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Outline

ALICE
« ALICE Upgrades and FCC-ee common challenges
 ITS3: ALICE vertex detector upgrade for LHC Run 4
 Ultra-thin, truly cylindrical, wafer-scale MAPS
« ALICE 3: future heavy-ion experiment for LHC Run 5 and beyond
« Compact all-silicon MAPS tracker, from 5 mm to
e Conclusions
)
RG T




ALICE Upgrades and FCC-ee common challenges

» The ALICE silicon upgrades planned for LHC LS3 and LS4 and the FCC-ee vertex and
tracker detectors are targeting similar performance

Can the R&D for ITS3 and
ALICE 3 serve as a stepping
stone for FCC-ee vertex and
tracker detectors?

ECFA Detector R&D Roadmap

Vertex
detector?

Tracker®

. Must happen or main physics goals cannot be met . Important to meet several physics goals
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Desirable to enhance physics reach @ R&D needs being met
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https://cds.cern.ch/record/2784893

ALICE Upgrades and FCC-ee common challenges

ALICE

» The ALICE silicon upgrades planned for LHC LS3 and LS4 and the FCC-ee vertex and
tracker detectors are targeting similar performance

Target performance ITS3 ALICE 3

Position precision 5 um 2.5 um 3 um
X/X, per layer 0.09% (average) 0.1% 0.3 %

0.07% (most of active region)
Power consumption 40 mW/cm? (active region) 20 mW/cm? 50 mW/cm?
NIEL 10%3 1MeV n,, /cm? 10'©1MeV n,, /cm?(LOL *)  ~ 6 X 10'?n,, /year
TID 1 Mrad 300 Mrad (LOI, *) ~3.4 Mrad/year
Maximum hit rate < 10 MHz/cm? 94 MHz/cm? 400 MHz/cm? (*)

* = being revised
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ALICE silicon tracker development path d,

ALICE

ALICE 2 ALICE 2.1

LHC LHC LHC 1 i | LHC
| LS2 l 3 Run 4 LS4 i

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

ITS2 ITS3 / ALICE 3

Muon chambers
FCT

LS3

P

Absorber ECAL
Magnet RICH

Cylindrical
Structural Shell

Half Barrels

Beam pipe

TOF
Tracker

Vertex detector

ALICE Upgrades LOI: CERN-LHCC-2019-018 LOI: CERN-LHCC-2022-009
during LHC LS2 TDR: CERN-LHCC-2024-003 Scoping Document in preparation o
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ALICE silicon tracker development path

ALICE 2 ALICE 2.1

LHC LHC HC LHC
LS2 K LS3 Run4 LS4 g

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

ITS2 ITS3 / ALICE 3

P

Absorber ECAL
Magnet RICH

Muon chambers
FCT

Cylindrical =
Structural Shell 7

Half Barrels

Beam pipe

_— TOF
Tracker
Vertex detector

ALICE Upgrades LOI: CERN-LHCC-2019-018 LOI: CERN-LHCC-2022-009
during LHC LS2 TDR: CERN-LHCC-2024-003 Scoping Document in preparation o
P
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ITS3 layout and material budget

3 layers of curved, = 50 um thick, wafer-scale MAPS in TPSCo 65 nm CMOS process
* Replacing ITS2 Inner Barrel (innermost radius reduced from 24 mm to 19 mm)

Each half-layer made of one wafer-size flexible sensor

In-silicon data transmission and power distribution

Minimal carbon foam support structures

Air cooling

LO [r] = 19 mm
L1[r] = 25.2 mm
L2 [r] = 31.5 mm

Cylindrical support structure

—0.35
o\o . g £ ] . . . .
Foa. [TRO M1 Zom0 |1 Minimal material budget: Half-layer
= ( X/ X, )=0.086 % E ~009% XO on average sensor
0250 ---- [ Carbon Foam . o
' 0 Glue * Uniform ~0.07% X, on most 3
Silicon . of the acceptance Half-ring ongeron
O N OO OO S T » Longerons at the equatorial §
long edges of the half-layer
............................................. « Half-rings at the bent ends : Beampipe ~
of the half-layer ha &
@ (rad)
Gy
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ITS3 chip development plan

ALICE

Multi-Layer Run 1 (MLR1): first MAPS in TPSCo 65 nm CMOS
» Transistor test structures
* Analog and digital test structures .
» Achieved goal: full process qualification

PAST

CE65

Engineering Run 1 (ER1): first large area sensors
« Main goals: excercize and validate stitching

) « Chips work, main yield issue understood \

 Full characterization currently ongoing

Engineering Run 2 (ER2): first ITS3 sensor prototype
~ , * Now: specifications frozen, design being finalized
« Submission to foundry planned for Fall 2024

w

o

= 4~

+ | * Engineering Run 3 (ER3): ITS3 sensor production ER1 wafer
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65 nm CMOS process validation and radiation hardness

ALICE

TPSCo 65 nm CMOS process validated on MLR1 test structures:

 Efficiency > 99%
« Fake-hit rate < 2:10-3 pix-1s

- Radiation hardness demonstrated beyond 10 kGy + 10'* 1MeV n,, cm2 (/TS3 requirement
- Still efficient with 10" 1MeV n., cm=2at room temperature

over a wide operating range

1091 ALICEITS3 I 10?
0.05
ALICE ITS3 TDR K .
95 L 102 ; . CERN-LHCC-2024-003 1 Non-irradiated
— —#— Detection efficiency . = -
9 ", -4 Fake-hit rate Z I | 107 1MeV negcm™ ]
< w ] € 0.04 ”j 1019 1MeV -2
& 90 101 7 —# Non-irradiated - 0 eV NeqCm
— T 3 15 -2
o g 10"3 1MeV ngy cm—? g M 10> 1MeV neqcm
ZE = L0 11ey = S ;; 0.03 i 2x10%5 1MeV negem =2
£ 851 [10° g . BV Neg Cmiz 5 [ 5x10'° IMeV negem™2
5 c b= 107 1MV neg cm $0.02 1 10 1MeV negem™2
E 80 1 L 10-1 _? 10 kGy ";
© 9 — 100kGy £
O [ = - 2 0.01
75 | 102 & [—q.— 10 kGy + 1012 1MeV ng, cm ] 9
.
‘‘‘‘‘‘‘‘‘‘ -~ O~ R R Sas e e — = — - =
3 i —— = ) 0.00
701 FHR measurement sensitivity limit 102 0 20 40 60 80 100 120 140
T T T T i T T T T T T T Seed pixel signal (mV)
75 100 125 150 175 200 225 250 275 300 325 350
Threshold (via Veasp) (€7)
DPTS
'm

‘ Detection efficiency and fake-hit rate Vs threshold and irradiation
& s levels,asmeasuredon 15 um pitch Digital Pixel Test Structures (DPTS)

~ Seed pixel signal response to 5°Fe Vs irradiation levels, as
measured on 15 um pitch Analog Pixel Test Structures (APTS)

.........
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ITS3 sensor performance: spatial resolution E

» |TS3 spatial resolution requirement: 5 ym
» Test beam measurements on APTS with different pixel pitches
» Requirement met for pitch < 20 ym at standard operating settings
» Projected resolution with (20.8 um x 22.8 um) ITS3 target pixel pitch meets the requirement

8 ALICE ITS3 TDR 5.0
APTS CERN-LHCC-2024-003
e n 7 H4.5
*?;5 : =
o e ] 4.0 X
2 — —4— Spatial resolution
. . S 51 3.5 N -4r- Average cluster size
Spatial resolution Vs B ? .
. 2 4 3.0 o 10 pm pitch
threshold and pixel 2 04 15 um pitch
pitch, as measured in =3 1259 —— 20 um pitch
testbeams on APTS g g 25 pm pitch
&2 2.0 @
Z
1 #3m=g = —— - 1.5
0 T [ ¥ — "% | 1.0
75 100 125 150 175 200 225 250 275 300 325 350
Threshold (e™)
« Sensor position stability required to be within 2 um
SRR
e
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ITS3 sensor performance: power consumption

ALICE

« ITS3 maximum power density: 40 mW/cm?2 in the pixel matrix

* In-pixel power consumption minimization studied on DPTS by optimizing front-end settings
« 16 mW/cm?as measured on 15 um pixel
« 7.6 mW/cm?if projected to the final ITS3 sensor pixel pitch

to be measured on stitched sensor matrix

ALICE ITS3 TDR -
100 { CERN-LHCC-2024-003 —#— Det. efficiency | 102
P Fake-hit rate

® lbiae = 10 NA 7

= bias = -

X 1 101
; 98 lbias = 20 nA 10 Hm

o i lbias = 30 NA }——O'§—> =16 mW/cm2on DPTS

28 9671 lbis = 50 NA  [100 X
s Ihias = 100 NA T
)

- [1v]

5 947 10-1 €
S <
@ 92 \ 102 3
o \ O + o

""""""" L"‘&'{é' <3 "FHR measurement sensit|vity imit
90 1 Y L10-3
50 75 100 125 150 175 200 225 250 275 300 325 350
Threshold (&™)
DPTS

Detection efficiency and fake-hit rate Vs threshold and
«-Ts amplifier biasing currentas measured on 15 um pitch DPTS

.........
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ITS3 sensor performance: stitching

ALICE
o MOI‘IO"thiC StitChed sensor (MOSS): Endcap L Repeated Sensor Unit Endcap R
« 10 Repeated Sensor Units (RSU) stitched together : AN S Pacs 0
+ 259 cm x 1.5 cm — 18 um and 22.5 um pitch— 5 FE variants & _ ==
- Stitched backbone allows to control and read out from left edge 31 , |
* 239 m 1.5 mm

Each unit can be powered and tested separately
Main yield issue understood

m . L
«——25.5 mm ——  Peripheral circuits

Pads
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ITS3 sensor performance: stitching

* MOnolithic Stitched Sensor (MOSS):
« 10 Repeated Sensor Units (RSU) stitched together

* 25.9cm x1.5cm — 18 um and 22.5 um pitch — 5 FE variants
« Stitched backbone allows to control and read out from left edge
« Each unit can be powered and tested separately

Main yield issue understood

=/ Chip operated in beam tests

Repeated Sensor Unit
Pads

=——- MLR1-level detection efficiency and fake-hit

‘ I
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L _ 200 S 90| L10-¢ © —#— Top region 2
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] 4 ’
a 88 ¥ */ 107 §
~10- 100 5| T L %
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I’ !
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-15 -5 0 5 10 0 5 10 15 20 25 30 35 40
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Bent MAPS: performance validation

 MAPS performance in curved geometry has been validated
 Efficiency preserved on bent ALPIDE (180 nm CMOS sensors)

» Charge collection properties preserved on bent APTS (65 nm CMOS)

0.200
ALICE ITS3 Preliminary
Fe55 source measurements
0.175 1 P:tbed on 18 Jan ::m
APTS SF
= 0.150 pitch: 15 pm
£ type: modified with gap
wy split: 2
< 0.1254 Viup = Vpuer = — 4.8V
g braser = 100 pA
< Toiosn = 5 A
gn.loo- o = C.5 A
g Isipoa = 150 pA
g lpiasa =200 pA
":, 0.075 Vieser =500 mV
E
& v.oso
Seed pixel signal response to >°Fe
0.025 -
as measured by flat and bent APTS
0.000

« Large-area sensor bending

» Technique and procedure have been mastered
 Tests on functional bent stitched sensors in preparation

\ 4

Inefficiency
(number of non-associated tracks / total tracks)

1071

T T T T
A R =30 mm ALICE ITS3 beam test preliminary
@DESY 5 .4 GeVJc electrons

= Plotted on 29 Sept 2022
. R 24 mm ALPIDE, Vpp =0V
O R=18mm

10—2___________________________'//_/; 1 ____/ ___________ ; 4

Working
Point

99.9% efficient

. .

99.99% efficient ;

200 300 700 500
Threshold (e™)

Detection inefficiency Vs threshold
for curved 180 nm CMOQOS sensors
(ALPIDE), bent beyond the ITS3 radii
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ITS3 air cooling studies

* Tests in wind tunnel on breadboard model
« Dummy silicon sensor with copper serpentine heater
« Thermal load: 25 mW cm-2 in matrix, 1000 mW cm-2 in end-caps

 Temperature difference from inlet and within the sensor < 5°C P
with 8 m/s airflow between the layers

» Mechanical assembly with carbon foam half rings keeps
vibrations within * 0.5 ym with 8 m/s airflow

\ , , 10

vi 15 exp.

8t e T exp.
e 1% exp.
< 6 'Y T exp.
-; - ......... Ts and Ty sim.
E-|~'« i - -.T: and Ty sim. |
&~ b > |
2l - : = s
-1 : : S| | ] i
0 10 20 30 0 2 4 6 8 10
t (s) Voo (m/8 ITS3 Breadboard model
/ég—él%:ﬁ%;\
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ALICE silicon tracker development path

ALICE

ALICE 2 ALICE 2.1

LHC LHC LHC 1 i | LHC
| LS2 l 3 Run 4 LS4 i

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

ITS2 ITS3 / ALICE 3

LS3

P

Absorber ECAL
Magnet RICH

Muon chambers
FCT

Cylindrical .
Structural Shell

Half Barrels

Beam pipe

TOF
Tracker

Vertex detector

ALICE Upgrades LOI: CERN-LHCC-2019-018 LOIl: CERN-LHCC-2022-009
during LHC LS2 TDR: CERN-LHCC-2024-003 Scoping Document in preparation o
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ALICE 3

ALICE

TOF

Superconducting gicH
magnet system

Next generation compact experiment for LHC Run 5 and beyond

« 60 m? low-mass all-silicon tracker fully made of MAPS

» Retractable vertex detector for unprecedented pointing resolution

« Large acceptance: -4 <n<4

« Excellent PID capabilities thanks to TOF and RICH detectors

« Superconducting magnet system

« Continuous readout and online data processing to access rare signals

. Target interaction rates x2 in Pb-Pb and x50 in pp (24 MHz) wrt Run 3 & 4

0
ALICE 3 layout <10
Version 1
ABSORBER
= \ 1 =

absorber

Muon
chambers

w

» LOI approved in 2022

» Scoping Document in preparation
== PR « Specific R&D starting up
2 S===-S
=35
-3 -4 -5 -6 0
Pty
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ALICE 3 Vertex Detector

ALICE

3 barrel layers of ultra-thin, curved, wafer-scale MAPS
» Retractable structure inside the beam pipe secondary vacuum
* First detection layer at 5 mm from the interaction point
« Completed by 2 x 3 end-cap disks for high |n| coverage

l’ }-f__
e
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ALICE 3 Vertex Detector

ALICE

3 barrel layers of ultra-thin, curved, wafer-scale MAPS
» Retractable structure inside the beam pipe secondary vacuum
* First detection layer at 5 mm from the interaction point
« Completed by 2 x 3 end-cap disks for high |n| coverage

l’ }-f__
raaY
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ALICE 3 Vertex Detector

ALICE

3 barrel layers of ultra-thin, curved, wafer-scale MAPS
» Retractable structure inside the beam pipe secondary vacuum
* First detection layer at 5 mm from the interaction point
« Completed by 2 x 3 end-cap disks for high |n| coverage

Unprecedented spatial resolution: 2.5 ym
Extremely low material budget: 0.1% X /layer
Hit rate: up to 94 MHz cm™

Main R&D challenges:
* Radiation hardness
*10'® 1MeV n,, cm2 + 300 Mrad (LO/ values)
* In-vacuum mechanics and cooling
* 10 um pixel pitch
« Data and power distribution

WWWWW

I{" = '--'-'\3\
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ALICE 3 Middle Layers and Outer Tracker

ALICE

60 m?2 of silicon B Outer Tracker
Disks

» 8 barrel layers (3.5 cm < radius <80 cm)
« 2 x9 end-cap disks
Material budget: 1% X,/layer

Position resolution: 10 ym (~ 50 um pixel pitch)

Low power consumption < 20 mW/cm?

100 ns time resolution to mitigate pile-up

Main R&D challenges: S
* Module design for industrialized production

 Low power consumption while preserving

R (m)

timing performance . ‘ ‘ l ‘ H“ I H | ( H ‘
) ) . i (cr.n) - 4 1040,
f:‘/‘!‘f‘_‘;’ﬁ?&%\
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ALICE 3 Middle Layers and Outer Tracker

ALICE

« Specific layouts being proposed for Middle Layers
+ 3-4 layers outside the beam pipe (r < 20 cm)
» Material budget reduction from 1% to 0.1% beneficial for secondary particles and soft e

Standard staves/module layout (LOI)

ITS3-like bent large-area sensors Blade/wheel barrels and disks

» Vertex Detector, Middle Layers and Outer Tracker need specific sensor optimizations:

« Towards a common, versatile R&D path forking into two separate chips
« Easier for other applications like FCC-ee to build on it
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Conclusions and Outlook

ALICE

The ALICE Upgrades for LS3 and LS4 are targeting ambitious detector performance

ITS3: ultra-thin, truly cylindrical, wafer-scale MAPS vertex detector upgrade for Run 4
« Now approaching the construction phase

* Full-size stitched sensor design being finalized

« R&D on all aspects reached maturity — TDR approved by the CERN Research Board

ALICE 3, future LHC heavy-ion collider experiment for Run 5 and beyond

« Compact all-silicon tracker design, pioneering several R&D objectives:
* Increased spatial resolution, radiation hardness and rate capabilities on In-vacuum retractable Vertex Detector
» Large-scale integration of low power consumption sensors on the Outer Tracker

« LOI published, Scoping Document in preparation

ITS3 and ALICE 3 upgrades can serve as stepping stones towards FCC-ee




ALICE

Thank you for your attention!
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Backup 4

ALICE

P eTre)
=)
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Physics Motivations:

ALICE Upgrades' motivations and requirements

ALICE

=
o
o

| o . » € ALICE 1
Study of QGP in ultra-relativistic heavy-ions collisions - Z ®
search for rare, low momentum probes, E \
- : o — ALICE 2
reconstruction of displaced decay topologies: i T52: 40 pm== @ Run 3
® Heavy flavour hadrons at low p- S | %ALICEZ
e Thermal dileptons [T IT53: 20 um ) Run 4
e Precision measurements of light (hyper)nuclei g \
and searches for charmed hypernuclei B
_O ALICE
i 3 ALICE 3: 4 pm
Tracker upgrade requirements: ° M ALICES
c
e Increase of effective acceptance (acceptance x j=
readout rate) s . o - .
e Improve tracking and vertexing performance low pr Acceptance (An)X Pb-Pb interaction rate (kHz)

for combinatorial background suppression
. . " w . - r |

— Excellent sp:atlal resolution, minimal inner radius Opa~A . OB To |"| X cosh 7

and low material budget are needed p \ X

-1
e

g
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ITS3 pointing resolution
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ALICE 3 tracking performance

ALICE
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