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High Luminosity LHC

High Luminosity LHC (HL-LHC):

https://hilumilhc.web.cern.ch/content/hl-lhc-project
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ATLAS detector challenges at HL-LHC

]
= ATLAS Simulation i
* Expected pile-up in the ATLAS detector: <p> =200 interactions per bunch crossing 2 [ ]
: s 08| .
(on average 1.6 vertices/mm) g i _ 30 .
* Highestrates in forward detector regions, where tracker resolution is poorest: 06fF | =200 .
correct assignment of tracks to vertices becomes challenging H ]
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pile-up rejection and vertex reconstruction 0.2 S
0 3 L ..I,...l;;..—
0O 05 1 16 2 25 3 35 4 45 5
Plots: HGTD Technical Design Report (2020) ¥ 5 ;

https://cds.cern.ch/record/2719855/ p"eup densny [vertlceslmm]
: r . 5 TR et N RN PINF. RN O TN O 0 T O A A T
P ATLAS = ATLAS Simulation Gy | ATLAS Simulation :
‘ - Single u, ITk Layout, 50 x 50 um?, analogue clustering 5 206 Nominal Tk resolution —PU interaction |
i E E n BHS interacton ]
L = B * i
= = p =1GeV Ny £oa|- ¥ W * ; -
- 4P =10GeV "l,-l E S o * *ﬁ*ﬂ** | :" & % E
B JY . 02 a g * #a xR P o n
E - . - ‘f -1 * &* * #* % o 5 4
- s e A_“" o * :* : . :‘f.,?" *Hﬁ “ﬁ P i
- I‘.'{'I A-AA st Bl - “:”:ﬁ:* . ?:g *:ﬁﬁﬁ g :
A-AA - %, R o _i
:i'-l "'"" _— AA : R :_ = ** . " # k4 ‘i : # * n"'ﬁ k. * 1
E A AJA:A» HGTD acti -04 - * * * =
o"*’"_ﬁfgi':"_“% 8T 25 3 85 4 : i :

} . [ ; oL+ VR ) 1 YRR NN T R TN
true track I’I]I =ie e . 5':’Trmh Inlamcﬁo1nozolmm}
z-position (ITk)

ATLAS August 28, 2025 VERTEX 2025 - ATLAS HGTD project status and results - D. Dannheim 4

EXPERIMENT



High Granularity Timing Detector

HGTD Technical Design Report (2020)
https://cds.cern.ch/record/2719855/
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High Granularity Timing Detector (HGTD):

Placed between Inner Tracker (ITk) and Liquid Argon Calorimeter
Active area coverage: 2.4<|n| <4.0

Consists of 8032 modules (2 LGAD sensors + 2 r/o ASICs each)
6.4 m?2 of silicon sensors

Radiation hardness requirements (with replacements of the
inner and middle rings):

+ Maximum fluence: 2.5x10%® n.,/cm?; TID: 2 MGy
Operating temperature -30°C (CO, dual phase cooling)
Two instrumented double layers per side
Overlap between modules on all rings

Track-time resolution: 35 ps (start) - 50 ps (end)
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Performance improvement with HGTD

60

50

PU Rejection Improvements [%)]

30¢ c g 2
- £ 2 g+ g
207, , 5t SEZ £
T S . -
10 =
:u PN TN N N N T T S N [N T T T [N T T YT [N T Y YT (NN ST S AN W |:
00500 1000 1500 2000 2500 3000 3500 4000

IIII[IIII

ATLAS Simulation

VBF H — invisible, {(u)=200
85% HS efficiency

—e— 30 GeV <p’ <50 GeV

---@-- P > 50 GeV

Integrated Luminosity [fb™]

HGTD Technical Design Report (2020)
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* Track-timing information from HGTD will allow for recovering the performance in the forward detector regions:

Improved rejection of pile-up

Increased lepton-isolation efficiency

» HGTD also allows for measuring the luminosity bunch-by-bunch (hit counting at 40 MHz), <1% accuracy
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The HGTD LGAD Sensors

Low Gain Avalanche Detector (LGAD) » LGAD Technology:

technology utilized forHGTD  <=eefeemieees = e N-in-P diode structure

15x15 pads “Regon”  extra p-type gain-layer for moderate
Pad size: 1.3 mmx1.3 mm il E gain 10-40

3.6 M channels o ' - Fast rise time and larger signal-to-
Physical / active thickness: 775 pm / 50 ym p-type Bulk noise ratio

~22k sensors to be produced __::____g:__:__ | - Excellent time resolution

8” sensor wafer

—_— Anode
w Ring

(52 sensors) _‘ -

LGAD sensors requirements:

* Hit-time resolution: 40 ps (start) - 70 ps (end)

* Collected charge per hit: 10 fC (start) - 4 fC (end)

* Hitefficiency: 97 % (start) - 95 % (end)
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LGAD radiation effects

. LGAD signal vs. bias voltage LGAD time resolution vs. bias voltage
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HGTDPublicPlots

LGAD performance degrades with radiation exposure due to a loss of gain

Recovered by increasing the bias
* Limitimposed by Single Event Burnout (SEB) effect (local breakdown of electric field) =2 V,,,,~550 V for 50 pm thickness

Carbon enriched gain layer to reach lower operation voltages and thereby improved radiation hardness.
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LGAD sensor production and QC

https://indico.cern.ch/event/1386009/contributions/6279120/

Reticle
( . Qualification Control Test Structure (QC-TS)
* Pre-series production of a total of 117 wafers (8”)
(5% of main production, 1100 sensors) recently concluded
e Sensors from two vendors: IHEP-IME and USTC-IME Mfzilgiigim MOS Capacitor
* Systematic electrical measurements on all main sensors - —— N
to extract leakage currents and breakdown values L ‘j
* Electrical measurements on dedicated quality-control test structures (intgfsg‘(\fgap)
(QC-TS), to monitor various technological parameters -
. QC Device Parameter Description Technique used
* Irradiation tests on main sensors and QC-TS vl Gain layer depletion oy
voltage
Vfd Full depletion voltage of the
device Cv
Probe-card measurement on main sensor Probe-card measurement on quality-control test structure (QC-TS) Single LGAD  1BVId e b
Vbd Device breakdown voltage i
Cpad Electrode capacitance C-v
Vbd Breakdown Voltage -V
lleak Leakage Current -V
tox Oxide Thickness C-v
Vb Flatband Voltage C-v
R sheet Sheet Resistance for N R
= implantation
R sheet Sheet Resistance for P R
= implantation
Rianont SheetA iﬁii‘:f;ce for IR
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ATLAS HGTD Preliminary

QC-TS pre-production results
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HGTDPublicPlots

ALTIROC-A

T = =3

The ALTIROC readout ASIC

e Discriminator threshold >=2 fC
 TDC with 20 ps binning

* Provides Time-Of-Arrival (TOA) and
Time-Over-Threshold (TOT) information

* Finalversion: ALTIROC-A (under test)
* Radiation hard up to 2 MGy

* ATLAS LGAD Timing Integrated Read-Out Chip
(ALTIROC)

e 225 channels matching LGAD sensor pixels
* 130 nm CMOS from TSMC
e Jitter:<25psat10fC (<65 psat4fC)

ALTIROC architecture

”“mp.lﬁer n——————— Jitter vs. cha rge for ALTIROC-A, detection threshold: 5 fC
Discr : : :
TOT Time to Digital H : n ..
> b —] Converter Range=20ns [— e Triggered Hit Matched Hit : — 60 ATLAS HGTD Prehmma\ry : ——————————— ——T
Bin=40ps i 9bits Hit Buffer 4 L) 3 1] - ) -
Vth : Selector Buffer -1 g L Vu=5fC,T=-40°C ~@- ASICalone 1+ Gl =3 pF -
TOATimetoDigital | | roa : 5 2 B ~®- ASIC + LGAD 1 ]
N C°nv°"§22333§=2'5”5 7 bits o — | g 50, - ~® - ASIC alone 2 FIB Columns + G = 3 pF —
i i : o B ~@+ ASIC alone 2 Non-FIB Columns + C/7' =3 pF |
: Luminosity Configuration 2 ‘\‘\.\ =1
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HGTD Technical Design Report (2020) L o i 3 i
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Contributions to timing accuracy

sensor read-out electronics

A
[

|

2 _ 2 2 2 2 2
Ototal = %Landau T Timewalk 1 %litter T °TDC T ?Clock

Landau Contribution:

e Jitter:

Fluctuations of energy deposition + charge Due to electronics noise in the

transport in the sensor

—> Mitigation: Small sensor active thickness Lise

(50 um), saturated drift velocity
9 OLandau 2 25 pPs

ATLAS HGTDTest Beam
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signal shape

> Ojitter= ~ 25 ps

Signal/
Noise

From: 1704.08666

Timewalk effect:
Time-Of-Arrival (TOA) depends on
signal amplitude

_ Vin
Signal

trise RMS
—> Can be corrected based on ToT

TDC:
From TDC binning / non-linearity

- Otpc LSB/m=6 ps

9 OlLandau

Clock:
Jitter of the 40 MHz clock
> OClock < 10 Ps
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https://arxiv.org/ftp/arxiv/papers/1704/1704.08666.pdf

Jitter Measurements

sensor read-out electronics

A

(
2 _ 2 2 2 2 2
Ototal = %Landau t “Timewalk t Zlitter T 9TDC + “Clock

Infrared laser (1064 nm, sub-mm focus) used to determine jitter
Uniform deposition of constant energy in the sensor

- Landau and Timewalk contributions negligible

Time reference: precise signal (3 ps jitter) from laser driver

Jitter measured to be ~25 ps

- Consistent with ASIC test-bench measurements

ATLAS HGTD Preliminary

Er T I T T T T ( T T T T I T T T
- Laser measurement
[ Sensor bias: 190 V

Ot :26.12 £ 0.32 ps
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TDC bin corrections

* ToA measurement based on Time-to-Digital Converter (TDC)
* Quantization error given by TDC quantization step size
(Least Significant Bit = LSB)
* Nominal LSB value: 20 ps
* Observed LSB shows variations over the 128 ToA bins
from Differential Non Linearity (DNL)
* LSB values depend also on temperature and stability of power supplies
- Several methods developed for in-situ calibration of LSBs per-pixel:
* Internal charge injection in ASIC
* Data-driven calibration from high-statistics test-beam data sets:
* Either one global LSB value per pixel
* Orone LSB value per group of 32 ToAs
—> gives best results

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HGTDPublicPlots
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Timewalk Correction

* Timewalk effect: TOA depends
on signal amplitude
(at constant threshold)

- ToA and ToT are correlated
e Use correlation to obtain correction

* Time-walk effect largely reduced

T & t t [ & & F T [ §F t & & T T -+ ¢ +# ¢+ [ * & ¢t Tt [ & F T T [ F T
- ATLAS HGTD Test Beam Preliminary - ATLAS HGTD Test Beam Preliminary
. February 2025, B110/IHEP-IME sensor | February 2025, B110/IHEP-IME sensor

300 HV: 128 V, T°: 18 °C, Threshold: 7.2 fC - HV:128 V, T°: 18 °C, Threshold: 7.2 fC

| After time-walk correction

| Before time-walk correction

l‘IFIIILIII:: I-I

after correction 100
Amplitude A 0
-100
=200 MPV of TOT bin
Threshold 1000 2000 3000 4000 o1 [;aioo 2000 3000 4000 TOT' [r')5scioo
d A: ToT t https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HGTDPublicPlots
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HGTDPublicPlots

Hybrid test-beam measurements -
ToA calibration

* Time resolution is extracted from residuals between ToA measurement and MCP-PMT time reference
(tracking not used - sample contains events from the pixel borders)

* ToAvalues are calibrated:
 LSB of TDC (from charge injection / data-driven)
 Time-walk effects (data-driven)

* Time resolution improves significantly when using data-driven methods
and accounting for DNL of TDC
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Hybrid test-beam

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HGTDPublicPlots
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Hybrid timing measurements ATLAS HGTD Preliminary
with B-source |

(o))
o

[ ALTIROC-A + IHEP-IME preproduction —¢— Sr-90 @ -30°C ]

[ Pixel 127 é— SPS TestB _35:C
[ Disc. thr.: 7.2 fC SFCATIGSTEDEMIE =eitth

(@)
o))

Sr-90 source (~ 30MBQq)

A a1
9] o
LI I N Y I Y I O B

Time resolution [ps]

i
o

Lo v v aa e v bl

35

| | | |
130 140
Bias Voltage [V]

| I |
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* Least Significant Bit (LSB) calibrated to 20 ps (charge inj.)
* Time-walk correction applied for DUT; CFD for MCP-PMT
* Time resolution: Std. dev. of Gaussian fit of TOAp 1 — TOAvMcp

» ~45ps achieved for 7 fC threshold,
consistent with test-beam results

MCP-PMT (time reference) ALTIROC-A + LGAD test board * Uniform behavior for all pixels
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HGTDPublicPlots

Module test-beam results

Wire-bonded HGTD module

* HGTD made of 8032 modules: 2 ASICs + 2 sensors, sharing one HV bias channel
* Module performance is studied in ongoing lab and test-beam measurements
Z i i * <50 ps timing achieved in test beam, after after calibration and time-walk
?32‘3%36” 4— —; correction and subtracting 4 ps contribution from bad clock jitter of about 20 ps
; > * HL-LHC 40 MHz clock is expected to have negligible contribution

Row
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.t (OPEE S S = Module test-beam time resolution
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S | ATLAS HGTD Test Beam Preliminary -=- Constant fit: 52.17 + 0.42 ps
c | April 2025, FM03/B3W1 sensor +10 band
) S | HV:110 V, T% -34 °C, Threshold: 8 fC TOA €[0.32]
Modu|e_occupancy in test beam % | 4 LSB Data calibration + time — walk correction TOA € [32,64{ |
ATLAS HGTD Test Beam Preliminary o r TOA € [B4.96{ 1
April 2'025,' FM'OS/B‘SW1‘ sensors, Chip 0 Iandj (Hy: 10|0 V,'T": -|34°C: Thrleshqld: 1]2.0 fG) i o TOA € [96,128]
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System-level tests

Thermal demonstrator

Full demonstrator - 1 peripheral electronics board (PEB)
connecting 54 modules on 4 support units + cooling

PEB1F  Flex tails

- CO2 cooling tests with realistic heat Ioad
DAQ demonstrator
o

Carrier board

Noise comparison demonstrator / test bench
]. 4 mOd'I.IleS p I.:. ! . '- o —— ZC706 @Room temperature, Mean = 0.32, std = 0.007
"""'" ' .! -ﬂ_ —— Demon @Room temperature, Mean = 0.36, std = 0.009
_ == _'"‘ i 0.8/ —— Demon @-35°C, Mean = 0.31, std = 0.007
5ol Q06
E { v
- il
\ \ \\
<l ., A ‘)\' |
FH26 FMC
- Testing readout path from module to FELIX "% 30 Wl 200
FPGA DAQ cards, using final components of JINST 19 (2024) C12012
the peripheral electronics boards (PEBs) - Tests of all components on system IeVQI, inCIUding HV/LV, interlocks
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Conclusions

HGTD under construction, to mitigate pile-up effects at HL-LHC

QC methods developed and validated for upcoming sensor production
Extensive testing of LGAD sensors, test structures, hybrids and modules
Sensors meet requirements for timing, charge, and uniformity

Hybrids and modules show good performance after calibrations,
down to ~40 ps

Moving towards system-level tests and detector construction

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

TISR R&D S Prototyping . Construction>InstaIIation >Commissioning Operation
>

=
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Additional material
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https://indico.cern.ch/event/1386009/contributions/6279120

Carbon implantation

® The reduction of effective doping in the gain layer is caused by the “acceptor removal” process
—LGAD gain reduction after non-ionizing radiation damage.

[M.Moll, VERTEX2019] High energy
- . “  Neutron/proton
nductionBand, | .  Conduction Band -«
Ec Si,+ B, B, 2 © 00 900
donor
+ [omr s =S8 2 AJ:
- sle ®©0 000
acceptor s
. p—— Bi+0> BO | “ pusmmmsmmmm 99099
N e caceesner porsmey s allel SR s et M ofoafCHolly Sl I8 AN e st e A o o @@@ e
® Explored use of different gain layer designs, doping materials and C-enriched substrates o 06 06 0 O
— B + C shows largest gain after irradiation (C; + O; = CO; competes with B; + O; = BO)) ififeial lattics
4 N
ol | ( Boron + Carbon ] m 5,
c 1 '.....,.._‘ v ‘ @ @ @ @
o o 3 v
§ o ST [ Gallium + Carbon ]
S R\ SOSD
< 06 | « W15 GarC <CV> E @
;g OW1LD <CV> S o ‘ Boron (Low Diff) ) @ ‘3@@@ @ m Si: interstitial silic
af : r ©0 00 ® © 0 006 0, .
-l g “{ Boron (ngh Dlﬁ)) sll Bs N Sl Bi + Oi - Bioi B.: substitutional boron
. OW14 Ga <CV> D N . . . .
1] Acceptor (Bg) removal in the gain layer after irradiation
o . ' ;
1.0E+413 1.0E+414 1.0E+15 1.0E+16 .
Fluence n_eq/cm2
\o
G.Paternoster, TREDI 2019
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HV wire to sensor

Th (] H GTD M Od u les Wire bonds back-side
| W -

An HGTD module consists of:

LGAD
* Two sensors (2cm x2cm) sensor 0000000000000 00
ASIC
* Two ALTIROC ASICs (2cm x 2 cm) ‘ \ T |
* A module flex Cooling plate ASIC bump-
. bonded to sensor
* Aflextail
FLEX tail
HV connector - .
Power and signal n disk
are routed to the Disk quadrant of
N <«—— peripheral the HGTD active

electronics region (24DUs)

An HGTD /

Peripheral Electronics Board (PEB)

through flexible =y
cables of different g
lengths (flex tail
gths ( ) Module
Wire-bonding " T >y Ve Module FLEX Detector Unit (DU) ——> %‘n
’ e
2 LGADs (2 x 2 em?) ‘Jz’ 50 " — I;II 7 l
i = = SRR
gLl
HV wire-bonding —
https://indico.cern.ch/event/1469148/contributions/6460347/
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HGTD radiation hardness

PEBs Modules

Inner Support Unit
3.5<n<4.0

Inner Ring:
70% sensor overlap

Middle Support Unit

2.7 <n<3.5

Middle Ring:
54% sensor overlap

Outer Support Unit

2.4<n<2.7

Outer Ring:
20% sensor overlap

https://indico.cern.ch/event/1307446/contributions/6047182/

Detector segmented into three independently replaceable rings:

15
q.,_3_5"11°. T ——— T
£ E ATLAS Simulation 1 Bl
o i 1 B
. 3 e Total I
wn r Neutrons 4 |9
- [« Other 1 I
[T . ="
o 25 ‘. '5.. o
g . .‘ ‘. =
; 2* : ‘ "}' ‘~ -]

8 - ‘ "'v ..

c L ] ey L ] "

o 1.5 Fray . —
-.;—J 1 \.' u-‘.' x\”’..

€ 1% T 3

< R .
=3 F
2 05F  'w ‘o
=) o~ O‘.‘ o tony ", 5
o— = 40 L LY
w al ,,.lu.ll‘:lf.l....1.".."'1.;

10 20 30 40 50 60 70
Radius [cm]

Maximum fluence 2.5 x10*5 neg/cm?
and 2 MGy at the end of HL-LHC
(after 4000 fb1)

% R
120 mm 230 mm 470 mm 660 mm
Replaced every 1000 fb* Replaced every 2000 fb* Can stand the 4000 fb**
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Single Event Burnout (SEB)

* Irreversible breakdown triggered by a large charge P
deposition at high operation voltages

* Triggered by a single particle

JTE
* Large energy deposits: electric field collapse in p bulk

presence of high concentration of free carriers

p++

* Observed in several test beam campaigns

e Common effort of ATLAS/CMS/RD50
collaborations: determine a safe operating voltage

 Systematically studied at HGTD test beams
e Safe operating zone: 11V/pm
- For 50pm sensor thickness: 550V

}iii'nmrll inthe CNM sensor after hTLAi H:ln m;g_,
Eﬁ!&c— eam - dimenslons are I'E_w I:émy.ﬁ{
“{crater'photo tiKen by CNMY . e 4""

Last bias[V]

~
[=]
o
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Source: L.A. Beresford et al. JINST 18
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® Sensors that survived
® Sensors|that broke
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