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Introduction
Chance of future 4D tracking for [Tk

»Motivation — LHC upgraded to HL-LHC

Luminosity up to 7.5%X103* cm™2s~! | pile-ups up to 200
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Introduction
Chance of future 4D tracking for [Tk

* The two iInnermost layers of the ATLAS [ A TLAS Simula 3
ITk Pixel is designed for a maximum JER " 10" g
luminosity of 2000 fb—1. zz 6 g

* Chance to implement 4D tracking for the 5 i E " 3
two innermost layers in the middle of oMM TTTTTTE R
HL-LHC operation: 5 '

» Need to understand the physics potential O ~"50 100 150 200 250 300 10
> This study is focusing on the low-level 4D z fem]
tracking performance, more about 4D The fluence and dose distributions for the Tk Pixel Detector.

vertexing and b-tagging in Valentina's talk Total ionizing dose
ATLAS-TDR-030 Inner Tracker Pixel Detector
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ACTS GitHub: https://github.com/acts-project/acts

Introduction

ACTS docs : https://acts.readthedocs.io/en/latest/index.htm|

Add time measurements for \Tk in ACTS

* ACTS Is an experiment-independent toolkit for
(charged) particle track reconstruction in (high energy)
physics experiments

» track parameters in ACTS

Y = q
X = (lO; ll) (p; Hrp; t)
* Smear truth hit information in the ITk innermost 2-layer
pixel region with gauss distribution
o(t) =50 ps

to provide time measurements
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https://github.com/acts-project/acts
https://github.com/acts-project/acts
https://github.com/acts-project/acts
https://acts.readthedocs.io/en/latest/index.html

Qutline

»ACTS-standalone ITk 4D tracking
»>|Tk 4D seeding with ACTS

»Timing pixel digitization in Athena



ACTS-standalone ITk 4D tracking

Fatras and Truth-seeded 4D track following performance
Geant4 and Reco-seeds seeded 4D track following performance
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Workflow of ITk full chain in ACTS

simulation

(

o ¥ T\
digitization + clustering
(smear simulation hits now)
make spacepoints
Seeding

seeding: not using the time
Information of spacepoints

track finding and fitting (CKF)

Fatras / Geant4
simulation

ACTS components

;ambiguity solver

» Tracks output

vertexing

\_ J

2025/7/22

Geometry and magnetic field

Fatras (fast track simulation) is an ACTS

iImplementation for fast track simulation.

Combinatorial Kalman Filter
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ACTS-standalone ITk 4D tracking

Fatras and Truth-seeded 4D track following performance



Tracking efficiency

track efficiency vs n
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track efficiency
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0.825 A ¥

0.800 T :

ITk: ATLAS-P2-RUN4-01-00-00
ACTS v33.0.0

100events tt <y > =200 vs = 14TeV
Simulation: Fatras

SeedingAlgorithm: TruthSmeared
Particle selection:

truth pr > 1 GeV, truth |n|<4

Smearing o(ty) =50 ps, measurements no time
Smearing o(ty) =10000 ps, measurements o(t)=50 ps

Smearing o(to) =10000 ps, measurements no time (No timing)
Smearing o(to) =50 ps, measurements o(t)=50 ps (timing)

-4

-3 -2 -1 0 1 2 3
n

Tracking efficiency

93.72% (no timing) to 94.87%T (50 ps timing)
93.71% (only “measured” time for initial track parameters)
93.63% . (only time for measurements)
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* Add time for both initial track parameters and
measurements of innermost 2-layer pixel

« Event generation: tt events (u)=200 with Pythia 8

* Fatras simulation & Truth-Smeared seeding

* No improvements on tracking efficiency if no timing info

Is provided for initial track parameters

RED (4D tracking): CKF initial track parameters and

\ measurements have time information

BLUE (3D tracking): no time information for CKF initial track

parameters and measurements
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nTimeMeasurements vs n of truth-matched tracks

T
1400-ATLAS Simulation Preliminary
ITk Layout: 23-00-03
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nMajorityHits _ # hits that belongs to the particle with the highest fraction of hits on the track
nMeasurements

# total measuremts on a track

Increase on match probability (LEFT) and decrease on number of total measurements (RIGHT)
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dy / Zy resolution

dq resolution Z, resolution
o(do) vs n o(z0) vs n
0.08
100 4
0.07
£ £
E E
S 006 T
B B
0.05 10—1 4
0.04 { —@— notime —&— notime
—&— 50 ps(Inner Pixels) —&— 50 ps(Inner Pixels)
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
n n

No significant change on the resolution of impact parameters dy/zg
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ACTS-standalone ITk 4D tracking

Geant4 and Reco-seeds seeded 4D track following performance



track efficiency

Tracking efficiency and quality

0.94 track efficiency vs n Duplication rate vs n Fake rate vs n
—$— no time measurements (y2cut=15) 0.030 A —&— no time measurements (x2cut=15) 0.035 1 —&— no time measurements (x2cut=15)
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track efficiency ~ 87.58%->87.80% - |
duplication rate  0.89%->0.77% - | fake rate  0.35%->0.22% .
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Match probability

nMajorityHits vs
nMeasurements n 22 nMeasurements vs n
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dy / Zy resolution

o(do) vs n o(zo) vs n
0.18 1 —&— no time measurements (y2cut=15) —&— no time measurements (y2cut=15)
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No significant change on the resolution of impact parameters dy/zg
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[Tk 4D seeding with ACTS




Default seeding algorithm in ACTS

Loop middle sp Get middle-top doublets Get middle-bottom doublets Seed Finding:

2 NZ%) NVZ% > Doublet check: radius, Az, z,,

[ . 3@/ . %/ ~ compatibility with IP (conformal
\ A transformation x-y - u-v)

» Triplet check: 8 (consider

/
|

multiple scattering effect with

Find compatible top spacepoints for each Filter seed candidates | inimum pr & estimated pr) |
middle-bottom doublet to form seed candidates for each middle spacepoint |
o a A |
‘ 7] ) 7%/ » Assign a weight
| ' | U(/ w = (c1* Ny — ¢z - do — €3]2])

+detector specific cuts

Find more details about seeding at
https://acts.readthedocs.io/en/latest/core/reconstruction/pattern recognition/seeding.html#seeding-core
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https://acts.readthedocs.io/en/latest/core/reconstruction/pattern_recognition/seeding.html
https://acts.readthedocs.io/en/latest/core/reconstruction/pattern_recognition/seeding.html
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A toy 4D Seeding algorithm

Have added time compatibility check for doublets
Loop middle sp (Get middle-top doublets Get middle-bottom double@é Seed Finding:

/

> . . compatibility with IP (conformal
* \_ - - y, transformation x-y - u-v )
. » Triplet check: 8 (consider

- » Doublet check: radius, Az, z,

Adding time compatibility check for triplets is in progress _ _ _
multiple scattering effect with

Find compatible top spacepoints for each Filter seed candidates | inimum pr & estimated pr) |
middle-bottom doublet to form seed candidates for each middle spacepoint ;i
| 0

» Assign a weight

v

w = (c1 - Ny — ¢c3 - dg — c3]2g])

+detector specific cuts

Find more details about seeding at
https://acts.readthedocs.io/en/latest/core/reconstruction/pattern recognition/seeding.html#seeding-core
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L I DL I L I T ]
1400-ATLAS Simulation Preliminary —
[ ITk Layout: 23-00-03 ]
1200~ =1.0 -

A toy 4D Seeding algorithm

r [mm]

1000 —

800

* How many spacepoints have time?
| bottomsp | middlesp | _topsp -
muon particle gun 91.03% 73.94% 39.17% i e 213

tt < u>=200 91.51% 75.23% 46.03% z [mm]

» Using pixel (5 layers) spacepoint seeding

* Variable tO for Spacepomt » Adding time for innermost 2 layers

1
to = tarrival — E ) \/rz +z?% = Larrival — tfly
* The time when the particle is generated
* Add filter for doublets If both spacepoints have time info

] top|bottom
|Aty| = \tg“ddle — ¢loP! > A- oy
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Tk tt with 200 pile-ups

Number of total seeds per event Seeding efficiency Number of fake seeds per event
1.000
1200
26000 1
_ 0.975
tt<u> =200 1000
240001 vertex generation of?“s* = 5000 ps 0.950
measurement gS24ss = 50 ps
800
520001 0.925
0.900 600
20000
0.875
400
180001 0.850
200
16000 | 0.825
, 0.800 : 0 ,
no time cut 100 50; 30: no time cut 100} 50 30: no time cut 100 50 30:

200 events tt < u >= 200, o, = 50 ps, Fatras simulation

Seeding efficiency 98.09% 98.11% 98.12% 98.06%
Number of seeds 21426 / event 21153 /event 20975/ event 20548 / event
Number of fake 1187 / event 815 / event 645 / event 567 / event
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' tov|bottom
How does At, = tjiddte _ ¢loP! work?

ITk tt with 200 pile-ups | stack At, histogram

Seed Spacepoint A tJ" - t5*°™® Stack Seed Spacepoint A t7" - 22" Stack

x10° x10°
- Seed Spacepoint A t, Good = Seed Spacepoint A t, Good
450 — I Sccd Spacepoint A t, Dup 450 — I Seed Spacepoint At, Dup
400 ; I Seed Spacepoint At, Fake 400 ; I Seed Spacepoint At, Fake
350/ 350
300 300
250 250
200~ 200
150 150
100 100
50— 50
:\ I — ‘J - — ‘ I I ‘ I ‘ | 1 | | | I | l I ‘ L1 11 - L1 1 ‘ I I - ‘ L1 11 ‘ I ‘ 1 | L 1 ‘ I I ‘ | | N ‘ I I
-?300 -400 -300 -200 -100 0 100 200 300 4oo D00 -?300 -400 -300 -200 -100 0 100 200 300 400 500
t:)m e _ too fom|top tgndde _ t(t;oltomllop
No time cut 50, cut (o = 50 ps)

2025/7/22 4D tracking with ACTS @ tracking workshop 2025 21



' tov|bottom
How does Aty = triddle _ ¢EoPl work?

ITk tt with 200 pile-ups | stack At, histogram (log scale)

Seed Spacepoint A tJ% - 22" Stack Seed Spacepoint A 7" - £*°™ Stack

E==—= Seed Spacepoint A t, Good B === Seed Spacepoint A t, Good
L I Sced Spacepoint Aty Dup L I Sced Spacepoint At, Dup

s I Sced Spacepoint At, Fake s BB Seed Spacepoint At, Fake
10°=— 10°=—
10— 10* =
10°=- 10°=—

. _I I - ‘ I ‘ I I ‘ I I ‘ 1 1 ‘ | ‘ I I ‘ I I ‘ I I |

-500  -400  -300  -200  -100 0 100 200 300 tgidg}QOtmm,gpo -500 -400 -300 -200  -100 0 100 200 300 400 . 500
-1 to e _ tOO lom|toj
No time cut 50, cut (o = 50 ps)
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tov|bottom
tmlddle ¢ p| work?

How does Aty = 0

ITk tt with 200 pile-ups | normalized At distribution

middle bottom|top .
Seed Spacepoint A t]"" - t2°°™® no-Stack Normalized Seed Spacepoint At -t no-Stack Normalized
= Seed Spacepoint A t, Good 0.09 i Seed Spacepo?nt Aty Good
009 I Seed Spacepoint At, Dup e o I Secd Spacepoint At, Dup
008 ) I Seed Spacepoint At, Fake 0.08 50 ps ~ 15 mm in ACTS unit I Sced Spacepoint At, Fake
0.07— _—. 0.07 - ;
0.06— 0.06/— e
= O.(Attruth matched) —_r / hlt - ;
0.05— 0 0.05— *
ooal truth-matched | : _ o .
TE -~ contribute from vertex %= =
003 " time distribution 0.0~
0.02F ) 1 0.02
0= i - 0.01 )
gm = ‘26(;’-??\1‘()0__1 —! (!J . B ‘-Hié?) ﬂmj go( EJ I l I I ‘ I | I | l | 'l- 1 ‘ || -i-"-l | I T l I T | ‘ I | | I 1 J
' - - - 1800 oo 2 ’ 300 200 300 -200  -100 0 100 200 300 ﬁ otomB
0 0 i t00 om| op
No time cut 50, cut (o, = 50 ps)
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24000 +

22000 -

20000

18000

16000

14000

12000

10000

Different simulated vertex time distripution

Number of total seeds per event

Seeding efficiency

1200

1000 A

800

600

400

200

Number of fake seeds per event

H 5000ps Gen

mm 500ps Gen
200ps Gen
100ps Gen

no time cut 100 30t

1.05
I 5000ps Gen I 5000ps Gen
B 500ps Gen mm 500ps Gen
200ps Gen 200ps Gen
100ps Gen 1.00 1 100ps Gen
0.95 1
. 0.90 1
0.85 1
- 0.80 -
no time cut 100% no time cut 100%
The power of identifying fake doublets will drop, as the vertex time distribution decreases
2025/7/22 4D tracking with ACTS @ tracking workshop 2025
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Timing pixel digitization In Athena



Workflow of time digitization in Athena

* Digitization
* simulate detector response from hit simulation information e g
« HIT (Geant4 simulation) -> RDO (Raw data output) . [ E
* (position, charge ) -> (identifier/position of cells, ToT, ToA) L™ "
Graphs from ACTS docs
_ fast time
smeared.tlme. o digitization
o (add random gaussian distribution) digitized time
Geant4 hit time stored in RDO
simulate pulse and calculate ToA more realistic digitization
based on parameterized pulse waveform (the same method with HGTD)
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https://acts.readthedocs.io/en/latest/tracking.html

Fast time digitization

different TDC bin and digitized time resolution for single muon simulation

—=- 10 ps estimation ~ —§— 10 ps gauss smear

* Add gaussian distribution to Geant4 hit time , and store it in oo || 20ps estimation - 30 ps gauss smear

——- 50 ps estimation ~ —§— 50 ps gauss smear

RDO. oerr——

* Can configure time resolution (0444ss) and TDC LSB, to
reach different total time resolution (G¢otar).

w
o

TDCLSB
2+( CLS )2
V.12

404 estimation Oiotar ~ \/ OGauss

time resolution / ps

. o TDC LSB
* For fast time digitization atotal~\/00auss + (——— iz )2

* Different components are represented by 0¢auss 22 30244 0 ®F e 80 700

TDC LSB / ps

* Realistic condition

Gaussian fit results of histograms of

5 TDC LSB o
UtotaZN\/ OLandau + Utlme walk to ltter + 0 clock + ( V12 )2 treconstructed — Chie, With different
Ocauss and TDC LSB scenarios.
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5 ) ) ) TDC LSB )
Ototal™ |Oiandau T Otime-waik T Ojitter + 0Giock + ( J12

More realistic time digitization (HGTD method)

- Implementation
— store In RDO

digidTFit

digidT
ri 30568
Mean 400.3
Std Dev 34.40
Prob 0.2269
Constant 1775 + 12.3951
Mean 400.3+0.2

Sigma 34.29+0.14

906556500 000450508 50 600
_ o o . . bit-word
- Simplified digitization using parameterized pulse waveform.

- Consider Landau (gauss) , time-walk, jitter, clock (gauss), TDC LSB

- [Tk Pixel waveform is not applied. HGTD pulse waveform is still
kept as a place holder now.
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summa Yy Thanks!

* Validate full chain of simulation & tracking workflow in standalone ACTS for 4D
tracking study

» Investigating possible 4D tracking seeding algorithm in ACTS

» No seeding efficiency loss, while suppressing rate of fake seeds

»Working on implementing 4D tracking workflow in Athena
» 4D digitization algorithm is implemented for ITk

» 4D seeding will be implemented in Athena using the outputs of 4D digitization and 4D
clustering (almost ready by Spyros)

» Outlook: physics case using the 4D tracking + 4D vertexing + 4D flavor tagging
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Definition of duplication rate and fake rate

* Track candidates classification

Real (only one for the same

Match Truth-matched generated particle)

Track selection

Reconstructed Duplicated
Track candidates < Fake (not matched with

(after ambiguity solver) Unconstructed any simulated particle)

Track selection:

* number of measurements (pixel + strip) > 7,

o pr®°>900 MeV (400 MeV) in n|<2.0 (2.0<|n[<4.0)
| dj°° |<2 mm (10 mm) in |n|<2.6 (2.6<n|<4.0)

o Duplicated Fake . | Z7°° <20 cm
Duplication rate = Fake rate = o = , ,
Truth Matched Reconstructed Matched to a reconstructed track if the matching
probability is larger than 50%.
. . Nﬁ‘{,ﬁ’é}”"“NE?ﬁ%”"" __ mMajorityHits
Now Pmatch - track track T nMeasurements

NPixel +N5trip
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Definition of track efficiency

* Track efficiency definition

Matched particle: if the selected particle have at least one truth-matched
track associated with the particle

Particle selection Matched particle
Selected particle

Generated particles < Unmatched particle

Unselected particle

Particle selection:
pr>1 GeV and |n|<4.0,
being produced by the primary interactions

Matched particle

. . _
rack ef ficiency Selected particle

*Matched particles should satisfy Particle selection criteria, or called “matched” and “selected”.
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Fatras and Detfault seeding

o(do) vs n

—#— notime
—4+— no time(inflationary sigma)

—¥— o(t) = 50 ps(Inner Pixels) (inflationary sigma)
—&— 0o(t) =50 ps(Inner Pixels)

= R R EE
RBES ¥ HFERA BB T

(T
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3. More realistic time digitization (HGTD
method )

Simulate pulse
Convolution of gauss and landau 0 -
to parameterize the waveformlaltest
beam 0.6
400 points—2ns,so =95
ps/pointla2l

Using one random parameter in 021
landau functign to change the
Time-walkpe of the jwaveform? test beam e
0 50 100 150 200 250 300 350 400
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3. More realistic time digitization (HGTD
method )

Calculate pulse

17500 A

15000 A

- Scale the waveform by energy 129007
. Add random noise? to waveform 10000 1
- This could be confused if the 7500

random noise is totally proportional
to the magnitude'® of the waveform
(or the charge) (may need more

5000 A

2500 A

reference later, what about low B f
energy depOSIt???) 0 50 100 150 200 250 300 350 400
jitter energy = pulseWaveform[point] * E +
CLHEP: :RandGaussZiggurat: :shoot(rndm_engine, 0, 0.015
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3. More realistic time digitization (HGTD
meth d ) _ CFDdTFit -

g Entries 30568

8 2500 Mean 406.2

B Std Dev 23.36

Timin ulse - CP)E)Onbstant 2595 i(-) '1025.;23.12

2000

Use - I\S/Iean 405.8 + 0.1

” igma 23.45 +0.09
to determine the raise CFD time (float) ha
Notice that we have granularity of 1000
when simulating pulse o
waveform. (linear interpolation?) '

vy Py |

B L1 1 1 I | N V- I l 1 I L1 1 1 | L1 1 1
800 250 300 350 400 450 500 550 600
terothe / PS

00000

00000

Acro=Amax* @ Dtnresnoid
4000
2000 4
07 tcrp
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Give TOA  [andau+clock

3. More realistic time digitization (HGTD
method )

- Smear3 time given by last step (CFD)

Store time in TDC bin

with gauss distribution.

Encode?

2025/7/22

TDC bin

4D tracking with ACTS @ tracking workshop 2025

digiFloatdTFit

” digiFloatdT
5 1800[— Entries 30568
8 C Mean 406.4
1600 :— Std Dev 34.20
- Prob 0.01170
1400— Constant 1789 + 12.4432
C Mean 406.4+0.2
1200 Sigma 34.00+0.13
1000 :—
800 :—
600
400 :—
200 :—
:4||||| |\||4|||||\|1||||| I R
800 250 300 350 400 450 500 550 600
td\glFloat'thlt /pS
digid TFit
I8 _ digidT
% 1800~ Entries 30568
o C Mean 400.3
1600 — Std Dev 34.40
C Prob 0.2269
1400 Constant 1775 = 12.3951
E Mean 400.3+£0.2
1200— Sigma 34.29 +0.14
1000 :—
800
600
400
200
E T l Il 111 | I 111 1 | 11 1 | l 11 1 1 1 | Rl
800 250 300 350 400 450 500 550 600

td\gl-thI( / ps
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Time resolution (HGTD LGAD

LGAD+ETROC1 — Preliminary Test Beam Results (HPK-P1/P2 LGAD at 230V with charge 20 fC)simulation

» . ) )
- Before Correction: o, = 58.3 + 1.6 ps . (B; C2° 1321 ETL Time resolution /expectatic
250 — — e I I Three ETROCI1 Boards telescope
= After C tion: 6,=46.3 + 1.4 ]
- SR e ] I I 120 GeV proton Beam LGAD+ preamp/discriminator + TDCbin | 35 ps
200 ATLAS HGTD T : . . .
- Test Beam HPK-P1LGAD at 230V ] Time-walk correction residual <10 ps
- November 2019 with charge 20 fC ]
150 :— —: Internal clock distribution <10 ps
100 - ] System clock distribution <15 ps
- . £ g / Per hit total time resolution 41 ps
- ] T/{(pi,@, 9) \ ch2 (pixel 5) \ chi (pixel ) —
501 ] T T Clock
- - distribution
- - ] courtesy of Ted Liu (FNAL)
et 1 s WO - e
—QOO -300 -200 -100 0 100 200 300 400 2
2
A(TOA,tSiPM) [ps] _g
LGAD Landau 25 ps the reason for part of the high §
jitter found
Jitter+system/internal 37 ps | 26 (known reasons)
clock+time walk residual
TDC clock 7 ps Total resolution: t;1, (ns) : ) 11, (ns) ) » 4, (ns)
36 ps (likely achievable for
Per hit total 46 ps | 20fC)/ 70 ps for (4 fC)

2025/7/22

4D tracking with ACTS @ tracking workshop 2025

0.06

0.05 4

0.04 4

0.03 4

0.02 4

0.01 4

0.00 +

-1.0 -0.5 0.0 0.5 1.0 15 2.0 2.5 3.0

le-9

Pulse waveform of
HGTD

43



count

count

Single muon 1000 events tt< u>=200

At, .. Histogram simulated TDC LSB = 12.21 ps At Histogram simulated TDC LSB = 24.41 ps At ... Histogram simulated TDC LSB = 12.21 ps At Histogram simulated TDC LSB = 24.41 ps
deltaTimeHist1 ~ 2000 deltaTimeHist2 deltaTimeHist1 ) - deltaTimeHist2
2000:— Entries 19205 § u Entries 19205 60000 Entries 598540 i 60000 Entries 598540
1800~ Mean 399.9 O 1800 Mean 393.8 r Mean 400.1 I r Mean 394
o Std Dev 34.34 E Std Dev 34.89 r Std Dev 34.47 L Std Dev 35.01
1600 %2 I ndf 36.06 /29 1600 %2 I ndf 17.77 /30 50000/ 2/ ndf 62.9/34 50000~ ¥?/ ndf 73.89/35
E Prob 0.1719 [ Prob 0.9621 o Prob 0.001856 - Prob 0.0001345
1400 Constant 1950 = 17.2 1400~ Constant 1917 = 16.9 F Constant 6.0456+04 = 9.583¢+01 r Constant 5.954¢+04 = 9.430e+01
o Mean 399.9+0.2 o Mean 393.8 £ 0.3 40000~ Mean 4001200 400001~ Mean 394200
12001~ Sigma 34.310.17 1200 E Sigma 34.94 +0.18 - Sigma 34.56 +0.03 + Sigma 35.09 <003
1000 10001 30000F- 30000
800 800F- C C
600 600 20000~ 20000~
400 400F r [
F E 10000~ 100001~
200 200 L L
Bt AP I T R, — E 1 AT P I — Lo 1. AP IR IR IR — P PP ETEEET EPEETTE B —
QOO 250 300 350 400 450 oo 500(rmh 550 500 250 300 350 400 450 oo SOQMh 550 SOO 250 300 350 400 450 oo 500mI1 550 gOO 250 300 350 400 450 oo 500"“"‘ 550
At =t ivar ~ tarival / PS At=trvar ~ tamival / PS At=tmvar = tamva / PS At=torvar - taiva / PS
At .. Histogram simulated TDC LSB = 48.83 ps At, ;o Histogram simulated TDC LSB = 97.66 ps At, ... Histogram simulated TDC LSB = 48.83 ps At, ;o Histogram simulated TDC LSB = 97.66 ps
deltaTimeHist3 .~ deltaTimeHist4 - deltaTimeHist3 . deltaTimeHist4
1800 Entries 19205 g 1600/— Entries 19205 - Entries 598540 i F Entries 598540
[ Mean 381.5 ) r Mean 357.1 r Mean 381.8 1 45000 Mean 357.4
1600~ Std Dev 37.08 1400 Std Dev 43.87 500001 Std Dev 37.08 E Std Dev 44.35
F %2/ ndf 34.54 /30 r %2/ ndf 152.1/33 r %2/ ndf 122/36 40000:_ 52 I ndf 1153 /37
1400 Prob 0.2598 1200 Prob 3.181e-17 r Prob 2.834e-11 35000F- Prob 0
r Constant 1804 = 15.8 I Constant 1538 + 13.2 40000 Constant  5.621e+04 = 8.884e+01 o Constant  4.707e+04 = 7.259e+01
12001~ Mean 381.5+0.3 1000F- Mean 357 + 0.3 r Mean 381800 300005_ Mean 3572201
o Sigma 37.1+0.2 - Sigma 43.27 + 0.20 r Sigma 37.16 £ 0.03 F Sigma 44.31:0.04
1000~ L 30000F— 25000F
I 800(— - E
800~ F - 20000F~
c 600f— r F
r 20000 o
600[— r o 15000~
E 400 C E
400~ F + 10000~
r r 10000 E
200 2001 r s000F-
E A I T I C I IR I I D, Lo i I AR I PR E  INEFETETE INEPEPITE EPAPETEN APETEET ED,
500 250 300 350 400 450 eco 5()(%rum 550 EOO 250 300 350 400 450 eco 50(3"1‘h 550 EOO 250 300 350 400 450 0o 50qmm 550 EOO 250 300 350 400 450 oco 500‘mm 550
At =t var = tamva / PS At=trvar = tamival / PS At =t var = tamva / PS At=trvar - taiva / PS
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Tk tt with 200 pile-ups (Gen 5000ps)

Number of total seeds per event Seeding efficiency Number of fake seeds per event

30000 1000
tt<u> =200
vertex generation of?“** = 5000 ps 0975 1

measurement o£@** = 50 ps s 1000

1200

25000 -

20000
0.925 1 800

15000 1 0.900 1

600

0.875 1

10000 400

0.850 1

5000 A 200

0.825 1

0- 0.800 - 0

100: 50 no time cut 100 O O o] 1lo: no time cut 100: 50¢ 30¢ 20 lo:

200 events tt < u >= 200, o, = 50 ps, Fatras simulation

Seeding efficiency 98.08% 98.13% 98.12% 98.07% 97.87% 96.71%
Number of seeds 21451 /event 20918 /event 20847 /event 20430/event 18959 /event 14379/ event
Number of good 2077 /event 2081 /event 2077 /event 2066/event 2027 /event 1881/ event

Number of fake 1187 / event 493 / event 470 / event 457 / event 435 / event 380 / event
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Tk tt with 200 pile-ups (Gen 200ps)

Number of total seeds per event Seeding efficiency Number of fake seeds per event

30000 1.000
tt<pu> =200

vertex generation ofss = 200 ps
measurement of@4sS = 50 ps

0.975 A
25000 A

0.950

20000 -

0.925

15000 A 0.900 A

0.875 A

10000 A

0.850 A

5000 A
0.825 A

0- 0.800 -

no time cut 100 50¢ 30 no time cut 100¢ 50; 30;

30:

200 events tt < u >= 200, o0, = 50 ps, Fatras simulation
Seeding efficiency 98.09% 98.10% 98.10% 98.05%
Number of seeds 21426 / event 21314 /event 21118/ event 20613/ event

Number of fake 1185 / event 1049 / event 816 / event 681 / event
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Tk tt with 200 pile-ups (Gen 100ps)

Number of total seeds per event Seeding efficiency Number of fake seeds per event

30000 1.000
tt<u> =200

vertex generation of@Ys* = 100 ps
measurement gf34ss = 50 ps

0.975 1
25000 A

0.950 1

20000 A

0.925

15000 4 0.900 A

0.875 1

10000 4

0.850 1

5000 -
0.825 1

0- 0.800 -

no time cut 100: 50; 30; no time cut 100: 50¢ 30; 30;

200 events tt < u >= 200, o0, = 50 ps, Fatras simulation
Seeding efficiency 98.09% 98.08% 98.10% 98.03%
Number of seeds 21421 /event 21388 /event 21182 /event 20643/ event

Number of fake 1185 / event 1125 / event 905 / event 744 / event
2025/7/22 4D tracking with ACTS @ tracking workshop 2025



' tov|bottom
How does At, = tjiddte _ ¢loP! work?

ITk tt with 200 pile-ups | stack At, histogram (5 ns Gen)

Seed Particle Delta tJ" " - 2™ Stack Seed Particle Delta tJ'*"® - t2°°™* Stack

x10° x10°
140 Seed Particle Delta t, Good 140 —
I Sced Particle Delta t, Dup B
120 _- Seed Particle Delta t, Fake 120
100 - Seed Particle Delta t, Good
- 100 I Sccd Particle Delta t, Dup
- B Sced Particle Delta t, Fake
80— 80—
60— 60—
40— 40—
20— 20—
0 - -60 -40 — -20 e 0 — 20 — 40 60 0 - I B L1 T I R N R T PR
gmiddle” tbottomltop -60 -40 =20 0 20 40 wal 60 oot
0 0 t;m e _ too om|top
No time cut 3o; cut (o, = 50 ps)
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middle bottom|top S taCk

Seed Spacepoint At, -t

B - Seed Spacepoint At, Good
1 05 L - Seed Spacepoint A t, Dup
E - Seed Spacepoint At, Fake
4
10 =
3
107

-500 -400 -300 -200 -100

0 100 200 30Q, 400, 500

ottom|
b -t
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ITk tt with 200 pile-ups | normalized At

009 o - ‘Seed Spacepoint At, Dup
0.08 [ seoc seacopoima, Fako
0.07 .
0.06
No time cut
0.04 P
0.03 L
nn2
Egmm m

midde _ botomlop
-t

Seed Spacepoint Aty no-Stack Normalized

middle—top

TOTRUTESOTZOU00 0 TOUTZ0U oyﬂ i k’emuop
Seed Spacepoint A £]*° - 2™ no-Stack Normalized
F . T e Svacepontat, Good
0.09 E K I 5o sacepointat, owp
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count

woun

Seed Spacepoint A t,
x10° spDeltaToO
C Entries 5196804
450 — Mean 1.144
; Std Dev 41.95
400 = %3/ ndf 57941194
E Prob 0
350 :_ A1 4.623e+05 +2.576e+02
E meant 0.9061 +0.0098
300 :_ sigmat 21.67 +0.01
250 :_ A2 1557 +66
c mean2 7.791 +£0576
200 :_ sigma2 2158 06
150 —
100 —
50 —
AT I R B I O I IR N N
—%00 -400 -300 -200 -100 0 100 200 300 4090 500
tOlr\lddlse . '0 ttom|top
Seed Spacepoint At, Fake
spDeltaTOFake
10000 — Entries 250613
L Mean 1.212
= Std Dev 165.2
F 2/ ndf 427.3/194
8000 — Prob 1.3176-19
[ A1 8613 +40.4
L meant 008432 +0.09196
6000 — sigmat 21.41 £0.08
L A2 1390 +57
= mean2 2199 +0.633
L sigma2 2269 06
4000 —
2000 —
e b Lo bevnc b b L Lo T
7%00 -400 -300 -200 -100 0 100 200 300 4
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02 500
middle ottom|top
ot

count

woun

Vertex distribution / ps | 5000

Otime1 / MM
Otimez / MM
fake Otime1 / MM
fake Otimez / Mm

fake Otime2 / PS

2 2
2o-tlhit + 2o-tlvertex /ps

21.67
2158
2141
226.9
757

711

21.68
108
21.62
1142
381

292

Seed Particle Delta t,

Seed Particle Delta t,

x10° spDeltaT0 5 x10° spDeltaTO
F Entries. 5194896 S 500 — Entries 5195665
700 — Mean 1175 8 r Mean 1.181
r Std Dev 2952 L Std Dev 26.58
r %2/ ndf 39337112 r %2/ ndf 3433/135
600 — L
r Prob 0 4001~ Prob 0
C A1 7.374e+05 +4.177e+02 = Al 4.932e+05 +2789%e+02
500 [— meant 08758 +0.0101 r meant 08611 +0.0103
C sigmal 2168 +0.01 300 — sigmal 2156 +0.01
400; A2 5377 +30.3 r A2 5114 +37.0
£ mean2 9.009 +0.268 C mean2 9.666 +0.205
E sigma2 108 +03 = sigma2 81.14 +023
300 200 —
200 — r
E 100 —
100{— L
Lo 01 = | L P AN I B ;BT PP RN B
—%00 -400 —200 0 200 400 600 -400 -300 —200 -100 0 100 200 300 400
middle_tbﬂlmmllﬂp middle _ ;bottomltop
0 0 0
Seed Particle Delta t , Fake Seed Particle Delta t , Fake
- spDeltaTOFake B = spDeltaTOFake
18000 [— Entries 250304 5 L Entries 250315
= Mean 1.948 3 12000 Mean 1.975
16000 — Std Dev 91.92 L Std Dev 70.93
E ¥/ ndf 176.2/112 r x*/ ndf 312.3/135
14000 [— Prob 00001029 10000 — Prob 4.44e-16
E At 1.361e+04 = 7.006e+01 r Al 9139 +50.2
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