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Introduction

- Large program of ATLAS Phase-ll upgrades for High-
Luminosity LHC (HL-LHC) data-taking starting in 2029

- ATLAS Inner Tracker (ITk) one of the most ambitious
upgrades for a particle physics detector

- ATLAS CPPM group heavily involved since the beginning:
- Technical design, production and installation of the ITk Pixel
detector => see Eric Vigeolas's seminar next week
- Simulation, reconstruction and physics object performance
- Prospect for physics analyses at HL-LHC
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High-Luminosity LHC &
ATLAS Phase-ll upgrades




High-Luminosity LHC
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Higgs physics prospects

» Since its discovery in 2012, many detailed studies to confirm Higgs boson properties:
- couplings established to EW bosons + 3rd gen. fermions

- CP properties ATLAS Run 2 __ gg3H |
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Higgs physics prospects
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- Higgs self-coupling x, still to be measured precisely:

latest combined ATLAS results (single + di-Higgs)
-0.4 <1< 6.3 @95% CL

* Increase Iin instantaneous luminosity:
=> ~10 times more HH pairs to be produced by 2040

# Higgs bosons produced per experiment, per run

N —
Run 1 HH WHH

1K 10K 100K ™ 10M 100M

E. Brost - Higgs @10 Symposium
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Higgs physics prospects
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E. Brost - Higgs @10 Symposium
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ATLAS Phase-ll upgrades

Upgraded Trigger and

Data Acquisition System:
- LO rate: 1 MHz coverage and
- Event Filter: 10 kHz - | < trigger

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter |mproved muon

(W
‘ll '

NEW endcap

| BT High-Granularity

Upgraded electronics: i\ A " Timing Detector
- LAr calorimeter a N B
- Tile Calorimeter
- Muon system

Yecueei e NEW all-silicon Inner Tracker

Toroid Magnets
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ATLAS Phase-ll Inner Tracker upgrade

» To guarantee tracking performance + good data-taking
conditions, full replacement of ATLAS tracking
detectors with new all-silicon Inner Tracker (ITk)

= L D L B A ]

- Extended tracking acceptance up to Inl=4: g 1400ATLAS Simulation Preliminary -
- increased lepton reconstruction + jet flavour-tagging = ogq0 . < -2Yout 230009 .o ATL-PHYS-PUB-2021-024 -
acceptance - b -

- improved pile-up suppression 1000 = -

B n=20 -

800, -

Outer strip detector: 4 barrel layers + 6 end-cap disks (double- 600 _f
sided) - -
4.0() rmm—— n=3.0_—

Inner pixel detector: 5 barrel layers + inclined and vertical rings ~ ,,,&= WAL : :I e
- innermost layer (LO) at radius ~34 mm [IBL 33.25mm] L ‘i L1 n=40 -

- - . Pt e s A MR R S N N M N N AN RN RN ST R A R B

- pixel pitch: 25x100 um2 for LO barrel / 50x50 umz2 elsewhere % 500 1000 1500 2000 2500 3000 3500
[IBL 50x250 um?2] 2 [mm]
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ATLAS Phase-ll Inner Tracker upgrade

ITk (Run 4-6) Inner Detector (Run 2-3)
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Significant increase in number of pixels 108 & 5 x 109; No more
- smaller pixel pitch - not adapted to PU=200
- Increased coverage - already challenging to operate in Run 3

Replaceable innermost pixel layers: opportunity for potential hardware upgrade
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ATLAS Phase-ll Inner Tracker upgrade

Comparison of material budget
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ATLAS Phase-ll Inner Tracker upgrade

Comparison of material budget
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Equivalent X for
Much improved for 0.5<inl<2.7
Increased tracking acceptance for 2.7<Inl<4.0
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Expected I Tk
tracking performance
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Tracking challenges at HL-LHC

- Tracking is a key ingredient for full event
reconstruction: used for almost every
physics object reconstruction or identification

Space Point
Silicon : B
Track
Candidate

Silicon
Detectors

Nominal
Interaction
Point

s T
M\A\\ é‘;‘?? A

vy4$ Y ~
Primary vertex Pile-up removal Jet flavour-tagging
reconstruction

* Main requirements:
- high efficiency
- precise track parameter estimations
- very low fake rate
- within computing budget

» Track reconstruction from detector hits complex combinatorial

problem

=> very challenging in HL-LHC pile-up conditions

- larger hit combinatorics (CPU, fake rate)

- wrong cluster-track association (track parameter resolution)
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Tracking efficiency and fake rate IDTR-2023-05

. : . > B B L L A I L BN BRI
- Excellent tracking performance achieved thanks to optimal ¢ ‘/ATLAS Simulation Prehmma(r)g = 200~
. - ‘o - Vs=14TeV, HL-LHC —e— Run 3, (u) €[0,80] —— ITk, () =200 -
exploitation of ITk layout £ [ Tk Layout: 03-00-00 i < 2.4 n.=0 atmi<2.0 -
0.95(— tt, HS, Truthp_>1 GeV n. =8 n,.=8 at 2.0<Inl<2.6 —
- n,=7 at 2.6<l<4.0
* Inclusive tracking efficiency at p=200 for particles with pr>1 0.9k e abing -
GeV within 5% of Run-3 efficiency E - T
0.85 u— Il o= i ™ =
- e T -
i) _I | | | | | | | | | | | | | | | | | | | | | | | | I_ 08_— ——0— —0—0— __
O 20001— ATLAS Simulation Preliminary — i -
= — Vs=14TeV, HL-LHC - i | | | | | | | i
Q 1800 |Tk Layout: 03-00-00 ] ® BT | T | BN | | =
o — tt, Track p.>1 GeV _ S . E —h——A— —h— E
E 1600__ y/’ __ E 10215_ ______________________________________________________________________________ E
2 a0 —— ITk (u) =200, nl <4.0 e TS = o.08E L e 3
S - — & ITK (1) = 200, Il < 2.4 @?g{?@& - 006E- s L, =
< 1200 —— Run 3, (1) €[0, 80], Ml <24  # = e - = I ARV S 5 7
— 2?@‘@?@ — Truth n
1000 — o ~  —
800:_ P eﬂ@x’{:} E
- ~ el .
600} oF 409@@’?03@ - * Very high track purity achieved, exploiting optimised seeding
u ° 7~ _ . . .
400 =7 - strategy + hit requirements (= 9 expected): negligible fake rate
200/ M@»@@’? = O(10-4) associated with linear increase in number of tracks with
Ozwﬁ ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] I: number Of interaCtionS
0 50 100 150 200 250 300

Number of interactions

T. Strebler — CPPM seminar 2024 16



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2023-05/

Tracking resolutions

ATL-PHYS-PUB-2021-024
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Impact of ITk layout on tracking performance

ATL-PHYS-PUB-2021-040

- To allow for contingency with tight HL-LHC schedule,
options for staged-installation of ITk Pixel detector

investigated in particular for outermost layer
=> opportunity to confirm impact of ITk layout on

tracking performance

Options not pursued ultimately

» Extra redundancy brought with five pixel layers ensures much

better robustness against detector defects
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» With five layers, possibility to implement quality criteria at early
stage to reduce combinatorics and CPU
=> critical element for trigger reconstruction (fast tracking)

Number of Pixel seeds per event | Track Finding CPU[s]
Defult Tracking 26017 S
o e
Number of Pixel seeds per event | Track Finding CPU[s]
Deault Tracking 51047 732
st Tracking 19340
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Tracking in dense environment

ATL-PHYS-PUB-2023-022

- Studies started to adapt
those with ITk, expected to
benefit from smaller pixel
pitch

- Instrumental for boosted
hadronic decay tagging

Track reconstruction efficiency

fake rate

* In core of high pT jets, very high particle density
=> pixel cluster merging

 Track reconstruction allows for shared hits between
several tracks: trade-off between tracking efficiency and

- Merged pixel identification developed based on

Neural Networks continuously improved since Run 1
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ATL-PHYS-PUB-2021-040

Tracking reconstruction beyond primary interaction  ras-tor-029-A00-1
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Expected high-level
objects performance
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ATL-PHYS-PUB-2021-024

Primary vertexing performance DTR-2023-05
3'O.8_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_ . . . . . - R - -
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Primary vertexing performance
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IDTR-2019-004

* Need to pick the
hard-scatter vertex
among all of the
reconstructed
primary vertices

o e y
© ) —
(@) — (@) ] —

O
©

Vix Selection and Reconstruction Efficienc

0.85

. ATLAS Simulation Preliminary
_ {s=14TeV, HL-LHC

- |Tk layout: 23-00-03

L p.>1GeV

¥ e —*- Run-2, (u) =38
-

- e, - 1Tk, (u) =200

Q
Q
Q
Q
Q
Q
Q
Q
Q

i

o

50 100 150 200 250

Number of interactions

r [mm]

r [mm]

- Default HS vertex selection criteria based on Zpt2:
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Jet tagging performance

ATL-PHYS-PUB-2019-014
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- Impact-parameter based flavour-tagging
algorithm directly benefits from improved
ITk IP resolutions + track categorisation
optimised for new detector layout

- Secondary vertexing (SV1) to be studied in
more details
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* Pile-up jet rejection performance directly connected to z0
resolution: better performance in central region with lower material

- Dramatic improvement in forward region with respect to Run 2 with
no tracking coverage for current detector (PU jet rejection based on
calorimeter timing), to be further improved with HGTD timing information
=> direct impact on VBF/VBS analyses
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Towards 4D Tracking?

ATL-PHYS-PUB-2023-023

- Two innermost ITk pixel layers designed to be
replaced after 2000 fb-1 (after Run 4 or Run 5):
opportunity for potential hardware upgrade
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Technology for pixels with 4D measurements (x/
y/z + time) mature enough by then to be considered
for upgrade
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- Expected improvement on performance
investigated: possibility to clean up pile-up
tracks in combination with zO impact parameter
+ overcome limited HGTD n acceptance

T. Strebler — CPPM seminar 2024

20



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/

Towards 4D Tracking?
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» Benefit from reduction of pile-up tracks faking large-IP tracks from b
hadron decays => strong improvement on b-tagging performance

Can also benefit to:
- pile-up jet rejection

- search for long-lived particle exploiting calorimeter timing

- Time resolution better than 10 ps for all

vertices

- [ T T T T [ T T T T [ T T T T [ T T T T |

2 5 F ATLAS Simulation Preliminary—— GN1 j

8 10 Fvs=14Tev, (u) =200 —— GNT 30ps

o 104 - tt, 20 < p7r <250 GeV GNT GOpS—;

o F GNT 90ps 3
10° F -
10' 3
100 _E I I I I ] I I I I i I I I I ] I I I 1_

0.8 | 0.9 | 1.0
b-jet efficiency

T. Strebler — CPPM seminar 2024

27



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/

Conclusion

 ITk detector will face unprecedented challenges for tracking reconstruction: sizeable increase in detector
occupancy due to increased pile-up

- Excellent tracking performance expected, both for particles produced in primary interaction or displaced vertices,
directly benefitting from optimised ITk detector layout and years of experience In tracking reconstruction with

current ATLAS detector

» Wil directly benefit to high-level object reconstruction and identification and ultimately to sensitivity of physics
analyses with datasets collected at HL-LHC

- Future upgrades beyond Run 4 exploiting timing information could further improve the performance
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IDTR-2023-04

Software developments IDTR-2022-01
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ATLAS Phase-ll Inner Tracker upgrade
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ATLAS Phase-ll Inner Tracker upgrade
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Tracking efficiency and fake rate

IDTR-2023-05
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Tracking resolutions ATL-PHYS-PUB-2021-024

= L B A R I L L B L L AL B ] 3 — LA L L L B — —~ AL R L N LA LR BN AL B
% — ATLAS Simulation Preliminary ... _ = — ATLAS Simulation Preliminary ... Run-2 — o — ATLAS Simulation Preliminary ... ) -
= Run-2 = Run-2
oy — Vs=14 TeV, HL-LHC -~ 10° gV¥s=14TeV, HL-LHC Tk - 2 ’ | Vs=14 TeV, HL-LHC )
O . 4| [ITkLayout: 23-00-03 —o— 1Tk N = Tk Layout: 23-00-03 © 3 o =Tk Layout: 23-00-03 —e— ITk =
©  10° ==Single u, p_=2 GeV = o — Single u, p_=2GeV ] X|_ — Single u, p_=2 GeV -
~ — 10* = — Q - =
107"
1072
10 =- 10
1.4 1.4E 1.4
o 1.2F o 1.2 n 1.2
s 1E s _JE c 1
T 0.8F i 8.25— T 0.8E
~ 0.6 < 0.6 ~ 0.6
= 04F E 04F = 04
0.2E 0.2 0.2
0g % 0
'§103:"'|""|""| | = E‘1O4E"'|""|""| | 3 I B B | a
= — ATLAS Simulation Preliminary — _.... Run-2 - = — ATLAS Simulation Preliminary ~ _.... Run-2 - o ATLAS Simulation Preliminary ~ __... Run-2
iy — Vs=14 TeV, HL-LHC 1 = — Vs=14 TeV, HL-LHC 1 £ 10 EVs=14TeV, HL-LHC —=
o [ ITkLayout: 23-00-03 o Ik 1 N [ ITkLayout: 23-00-03 —o— 1Tk o = [Tk Layout: 23-00-03 —6— ITk =
° Single u, p_ = 100 GeV 5 10° E-Single u, p._ = 100 GeV = X Single u, p_ = 100 GeV
102 — ! — E T E Q_l_ T
- - _ 1
_ = 10° =
10 - '==========-- --===== ===== — 10—1
10 = "==:==___ _===:=-' —
B | 1072
1 [ Srl—— | | | | | S
1.4 1.4E = 1.4
o 1.2 o 1.2 o 1.2
S _IE s 1 c  1E
x 0.8 xc 0.8 x O0.8E
~ 0.6 = 0.6 ~ 0.6
= 04 = 04F = 04
0.2 0.2E 0.2
0 % 2

T. Strebler — CPPM seminar 2024 36



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/

Impact of ITk layout on tracking performance
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Impact of ITk layout on tracking performance ATL-PHYS-PUB-2021-040
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