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Overview

« The High-Luminosity LHC and challenges for the experiments
« The upgrade plans of the tracking detectors of the ATLAS and CMS experiments
« Layout of the new silicon tracking detectors

« Technology choices and results of prototyping of
— the new Inner Tracker (ITk) of ATLAS

— the new Inner Tracker and Outer Tracker of CMS

Summary

Physics
Program

Detector
Upgrades
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From LHC to HL-LHC
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HL-LHC

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY %3 PROTOTYPES = CONSTRUCTION INSTALLATION & comm. || PHYSICS

Proton-proton collisions with up to 14 TeV
at higher intensity

Instantaneous nominal luminosity x5-7.5
Integrated luminosity x10

High pile-up fill in 2017: 78 reconstructed vertices in event from
high pile-up CMS-PHO-GEN-2012-002
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Challenges for the experiments at the HL-LHC @

Proton-proton collisions with up to 14 TeV at higher intensity:

* Instantaneous nominal luminosity x5-7.5 = Increased particle densities

* Integrated luminosity x10 - Increased radiation damage, radiation levels up to 2x10'® ngq/cm?or 1 GRad
— Impact on detector technologies (silicon planar and 3D-sensors), electronics (deep sub-micron technologies and FPGAs) and materials

(cables, glues) -> Qualification process essential

- Increase of overlapping proton-proton events (pile-up) from <uy> ~ 50 now to <u> ~ 200

— Accumulation of “pile-up” jets especially in forward region

- Hit rates x8, up to 3 GHz/cm?

— Higher rate of fake tracks
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Integrated particle fluence in 1 MeV-neutron equivalent fluence for CMS tracker for pp collisions at 14 TeV
(FLUKA 3.7.2.0 CMS-TDR-17-001, LHCC-2017-009)
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ATLAS

EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <u>=200

Simulated
event with
ttbar events
and average
pile-up of 200
collisions per
bunch
crossing
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The ATLAS and CMS experiments @)

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
44m Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
L T ——— — — Overall length :28.7m Microstrips (80x180 um) ~200m?* ~9.6M channels
P

Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Target for HL-LHC:

At least the same

performance of the
ATLAS and CMS

experiments as in

CRYSTAL ]
Run-2/Run-3 CALORIMETER (ECAL)

~76,000 scintillating PBWO, crystals

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels
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HADRO»CA{ORIMETER (HCAL)
Brage® Plastic scintillator ~7,000 channels
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Phase-Il Upgrade: Physics Program @

Wide program covering nearly all areas of Physics at hadron colliders
« Exploration of electro-weak Standard Model and top physics

» Precision measurements like W/top masses, ....

« Rare signatures like Vector-Boson-Scattering, FCNC top decay, ...

« Higgs Boson Program a major component, main measurements: Figure from ECFA 2013

#
« Higgs couplings
100000000 _
« Higgs self-coupling 4000 fb!
« Higgs differential distributions HH: ~ 100 k

« Rare Higgs decays 10000000
« Heavy Higgs searches

« QCD measurements - constraining PDF uncertainties with LHC data

* Flavour physics constrains on CKM matrix, ... 1000080 99 VBF WH ZH ttH

« Extended sensitivity for Beyond the Standard Model physics
« New TeV-scale physics could be discovered or very strongly disfavoured

Main references:

. L . Reports arXiv:1902.04070,
HL-LHC offers increased dataset - Reduced uncertainties both statistically and arXiv:1902.00134, arXiv:1812.07831,

experimentally (large calibration datasets) Physics Briefing book arXiv:1910.11775
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Tracks are everywhere )

leptons: e/mu/tau jets: calibration/pile-up suppression
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« Many challenges for reconstruction:
— High multiplicity events and highly boosted jets require improved granularity and resolution
— VBS/VBF forward jets: forward tracker for pile-up rejection by jet-vertex association
— Rare events: improvements in coverage and reconstruction efficiency

-> Detector upgrades
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Further motivations for detector upgrades

« Efficient tracking with small fake rates
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Track reconstruction Track reconstruction
efficiencies for pions efficiencies for electrons

+ current trackers can’t withstand radiation and rates beyond LHC

- New all-silicon tracking detectors for ATLAS and CMS experiments with extended coverage to |n| < 4
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Silicon strip and pixel detectors

<

P-N diode in reverse bias capacitively coupled to a charge-sensitive amplifier

- =

T T

A 44D

T T T

p-type surface
implant

Strip detector concept
(strip lengths 20-50 mm)

n-type Si-bulk n*-type back side implant

Wire-bonds

« Modules

Power
board

DC-DC converter
ABCStar

I S o o oy

HCCStar
Wire-bonds

Hybrid

Glue

Sensor

~97mm

~97mm

2.11.2022

~300 um

readout

electronics
bump-bond Hybrid-pixel detector CMOS
concept (pixel sizes detector
concor 50x50 pm? - 25x100 uym?) concept
N. Wermes,
track arXiv:0811.4577
/ Encapsulated wire bonds

Flex Hybrid, with SMDs

Solder/Indium Bumps

Local Support —

~40 mm

Cross section of ATLAS pixel quad module

I Non-ionizing energy loss of charged and neutral particles
damages the silicon bulk - Performance degradation!

ATLAS strip module
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The upgrade tracking detectors

)

Outer Strip : . EAXP-IE-I!TI\ﬁNST
Tracker Strip Barrel Strip Endcap

CMS

Tracker Barrel Pixel - TBPX
4 layers

Tracker Forward Pixel — TFPX
8 disks

Tracker Extension Pixel - TEPX
4 disks

Beam
interaction
point

Service Cylinder

. Pixel Inner Layers Pixel Outer Barrel Pixel Endcap
Inner Pixel

Tracker

Tracker
Bulkhead
Disk

* n-in-p silicon sensors (planar or 3D for radiation hardness)

« Extended coverage to forward region

« Fast data transmission with low power giga-bit data transmission

« Serial powering of pixel detectors, DC-DC converters for strip detectors
« CO, cooling (thinner pipes)

« Carbon structures for mechanical stability

-> low material budget (< 2 X;) and efficient powering
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The layout of the tracking detectors

« Layout of the upgrade tracking detectors
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https://cms-tklayout.web.cern.ch/cms-tklayout/layouts-work/cmssw-models/ZA_OT800_IT702/index.html

The CMS Strip detector upgrade

The CMS OUTER tracker foresees two type of modules

Concept: Every module is a
functional unit individually
2S module
connected to the power source g N N S
and to backend system for 3 BRI
: LN .
data, trigger and control R

« 7608 Strip-Strip modules — 2S
» 5592 Macropixel-Strip modules
- PS

— ALY N N N A

« Cabling to service area (power
supplies) defines the optimal
powering group: 12 modules per
group =2 12 modules mounted
on various carbon fibre/foam
support structures for precise
placement and with cooling
pipes for cooling
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Track information for triggering in CMS

Key point in CMS Outer Tracker: include tracking
information with fast readout > 2-sensor module

2

A. Dierlamm, S. Mersi

Level-1 accept

1
concept for tracker =N mﬁm} rogats [ Lol ook [yl s
Pass _L | f
5 Stubs only CMS
high transvers fail N 5o
momentum ,
. Outer Tracker Front-end Tracker Back-end CMS
CMS Phase-2 Simulation 14TeV, 7.5x10*'cm2s", 200 PU
I g :‘.ng barrel & endcap |
low transverse g -
momentum = 10° f i . calorimeter-ohly
= ¥ - track-matched
_' bt . track-matched + charged iso.
0P b
- Correlation on module level (@ 40 MHz) to form stubs T 2"«.
is sent out if within p; > 2 GeV I e . §
- Latency ~12 ps ; b o, O e
- Rate reduction (factor 10) due to sharp thresholds i %%
(leptons) and isolation (multi-jet background reduction) 10} Hhiig M*ﬁ*»m
- Muon+calo+tracks combined give capability to particle- I Bl
flow selections | N P T Cq
- Expected results achieved with prototype modules o 1 20 3 40 S50 80 NLHCC2020-004,

threshold p';‘ [GeV]

CMS-TDR-021
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Strip-Strip (2S) modules in CMS @)

. 5 F. Ravera
Strip-strip modules (2S) Sensor spacing .
Strip sensors 18,4 Qi Integration prototype for central
gEor(:f]Iepng:tt:r Ic (CIC) frtlggblsecar?e::ggl%r?( 10 cm2 SeCtlon (TBZS)
sparsification e + Ladders from carbon fibre frame
CMS Binary Chip (CBC) .
Wd' Strip sensors readout and COO“”Q tU bes
¢

* 12 modules per ladder

VTRXx+ electrical-
optical converter
5 Gb/s optical readout

‘5’%\

DC/DC converter
10V lines: lower current,
lower material

Radiation hardness |
Low-power GigaBit 3x1074 neg/cm?
Transceiver

CERN development for HL-LHC

Data flow on module

3\ ——» 8xCBC

Built @ KIT

> 1xCIC
—_—

strip top

strip bottom \—/

» Sensor production started in Summer 2020,
progressing smoothly

* Module production ongoing in 7 production
centres in Europe, US, India and Pakistan
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Pixel-Strip (PS) modules in CMS

Macro-pixel sensor:

« PS-p sensor
« Size :5x10cm?
* Pitch : 100 ym
* Length : 1.5 mm
* No. of strips : 32x960

ROWVv2 with power cable

PSFEH-L g%

Strip sensor:

* PS-s sensor Sensor spacer

- Size: 5x 10 cm? N
« Pitch: 100 ym <

* Length: 2.5 cm
* No. of strips: 2x960

N

Al inserts

Sensor spacing 1.6, 2.6 or 4.0 mm
Radiation hardness 1x10'° n,,/cm 2

=

K. Damanakis

5 module production centres are getting ready

for pre-production

» Several prototypes successfully assembled
and qualified (good hit efficiencies)

* Pre-production: spring 2023 - winter 2024

* Production: spring 2024 - spring 2026

Module test

Test results with irradiated modules:

» Ladder cooled with 2S and PS modules cooled
with CO,. Test-box flushed slightly with dry air.

» Variations of CO, cooling set value: No thermal
runaway observed below -18°C (potential
convection contribution)
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The strip detector of the new Inner Tracker |ITk of @
ATLAS

Strip Barrel Strip Endcap

Pixel Inner Layers Pixel Outer Barrel Pixel Endcap
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Concept of the ITk Strlp Detector

~3x size and ~5x modules compared to current
SCT strip detector in ATLAS

Similar concept of modularity of components
« Assembly and testing at multiple sites
« Simplifies final assembly
» Earlier test of full system

10,000 modules in 8 flavours with 2560 or 5120
channels/module

powerboard

adhesive

Parallel powering scheme with DC/DC converters
and on-module power control and monitoring chips

2

S

Module (endcap RO)

With FE chips, sensor and hybrid,
power board with DC-DC converter
and HCC chip

Endcap loaded local support
with carbon core and
modules glued double-sided

Endcap global support

* More details on
supports and cables in
spare slides

Not in scale
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ITk Strip module production and performance

* n-in-p float-zone sensors with p-stop isolation

and ~320 ym thickness

* Measurements in test beam show results meeting

the operation range (>99% efficiency, <0

.1% noise

occupancy requirement, signal-to-noise ratio >10)

G 100 ] L] * L] 'y
g [ . ® ATLAS ITk Preliminary g
5, Efficiency « . ..., « Preproduction
:. 9500V, 15-10"nqcm™? S ongoing
0.90 -
8 « ~20 assembly
ossk [N S sites across 4
| ' continents
0 BDi— o &
| _Noise
0'78 3 0%4 0?5 0%6 017 0‘18 0.]9 10
Threshold [fC)
Power board mass-tester
Hybrid
Burn-in
Crate Module Thermal
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Binary readout chip and controller chips (130 nm CMOS)
Improved design for radiation hardness but still power usage
increase vs. ionizing dose (known for this CMOS process)
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Increase in noise was observed in modules at cold operation,

mainly in strips below hybrid

3500 : — =
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150 '?_ _35(:
{
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—> Investigation actively ongoing




ITk Strip local supports

« Carbon-fibre composite structures with co-cured Petal EoS Master
polyimide-copper bus tapes have modules glued on Silicon modules I
top of both sides with a stereo angle between both
sides

* In central region (barrel): staves with 14
modules on each side (392 staves in total)
 In endcaps: petals with 9 modules on each side 1, qoseouts

(384 petals in both endcaps) L
EoS slave

Loading of modules to better than 40 pm

" Carbon honeycomb .
accuracy with gantry systems

Bottom closeout

 End-of structure cards service the electrical to
optical transmission (IpGBT and VTRx+ links) and
to the outside world

New area for
opto-holder
and wire guide

hybrids

New positioning for wires Bl o Opto-fiber 3 1400 mm "
Master and slave
End-of-strucure card |:”“‘!:“°‘!j"“ W “‘!j‘f T
« Good electrical and thermal o -" b hﬂ IS Sy S S Byl Sy Bk oy B
performance achieved, pre- = o O @ § o W T I G N N E R
production running ; uE [t e it
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Overview of the ATLAS ITk Pixel detector
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150/

=4.0 .
Replaceable | 100 ! Uni GE team plays a key role
Inner System| 50 . i in the Outer Barrel!
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L Lz [mm] 4-chip module on test jig
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Different sensors types and technologies depending on distance from interaction point

* Modules assembled with 3D-sensors in triplet, 3 chips (Layer 0), planar quads, 4 chips with 100 pm (L1),
planar quad sensors with 150 ym thickness (L2, L3, L4)

* Pixel size 50x50 ym? (L1-L4, rings of L0O), 25x100 um? (barrel of LO)

* Modules plan soon to start pre-production with current version of front-end chip

4 x Front-end Chips

« Front-end chip developed in RD53 Collaboration (ATLAS+CMS) (see later slides on CMS) o
* Reduction of material by deploying serial powering and CO, cooling 8

» Fast readout with max. 1 MHz trigger rate and data transmission with 1.28 Gbps (electrical) to
IpGBT and VTRx+ link (optical) to FELIX readout

Planar Sensor
(150um thick)
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Local support mechanics of the ITk Pixel detector E

Principle: Local support structures from carbon-fibre composites get modules attached

* Inner System: staves, rings « Outer Barrel: cells, longerons and inclined half-rings

Positioning Cooling Block
Pins

L1 Ring LO-L1 Ring LO Ring

% A
¥ «
L) e Ny
3 S
R W

igh

B - -

« Layout differs in detector areas: varying serial powering chain lengths, varying mechanical solutions to achieve h
thermal and electrical performance for stable and safe operation

- Successful evaluation of thermal performance and manufacturing variability for OB local supports

- Pre-production ongoing

Very good assembly accuracy for P

sition

Miutoyo

e

[mm]
5 o o
s 8

Variation with respect to nominal po
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Readout of the ITk pixel detector

* On-detector readout with 1.28 Gbps (up to 4 lanes per front-end chip) and conversion to

L2 Barrel:

. . envelope for
optical signals at > 5.12 Gbps i ables
« Uplink sharing for all layers to reduce material (320 MHz)
kapton/copper flexes patch panel 0 twin-axial  9iga bit transmitter recovery chip (GBCR)

cables - IpGBT and VTRx+ for aggregation

(a 2 o )
I LPGBT
=]~} . . IR

PPO < L
H Optical fibres to
Do e § | L8BR] VIRK > PGS with
_ o Optoboard
- ~/ Module hybrid + pigtail  Electrical signals at 1.28 ~/ FELIX readout boards Further challenge are
+ type-0 services Gbps over 6 m cables space constraints for
. g . . . routing of services
Losses to be kept below 20 dB - Verification of full chain to be achieved! 9
First results on single components are encouraging: 12 spo12 o
0 MHz MHz |nC INE
_ 0 - - ring with g
Inclined PPO layer 3 developed and modules, p
successfully tested at UniGE L

m Before irradiation  m After irradiation
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Powering of the ATLAS and CMS Pixel detectors

G.Sguazzoni, T. Senger

)

Serial powering:
T. Stockmanns et al., NIM A511 (2003) 174-179

 Powering modules serially with chains of up to 12 quad modules

~1.2V - ; D.BaoT I., NIM A557 (2006) 445-459
Power DIreCt powerlng L. Gca)lrcl)ellz ‘Zttzl.,JINSTS(Z((MO)%QOOZ
Supply 50kW/1.2V ~ 40kA
(exgior10ssai0t Copper) - Radiation hard on-chip shuntLDO converts
input voltage to constant front-end chip
. ~12V boLt6 e Local (POL) conversion supply voltage. Slope & offset can be
Supply ~12V I = ¢ | DCDC converters not enough radiation regulated.
Wi hard, heavy and bulky (no space) _
- Reduced number of supply lines, less
material
~12V - T rep—y : : C .
Power " 2 m—‘ Serial powering! - Less power dissipation on services than
Sy with parallel powering
» Several HV lines per chain (at least 2 per SP-
L chain foreseen)
Low Voltage Local Module Ground . .
AV _ Rs « Each module on different potential > AC-
Isp Isp - lleak Alw -k Vin H : p
froeeeeee e coupling of data lines
AViy

voor * Challenge: Has never been used on large scale,
configuration and heat dissipation in ShuntLDOs

T
High Voltage \ ... InATLAS ITk Pixel:

lleak

@ sercor W reguncer [RE cr , .. * Total power consumption (112 kW) is within

Constant current supplied and parallel cooling budget
distributed on one module to all front-ends

(—
 About 1000 SP-chains

2.11.2022 The tracking detector upgrades of the ATLAS and CMS experiments - Susanne Kuehn



Results of electrical prototypes in ITk Pixel %)

https://cds.cern.ch/record/2661761

- Outer Barrel demonstrator program based on
previous front-end chip version successfully finished ‘4 it e Rl
(Up to 120 FE-14 ASICs in 6 SP-chains) T o

* Power fluctuations indicated necessity of improved shuntLDOs
compared to FE-I4, implemented in ITkPixV1 FE (current FE) e b g by g ey e Y S S VY -l Bl Wt

. o - - °n
= ~~ = ~mgdbc ¢

- Test of serial powering chain of standalone modules - e i
before and after irradiation > modules fully functional Type0 services Dual modules
but features at start-up seen (studying fast load

R

. : . S 5000 . Qi
changes in the serial chain) A
- | FE2: 20UPGFC0012405
5 |
OB demonstrator with current front-end E 4000) : 23232;

. . =z ! u age
chip RD53A recently installed and both ‘ Stage3
inclined half-ring (11 modules) and first part 3000) /i 2-:2322
of longeron (6 modules) being evaluated in | | ' _ Stage6
OB System Test with CO, cooling o) |

: s e 3 Same noise
) [ values in all
s production
» . stages
OE -_;: T - ,_.:f'.‘,?::-,mf..._
0 A 100 130 <00
Naise [e)
CERN-PHOTO- Stages: 1 Module QC, 2 Thermal cycling,
202210-174 3 Cell Loading, 4 Tab cutting, 5 Final Pigtail,

6 On demonstrator

2.11.2022 The tracking detector upgrades of the ATLAS and CMS experiments - Susanne Kuehn 24



2

G.Sguazzoni

The new MS Pixel detector

The CMS inner tracker

Disks have

Service Cylinder planar
geometry

« Planar n-in-p sensors with pixel
size: 25x100 ym2. 3-D sensors in

barrel layer 1

« 3900 modules, 4.9 m2 (~50% modules
less than in ATLAS ITk Pixel)

* Powering in serial chains and cooling
with CO, . Cooling pipes below front-
end periphery in innermost layers.

« Service Cylinder to route cables on-
detector. Specific boards for electrical-
optical conversion inside the detector
volume (see spare slide)

Barrel splits in
half but central
modules are
staggered

Example of installation/removal
tooling (TEPX)

» Relatively simple removal/ installation (smaller Layer 1
radius since beam pipe bake out can be done without
IT in place) - Maintenance possible in long shutdowns
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Front-end and module concept in CMS Pixels @)

 RDS53 Collaboration: joint R&D of ATLAS and CMS ASIC: 65 nm with TSMC
 RDS53A FE prototype (full width/half depth chip with 3 analogue FE) heavily
investigated: Many results were collected and show good results. Cold-start up

O.Giwl
of ShuntLDO prOblematiC os& < —e— HPK_M608 25 degrees 9.5e15
* ITkPixv1 (ATLAS) and CROC-1 (CMS) produced and being tested “EeE e R
» Verification of ATLAS ITkPixv2 ongoing to submit for production at the end of T FoK BT 01 25 dogrees 23615
November 2022, then design of CMS CROC-2 to submit in April 2023
. . o
Cell size 50x50 pm2 arehitectures ——
Technology CMOS 65 nm . 1] N j: Bias Voltage [V]
Hit rate 3.5 GHz/cm? . P cw v, T W
Trigger rate 750kHz QP 3, B 5 By e ) Post-coating, post-irradiation IV of HPK
. OO - o [432"335] feras and FBK single chip modules
Trigger latency 12.5 us possasce \/ | __ e s
Min. threshold 600 e- N e I - Evaluation of performance
Radiation tolerance | > 500 Mrad @ -15 °C  CMS prototype w/ final size and after irradiation and in test
linear FE .
Power < 1W/cm2 beams ongoing

it demonstrated working up to ~1.1Grad

* Module flavours with 1x2 and 2x2 front-end
chips. Assembly performed with jigs and
templates (10-20 um precision achieved)

« Parylene-N foreseen for encapsulation of A prototype ladder : o R e
wirebonds and for HV insulation pmiepemat iy Aprototyoe large disk

System test ran cooling and mechanics prototypes being tested
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Material estimates for the upgrade tracking detectorsg

Design aiming for
reduction of material

-2 Minimize effects of
multiple-scattering and
energy losses before
outer detectors

2.11.2022

Radiation Lengths [Xol

6

| | I L |
- Dry Nitrogen
Patch Panels 0 + 1
=== Electrical Cabling
——=== Titanium Cooling Pipes
B Support Structure
{-+4} Pixel Chips

Active Sensors

m
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W
w
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O
3
3
)
@
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ATLAS

Simulation

ID Run 2

ATL-COM-UPGRADE-
2016-042

lllllllllll

XIX,

1152253354

- In front of IT sensors
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Inside IT tracking volume

- Between IT and OT
- Inside OT tracking volume
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in fron
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5555 Moderator

—— PP1 and enclosure
“++# Dry Nitrogen

<. Strip services and cooling
——= Strip supports

—— Strip modules

= Pixel services and cooling
w Pixel supports
Pixel modules

2222 Beam pipe and IPT

ATLAS Preliminary

Simulation
ATL-PHYS-PUB-2021-024

ITk Layout : 23-00-03

:— Phase-2 Tracker

n
- In front of IT sensors
- Between IT and OT
- Inside OT ftracking volume
between
IT&OT
CMS CERN-
LHCC-2017-009

IT

Susanne Kuehn

n



Tracking performance ®)

« High tracking efficiencies and low fake rates * \Vertex . ATLPRYSPUB-2019-014
reconstruction 5§ 195 ATLAS Preliminary —+— 1T Layout, 50x50p?, =200
> i PP - . £ 1.04 Simulation =
e T efficiencies for & | F &p-1cev T Mielayout, 251004n, =200
= 1 ! . ©0.14}- —— <PU>= 140 - tt ith e e moo Run-2, (1)=60 =
q_; ‘ﬁ\% .MVWQ.‘ o —— <PUs> = 200 f can COpe Wi % 1E : . ) —
o IN e ] . . oo i - w +* —
% 0.8l §0.12 ;ra)clgs‘gfrg:vﬂevents ] hlgh p||e'up % 0_985— . _E
o | 2 0.1 ' ; § 0961 E
€ 54l Z 2 094f =
-Z‘) 0'6? 1 80 08 < 092:_ =
S | = e TE ]
F o4l 0.06} : L 09 e E
; o <PU> = 140 1 8 ] 0.881- =
: o <PUs> = 200 H 0.04}- " - 0.86F | | | | | | —
0.2 Tracks from tt events g [ R gl o o S s i 0 0.5 1 1.5 2 2.5 3 3.5
i p.>0.9 GeV, Idl <3.5cm 0.02}- A R 3 oS . -
[ ! ’ g s diing StV el d Local PU Density [Vertices/mm]
01..1..5..|..s..1..s..|..l Om‘i‘,l..i..l,‘l‘m
4 -3 -2 -1 0 1 2 3 4 4 -3 2 -1 0 1 2 3 4 14Tev
Simulated trackn Reconstructed trackm Sl T T T
® [ CMSPhase- Anti-k;, R=0.8, PF+PUPPI
+ Jets robust to S | simuation 200<jet p,<300GeV |
. - . 120} . —
«  For ATLAS reconstruction efficiency pile-up 8" ot nl 2.4
. . ©
> 90% in central region Z 100l praseo. raw 20 P N
> 80% in forward region B [ pmasedsoficrop20p _
80? _ Phase—2: soﬁ’drop, 200 PU —
60} ]
Reduced material - less interactions b ++N"“*““"‘+j
Increase in hit counts - tighter track selections oo #%m\,"_ ]
20— R
Improved hermeticity - more hits and fewer holes g | | | | .
o™ 0 — I50I = I100l = I150l — 12001 = l250l

Number of pileup interactions
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Tracking performance )

» Longitudinal impact parameter z, resolution crucial for pile-up suppression

5 - I relimin —-I— naoI ue usI ering, ‘>< mI . B 3| I elimin —-I— nac; ue usI ering, I>< m2|_ H H
s LA reliminary e A e Gusterng, 5100 10 A Ay e N onss Clising, 25.300 « For low pr dominated by multiple
% 10 g Single muon. b, = 1 Gev Analogue Clustering (Rﬁ g % E Single muon, p.- 100Gey —— Analogue Clustering (Hﬂ'@'}i E Scattel’lng
C = ] 102 D‘Dﬂi'.'** = . . . . .
10" il E , \/ e - * For high pr dominated by intrinsic
2 7 | smaller pitch ] & S ] .
. 1| inITk \mE ool ] detector resolution
10? Foaa™ = aa et - :
005 1 15 2 25 3 35 4 N -SSR - B ) S R Y-S * Improvement due to reduced material
true track n| true track In| . .
e ] e and better resolution of strip tracker
S bbb esi e E §5 : than current TRT
£7 optTFITHHHE T R st 5 R S SESEo St s e e s S E
o . g ++ + 3 o :_._ - - g
0805 1 15 2 25 3 35 4 03 . : : : ‘ - : ,
true track fn| 0 0.5 1 1.5 2 2.5 3 tr?hg trackA|rn|
, . 14 TeV, 200 PU
« B-tagging performance e — 14 Te  Extrapolation for < 3¢ VS Ph :
and light-jet rejection = | CMS Phase-2Simuiation g8 4 Physics case 8 - gimulation ase-2 * H-—>ZZ"—4yu-Phase2
robust to pil S S [ tetp>30Gev T g7 HS> 251 +  H-—2ZZ* - 4p-Run22017
plie-up o | ] MU 3 f
important to Sl | % 21 o ']'
. . . (2] 3
discriminate between E | oasem<ss, 5 - S
VBF and tt in forward 2 se i *
. [72] -
T -
regions s . | £ ! ;
: ] N .
*PU=0 0.5 :—f
® PU=140 n
* PU =200 [~
10-3 7" 7",", I R R B I N B } T R 0 B 1 1 | 1 I L 1 L 1 I 1 1 1 1 I 1 | 1 L I 1 1 1 L I 1 1 1 1 I
0.4 ; } . 0.8 0.9 1 0 0.5 1 1.5 2 2.5 3
b jet efficiency max |
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Summary

2

« HL-LHC will increase physics reach of the ATLAS and CMS experiments

— Improved precision for several processes (Higgs-couplings, ...) and several rate-limited processes get available (VBS, Di-Higgs, ...)
« ATLAS and CMS experiments have to tackle challenges of high pile-up, particle rates and radiation dose
- New all-silicon tracking detectors for both experiments

« In ATLAS: ~4-layer strip detector with about 10,000 strip modules and ~5-layer pixel detector with about 8,500
pixel-hybrid modules

— Strips: Design verified and many final design reviews passed. Deep into pre-production and starting production. Unexpected effect of cold
noise being investigated.

— Pixels: Prototypes of several components being tested and first parts (sensors) in pre-production. Main challenges are front-end chip
submission, module production and validation of data transmission concept.

« In CMS: ~6-layer strip detector with about 13,000 strip modules and ~4-layer pixel detector with about 4,000
pixel-hybrid modules

— Outer Tracker: Production of modules ongoing. Mechanics to go in production next year

— Inner Tracker: Module concept prototyped, System slice test successfully ran. Main challenges: front-end chip submission next year

Common effort essential to make it for installation in 2027
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The HL-LHC

e 2 CIVIL ENGINEERING “CRAB” CAVITIES
A 2 new 300-metre service tunnels and 16 superconducting ,crab"
2 shafts near to ATLAS and CMS. cavities for each of the ATLAS

and CMS experiments to tilt the
beams before collisions.

7
//\’ -3

12 more powerful quadrupole magnets
for each of the ATLAS and CMS
experiments, designed to increase the
concentration of the beams before

collisions.

FOCUSING MAGNETS Qp

SUPERCONDUCTING LINKS BENDING MAGNETS
Electrical transmission lines based on a COLLIMATORS 4 pairs of shorter and more
high-temperature superconductor to carry 15 to 20 new collimators and 60 replacement powerful dipole bending magnets
current to the magnets from the new service collimators to reinforce machine protection. to free up space for the new
tunnels near ATLAS and CMS. collimators.
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Phase-ll Upgrade: Detector Upgrades — CMS @

: Barrel Calorimeters NEW
t|1-tt1 -Trlgger/HLT/DAQ https://cds.cern.ch/record/2283187 READOUT
ps://cds.cern.ch/record/2283192 -
https://cds.cern.ch/record/2283193 « ECAL c_:rystal g_ranglqruty readout at 40
« Tracks in L1-Trigger at 40 MHz for 750 kHz MHz with precise timing for e/y at 30 GeV
PFlow-like selection rate « ECAL and HCAL new Back-End boards

* HLT output 7.5 kHz
https://cds.cern.ch/record/2714892

Muon systems
https://cds.cern.ch/record/2283189

. DT & CSC new FE/BE readout
/ . » New GEM/RPC 1.6 <n<24

/ » Extended coverage ton = 3
Calorimeter Endcap (

S . > /
| | 7
https://cds.cern.ch/record/2293644 ¢ ‘ ' p
* Si, Scint+SiPM in Pb-W-8
» 3D shower topology with
precise timing

NEW
DETECTOR \

7
7

7

Beam Radiation Instr.
and Luminosity, and
Common Systems

- and Infrastructure

NEW DETECTOR '(’E : .. | https://cds.cern.ch/record/2020886
Tracker https://cds.cern.chirecord/2272264 MIP Timing Detector
« Si-Strip and Pixels increased granularity https://cds.cern.ch/record/2296612  https://cds.cern.ch/record/2667167
» Design for tracking in L1-Trigger * = 30 ps resolution .
 Extended coverageton =~ 3.8 « Barrel layer: Crystals + SiPMs

» Endcap layer: Low Gain Avalanche Diodes
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Phase-Il Upgrade: Detector Upgrades — ATLAS @

New all-silicon inner tracker with extended coverage to

|n| ~4 : Ry | Detector characteristics
Pixel detector: CERN-LHCC-2017-021 ; ATLAS-TDR-030. =\ wiaongam
/,\u. ; = Weight: 7000t
I'.‘ \\“-\ \ \!

Strip detector: CERN-LHCC-2017-005 ; ATLAS-TDR-025. —
sm,d \ \.‘ | :Forwud Calorimm: CERN AC - ATLAS V1997
\ [ nd Cap Toroid

coverage from LGADs, 30-50 ps resolution for MIPs

HGTD: new high granularity timing detector with forward / /
CERN-LHCC-2020-007 ; ATLAS-TDR-031.

Liquid Argon Calorimeter: Upgrade of electronics
CERN-LHCC-2017-018 ; ATLAS-TDR-027. 8

Tile Calorimeter: Upgrade of electronics
CERN-LHCC-2017-019 ; ATLAS-TDR-028.

Muon Spectrometer: Chamber replacement inn the inner
barrel and upgrade of electronics
CERN-LHCC-2017-017 ; ATLAS-TDR-026.

TDAQ System: Upgrade of LO-based system to 1 MHz Barrel Torold i Shielding
CERN-LHCC-2017-020 ; ATLAS-TDR-029.
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Phase-Ill Upgrade: Detector Upgrades @

Trigger/DAQ:
Upgrades, add tracking at L1, partially new electronics
Improve bandwidth and processing for triggering, increase in latency

Tracking detector:
New all silicon tracking detectors for ATLAS and CMS with extended coverage to |n| < 4

Timing detectors:
High granularity timing detector in forward region in ATLAS and timing layer for MIPs around trackers in CMS

Calorimetry:
ATLAS: New FE electronics for Tile and LAr calorimeter (increase granularity)
CMS: Replace endcaps and replace electronics in electromagnetic calorimeter

Muon system:
ATLAS: New FE electronics and additional units in muon spectrometer
CMS: Extend forward chambers and replace electronics
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Motivations for detector upgrades

Process________|Requirements ____________

Efficient tracking with small Radiation tolerance, high granularity, low material
fake rates budget

High multiplicity events and Improved granularity and resolution
highly boosted jets

Missing transverse energy  High coverage including acceptance in forward region

Resonances in top pairs, Reconstruction of leptons & b-quarks in boosted
W, Z, H topologies
VBS/VBF forward jets Forward tracking to reject pile-up by jet-vertex

association
H-> 1t Triggering of t-leptons

High-mass gauge bosons Good lepton momentum resolution at high pr
Rare events High coverage and reconstruction efficiency

BSM cascades Triggering & reconstruction of low pr leptons +
identifying heavy flavour

- Precise measurement of physics objects: leptons (e, u, t-leptons), photons,
missing transverse energy, jets, b-(c-)quarks over full pt range

+ current trackers can’t
withstand radiation and
rates beyond LHC
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Physics of the Higgs Boson

« Higgs couplings highly sensitive to
BSM physics

« With HL-LHC dataset significant
improvement in precision

« Study based on following channels
* H—>gg
« H>ZzZ2> 4
« H>WW* > vy
« H->tt
 ttH,H->ggand H > pp
« WH/ZH,H > gg
* H=>pp

* Relative precision on Higgs
coupling modifiers k with k, < 1:
Factor 2 improvement feasible
from LHC to HL-HLC (constrained
on 2-7% level)

» Gives access to direct coupling
to top quark (mainly ttH — ttyy,
4% for Kt)

Events/2.0 GeV
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ATLAS Simulation Preliminary
1s =14 TeV: [Ldt=300 b ; [Ldt=3000 fb"
T

(comb.)

H-yy

H— ZZ (comb.)

H— WW (comb.)

H—2Zy  (incl)

H— bb (comb.)

2090€92/pI0981/0" U150 SPIJ/-aNy

H—ott (VBF-like)

(comb.)

H-pp

Ap/p

. S S
ATLAS Simulation Preliminary

10"

g Vs =14 TeV, 3000 fb!, <u>=200
10 H — l‘l I‘I [JH—>uu (ggF +VBF)
108 B WWtt+Z/y*

WW-tt
107 mww
10°
10°
10*
10°
10°

80 100 120 140 160 180 200 220 240 260
m,, [GeV]

T¥Z61€2/PI0331/y0" UIdd SPoj/-Sany

A

» Di-Higgs Production - direct handle on Higgs self

coupling
9 H ) P— = - - - - - - H
¢/ -g.-(: 0y ]
9 T 9 e ST bbb H
CMS Phase-2 3000 b (14 TeV)
E - Simt‘llation I;relimina:ry I+ Psleudo—d‘ata | .
g 50:_ pp—HH-yybb e Nonresonant backgr. 1 g
2 ,f HP.480GeV<M,  —— Fyllbackgr. E @
@oF —— Sig. + Full backgr. ] E
30f- ] L
B : [0
C ] <
] Q
20[- B o 7 %)
: 2. ] S
10~ { } | ©
TR R R R R P T
[ATL-PHYS-PUB-2018-053] m,, [GeV]
[CMS-PAS-FTR-18-019]
SM HH Signal Statistical-only Statistical + Systematic
Significances ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH— bbt"1~ 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH— bbVV* - 0.59 - 0.56
HH —bbZZ(4¥) - 0.37 - 0.37
Combination 3.5 2.8 3.0 2.6
4.5 4.0

Combining all channels yields to sensitivity of 40
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https://arxiv.org/pdf/1910.11775.pdf

Vector Boson Scattering and W mass ®)

VBS cross section o ' Precision measurement of W mass

 Reduced constraints to PDFs with extended forward
tracking at HL-HLC

* Low luminosity run < p > = 2 would give in short time a
clean sample at 14 TeV

* In leptonic signatures expected to be observable at HL-LHC

. . 30
« WZ scattering: about 6% precision 3 | ATLAS Simulation Preliminary ]

2 B stat. © PDF
. . = 25—_»/5:14&27Tev,200pb“,<p>=2
« ZZ scattering: 1-8 o overall, depends on theo. unc. (ZZjj) £ *Fm,fomm ap M stat.
<

. . o : MPor
«  WW scattering: <10% precision, 20 sensitivity to W, W, 20 0 : s

Challenge is extraction of the longitudinal scattering

Y 15F
component to test unitarity §
10F
< 12 -
& [ ATLAS Simulation Preliminary _ _ 51
é 10:_ E=14 TeV ——— Statistical sources of uncertainty ° DeSpIte major E
D \PoWWI T e | improvements with O s et md it
;5 - All sources of uncertainty forward tracking and Vg= 14 TeV 27 TeV 14&27 TeV
8 61— . . _—
2 jet-tagging gapgbllltles, For 200 pb-!
® oL WW analysis will be I
: systematically limited Vs [TeV] | Lepton acceptance Uncertainty in my, [MeV]
. HL-LHC LHeC
PN PP I IR NI I PRI T B 14 |’I]e|<24 11.5(10.045.8) 102099 2.2)
0 1000 2000 3000 4000 5000 6000 7000 8000
Luminosty [fo™} 14 Ime| < 4 9.3(8.6®3.7) 8.7(8.5®1.6)
see also: CMS-PAS-FTR-18-005/-014/-029/-038/-023 https://cds.cern.ch/record/2703572

2.11.2022 The tracking detector upgrades of the ATLAS and CMS experiments - Susanne Kuehn


https://cds.cern.ch/record/2703572

Current ATLAS tracker

* Current silicon strip tracker in ATLAS performing (R =1082mm

very well and lead to great physics results,

Run 2 just successfully started {
- Radiation damage occurring </ ("
* ATLAS silicon strip tracker planned for maximal srg ~ ™

dose of 2*10'* Neg/cm? W -

Charged particle - S
P-type

: ) b
implants/strips 4 ~ [R=1225mm
1 /7 #: #: Pixels { R = 88.5 mm
T * R =50.5 mm
IBL RE ?;30r;1nrrr1n

n-type

({,é\ % T T T T T sensor tempe\ratura T T T T T T T T T T 20 9
strip i el TN,
S 10 SATLAS preliminary o 3
=] - e
Sensor @2 10 = e r"ﬁﬂ;1 E
== / %;'“M:: ; -
= — £
Te nt. lum. deliv. = 10’1;
10! é ;10‘2
3 /J /\ s f :
n*-type backside implant + —— 10° ? : Layer Data model prediction | 10°
H B3 - — to 0 -
[ ; B4 - — i [l i
| / 10° & BS - — i1z RER
i R E B6 + — 26 [| E
n-Typ Voltage = electric " ————

L1 [ L L1 L1 L 1 5
7/01 10/01  1/01 4/01 7/01 10/01  1/01 4/01 7/01 10/01 ‘1/0110
2010 2010 2011 2011 20M1 2011 2012 2012 2012 2012 2013

Date

Siliziumsubstrat field between p-

and n-type material
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Radiation damage in silicon sensors

I

Radiation damage: non-ionising energy loss of charged and neutral particles
— damage in silicon bulk

E ATLAS Simulation Prelimhary o
. FLUKA + PYTHIA8 + A2Jtune 8
ITk Inclined g
Effects: T S000F ' ‘ ' 310° 3
= 1 — 2
. S 1000 ¥ 2 % >
Increase of leakage current = “H0F s AL gy {10 g g
- Change of effective doping concentration LI | ] = ;
: o E 4, 2 410! © S
- Increase of depletion voltage =~ S0k e A "
- Defects act as trapping centres affecting E 1(5)5— li & 2 fom]
. . - E o " ching ]
the charge collection efficiency :3: - e L . 2
1-_ o aaaal aaaaaul O Wt o h | i g s sl | 'l o = 0 A .
T T T T S i

12 2 SN I = Mk Inclined Dualss 10"
(ch [10 cm ] [M. Moll DESY- |

|
THESIS-1999-040] ‘

106

- Radiation damage degrades the detector performance and

10"
limits the life time

0 50 100 150 200 250 300 350 400

z [cm]

Si 1 MeV neutron eq. fluence [cm?2/ 4000fb"]
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Strip-Strip (2S) modules in CMS

« 2 x Strip sensors 25 FEH-L * 2x 8 CMS Binary Chip (CBC)
R - i
: E:ght:hg-osi rr':\ SEH V3.2 \ 25 FEHR - Connects to top and bottom
* No. %f s'trips/sensor :2x1016 - Isrir;??c:rrs\ip communication via
S hybrid

 Concentrator ASIC: CIC

- collects data from 8 CBCs
(half module)

 Low Power GigaBit
Transceiver
- IpGBT + VTRx+
Kaplon strips - 2-stage DCDC powering
-12V 10 2.5V (opto)
1.25V (ASICS)

Main bridge ?

=
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Strip-Strip (2S) modules in CMS @)

2S assembly - sensor alignment
Sensor-sensor gluing

Sensor-sensor alignment measurement

Double-sided metrology Laser-based metrology
= Needle-based metrology Microscope
Camera 1
Alignment markers K 7 B i 1 Di:""‘;?'-'isef‘éo'
; are moduie : i mask - Dicing Edge
25 Module ., - on sensors
S Sensor, Strips i i 2 Edge
I Y <. ¥ N -
> ! ; Vacuum jig
Camera 2 : : Iz stage Top strip to bottom
2 strip alignment

» Specs: rotation < 400 prad, strip parallel (perpendicular) offset < 100 (50) um
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Strip-Strip (2S) modules in CMS

2S module prototypes

* More than 30 modules build across the
various production centers
» Several laboratory and beam tests
carried out before and after irradiation,
expected performance confirmed
Angle (deg)

166 141 123 110 98 8.9 8.2 76 7.0 6.5 6.1 5.8 55 5.2 4.9 4.7
LI B e

> L e B IR o e B B R Mmoo
= A s R S R e B R T B e R vt
g " i - de © - el R R L L LT TSI E e
E 09 ..M. . ‘0.,
) : o
o 08 ............................ '. .................................................................................................................
= - -
O 07T s .,' ..................................................................................................................
[ Y .
06 S s S SN R A i s .:'. ..................... Correlation window |-
0.5+ cersnsmmnssmssssssrsaBossssssssene@harssesssssssnsse . A | 4 Ostrips
5 strips
! = 4 strips
03 .
02 A .‘
0.1 ccececencnenicnas senass i e diciniaacre '." ..........................................................................................
& R e ] PPN NG IPRPITL (PUTGING [N (RPN NDMERL) | JUPIL CANUY TR B
0294 16 18 2 22 24 26 28 3 32 34 E36 : %Sd 4 GA'%/
2020 JINST 15 P03014 mulated p, (GeV)

Emulated by rotating the module wrt to the beam
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Pixel-Strip (PS) modules in CMS @

Macro-pixel sensor: « 2 x 8 Short Strip ASIC (SSA) ¥ Damanals
« PS-p sensor ROWV2 with power cable — 120 channels per chip

» Size : 5x10 cm? — Sends hits to MPA

« Pitch : 100 ym — Bump bonded to flexible hybrid

+ Length : 1.5 mm * 16 MacroPixel ASIC: MPA

« No. of strips : 32x960 PSFEH-L — 120 x 16 pixels per chip

— Bump bonded to Macro-Pixel
sensor

Strip sensor: — Includes correlation logic

 PS-s sensor 5
ensor spacer

* Size: 5x 10 cm? S
 Pitch: 100 ym =

* Length: 2.5 cm
* No. of strips: 2x960

e

 Concentrator ASIC: CIC
— collects data from 8 MPAs

 Low Power GigaBit Transceiver
- IpGBT + VTRx+

Al inserts

« 2 stage DCDC powering
- 12Vto
« 2.5V (opto)
« 1.25V (ASICS)
+ 1.05 V (MPA digital)

Sensor spacing 1.6, 2.6 or 4.0 mm
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ATLAS ITk Strlp sensors and electronics @)

* n-in-p float-zone sensors with p-stop D A BB ERE! Pt ik Rx are endcap petals
isolation and ~320 ym thickness /H —— - te16 s
/ — —o—1E14 {PS-1 .
« 8 sensor types (2 for barrel, 6 for endcap) P : 3 e Max expected + safety:
. bias voltage: 100V to 500V 2 S 10X 107 o
- ~24% wafers delivered for production. Few ~ § *° P
percent rejected due to too low quality § e tE5 P
E 10 Nucl. Inst. Meth, A
= -+ L6E1S (Bhm) 983 (2020) 164422
o == 1,6E15 (Bhm)
- 1,6€E15 (Bhm)
« Binary readout chip and controller chips ° isgcs
(130 nm CMOS) ‘ protonirradiation | Ll
0
0 200 400 600 800 1000
Bias (V)

HCCStar (Hybr. controller)
* Connects 10x ABC to stave
*  SEE mitigation

» All three chips were extensively modified
to improve SEE protection and validated

» In production stage for detector

ABCStar (front-end chip) AMACStar (Power control and e SN _ﬂ_

* Binary readout with 256 channels £ environmental monitoring)
*  On the same wafer as HCC

640 MIDIL/s

o -
it

https.//arxiv.org/pdf/2009.03197
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Services of the strip detector

Full chain defined and services purchased for larger system tests
C_able Type IV Power Supply

Cable Type I Cable Type llI

New Reused

Service module

New

~15m PP2__ ~30m  PP3 ~90m  PP4
48-11 DCDC
Cooling pipes : USA15/US15
Optical fibres . DAQ
Type-1 Cable Connectors Type-3 cables

Stave/petal

Services on the detector sorted in service modules

EC cooling manifold tested with
in CO, plant at CERN

Barrel services
Mockup of services

The tracking detector upgrades of the ATLAS and CMS experiments - Susanne Kuehn
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» Loaded local support structures (staves and
petals) are end-insertable including cooling
and cabling |

» Fire-tests of components passed

» For barrel: carbon cylinders for
each layer in which staves are

Shell flange
prototypes

inserted. Barrel =
« Tests with mock-ups well Global
advanced

» For endcaps: carbon wheels
with blades for each disk
mounted in endcap structure

« Tests with mock-ups well
advanced

Mockup of services,
interlinks and end flanges
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ATLAS ITk planar and 3D pixel sensors

Thin n-in-p planar sensors 3D sensors

* Dies of 4x4 cm? \  Forinnermost layer: 1.3x10' n,,/cm? for 2000 fb’
« 100/150 pm thick « Dies of 2x2 cm?2, 150 um thickness + 100-200 um
« Bias voltage up to 600/400 V support wafer

* Pixel size of 25x100 um? challenging for radiation 50x50 um?, 1E
hardness and only in part of LO foreseen Sopm

(at end of life-time)
« Signal: ~10000 e (~6000 e-

after HL-LHC dose) « Pre-production ongoing S
. T
* Production about to start o, /. 3
after production readiness = o L,=35 um
review in Nov. 2022 8 L ..:. i High p 25x100 pm?, 1E
§ p+ . +
" 100 um
- &
E
g — Lo=52 pm
Test beam results for 50x50 ym2 planar modules with varying o ohmic column
bias structures irradiated with 70 MeV protons to 3*10" n,,/cm? n* junction column
i L L ]
5 100¢ E AU e ]
3 99 o . C . Biasing solutions g ] .
g 985— i E 2 = . Punch through .g 90 / ..................... . : . >97% effICIency at
5 F : B th2400 »  Bias Rail and bias resistor & %0 S0s0pmE, 1E 1 perpendicular track
® 3 \ O th1500 +  Temporary Metal = i T | ] incidence
g 96— = Y /O BR threshold 2400e RDS3A type s i P 2 ]
~ = — . e N+ —o— ®=0,¢=0° (linear FE) .. .
e 951 : ::::r: n:)) 70 —+— ®=0,¢=0° (differential FE) ] + Power consumption
Iy E B NoBias(Large N+) --a-- ®=5,¢=0° (linear FE) ] at the operational
g 94; \ Large n+ w/ BR e i 60 ........... ¢=5,¢=0°°(§ifferential FE) . V0|tageZ <10 mW/cm2
IS 93— “ /BR threshold 1500e o z:;,izg Eg.nf?arFlj)lFE) ]
g E Small n+ w weone | BlEldeE Vs sl —+— ®=5,¢=15° (differential FE)__ . _
s - — g >0 (@] = 10" g em? | ] * Maximum operational
¥ 91— C ::::3;':::) T S R T e voltage: 250 V
90:\ 1 ‘ | I T 111 1 ‘ 1 1 11 | 11 1 ‘ [ T N I N N R — 0 20 40 60 80 100
200 300 400 500 600 700 Sg(; V] arXiv:1903.04838 Bias Voltage [V]
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ITK Pixel Outer Barrel @)

ATLAS ITK Pixel Upgrade = 450 ——
o n=1.0 n=20
— First pixel detector with inclined 350 y / EndCap
: (X B i n=3.0
ayout S Y AR =

— TDR approved in 2018

=SvETRNRVRy
200 / ol ;
e LT )
~n=4.0
100"""'||JHIIH|H|||1 | |1||| JE I B
50——(—||||H Ill\ | | l l l I ’—_f
Oo%**r"’d 5007000 1800 2000 2500 3000 3500
Z [mm]
— 4472 Pixel modules 4 times the area of the current
&L 4xFrontendCh|ps — Active area: 6. 94m2 (53 5% of Pixel DeteCtOr) ATLAS Pixel Detector!!
— >14 Institutes from six different funding B

agencies ”
" Sensor M — ‘ (iE\/R_r\DI
(150um thick ) ‘\ - | —
50

2.11.2022 The tracking detector upgrades of the ATLAS and CMS experiments - Susanne Kuehn



ITk Pixel OB Global Structures ~ o#= 5)

Half Layer
Shell

Inclined

Half
Inclined
o p Half Layers
nits (2 x Inclined Units + Longerons)

Half Layer Shells
- Wiy 0 . / K/ / / / / / / p ‘XGDZCbZ(bI()I(bICDICDICDZCDICDZCDICDICPICDZCDE’ X‘I \ \ \ \ \ \ \ \
F /S SIKIRIRIKIRIRIKIRIEIN NN N N N N
/ / [l \

Outer Barrel Half

« 3 x Half Layers
* Intermediate Supports
» Service Support Shells

Intermediate
Supports

Bolted
connections
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ITk Pixel OB Local Supports e (G

Module Cells Functional Local Supports (FLS)
(Module + PGT tile + Cooling Block) (Base Blocks + Cooling Pipe + CFRP Support Structure)
Positioning Cooling Block

) €
Pins E!

o

A

Module
Glued on

Pyrolytic
Graphite Tile
(PGT)

?

P
P

Cells screwed to FLS with
TIM between blocks

- ilitv!
(re Workablllty.)




ITk Pixel OB Service Scheme & Routing @

s Data \ . o | Type-1 Data]
00(\“\ Pigtail ’ g
Pixel L,) Module e
Module Hybrld —
Power

o0 ® Twinax
@O’C’r \M/

(Flex -PCB with Data,
Power & DCS connectors) .

S S L

& DCS Cables

Type-1 Power ]

IHR Flex-PCB installed on the
inside of the Half-Layer Shells

(Openings in the CFRP shells to
connect the Type-1 services)

~~~~~
~~~~~
~~~~~
~~~~~
~~~~~
~~~~~
~~~~~
~~~~~~
~~~~~
~~~~~
~~~~~
~~~~~
~~~~~
~~~~~
e

Type-1 Power

Type-0/PPO Connector s
(flex-PCB) | Ongeﬁns o
- e
\_ongt_e‘—r\ge\S + |HRS (x3 half \ayefs)
Type-1 cor (x1 Half layer)
Connector

Type-1 Services routed atop
Longerons, Half-Layer Shells and
Service Support Shells (on top of ECs)
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Powering of the ITk Pixel detector %)

Serial powering:

T. Stockmanns et al., NIM A511 (2003) 174-179
D. Bao Ta et al., NIM A557 (2006) 445-459

L. Gonella et al., JINST 5 (2010) C12002

 Powering modules serially with chains of up to 14 quad modules
- Reduced number of supply lines, less material Low Voltage
- Less power dissipation on services than with parallel powering —>
- Radiation hard on-chip shuntLDO allows regulation of voltage on chip

« Several HV lines per chain (at least 2 per SP-chain foreseen)

« Each module on different potential > AC coupling of data lines

Local Module Ground

Isp - lleak

Constant current supplied
High Voltage and parallel distributed on
P— one module to all front-ends

lleak

. sensor || Regulator -FE Chip

Electronics cavern :
]
To Readout {| »
Type 0 services
)
From Readout - E l
]
Sensor =k
bias (HV)

i Experiment ITk detector >

| cavern volume Vv,

I
FE power '

(Lv) .

H

)

i =
ocs ’ /
Controller
Power (Vcan) E

1

1

]

PPO ] I I ﬁ

computer

1
Type 4 | Type 3
services Epps services T2
]

Type 2
services

Type 1

PPl services

Interlock
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Results of ITk Pixel electrical prototypes

- Tests with different readout systems give comparable results BM7 BM1
gr A : 1

- Serial powering features
* Measurements with realistic power supplies and common reference to

services scheme = Leakage current return through Lt
HV power supply with low-ohmic off-mode v
required to avoid forward bias on module with lowest e
ground level in chain = Input to PSU AL
specifications
|Module Voltage Drop [V]| Drop over R_HV [V]| ISensor [uA]
IBM1 2.12 0.333] 30.27272727,
[Bm2 1.78 -0.023 23
}BM?. 1.95 -0.219[ -19.90909091
BM4 1.99
- Power fluctuations l:m: ; -0.041] 3.727272727
« Several observations (power fluctuations induced during reset b7 20 s
of GBT, register start-up) underline the necessity of the
improvement of the shuntLDO regulators = Input to RD53
chip requirements, undershunt current protection and
overvoltage protection
- Multiple SP-chains operated on a shared reference at PP0 Seonario e
T(CO2) =17C
QLE- ~s1 ;s'z;; ' -s3 +s4 ~-s5 ~-s6 -7 - Ful
(ORI = .
Q0 TET @ " # o+ gy ully
gmE" . o ot o e functional
= © 0 ® OO ®® o @ - © © ® o o e

= 2 : = : = = =2 : 2 : =2 : 2 : 3 1 1 3 = = 35 =

Module FE
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CMS Pixel readout architecture

« Communication electronics hosted on dedicated board

» Detached from the modules

» Portcards optoelectronic service card (~ 700)

» Positioned around IT support cylinder (TBPX) and on “Dee”
structures (TFPX, TEPX)

» Opto-converter boards: Portcard houses 3x IpGBTs and
VTRx+ links, powered via cascaded DC-DC converters (1
bPOL12V DC/DC converter 1 bPOL2V5 DC/DC converter)

e

Optical
10 Gb/s

7

> &

» Up to 6 electrical up-links at 1.28 Gb/s — module to LpGBT Service Cylinder Counting Room
« Rates reduction achieved with data formatting. One

electrical down-link at 160 Mb/s — LpGBT to /

module clock, trigger, commands, configuration data to v e

modules connector {1 2 .':
» Efficient data formatting to reduce data rates (factor ~2)
| 25% bandwidth headroom on e-link occupancy
« Back-end electronics
« 28 DTC (Data Trigger Control) boards
» Lumi processors

TFPX disk with
portcard
cartdrige
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Tracking performance: impact parameter resolution E

— . . : . : : : — B L I elimin —-I— nao| ue usI ering, I>< mzl_
_g_ f ATLAS Preliminary —=— Analogue Clustering, 50x50 pm? % 10° E A'TLAS'Pre“mmary —_— ﬁna:ogue 8:us:ering, ggx?gouumt;
S' lati —=— Analogue Clustering, 25x100 umz_ ° - SImUIatlon Anal Clusteri Run-2 u
%O 10* g_s”:;lum?o:\?:= oy Analogue Clustering’(Rl:':)ii_E % [ Single muon, p_= 100 GeV —— Analogue Clustering ( un;})ii .
C g 3 10° - o Toe™ E
10° = ii-iﬂg#ﬁ E ;\/ﬂgﬁ"" 3
i 3 10 ke Gﬂﬂﬂ-ﬂ-ﬁwﬁﬁ _E
102 :iii.'i = C -.f..l " I 1 1 L 1 I 1 ]
0 05 1 15 2 25 3 35 4 _/0 05 1 15 2 25 3 35 4
true track | true track In|
tE o E . '
B8 -y AL 7 T TIE— 3 o] L TP -
0.8E—— - : - PA L AL 28 = 030" . . . ]
0 05 1 15 2 25 3 : 4
o track 005 118 2 25 3 35 tracanl
E é,TL'AI\S,Pr'eIimiriary—-'— pociogue Custorng, 5050 ' - Longitudinal z, resolution crucial for pile-up
—~ L Imulation —=— Analogue Clus er!ng, X um=] .
-\% ~ Single muon, p_= 100 GeV — Analogue Clustering (Run-ZL_._ e Su ppreSS|on
10 _.__._-I-'.- 'D'__ . . .
M""* Il * Forlow pr dominated by multiple scattering
L o SR R it i E'-D-Dﬂ'ﬂ-mﬂ ]
008 T 1S B as S e ek « For high pr dominated by intrinsic detector
. — resolution Conservative estimate for
Eg M s e SRt . SO S o ant o ] performance of ATLAS ITk:
Q|5 g E : algorithms not fully optimized
I 5 - Improvement due to reduced material and better I yop
03k . . . . ] . .
Soos i 15 2 25 3 OB o resolution of strip tracker than current TRT
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Number of strip plus pixel measurements
on a track as a function of n

Number of Silicon Hits

ITk provides at minimum 9 hits in the barrel and 13 hits in the
forward or all particles with pr> 1 GeV within |zygnex] < 150 mm

40
35
30
25
20

Tracking performance

Track Reconstruction: From detector
readout to physics objects

Reconstruction chain steps:
ATL-PHYS-PUB-2021-024

Tk Layout: 23-00-03

I I L L B B
— ATLAS Simulation Prelim

L LR _
inary .
single y, pT=1 GeV

Number of Tracks

"0 1 2 3 4
track n

Redundancy is very important to clean combinatorics in reconstruction

2

2.11.2022
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More tracker performance

£ EATLAS Simulaton S >, CMSPhase-2 Simulation ,
o) C Vs : o000 1T : ; , - L : ; : : -
4o E_\{§=14TeV<p>_200tt _______________ _— A e e 1 7 ' : :
kS S . — ni<2.7 3 )
r = — D <4 &) g 4
.-E» 103 U FUrTSVTTUS SRS Sy AAAAAAAAAA 27<|n|<4_5 E 0 8 ___ -
- S Run 2, |<2.5 3 o L
- 7 g) ‘
102 SRR USRS OO TOONORN: RO OO0 ST TR OO NP - R "
= 3 4 = .
: ] < 06/
[ i S
10 e T s IR E - L i
1 _I 11 i 1111 | 11 1 I 1111 | 1111 ’ | I ' 1111 | 1111 I 1111 ! 1 | - —— <PU> = 140 —
055 0.6 /0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 e <PU> = 200
b-jet efficiency 02— Simulated muons —
E p_=10GeV, Idl <3.5¢cm H
T— — ; :
—i L1l l L1l I L1l I L1l l Ll l L1l i-

— not optimised! ol il
— important to discriminate between -3 -2 -10 1 2 3 4
VBF and tt in forward regions Simulated track

« Tracking efficiency with muons in CMS

N

* b-tagging

— evaluated using tt sample with parton-
jet matching

— Run-2 algorithms without dedicated
tuning used
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Primary vertex reconstruction

* Vertexing: reconstructing and
identifying the primary hard
scatter vertex and pile-up
vertices

[y
[y

o
o
>

TTI{TTIIIIIII|IIII|IIIIIIIIT{ITTTIIIII'IIII III|ITIIIIIIIITTIIlTIII]TIII{TIII‘IIITIIII

—
o
3]

ATLAS Simulation Preliminary
\s = 14TeV, HL-LHC
ITk layout: 23-00-03

ATLAS Simulation Preliminary

s = 14TeV, HL-LHC
ITk layout: 23-00-03

o
o
a

1.06

. . 1.04F - i
« |Tk vertexing uses Adaptive tt p, > 1GeV 0.04 P >1GeV e Run-2, =38
Multi-Vertex Finder (AMVF) 102 : o Tk, {u = 200
algorithm which replaces Run- B o o 0% .

2 lterative Vertex Finder (IVF)

Vertex Reconstruction Efficiency

o o
© ©
> ©

Longitudinal position resolution [mm]

Illllll\ll\ll

i

. F el —e— Run-2, (u) = 38 0.02~
algorithm - -

0.945 —— ITk, (u) = 200 C DN

. C r-o——m—-o——0o—0—0—0—0—

C 0.01= .

0.92 + C 1

0 9:I 111 ‘ 1111 | 1111 | 1111 | L 111 | 1111 ‘ 1111 | 1111 | L 111 T O_I 111 | 1111 | 1111 | 1111 | 1111 ‘ 1111 ‘ 1111 ‘ 1111 | 1 11 I_

0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45
Local PU Density [Vertices/mm] Local PU Density [Vertices/mm]

» Vertex reconstruction efficiency shows robust performance even up to <uy> ~ 200

« Longitudinal position resolution improved by factor of 2-3 and exhibits strong robustness
against pile-up

- Vertex reconstruction efficiencies for tt can cope with high pile-up
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Jet Flavour Tagging and Physics Case

« Discriminate heavy flavour jets (from b- and c- « Extrapolation for Physics cases
quarks) from jets originating from light quarks and ¢« H->pp
gluons
S FATLAS Simulation Preliminary - AT i e A
B E imulation Preliminary 3 © - . . =
8 Fls-14TeV, @200,  — ot i S 455 ATLAS Simulation —4=
= 10 e s T2 = < 4 Y5 =14TeV, 3000 fo" F
% E  ITkLayout; 23-00-03 I gjmlj ] = é 50 x 50 pm? pixels i
N —-nes ‘ = 85p E
~— 3 — i
= 1 S g T ———e— .
i \\‘i;\\ | 25E  m.. * E
: RN : il it T 5
10 \\\ - L | o R aee g —— E
g \\\\ 3 - —_— —o— Hoap, ITk 3
C : 7 1: --s-- H = 4y, Run 27
el i = —s— Houp, ITk 3
1 O'SE <%« H= up, Run2 3
) TP PO [CPUar Ol [P SO oS ST B o ST R L Wl 3
S %05 1 15 2 25 3 35 4
= S~~~
g : : \\\
B « Uncertainty on precision measurement
055 06 065 0.7 0.75 08 085 09 095 1

b-jet efficiency

« Evaluated using tt sample with parton-jet matching

» High-level multvariate algorithm combines information from

several discriminates
* Not fully optimised

« Important to discriminate between VBF and tt in forward regions
2.11.2022

of W mass reduced by 20% with
extended forward tracking at HL-HLC

https://cds.cern.ch/record/2703572
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