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Final validation of the ETROC?2 for the
CMS MTD Endcap Timing Layer upgrade

Jongho Lee on behalf of ETROC Team



CMS Minimum lonizing Particle Timing Detector (MTD)

Visualization of MTD geometry
implemented in GEANT and
relationship to CMS.
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https://cds.cern.ch/record/2667167

Physics Gain from MTD

Phase2 Simulation |/sy, = 5.02 TeV
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e Infer mass from TOF,
path length, and
momentum

HH — bbyy ( 200 Pileup Distribution )

@ 04
§ r No Timing
E 0.35 :_ —— Barrel Timing Only
o Barrel+Endcap Timing
o -
(<] N
H 0.3} Increase in HH— bbyy Yield
E [ Barrel Timing Only : 17%
I Barrel+Endcap Timing : 22%
0.25F i
0.2
0.15F
0.1
0.05F
5

Reconstruction & Tagging

Improve vertex
reconstruction

Better signal tagging
with timing information

CMS Phase-2 Simulation 14 TeV
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Long-Lived Particle
e Reconstruct LLP mass
via kinematic constraints
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https://cds.cern.ch/record/2667167
https://cds.cern.ch/record/2815409?ln=it

V. Sola et al 2017 JINST 12 C02072

~ 300 kV/cm

n++ \
7

p+ gain layer

n++ \

p bulk JTE

SW-Cell H
Readout
Logic

p bulk

p++

Control/Status
Registers

 — I I I I I

! ! ! ! | | P |

Low Gain Avalanche Diode (LGAD)
e non p sensor with p-type gair

layer °
e Low gain (G~10): improve *
signal slope *

from
idea to production in first-gen
detectors

16x16 array

Custom ASIC design in 65nm CMOS
for the ETL LGAD readout (ETROC)

Low noise, low power

Spec 100 MRad
Time-Of-Arrival (TOA),
Time-Over-Threshold (TOT),
Calibration code (CAL)

~8 year development cycle so far

from the start of the ETROC project
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https://indico.cern.ch/event/1334364/contributions/5672120/attachments/2760994/4808423/Story_LGAD_Pellegrini.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/12/02/C02072

Endcap Timing ReadOut Chip (ETROC) Design Spec

21.0 mm

||||||||||||||

e Low Noise: 30 ps intrinsic (Landau) resolution of a 50 ym
LGAD limits ASIC contribution < 40 ps
e Low Power: Cooling capacity limits power consumption to
< 1W per chip, 4 mW per pixel, 240 mW/cm?
e Radiation Hardness: Must withstand 100 MRad over the 3
ab™! of HL-LHC
e Sensitive to small LGAD signals: Around 10 fC per MIP
towards end of lifetime of LGADs in ETL
e Some Key Features
o Delay line based TDC with double-strobe calibration
o Shielded H-tree Clock Distribution
o ldentical pixel layouts
o 2.56 GS/s Waveform Sampler

A

20.8 mm

~ ~ Global Readout - l -=. T
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Extensive Characterization with the full sized hybrids

Oct

History of ETROC2 Validation - Timeline

Apr May Aug Sep Nov Dec Jan Feb Mar Apr
22 23 23 23 23 23 23 24 24 24 24
E——————
ETROC2 ETROC2 ETROC2.0 ETROC2.0 ETROC2.01 ETROC2.0 ETROC2.01 ETROC2.01 Firmware ETROC2.01
Submit Received Ext functional CERNTB Received SEU test, p+ DESY TB improvements &
testing of bare Hardware comm., Added syst ETROC2 stress testing
BB dey. {or ETROC2.0 chip, 0 = 40-50ps observed S ALCERN control & cooling it
initial testing and Initial multiboard DAQ DAQ stack TID testing AIDA Int
multiboard DAQ ETROC2.0 Climate chamber.
AtCERN Event builder dev for Wafer probing, SEU test, HI
TID Testing, Sync multiboard DAQ Laser testing
Climate chamb.,
Wafer probing,
Laser testing
Jun May Mar Feb Dec Sep Aug Jul Jun May
25 25 25 25 24 24 24 24 24 24
e
ETROC2.02 ETROC2.03 ETROC2.03 ETROC2.03 ETROC2.03 ETROC2.01 ETROC2.03 ETROC2.01 ETROC2.01
Initial Tests DESY TB DESY TB SEU test, HI DESY TB CERN TB x2 Initial Tests DES SEU test, pt+
CERN TB BB Yield Test High v Low HV -25C Cooling prep,
BB Yield Test Power Scan, BB Yield Test FPK UF:
At CERN WS Testing At DESY
At CERN Watfer probing = ETROC2.03 SEU test, HI AIDA Integration
Wafer probing Climate ch. At Fermilah SEU test, pt+
Testing with
ETROC2.03 system level At CERN
SEU test, p* firmware and software TID Testing
Climate ch.,
Laser testing
Jul Sep Nov Dec Feb Mar May Jul Aug Sep
25 25 25 25 26 26 26 26 26 26
ETROC2.02 ETROC2.02 ETROC2.02 ETROC2.02 At CERN ETROC2.02 ETROC2.02 ETROC2.02 ETROC2.02 At CERN
CERNTB CERNTB CERN IRRAD DESY TB Wafer probing DESY TB CERN IRRAD CERN IRRAD DESY TB Wafer probing
At CERN ETROC PRR At CERN

Wafer probing Wafer probing

ETROC2.02
CERN IRRAD
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ETROC2 Validation Campaign - What We Tested
From 2023 Aprto 2026 Sep

e Intensive test campaign to verify the performance of ETROC2 chips and
hybrids bump-bonded with LGAD
e 16 Test beams at CERN/DESY
o Time resolution vs. HV, temperature, angle
e 3irradiation testings at cern IRRAD for etroc/sensor hybrids
o  Time resolution vs. Irradiation
e 6 SEU testings with proton beam at Northwestern Medicine Proton Center &
Heavy lon beam at UC Louvain
o Radiation protection & recovery

e TID testing with X ray at CERN
Wafer probe testing

Focus this year: Irradiation tests, resolution vs. incidence angle,
ETROC2 yields at wafer and QA/QC procedure

Jongho Lee CPAD 2026, Oct 22nd




Photo by Murtaza Safdari

Irradiation Testing of LGAD/ETROC2 Hybrids

FBK Sensors with
carbonated layer HPK Sensors

\ CMS FLUKA 3.7.18.0
8\ #3000 fb-1 with x1.5 safety factor

= 3000 fb-1

B 4 4000 fb-1

\ / low fluence area

high-fluence
area

Radius [cm]

e LGAD/ETROC2 hybrids needs to withstand 2 x 10" neg/cm? in
the innermost region over 3 ab™", still deliver 8-10 fC for readout
at the end of life

e FBK LGADs incorporate a carbonated layer for high-fluence |mes samples kept at.
tolerance, unlike HPK LGADs = 9| 25C aiter wrg&tlon

Coldbox at 250 at all

.S
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Testing Setup at CERN IRRAD

w9 Sensortop

‘.E ...... ............ : A.... ............ e Sensorbottom
FFC socket
PCB

HG)
© iN  ETROC & sensor

H1 Telescope

ET2.02-PT-IH12
ET2.02-PT-H13

MB3

e Telescope designed to have an angle that hybrids
are fully covered with the beam
e Two different types of hybrids are installed
together ™ T
o HPK & FBK-LF Telescope —
o Allowed comparison of the two sensors in Toseruir

ET2.02-PT-LF12

ET2.02-PT-LF17
ET2.02-PT-LF18

@

the same conditions at the same fluence
e These are final ETL vendors for LGADs

S (SW005~) lids 4ad ,d ASD 2 *,,0 Ll
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CERN IRRAD Beam Profile: Challenge and Solution

—Lesson learned from first IRRAD test in Oct 2025——— CMS ETLETROC IRRAD_

ETROC coverage [-0.5, 0.5] cm
T1 (4 ETROC2.02/HPKs) telescope occupancy after 1E15/cm”2 proton fluence

—— single centred exposure, for comparison
—— x = +0.6 cm, 40 % of the protons

Beam Profile
CERN IRRAD, March 2026 - 24 GeV p - beam FWHM 1.1 cm (o 0.47 cm)
T T T

over the ETROC coverage window,
x € [-0.5, 0.5] cm, this sum has

100 x = 0.0 cm, 20 % of the protons :I‘\;gE : ggg;g" )
o o 4o - = — x =-0.6 cm, 40 % of the protons B !
The irradiation is rather non-uniform, — Hybrid: sum of the three exposures max / min = 1.044

(4.4 % spread over the window)

We cannot bias the more irradiated middle section with
high enough HV without causing the top/bottom sections
into breakdown.

o
©

I Flat profile used in this
test.

Expose the extreme
vertical +/- 6 mm
positions with 2x the

Discussing with IRRAD experts how
to have more uniform irradiation
vertically next time (this is feasible)

o
)
T

Normalized probability density

amount of protons as

04t the central 0 mm E
i position
&
3
E 0.2 b
B
E |

0.0

-4 3 2 1 0 1 2 3 4

Hit occupancy plots
We have irradiated to 1.7E15/cmA2 proton fluence for ETROC2/HPK hybrids,
and 2.82 E15/cm”2 for ETROC2/FBK-LF hybrids.
However, the non-uniform irradiation preventing us
to properly study the performance due to HV limitation

~ Row

11/21/2025 ETROC2 PRR, Ted Liu 73
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Time Resolution vs. Fluence After Irradiation

24 GeV p+, 60 deg, 17 cm off axis, T = -25 C 24 GeV p+, 60 deg, 17 cm off axis, T = -25 C

60 CMS ETL ETROC IRRAD CERN IRRAD 2026, HPK Telescope, RFSel=2 60 CMS ETL ETROC IRRAD CERN IRRAD 2026, F1 Telescope, FBK, RFSel=2

7 Meud L L L L L L L HE N B 7 Naceud ML L E L B B R R RN
= i fluence [p/cm?] Board i = [ fluence [p/cm?] Board i
S 55’_ — pre-irradiation - |H7 ] S 55; — pre-irradiation —— LF10 ]
"“_E’ e 3 x10" p/cm? (+2days) -m- [H11 i ‘::5 L — 310" p/cm? (+2days) -=- LF12 g
_g I 9 x10' p/cm? (+2days) _;_ ::1:23 ] g i — 9 x10" p/cm? (+2days) e LF17 ]
&) 50‘_ 1.5 x10'® p/cm? (+2days) N g_.) 50’_ 1.5 x10"S p/em? (+2days) - LF18 ]
() K i (O] I 1
E T ] E ]
- s - - - .
45_* B 45>— ]
1w :
35| . 35[- ¢
30} . 30 .
25| . 25| .
20’,.|‘,m‘.m‘..m‘.,m‘.m‘.‘l.,m. ] 20'.|‘ il il il i I SRR R MO

100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
Bias voltage [V] Bias voltage [V]

Time resolution below 50 ps at 1.5x10" p/cm? for both HPK and FBK (60°)

(Recent testing pushed the fluence up to 2.6E15 on target, more results are coming)
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Why Test with an Angle?
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e Hybrids tilted to 60° reach 34-35 ps, against 42-43 .

ps when perpendicular to the beam
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e Simulation: particles reach the detector at an angle  _ coT
e |IRRAD data are all taken at 60° incidence Workin progress

e Goal: verify the angle dependence in a DESY test
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ETROC2 Test Beam Setup at DESY

- ~ DAQ control PCle

- Mchille “
- Eset to -25CHE
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TOT and TOA vs. Incidence Angle (Single Pixel, DUT)

b s TJ“W

10 deg WFL_”ILIIIIJ”M‘I I—“‘]_["-"‘-L]_'

"1.
f0¢ L Ly 1 rLrLrn,._n.FL e by 0 P [ .L
20 deg = R U'-l
20 deg Lo Bnl oL, Aongfl o, [
30 deg Tl U [ N e Pk T T
30 deg M. n o~ Mall r‘nl.-....:ﬂﬂ I1J11r"|_.-. ﬂ_l'l—l] 1] 1“1
45 deg S Tl VO |l | Nl | I 1 L © L o
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60 deg [ I.l
60deg| 1 1 1 I . i & 1 1 il 1 = i A A i i | | |F 1 1 il I il 1 L I 1 1 1 l 1 L I
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Larger angle — Longer path in the sensor — More charge — Larger TOT
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Time Resolution vs. Incidence Angle

CMS ETL ETROC Test Beam offset=BL+20, HV=190V . .
el LR LR AL ILEL R BRI T W Time resolution at
2 | 3 PT-IH2 (DUT) Board 60 degree (ps)
-255:— .
2 | PT-IH2 (DUT) 34.97 + 1.58
o S0 |
) i
E .l x PT-IH7 (Pre-irrad) 36.20 + 1.49
F 3 :
ok a X L ; : PT-IH11 (Pre-irrad) 33.42 + 1.58
|- } : PT-IH12 (Pre-irrad) 34.18 £ 1.76
30 PT-IH13 (Pre-irrad) 32.88 + 1.58
= 1 e Time resolution improves from ~43 ps (0°) to
[ | | | | | | L] ~35 pS (600)
0 10 20 30 40 S ole [jgg] e The DUT agrees with the four pre-irradiation

IRRAD hybrids at 60° (33—-36 ps)
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Wafer Probe: Qualifying Every ETROC2 Before Assembly

ETROC2 Wafer probe Select good Bump bond Module
Wafers test dies to LGAD assembly

Why test at wafer level? —\ /— What we test on every die ﬂ

e Select only good ASICs for hybrid
assembly, so bad chips are never
bump-bonded

e Power: shorts and consumption in
operation mode

e Measure ASIC yield at the lowest l2C functl-ona.\hty L
. e DAQ chain via charge injection
level, per die and before assembly

N J J

30+ pre-production wafers x 114 dies = more than 3k dies tested

Jongho Lee CPAD 2026, Oct 22nd




= (D Probe card & Wafer installed by
™ Jerome

@ Verifying probe contact and

& alignment

@ Wafer probe station setup

@ Cable installation by Jongho

Jongho Lee CPAD 2026, Oct 22nd



Wafer Probe Results - Power Consumption
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ETROC power
consumption stays
below 1 W when
running in operation
mode

Operation mode refers
to the preamplifier

highest-current setting




Wafer Probe Results - Yield Examples

ETROC2a - 05C4 ETROC2a - 06B7
Yield: 97.4% (111/114) Yield: 98.2% (112/114)
I I
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Summary
e ETROC?2 is the first full-size, full-functionality ASIC for the ETL

o  With minor metal-level fixes it is the final design, with wafers on hold at TSMC
e Hybrid validation vs. fluence and incidence angle:
o Time resolution is below 50 ps up to 1.5x10" peqg/cm? at 60° incidence
o 35 ps at 60° against a 30 ps from the LGAD alone, so ETROC + system add ~18 ps
(budget: <40 ps)
e Wafer-level QA/QC on more than 30 pre-production wafers (more than 3k dies)
o Power consumption is below the 1 W spec (about 0.7 W in operation mode)
o Yield is more than 96% across the wafers
e Production of ETROC will start soon

Jongho Lee CPAD 2026, Oct 22nd
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Backup
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HL-LHC - CMS Phase 2 Upgrade chemes o

Barrel Calorimeters
- ECAL single crystal granularity at L1 trigger
with precise timing for e/y at 30 GeV

- ECAL and HCAL new Back-End boards Endcap Calorimeter (HGCAL)
= - 3D showers and precise timing
- Si, Scint+SiPM in Pb/W-SS

L1-Trigger

- Tracks in L1-Trigger at 40 MHz
- Particle Flow selection

- 750 kHz L1 output

- 40 MHz data scouting

DAQ & High-Level Trigger
- Full optical readout

- Heterogenous architecture

- 60 TB/s event network

- 7.5 kHz HLT output

Muon systems

- DT & CSC new FE/BE readout
- RPC back-end electronics
-New GEM/RPC 1.6 <n<24

- Extended coverageton =3

0, —~

MIP Timing Detector

Tracker

- Si-Strip and Pixels increased granularity - Barrel layer: Crystals + SiPMs

- Design for tracking in L1-Trigger 4 - Endcap layer: Low Gain Avalanche Diodes
- Extended coverage ton = 3.8 \

Beam Radiation Instr. and Luminosity
- Beam abort & timing

- Beam-induced background

- Bunch-by-bunch luminosity: 1% offline, 2% online
- Neutron and mixed-field radiation monitors
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Test Beam Preparation

|H2

IV curve @ -25C
| | | I 1 | I_

Telescope of HPK/ETROCZ2.02 hybrids

Jongho Lee
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Wafer maps

ETROC2a - 07B2 ETROC2a - 08A5
Yield: 99.1% (113/114) Yield: 97.4% (111/114)
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