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Introduction

Pictures from: ATL-PHYS-PUB-2023-023: Investigating the impact of 4D Tracking in ATLAS Beyond Run 4

Chance of future 4D tracking for ATLAS ITk

»Motivation — LHC upgraded to HL-LHC

Luminosity up to 7.5x103* cm™2s™! | pile-ups up to 200
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Longitudinal view of a simulated tt event with <u>= 200 in ATLAS ITk
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Introduction

Chance of future 4D tracking for ATLAS ITk

_ g 35F . =
* The two innermost layers of the ATLAS ITk = By - S
Pixel is designed for a maximum luminosity 25 >
of 2000 fb~1. 20 10° iS
15 a L g
* Chance to implement 4D tracking for o= T TTTTT1 .
ATLAS in the middle of HL-LHC operation: 5 '
) O v b b by b b 104
» Efforts in hardware and software 0 %0 100 150 200 250 300
z [cm]
» Need to understand the phySiCS pOtential The total ionizing dose distributions for the ITk Pixel Detector.

<5 MGy in 4000 fb-! for unreplaceable part

» This talk reports the progress of low-level 4D up to 10 MGy for 2000 b for Layer 0

tracking and a design of pixel digital chip
ATLAS-TDR-030 Inner Tracker Pixel Detector
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4D tracking with ACTS



ACTS GitHub: https://github.com/acts-project/acts
ACTS docs : https://acts.readthedocs.io/en/latest/index.html

Introduction to Software
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_ with time algorithm
Full chain workflow in ACTS 21/ propagate time information

1 energy below threshold
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_ with time algorithm
Full chain workflow in ACTS 21/ propagate time information

1 energy below threshold

L// track
( Fatras / Geant4 Y ) | =™
: LX studying in Athena
simulation digitization & clustering
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p —] | e D

time information

Y
0

Pile-up Vertex \

’ _ studied in ACTS,
seeding track finding& fitting (CKF) vertexing not integrated yet
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4D seeding algorithm

* Variable ty for spacepoint

— Seed Spacepoint A t, Good
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» A gauss filter for doublets & a chi-square filter for triplets

Binned Chi-square PDF

3 Binned x? PDF (dof=2)
2 1 —\2 Binned x2 PDF (dof=3)
= .2 X (tOIi - to) s All seeds
O—tlhlt i=1 s Good seeds
a Duplicate seeds
Fake seeds

Binned x? PDF (dof=1)

Chi-square distribution with
dof =2 for truth-matched

10 15 20 25 30 35 40

Triplet - Normalized distribution of y?
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4D seeding performance

Efficiency vs Fake Rate

98.14
d Marker meaning
ACTS 4D Seeding @ NocCuts
A Only doublet cut
98.12 - A TAO V Only triplet cut
Both cuts, same p-val
A Only apply triplet cut
- 98.10 A Y
X
o
%) . ®
c os0s M w |No time cut
g higher efficiency and lower (base line)
" 9g.06 | fakelrate with time-only cut v
Geometry ITK (Inner Trackeﬁ_J
Event generation: 200 tt events <u>=200 by Pythia8
pile-up time distribution: o= 500 ps
98.04 1A time measurement resolution: ggjni = 50 ps
Simulation: Fatras
[ _Seeding Config: Pixel
98.02

3I.0 315 410 415
Fake Rate (%)

5.0

5.5

Doublet-cut seems more effective on this condition
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Upper / darker = tighter cut
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» Adding time for innermost 2 layers

p-value: corresponding to the probability

of excluding a truth-matched seed by cut



4D tracking performance

track efficiency vs n

1.000

0.975 A

0.950 A
5. 0.925 1 ITk: ATLAS-P2-RUN4-01-00-00
o ACTS v33.0.0
2 0.900 - 100events tt<u> =200 Vs =14TeV
= Simulation: Fatras
o SeedingAlgorithm: TruthSmeared
é 0.875 1 Particle selection:
S truth pr > 1 GeV, truth |n|<4

0.850 -

" —¥— Smearing o(ty) =50 ps, measurements no time
0.825 1 —¥— Smearing o(ty) =10000 ps, measurements o(t)=50 ps
0.800 F —#— Smearing o(ty) =10000 ps, measurements no time (No timing)
' —&— Smearing o(ty) =50 ps, measurements o(t)=50 ps (timing)
-4 -3 -2 -1 0 1 2 3 4

Tracking efficiency

93.72% (no timing) to 94.87%T (50 ps timing)
93.71% (only “measured” time for initial track parameters)
(only time for measurements)
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Progress of ACTS-based 4D Tracking and pixel digital chip

Combinatorial Kalman Filter X = (lo, L1, d, 0,%,15)

e+ K (M) — Hi X h)

%
xk:xk

* 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

~
N

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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Pixel digital chip design



Overview

* Modules for the Digital Readout ASIC:
* Cores Array: 1 core includes 8x8 pixels, same as ITKPix. A specific number of pixels are in one region.

* Periphery: two level readout structure: End of Column, Chip Bottom.

Current digital chip

( A \ Core
| Pixel | Region | Core | Data ‘ il Bl Core Array
| | | | Core | Core | Core
| Analog Front-end Time to Digital | | ] | Core | Core || Core | Core
| | | | Ll Ll Ll Ll Ll
Detector | P“f' ‘ ]
! mplifier N Disc. T((;?f::e(;T | ™D é\ *Se?: ctt‘] or BN ;:1?123?\ "'I:> | EOC | EOC | EOC | EOC | EOC
< | o AR [T I 1] -
| | | | i ——+ Periphery
| | | D\a/ta |
GND | | | Bus | Bottom
2025/10/31 Progress of ACTS-based 4D Tracking and pixel digital chip Overview 12
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Data

Core Array

1 Core

1 Core

Core

1 Core

Core

Core

JANVAN

RegionAddr_bus

Each core is same as others and they are connected as a chain

Token_In—=
from last Core

1 Core

Core

Core

Core

| >
ﬂ ﬂ TT RegionData_bus
Pixel Pixel Pixel
Region-1 Region-2 Region-N

i: token_out

Raddr.
encoder

Core array
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Read

Trig.ID BCID

|:> BUS

Data Token

Core design

v v T0k|en70ut

to nex

t Core
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Storage cells per pixel averagely
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Function: receiving and buffering data from TDC, and completed the trigger matching.

Each core consists of several regions. All pixels in the same region shared a same memory

The Shared Memory could reduce the storage space as it shown obviously in theory.

Storage units and shared pixels

(=}

2
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6 8 10 12 14
The number of shared pixels

Storage space

16

13

18

20



Core

5 000 ATLAS slmulanon—gg o e 18" 3 §1zooo'—'A1lLA's 'Sm{ula'mo'n'—g'g ot Mo 74 © 2

Shared memory structure: Sosooofsogemon 5, = 001 1 G000 sogermen s, - ncer :
gzooooz t ules for Layer _E g 500 :_:"_iat ules for Layer E

* All pixels shared are need to be independent. 1 ek
10000F§ 3 : s

* The cluster size effect is universal in the detector. ™ —71 = F T o
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Eliminating the cluster effect:
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Region design

* Function: storing the time stamp (BCID) and TDC data, doing the trigger matching.
* Two priority arbiter for LEs and TEs, to manage the address of memory.

* One memory cell for one pixel hit. Every cell in shared memory needs a FSM to process trigger

matching. e Selected
Priority Pixels Encoder Shared M
, Arbiter (TE) ) ared viemory
Region Hit Addr. Req ro T T
ixel-0 e Hit Data >
prxel- L1 1| | Data Output
Data Selector e e ata Outpu
ixel-1 Selected T T T T T T
prer T Data BCID Mem
RN Selector < C "
pixel-:2 — o Hit Addr.
S Encodil
Setecred-Pixels Processing the
pixel-n . .
Priority Hit Reach Write E Read . Read trigger matching
1| Arbiter (LE) Address Address | |
LE
Via naging the / Memory Address Manager
pixel order Shared memory structure (eg. 1 region)

Progress of ACTS-based 4D Tracking and pixel digital chip

2025/10/31 design @ CLHCP 2025
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Simulation

The simulation results (in 130 nm) (158 umx158 um pixel):

* Holding the corresponding data rate (~75 kHz/pixel)

* Lower power, Lower density.

Shared memory could reduce power and area obviously.

0.18
0.16 [ §
0.14
012}
01F
0.08
0.06 |
0.04 |

0.02

1

*

*

"

HHt+

The frequency of a unit being occupied for <8-pixel,barrel_edge>

SFPFP LS P RO

The number of the storage units

O

&
N

Eal | Lost rate lower than
-] the red line (1%)

The performance of shared memory (eg.8-pixel)
Progress of ACTS-based 4D Tracking and pixel digital chip
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ERDS3-like
90 [J4-pixel
[_J8-pixel

80 I 16-pixel |

Density(%)

Modes

The area comparison for the layout

25

EIRDS3-like
[ 4-pixel
[_18-pixel

— o
W (=]
T T

Power(mW/core)

[ 16-pixel |7

ss tt ff
Corners

The power comparison for the layout
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Periphery

Modules for the Periphery:

* End of Column: packaging and encoding and compressing the data.

* Chip Bottom: concentrating the chip data.

Ttrig.&read

Pixel Array
l pixel data
Remap Control
lregion data
Encoder
l trigger
Buffer
EOC
l data packet

Bottom

EOC design

EOC

EOC

EOC

EOC

EOC

EOC

| | | | | |
| |
Data Data
Concentrator Concentrator
|
Center Data
Concentrator
|
Data flow

Data |

Core

Core

Core

Core

Core

Core

Core Array

Core

Core

Core

Core

[ D
I

Periphery

Bottom

Overview



End of Column

End of Column:
cluster: Packaging area:

* controlling the readout of cores, and 2-8 8 pixels

g
=.

Remap data to make it
more concentrated

packaging the hit data . . . H . .

l Pixel Array Shared memory: 1 |

. . L Ll |
i vl Disrupt the order of reading data from St

Remap Control t h e core
region data

* Breaking up the concentration of cluster—=
Encoder . .
clusters. Making data more dispersed 2~4
trigger . . .
which is not conducive to data
compression

Buffer

EOC
dat ket
B Remap module:
Bottom . . :
* Reorganizing the hit as the packaging area.
EOC design The packaging area use the cluster effect to concentrate the data.
2025/10/31 Progress of ACTS-based 4D Tracking and pixel digital chip 18
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End of Column

Packaging data: coarse address + hit map + hit data

Encoder:
Pixel Array * Based on the frequency distribution of hit-map in simulation data, use Huffman
pixel data trig.&read encoding to compress the hit-map
Remap Control Encoding of hit map | Entropy
Encoding schemes: .
[region data 9 . . Bitmask 8
e * Comparing several compression schemes to get - 779
_ the best Independent address 11.20
l trigger
Compression efficiency: 4-6-14 7.17
Buffer Multi-
data packet = * paCkaglng T HUffman 9 ~73% (27% reduced) stages 3-6-14 7.84
Hoffman
Bottom coarse address hit map hit data 6-14 6.34
EOC design A data packet Encoding schemes
2025/10/31 Progress of ACTS-based 4D Tracking and pixel digital chip

19
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summa Yy Thanks!

* 4D tracking

* ACTS simulation & tracking workflow is powerful for 4D tracking study
» Investigating 4D seeding & track finding/fitting algorithm with ACTS — possibilities of improvement
» Implementing 4D tracking workflow in ATLAS Software Framework

» Outlook: physics case using the 4D tracking + 4D vertexing + 4D flavor tagging

* Pixel digital design
* the overview of the chip design scheme: Core array, Periphery.
» Core array: the shared memory structure, Eliminating the cluster effect
» Periphery:
* End of column: remap, package, encode the hit data to compress data bits

* Chip Bottom: concentrating the chip data

Progress of ACTS-based 4D Tracking and pixel digital chip

2025/10/31 design @ CLHCP 2025
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Back-ups

Progress of ACTS-based 4D Tracking and pixel digital chip
design @ CLHCP 2025
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Timing pixel digitization in Athena -

2500 1

T T T T T T T T T
) 50 100 150 200 250 300 350 400

° Dlg ItlzatIOn O energy below threshold
* simulate detector response from hit simulation information i -
* HIT (Geant4 simulation) -> RDO (Raw data output) L e E
* (position, charge ) -> (identifier/position of cells, ToT, ToA) " "
Graphs from ACTS docs
_ fast time
smeared time digitization

(add random gaussian distribution) digitized time
stored in RDO

more realistic digitization
(the same method with HGTD)

example 1.732 ns 1.851 ns 00011010...

Geant4 hit time

simulate pulse and calculate ToA
based on parameterized pulse waveform

Progress of ACTS-based 4D Tracking and pixel digital chip

2025/10/31 design @ CLHCP 2025
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https://acts.readthedocs.io/en/latest/tracking.html
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nMeasurements
o
©
©
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0.996 1

0.995 1

1.0015 4

o 1.0010 -

£ 1.0005

Purity and track-only impact parameter resolution

nMajorityHits

nMeasurements ¥ "

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

1.0000

0.08 +

0.07 4

o(dp)/mm

0.05 4

W‘H\’N\ m 0.04 1
. 5 = 1 o 1 3 3  a
n

0.06

o(do) vs n

—&— notime

—&— 50 ps(Inner Pixels)

o(zp)/mm

109 4

1071 1

o(z0) vs n

—&— notime
—&— 50 ps(Inner Pixels)
T T T T T T T T T
-4 -3 -2 -1 0 1 2 3 4
n

nMajorityHits _ # hits that belongs to the particle with the highest fraction of hits on the track

nMeasurements

# total measuremts on a track

No significant change on the resolution of impact parameters dg/z

2025/10/31
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A RooPlot of "x"

E 10000 Double Gaussian Fit
8B |SEsemsees Gaussian 1
5
g [ e Gaussian 2
8000

6000

4000

2000

Q00 400 =300 =200

2025/10/31

-100 0 100

gaussifrac = 0.3749 +/-0.0013

mean1 = 0.065 +/- 0.092
mean2 = 2.26 +/- 0.63

sigmal = 21.413 +/- 0.085

sigma2 = 227.33 +/- 0.63

200 300 400 500

X

Progress of ACTS-based 4D Tracking and pixel digital chip
design @ CLHCP 2025
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[Tk spacepoint distribution
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Pixels shared map

phl cluster= phl cluster= .
2~8 _— 2~8 phl clu;tNe;m

Shared | Hit depth Bl = EEEE & = EEEEEEEN
era | I o | H_H_HEEE BN NN
. Bl = BEEE B § « IEEEEEEN
4-pixel 9 H B H B EEEN H B B N
8-pixel 15 iy | e~ I E EH o HIHEEEREN
. H B H B UEEE >~ N N N N
l6-pixel 27 T EEEE N W EEEEEEEE
B H N EEEN H N E N
4 pixels are shared: 8 pixels are shared: 16 pixels are shared:

16 regions 8 regions 4 regions
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Huffman coding

Sort Hit-map (bitmask) Frequency “6-14" mode bits
1 10101010 6.966% 6 Encoding of hit map
2 01010101 6.418Y% 6 Bitmask 8
3 01000000 6.183Y% 6 Binary-tree -
4 00000010 5.784% 6 T 120
5 00000011 5.175% 6 ndependent address '
6 11000000 4.533% 6 , 4-6-14 7.17
7 00000001 3.9604 6 Multi-
S— stages 3-6-14 7.84
Hoffman
0,
64 11101010 0.173Y% 6+8 614 634
65 11110100 0.173Y% 6+8
66 00110101 0.150% 6+8

Encoding schemes

Huffman Encoding schemes (eg. 6-14 mode):
* For the first 63 high-frequency hit-maps: use 6 bits to encode.
* Since 6 bits correspond to 64 combinations, the last combination will be used as the
header for other 193 hit-maps.
* For the other 193 hit-maps: 6 bits header + the original bitmask hit-map (8 bits)
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Bitmask: 1 bit for 1 pixel,
1 for hit and 0O for not



