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The HL-LHC and the pile-up challenge WW
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Adding timing to the ATLAS tracking
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The ATLAS High Granularity Timing Detector,_

Peripheral

Diameter: 2 m Electronics
Double sided
layers

: - «\ EC LARG
Cryostat
\‘-.,.1 \

Moderator/
Inner part

CO2 cooling
manifolds

Front cover

. 2 disks, each contains two layers, located at z = £3500 mm, 12 cm thick in total F
* Low Gain Avalanche Detector (LGAD) technology, deployed at this scale for the first time ‘:ZZ .
« 8032 modules, and 3.6 million channels in total 600 L///I i
. Operating temperature: =30 °C I W
» Per-track resolution: 30 ps—50 ps up to a fluence of 2.5X10'5 neq/cm? 0 000 1500 2o 20 00 5

Z [mm]

* Also allows for bunch-by-bunch luminosity measurements (ATLAS goal: <1% precision)
ATLAS-TDR-031
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The ATLAS High Granularity Timing
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Detector Unit
(With 15 modules)

Module Hybrids (ASIC+Sensor)

Peripheral Electronics Board . & Hybrids under the PCB

HGTD breakdown from M. Leite, ICHEP 2026
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LGAD sensors: the technology

* Developed by CNM Barcelona (link) and CERN RD30
collaboration

» Standard segmented N-in-P silicon detector with built-in p
multiplication layer °®,

Depletion l
Region

Avalanche
Region

* The high electric field in the avalanche region can provide
moderate gain (10—20) => Good signal/noise ratio

* Implementing the multiplication layer allows thinner detector

* Fast rising time (~400 ps) => Low jitter ::::ﬁz:_

T Rna ATLAS-TDR-031

p-type Bulk

Total noise Best S/N ratio

>
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Sadrozinski et al.,
arXiv:1704.08666 (2017)

.............. Jmmmmmmm—————————-.
/ ,I Noise floor, gain independent
!
] Ji | | >

10 100 1000
Gain

Nik|[hef
The ATLAS High-Granularity Timing Detector for the HL-LHC, Tao Wang, INSTR 2026 I %

Radboud Universiteit


https://cds.cern.ch/record/2719855
https://cds.cern.ch/record/2719855
https://cds.cern.ch/record/2719855
https://cds.cern.ch/record/2719855
https://cds.cern.ch/record/2719855
https://indico.cern.ch/event/1334364/contributions/5672120/attachments/2760994/4808423/Story_LGAD_Pellegrini.pdf

L GAD sensors in HGTD

HGTD LGAD design
15 X 15 pads, 1.3 X 1.3 mm? pad size, thickness: 50 ym (active)/775 pm (physical)

15X15 pad array

Requirements (“end of lifetime” means after 2.5X10'® neq/cm? irradiation):
Sensor time resolution: < 40 ps before irradiation, < 50 ps end of lifetime
Collected charge: > 15 fC before irradiation, > 4 fC end of lifetime
Hit efficiency: > 97% before irradiation, 2 95% end of lifetime

Irradiation problem: acceptor removal reduces LGAD gain — higher bias
voltage needed to compensate — increased risk of Single Event Burnout

(SEB)

Solution: Introducing a carbon-enriched gain layer to lower the operating

voltage

Roadmap: First prototypes (2020) — Carbon-enriched design (2021)—Design e
optimization (2022) — Pre-production (2023) — Production (since 2024) 8” wafer with 52 LGADs

and test structures

~10000 LGAD sensor fabricated so far; tests and further production ongoing
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LGAD sensors: test beam setup  ,Sensoer » amelfier board |

» Several test beam campaigns has been
conducted at SPS and DESY

* Sensors are mounted in a telescope
(Mimosa sensors) setup for recording the
particle hit position and extract the

efficiency SPS (120 GeV )

* An FE-l4 that provides a fast, region-of- e coinsar (VW
interest (ROI) selective HitOR trigger, with
25 ns hit-timestamp granularity

« Afast (<10 ps) and low jitter timing
reference (microchannel plate, MCP) is :
used to extract the timing resolution, read &
out using oscilloscope |

 AIDA-TLU (Trigger Logic Unit) is used for

trigger generation, synchronization and T 2
distribution HGTDTestBeamPublicPlots

MIMOSA 2
MIMOSA 3

The ATLAS High-Granularity Timing Detector for the HL-LHC, Tao Wang, INSTR 2026

== Beam

MIMOSA 4

MIMOSA 5

MIMOSA 6
MCP

DESY (5 GeV ¢e")
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L GAD sensors: test beam results

* Charge collection, timing resolution, and efficiency are measured for unirradiated and irradiated

Chargempv) [fC]

10F

0

0

SENSOrs

neg/cm? and show strong radiation tolerance
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Unirradiated: Satisfy the > 15 fC charge and < 40 ps time resolution requirements at low bias, > 99% efficiency
Irradiated: Maintain > 4 fC collected charge and < 50 ps time resolution, 2 95% efficiency up to 2.5X10"°
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ATLAS LGAD Timing Integrated Read-Out Chip (ALTIROC)

ALTIROC-A

* 130 nm CMOS technology from TSMC

* 15 X 15 matrix matched to the LGAD pixel matrix

 Timing measurement: Time of Arrival (ToA) with 20 ps least significant bit (LSB) and
Time over Threshold (ToT) with 40 ps LSB

 Luminosity measurement: per-bunch luminosity as number of hits in two windows

* Requirements

Wi1 w2
- Power dissipation<12W e
. Jitter < 25 (65) ps for 10 (4) fC o |
ATLAS HGTD Preliminary TID March 2025; Board 105; With External R
« Minimal detectable charge of 2 fC with > 98% eff. @ 4 fC . e ws mo ;o we we oo wn oo B

« Radiation hard up to 2 MGy

 Roadmap: ALTIROC 0 (R&D, 2016) -1 —>2 — 3
— A (Production, 2025)

» Extensive efforts in characterization, around R e
2000 ALTIROC-A ASICs prObed Mo;é details /11175 Steffie’ sf‘élk that comes after h - .T'mlﬂa;;ﬁ
HG TDPublicPlots

Jltter° =10fC
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ALTIROC test PCB
ALTIROC: test beam results e o X zen
" read out with Xilinx ZC706

and interface board

e The DUT consists of an ALTIROC-A that's N P
bump-bonded to a pre-production sensor I s o
. '] O L == Beam
and wire-bonded to a test PCB S B> >
ey m . . 2 b
e Xilinx ZC706 FPGA board with a dedicated
interface board is used for DUT readout
* Resulls: L e wo ] B ATLAS HGTD Test Boam Promnary -
é :_ ey 2025 Thr;ﬁm ?3?1 ........................................ ...... z:.i.i:jr :u: ....... 5 E pri 5 . . P- s_ensor °-_350 |
o CERN SPS (_350C) BeSt tlme resolutlon % 56:— i-ll-_;af':aeh?}rj:;nme vd.*alkmrreitlgni E;;z?imz C:mn 352.5_—4LSB Data Callbratlon+tlme—vl/raillr(nceorrl"z:;c-)n _
= saf : | - & 500 CERN SPS -

Of ~36 ps (Unlrradlated) Wlth B1 10 Compared 54: ..... DESY .................. ...................................... ‘ e ........................................ .................................

e

tO ~3 0 ps from Se nsor O n Iy teSt bea m resu ItS 52;_ .......... =. ........... ‘ ............... . : .............................. ................................. _; 475 ;_ T _;
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b TR TR e e D .. ...................................... o B e
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- DESY (15°C, ambient): Best time resolution - . SO R— R

of ~44—-45 PS across the tested DUTs 452_ _____________ ________________________________________ . ______________________________________ ________________________________________ j_:;_f,';.‘r‘.«j,.‘i .......... - . v :

o = o S L - T ;

* ALTIROC-A demonstrates excellent timing ::_ _____________ _ o e o 3 wsp—4— Threshold:4.0fC :

performance A AP I IR IO IV INPSPY Sk L ol GO (O SR S
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Bias Voltage [V] '
HGTDTestBeamALTIROCA High Voltage [V]

More details in Steffie’s talk that comes after
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L GAD modules

Module assembly: &1

An LGAD is bump-bonded to an ALTIROC |
to form a hybrid

Two hybrids are glued onto a module flex
to form a module

Both LGADs and ASICs are wire-bonded to
the flex, with FPC connector linking to
peripheral electronics

Assembly tolerance: ~100 ym

Entering production phase, with >120 of [EHEtHs
8032 modules assembled and tested  [& (SR N

20WMOMP3000017 - PP_FM17 - Chip HV
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Connector

Components

Module FLEX

Wire-bonding

HV wire-bonding

Bump-bonding
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Module

Module: test beam results read out with Xilinx ZC706

 DUT: ALTIROC-A full module with pre-
production LGAD sensors

* Readout done by a Xilinx ZC706 FPGA
board through a dedicated interface board

« HGTD-designed flex tails connect the

== Beam

MIMOSA 2
MIMOSA 3
MIMOSA 4
MIMOSA 5
MCP

] ATLAS HGTD Test Beam - I ——
mOdU|e to the Inte rfaCe bOa rd g 500 October 2025, FM03/B3W1 sensor, Chip 0 (HV: 115V, T: -35°C, Threshold: 4.0 fC) —1 Q%TE:_ ATLAS HGTD Test Beam |
. oo 8] Sy iy e cooo
[ Resu ItS ] =00 — o3 o[ 1LSB Data Calibration + timewalk correction + MCP/clock jitter correction
g Efficiency g i
« . : : : i S Ime res.
« Efficiency: > 98% in the gain region® 2o gk CERN
- . 60 - HH"::HH‘E“‘H
 Time resolution (-35°C): < 50 ps for ° : T
highest bias voltage point 200 g
~400 50 e
* Both meet the HGTD performance @ 203 ~E
n —-600 . 45—|||Ixelll|,,,,|,,,,|,,,,|,,,,|,__
reqUIrements 600 400 200 0 200 400 o 600 -0 -3 7100 109 g Voltage [V]
HGTDTestBeamALTIROCA e
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Peripheral Electronics

Peripheral Electronics Board (PEB)
locates at the rim of HGTD disk

22-layer High-Density Interconnect (HDI) PCB
with radiation-tolerant design

6 different designs to cover the geometry, total
required PEBs: 160

Built with IpGBT chip (data aggregation) and
VTRx+ (optical link), both developed by CERN

Provides power and interconnect the HV,
control, monitoring, clock and data transfer
from modules to data acquisition (DAQ) system

~63 Gbps data rate per PEB 1

Roadmap: Modular PEB (2022) — PEB 1F
prototype (2023) — Pre-production (2025)

Count

The ATLAS High-Granularity Timing Detector
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2
0 10 )
Skew and jitter for PEB
8 e 8 clock signals connected
6 R to a module within the
4 4 expected limits
2 2
0

4
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Jitter (ps)

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 8 9
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ATL-HGTD-PROC-2024-003
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Data Acquisition (DAQ) e

PLL

o Off-detector DAQ in USA15 LTI |

Flex

|
| 5 PEB/quadrant
|

CTP: 1/ system FPGA

; I VTR IpGBT

«  The optical links from the PEB (VTRx+) are ' """ T % 4 layer
collected by FELIX-155 I T . |

I

»  Two data streams: timing (TOA/TOT for each 1 | o %
|

A f—e—> j rrea

hit per triggered event) + luminosity (bunch-by-
bunch hits). Each stream is received by FELIX- TC link T

PLL ‘ |

Off detector ! On detector
| LHC Clock

« Data Handlers aggregate FELIX data packets MMM
: . CTP: Central Trigger Processor
them to the ATLAS Dataflow system for event

building

Y Y Y X XY XX N
xr st x x| RF cavities

155 flashed with corresponding firmware =

HGTD clock/trigger chian (from L. D'Eramo)

: PEB Flex talil Modules
 DAAQ software under active development

= Fibers

FELIX-155

VTRx+ HGTDPublicPlots
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HGTD test beam on DAQ

* Test beam at SPS in July 2026:

* First time with ATLAS phase-ll equipment for
trigger/clock distribution (LTI), chip readout and

== Beam

MCP

MIMOSA 2
MIMOSA 3
MIMOSA 5
MIMOSA 6

calibration with PEB and FELIX, and full end-to-end | |
luminosity readout LU > Triggerpath
 Almost everything in the HGTD clock and trigger |} |1y ==77======= g EL;c:namn:'iand path
chain, with latest HGTD DAQ software m —{ CELIX E[ PEB } » Data Path
* Testing

« DAQ software

* Clock and trigger chain

. Timing performance including effect from LTI, * Test-beam data analys_ls ongoing for both timing
FELIX, PEB (compared to module test beam) performance and luminosity measurements

« Luminosity measurement performance * More test beams on DAQ planned
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HGTD Demonstrator

First generation demonstrator (ALTIROC 2+ 3)

* st generation demonstrator assembled with sV T S v T vt
R&D modules of type ALTIROC-2 and 3 | Coolyng ;{ate S Ve NN o CO?
« Test of the installation procedures, PEB i | R\ 5 - |

QI ER

readout (JINST 19 (2024) C12012), cooling,
DCS (Detector Control System)

« 27d generation demonstrator to be

assembled in 2026 .
| DAQ and DCS Rack DCS interface
 ALTIROC-A modules: full study of the final .
system performance - e o =T
* A one-side full quarter of HGTD (Module-O)
will be built in 2026 -

* Practice full scale test
and integration
procedures

L L A

Cooling box

H G TDPubIICPlotS
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https://iopscience.iop.org/article/10.1088/1748-0221/19/12/C12012
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HGTDPublicPlots

Summary

HGTD provides precision timing (30-50 ps per track) in the forward region (2.4 < |n| < 4.0),

primarily to mitigate pile-up at the HL-LHC
R&D phase completed, with performance within specification, project now entering
(pre-)production:

LGAD sensor: In production, ~10000 of the ~16000 has been fabricated

ALTIROC-A chip: In production, ~2000 ALTIROC-A ASICs probed

Module: Entering production, >120 of 8032 modules assembled and tested

PEB: In pre-production, with features ready

Complete system exercised on the demonstrator: PEB, FELIX DAQ, and DCS all working
Next up: 2"d-generation demonstrator (ALTIROC-A) and Module-0 (one quarter disk), finish

construction
2020 @ 2022 2023 | 2024 | 2025 | 2026 2027 | 2028 | 2029 | 2030 | 2031

T[:)R R&D Prototyping Construction Installation Commissioning Operation
——

Roadmap from K. Tariq, 14th Beam Telescopes and Test Beams Workshop
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https://indico.cern.ch/event/1594436/timetable/?view=standard_inline_minutes#6-atlas-high-granularity-timin

Backup
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SPS and DESY setup

ATLAS HGTD Test Beam ATLAS HGTD Test Beam
October 2025, FM03/B3W1 sensor, Chip 0 (HV: 115 V, T: -35°C, Threshold: 4.0 fC)

October 2025, FM03/B3W1 sensor, Chip 0 (HV: 115V, T: -35°C, Threshold: 4.0 fC)
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HGTD PEB design

HV/return ground HV/return ground

Vddd/gndd

bpoll2V
12V->1.2V
Wils/onde Jm- 12v/ground

Fast cmd & .
clock & reset Timing data
P - [ <
Timingdata | _ IpGBT DAQ .
e m
- lumi

Lumi. data
Interlock

Monitoring
probes/vdda/
vddd/gnd/NTC

T
i

Front-end

SRt Off detector

Peripheral Electronics Board
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  𝜇 = 𝟐 𝟓


   ⟨ 𝜇 ⟩ = 𝟐 𝟎 𝟎


  7 . 5 ×   10  34   cm  − 2  s  − 1


   𝜎 z  vertex ~ 5   mm


   𝜎 z  vertex ~ 0 . 6   mm


  2 . 4 <  | 𝜂 | < 4 . 0

