The ATLAS High-Granularity Timing
Detector for the HL-LHC:

project status and results
Frank Filthaut (Radboud University & Nikhef)
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The High-Luminosity LHC Phase
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HL-LHC luminosity roadmap (assuming “ultimate” luminosity profile)

Ultimate luminosity to be delivered by the HL-LHC: 7.5 - 10°* cm-2 s-
(total integrated luminosity at least up to 3 ab-7)

- up to 200 inelastic p — p interactions (“pile-up”) on average per bunch
crossing " driving motivation for HGTD
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Reconstruction challenges at (u) = 200
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Reconstruction challenges at () = 200

ATLAS Simulation
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Anatomy of a bunch crossing
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" HS efficiency

Interactions are spread not only in Z but also in # (RMS = 175 ps)

Exploit this by measuring also time of charged particles, at least for

tracks with high | 77|

 needs 0, K 175 ps

Design goal: 30 — 50 ps per track

- also other physics performance improvements expected (e.g. electron

iIsolation criteria)
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Anatomy of a bunch crossing

E‘ 08 T T | T T T T | T T T
[ — . . ]
s - AITLAS Simulation _
E - —]
;z 0.6 — — PU interaction —
2 L [ HS interaction 7]
8 L * i

204 * e * 1
£ 7L %« & _
£ k 2 x #H =
E B ¥ % T X % e -
02— e J * —
- *, K w ’;@ # Ky f % -
B Y * s *§ e % g 1
0l— oo T g R w, W —
B T K K IR g o * % .
: * % g’%\{*w ﬂj{ e § e %’ :
-0.21— % * g‘fm : * N %, N ]
B xR * Ky ]
L * * .
-0.4 * —
B ¥ _
_0 6 B 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 i
: -100 -50 0 50 100

Truth Interaction z [mm]

PU rejection

ratio

L L AL
160—ATLAS Simulation
— VBF H — invisible, (u)=200
140730 Gev < p <50 Gev
120 — 24< Injetl <4.0

3
”
”
‘2

100
80}
60
40
20

—— 1Tk
=== [TktHGTD
-------------- ITk+HGTD
ITk+HGTD

Timing scenario "Initial"

(self-tagging only)
(t, only)

15

" HS efficiency

Interactions are spread not only in Z but also in # (RMS = 175 ps)

Exploit this by measuring also time of charged particles, at least for

tracks with high | 77|

 needs 0, K 175 ps

Design goal: 30 — 50 ps per track

- also other physics performance improvements expected (e.g. electron

iIsolation criteria)

F. Filthaut, the ATLAS HGTD, EPS-HEP 2025



The High-Granularity Timing Detector

Coverage: 2.4 < |n| < 4

z| =8.5m, Az =75 mm

* plus moderator (50 mm)
«120mm < r < 640 mm
Achieve desired o, by up

to 4 independent time
measurements (~2 on average), each with 45—70 ps resolution

Technology: LGADs (15 X 15 pads of size 1.3 X 1.3 mm2, 50 ym thick active

region)

- arranged on 2 disks each instrumented on both sides =)

« 3.6 M channels; occupancy < 10%

. radiation tolerance: 70% seneor overia 50% sensor overlap 20% sensey cverlap
2.5-101 Ny cM2, 2 MGy

- operation @ -30 °C N A |

N\ AN

120 mm 230 mm 470 mm 660 mm

- arrangement in 3 rings; expect to replace innermost rings in LS4 (in backup)
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Modules and readout

Connector

Sensors bump-bonded to ALTIROC ASICs  cemeerert

Module FLEX

« 8032 modules: 2 sensors + 2 asics + flex

HV connector

- flex tails carrying HV, LV and signals .
to/from peripheral electronics boards (PEB)

w HV set |nd|V|dua”y fOI’ eaCh mOdU|e, to ASICs N HV wire-bonding
accommodate radial dependence of fluence

LGAD (4 x2cm?)
(now split)

Bump-bonding

- Sensor temperature (-30 "C) to be maintained
by evaporative CO2 cooling manifold in disks flex tails (up to ~ 70 cm)

- 6 different PEB types
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Modules and readout

Connector

Sensors bump-bonded to ALTIROC ASICs  cemeerert

Module FLEX

« 8032 modules: 2 sensors + 2 asics + flex

HV connector

- flex tails carrying HV, LV and signals .
to/from peripheral electronics boards (PEB)

LGAD (4 x2cm?)
(now split)

a HV set |nd|V|dua”y fOI’ eaCh mOdU|e, to ASICs HV wire-bonding
accommodate radial dependence of fluence Eiini - by

- Sensor temperature (-30 "C) to be maintained
by evaporative CO2 cooling manifold in disks flex tails (up to ~ 70 cm)

- 6 different PEB types

- PEB-1F produced and used
In tests

- detailed design of other
types ongoing
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Sensors

Low-gain avalanche detectors (LGADSs):

.62 2
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- pad size (1.3 X 1.3 mm?2) and thickness (50 ym)
compromise between rise time, capacitance,

fill factor

» requirement: X 20 gain (10 fC) before,

X 8 gain (4 fC) after irradiation
Series production by IME (China) has started

Cathode
Ring

[ e
Avalanche
T Region
e .O h
Depletion l
Region
p-type Bulk

—_——— 4

Anode
Ring

- QC done by probing wafer (Vbd, lieak), then on test structure adjacent to

each sensor
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QC-TS
F. Filthaut, the ATLAS HGTD, EPS-HEP 2025

charae P veraus bias voliase 25015 D) Preliminary Test Beam

b el L e L L L BRI L LI B IR B

2, | -®- FBK-UFSD3.2-W19 (-46 to -26°C, DESY 2022)

§17'5: -4- USTC-IMEV2.1-W17 (-43 to -29°C, DESY 2022)

© 15.0f -*- IHEP-IMEv2-W8 (-20°C, CERN SPS 2021) .

(@) 5 ]

& 125} E

© 5 Irradiation = 2.5x10'nggecm2
10.0F =& eq -
7.5F .
5.0f

n
(&)

o
o

Lk .
%
T v

T ]

| \ \ \ L

Lo

e by b by b 1l
300 350 400 450 500 550
Bias Voltage[V]

N B
200 250

Time_lr(e)sf)luti:)nTe;sus_bi;s voltage 2.5¢15 Preliminary TeSt Beam
o — e e
é i -@- FBK-UFSD3.2-W19 (-46 to -26°C, DESY 2022)
S 90f -¢- USTC-IMEV2.1-W17 (-43 to -29°C, DESY 2022) |
= - -%- IHEP-IMEv2-W8 (-20°C, CERN SPS 2021)
5 80f . .
(O] - -
—_ = 9%, ]}
) 70» = . —
£ - -
= 60} Hex =
i - + L)
50} .+ ‘“ \ + .
B e _ )
sl Irradiation = 2.5x1 0'°ngqecm=2 B
30: | | | | | | | L]

200 250 300 350 400 450 500 550
Bias Voltage [V]
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Sensors

Low-gain avalanche detectors
2
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Sensor testing

Laboratory tests using 9Sr e-:
carbon-enriched gain layers
allow to satisfy requirements
after irradiation at much lower
bias voltages than non-
enriched gain layers

* need to maintain average
electric field < 11 V/um to avoid

single-event burnout m Vias not
to exceed 550 V

- more information in backup

F. Filthaut, the ATLAS HGTD, EPS-HEP 2025
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ATLAS LGAD Timing Integrated ReadOut Chip

ALTIROC asic (TSMC 130 nm CMOS): 4 —
» time-of-arrival (TOA) + time-over-threshold 2w Lo
(TOT) data per channel, [ e
transmitted upon L1 trigger TS| | AmROC pivel T
\\iriloglFEri)rGrrIu PAIRT S //’
* Vernier delay lines (120 ps, 140 ps) TOA TDC e

 TOT for time-walk correction

ALTIROC

) | :
| | | [

EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC
Trigger
Table

BC

22 mm

- requirement for jitter to 0,: < 25 ps

* integrated temperature measurement

with o = 0.2 K + calibration between
fills to maintain resolution at system level

Luminosity

Data
Formatting

Counter

Hit Data Serializer
At 7

* < 300 mW cm-2 (+ sensor: < 100 mW cm-2)

Fast Command Unit %
o

to satisfy cooling power budget (20 kW/side) 1| | — s ;\
fast command elink 320MHz 12C link 320Mb/s, §4‘(()lt\gbléch;rTl.28Gb/s 640M|t;/GsBe1I-ink to
» per-sensor hit multiplicity @40 MHz, for -
N . . . , W1
luminosity counting (only used in outerring) . J | | .
- separate readout path . i

F. Filthaut, the ATLAS HGTD, EPS-HEP 2025 9



ALTIROC status

Series production of ALTIROC-A asic about to start; wafer probing QA/
QC criteria

- compared to previous versions, this exhibits a much better controlled TOA

(13 b' = )
|n SIZG TOA TDC's quantize binning as a function of the occupancy for pixel 0
—o— ALTIROC2 ATLAS HGTDpreliminary

ALTIROC3
—e— ALTIROCA

N
(@)]

* lengths of wire bonds minimised to limit I"R
voltage drops

- cross-talk between TOA_busy and TDC lines
removed

N
w

N
B

A\

N
N

TOA TDC's guantize binning (ps)

- test beam studies carried out using TOT 5% 45—
. c Occupancy in %
for time-walk correction e

ATLAS HGTD Preliminary Testbeam
T T T T T T T T I T T T T ]

5 4 46 pS reaChed for % 6000 ATLAS HGTD Preliminary Testbeam _g - ] | ]
tracks in the central ¢ ¢ R ortspiive ]
part of the pad = 400" -

& 5000 - - - -
d : < == L . ]

o ~ 50 pS Wlthout thIS : 4500;: 5:__7 300:— 'EAAJ-YSTOA aftert.\(v.corref:t[on —

selection of tracks s000° -~ — 200 -
C I
F e S . e

- verified luminosity ~ * - B e w ) _

hit counting 3098665000 5000 4000 5000 6000 R T T o e RO
TOT [ps] A T (ASIC, MCP) [ps]
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Module and detector unit production

Module construction:

* bump-bonding sensor to asic
-

» wire-bonding two asics to module flex (distribution of *_
power & control to asics, collection of digitised data, e
low-pass filtering of bias voltage)

Detector Unit construction:

* mounting of individual modules under support
structures

- completed DUs to be fixed to support disks
(cooling plates)

F. Filthaut, the ATLAS HGTD, EPS-HEP 2025 11



Demonstrator & test beam efforts

Aim: first test of full system slice (LV + HV + PEB + ALTIROC2/3 DUs +
cooling + preliminary detector control system) in cold box ("= -30 °C)

o~ &
™

by VS

"

%

.. ! : j s

Preparing for second iteration in summer

* representative enclosure (Faraday cage), grounding & shielding tests,
ALTIROC-A performance tests

To be followed by Module-0 construction (1/4 disk) in early 2026

F. Filthaut, the ATLAS HGTD, EPS-HEP 2025 12
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Conclusion & outlook

The HGTD will yield track time measurements with a resolution of
30—50 ps in the forward region 2.4 < || < 4

- expect important benefits from suppression of pile-up tracks & jets

- also provides an independent measurement of bunch-by-bunch
iInstantaneous luminosity

The project has mostly left its development stage, and has entered the

(pre-)production stage for its critical elements: busy (construction)
times ahead!

?’1- ~ ~

F. Filthaut, the ATLAS HGTD, EPS-HEP 2025
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Bonus



Assembly

Double sided
layers

HGTD in ATLAS

Peripheral
Electronics

CO2 cooling
manifolds

Front cover

F. Filthaut, the ATLAS HGTD, EPS-HEP 2025

\

EC LARG
Cryostat \

Moderator/
Inner part

Moderator/
Outer part

Back cover
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Single-Event Burnout

Sensor mortality observed in test-beam campaigns (not in laboratory

measurements):

- associated with anomalously high energy deposits (Landau fluctuations) by
ATLAS HGTD Preliminary

single tracks

(2019 DESY TB: 5 GeV e")

From subsequent tests
(“mortality test-beam”):
« ~ 80 sensors

 identified “safe zone” as
having average electric

field < 11 V/um

F. Filthaut, the ATLAS HGTD, EPS-HEP 2025

ATLAS HGTD Preliminary

FBK-UFSD3.2 (2x2, SPS) "
survived
HPK-P2 (5x5, SPS) .-

‘e
FBK-UFSD3.2 (2x2, SPS) _ o
HPK-P1 (single, DESY) @ SAFE ZONE
<11V/um

The line is is a fit: Vggg min=K - thickness
k=12.1 V/um

End-Of-Lifetime Test beam results 2021 (DESY, SPS)

10 20 30 40 50 60 70
thickness [um]
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Time resolution versus radius

Replacement plan (before elimination of long LS5)

* Innermost ring replaced after 1 ab-1, 2 ab-

- anticipate technology improvement

» middle ring replaced after 2 ab-

Present understanding:
» LS4 occurs after ~ 750 fb-1

* replacement strategy to be revised

F. Filthaut, the ATLAS HGTD, EPS-HEP 2025

Time resolution vs radius
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Physics performance gain

Suppression of pile-up jets in VBF
event topologies

- “self-tagging”: consistent time
measurement of a jet’s tracks

» Iy- use only tracks with times
compatible with hard-scatter 1,

- requires 1, to be determined
m lower efficiency

Efficiency of track isolation
requirement for forward ¢

: Z pr,i/pr. <0.1
iEAR<0.2

More detailed performance studies ongoing
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