | __ Simulation
. . 2 =1
The time measurement resolution depends on several factors: a f AN =
« Jitter: 13 ps constant term i ) LIS R
— Distribution of internal clocks (PLL and TDC clocks) and L - e o .
intrinsic resolution of the TDC itself Private work o
) i 2O ToA ——dig
« Time-Walk correction 14| ime walk<a s —— M jsiwos 1268
) . Resolution: < 2ns /Q
— A good first-order agreement is observed between g o] ‘ Jitter ~ 13 ps
measurements and simulations .
« The time walk is below 4 ns, with some deviations from an ideal g1 W
simulation ‘\f‘n“\qﬂ
.. : Sl I SR i et PO r——
— Deviations can be attributed to | ol T |
- Digital coupling, which distorts the preamplifier signal ’ m o ema “ ”
» The effect of full preamplifier saturation in ToT mode . 0.04 CMS Preliminary
v T C
« The impact of the interconnection between the preamplifier and = 0.22f o= Vs c?
the sensor cell © o2b A= (4.62+0.22) fC
: : : 0.18F C = (0.035 + 0.009) ns
— Time-walk correction must also be derived from real data o6k
(laser measurements and beam tests) 014 ®
- 35 ps constant term in beam test 0.12F e
0.1
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https://cmsdpgplots.web.cern.ch/#/hgcal/CMS-DP-2025_022/TOA

TID and SEE tests ! !mega

X-ray Absorption in Silicon

« The chip have been tested against TID up to 345 Mrad " ]
— CMS forward region will be exposed to a total integrated dose g o \—E

of up to ~ 200 Mrad £ 06 "Shey, ~

— Must be thinned down to ~ 70 um, at room temperature and -10 °C £ 04 \—;

— No big impact observed on any part of the chip T 02 \—:

0 100 200 300 400 500
Penetration Distance [um]

 Heavy ions in Louvain, Belgium

— 1 campaign in 2022
— No I2C failures, no SEL

« Proton irradiation campaigns at Arronax in Nantes, France
— More than 7 campaigns
— Beam: 70 MeV protons, flux from 108 to 101! p/cm?/s
— HGCAL radiation environment dominated by light hadrons
— more realistic description of the HGCROC3 behaviour with proton
— higher flux and more error statistics

EICROC
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SEE testing results mega

. : : -2 -1
° He avy ioNsS resu |t S Category Time [s] # Errors Cross Section [cm™=] HGCAL Rate [s7']
No Sinale-E t Latch I2C configuration 108 000 <1 <42x10°'6 <101x10*
— NO siIngie-Event Latchup Triplicated Logic 62639 <1 <726 %1016 <174x10°%
— No 12C configuration error Non-triplicated logic | 340 30 4% 1012 0.8
: fe -11
° Protons results Trigger data 34 38 5x10 10.16
DAQ memory 4352 127 1.33 x 10712 0.318

— Robust triplicated logic and acceptable SEU rate
in non-triplicated logic and data
— ToA jumps observed at higher rate, can be restored by an 12C transaction (100 ps)
« Jump magnitude pointed to the asynchronous counter responsible for the 2 most significant bits
« ToA jumps cross-section 4.10-12 cm-
—> average first ToA jump time about 3 days in the worst section of HGCAL (for 1 chip but without I12C reset)

HGCROC3d (Proton flux 10" p/cm?/s) First ToA jump average time
- BeSEmTEn T R ] : Private work
& TOR b s PP — _— ] !
i . |
1: g 109
X : - E 107!
S RS 102 1

1073 5

Highest flux at HGCAL

O —— e

~

=

108 10° 1010 101

Private work i > o o
Time 1 hours Flux [p/cm?fsec]
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Conclusion me

« Time measurement is a key feature for HGCAL, as it is essential to mitigate
the impact of pile-up and to enable accurate event reconstruction

— This requires a high-performance front-end and TDC, as well as a low-jitter clock
distribution

« A time resolution of 13 ps is achieved using internal charge injection

— Time-walk effect remains the most challenging to correct while maintaining time
resolutions at the level of a few tens of picoseconds

 highly sensitive to the system environment, including digital noise, saturation effects and
calibration

« The HGCROCS3 chip is now Iin the production phase
— Two robots are now running every days to test the 100k chips required for HGCAL

HGCROCS3 - TIPP 2026
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Backup
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Production QC tests

2 robots: LLR and OMEGA

— High Density (HD) and Low Density (LD) packages, QR code printed on package for tracking
— 120k chips in total: 36k HD Si/ 84k LD Si/ 4.3 k LD SiPM

Production quantity is based on ~ 80 % vyield

The two robots are now running every days

LLR robot (LD)

The effective yield varies between 85% and 92% depending on the runs

It was far below at the beginning because of a lot of crashes, poor socket connection, etc

OMEGA robot (HD)

HGCROCS3 - TIPP 2026
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Production test yield mega

power_consumption_run__current_Runl_global

« Production quantity is based on ~ 80 % vyield
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« The effective yield varies between 85% and 92% depending on

Frequency

the runs
— It was far below at the beginning because of a lot of crashes, poor ol ol
Socket ConneCtlon, etC pedestal_scan_0_ slope_all_channel

107 4 M

« The two robots are now running every days it

Frequency
[
2

« Main cause of failures

=
o
L

— 1 bad channels: ADC and/or TDC

109 4

T T T T T
1.3 1.4 15 1.6 1.7 1.8 19 2.0

— Consecutives noisy channels: packaging issue

phase_scan__amplitude_per_channel

— 1 bad half-chip because of something wrong in the bias

— Surprisingly, bad 12C parameter default values ]

Channel
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