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Silicon pixel detectors for particle tracks

1 Connecting the dots between charge collected in different pixel
layers creates a particle track

(1 Detector should be low-mass so interactions in inactive material doesn’t
disrupt this trajectory

1 Solenoid magnet immerses the pixel detector in a magnetic-
field, causing tracks to curve e L

O  Very curved — low transverse momentum (low-p-)

O Almost straight — high transverse momentum (high-py)

1 Reconstructing vertices is critical

O Secondary vertices help identify particles: long, short, medium
lifetime?

Want to know more about the physics?
Application to colliders: Smart Pixels
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https://indico.phys.hawaii.edu/event/2506/contributions/7830/

Survey of Big Data sizes in 2021
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Phase Il upgrade HL-LHC CMS

.

LHC: Pileup of 25 HL-LHC: Pileup of 25(

O More than 90% of this data was produced
by one detector subsystem: silicon pixel
detector

O Pixel detectors have the highest data rates
in high energy physics ... and getting
higher!

O In 2018, CMS saw ~40 simultaneous pp
collisions

o The High Luminosity LHC will increase this
to ~200
o 5timesimproved luminosity (radiation)

o 7 times higher interaction rate
(~*3Ghit/cm?2)

Beyond
Currently 2030:What
being we are
Installed investigating
Technolog 65nm CMOS 28nm CMOS
Pixel ROIC size 50x50 pm? 25x25 pm?
Pixel Sensor size 100x25 50x12.5 pm?
Pixels 394x400 = 157.6k 788x800 = 0.63M
Detection threshold [ ~1000e- ~500e-
Hit rate < 3GHz/cm?2 < 3GHz/cm?2
Trigger rate 1MHz 40MHz (?)
Digital buffer 12.5 us (?)
Readout 1-4 links @ 1.28Gbps | Photonic link @ 30-100
data rate Gbps
Radiation tolerance | 500Mrad at -15°C 1Grad at -15°C
Power 1 W /cm?2 1 W /cm?
Credit: Jennet Dickinson -
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ASIC Overview
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[ ANALOG BIAS

CMS_PIXEL_BIAS

nysay1~avd
olA"avd

] VWt yus

4 wntTd
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‘ CMS_TEST_STRUCTURE_TOP

H superpixel_v1 ‘ 24-bit Shift Register Extension
| il 8x32 |
| input |
‘ Superpixel_v2 V3
8x32 k B

0 Two 8x32 pixels matrices called Superpixel

O In-pixels low power, low noise preamplifier with a leakage compensation technique (radiation)

0 Low-power 40MSPS synchronous comparator architecture with auto-zero capability to create an in-pixel
2-bit flash ADC

O On chip data reduction capability using Al/ML techniques

§it
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Sensor to ROIC pixel mapping

O ROIC implemented in HPC+ 28nm process node
O The analog front-end is assembled in a 2x2

125 um -7
analog island matrix /

O The spaced around the analog is used to L
integrate the digital logic:

:
o Configuration digital /
X logic > d,f’;
A
,r’

sensor
pixels

\ ROIC

pixels

50 pm
4
3
2
Jgfr silicon
B C
D

o Readout 25 pm

o Digital processing backend _
d The ROIC was designed to be bonded to a o analog

12.5x50um pixel sensor. This prototype will not front-end
be bonded to a sensor
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Front-End Pixel Overview
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O 25um X 25um pixel sizes

U Power about ~6.25uW [majority of it used at the
front-end]

'g\ U AC coupled 40MSPS in-pixel 2-bit flash ADC

m . . . .

E o insensitive to pile-up

Q' .

£ O 2-bit ADC:

%)

_ version 1: Single ended

i

E= version 2: Differential

g

S O Chargeinjection cap array ( 2 or more) for injecting

different signals across the pixel matrix for testing

g Neural network performance

5

Q . . .

2 O Auto-Zero (AZ) in every pixel for threshold correction
3

O Test Structures exploring non-AZ options
B. Parpillon, A. R. Trivedi and F. Fahim, "Readout IC with 40 MSPS in-pixel ADC for future
/ vertex detector upgrades of Large Hadron Collider," 2023 IEEE Intemational Symposium
on Circuits and Systems (ISCAS), Monterey, CA, USA, 2023, pp. 1-5, doi:

10.1109/ISCAS46773.2023.10182033
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Neural network classifier (filter)

H

H

L O O

Inputs are cluster images projected onto y-axis
and the associated y, 5B

Three output categories &I :
d high-momentum (> 200 MeV)
1 low-momentum, negatively charged @

1 low-momentum, positively charged

Simulated dataset of 800,000 clusters

NN Classifi
Classical training and testing set split 80%-20% asstrier

K

Tensorflow/Keras, 200 epochs for training, 20
epochs of early stopping, 1024 batch size, @

Adam optimizer
{high-pt , low-pr., low-pr.}
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Dataset Generation 2

0 We performed simulations of silicon pixel clusters
produced by pions in a 21x13 pixel array.

O Kinematic properties of the incident particles are
taken from fitted tracks in CMS 13 TeV collision data
(with extrapolation to account for particles with low

pT).

O Pixel array is at R=~30 mm from particle’s origin and
in the presence of a 3.8 T external magnetic field. o

Simulation procedure:

1. Electric field maps of pixel sensor is generated using TCAD
simulation. [Input silicon sensor dimensions + bias voltage, i
here depending on which dataset you are using] .

oordi [pixel]
le)

2. Electric field information is sent as input to PixelAV, which then B A
simulates detector response to incident particle (20 time slices
in steps of 200ps).

A detailed simulation tool Charge deposited in pixel array for an incident particle

Credit: Danush Shekar for silicon detectors
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https://inspirehep.net/literature/876184

Neural-network design space exploration

1 Three models of increasing complexity
1 Model 1
O Two input features: cluster y-size and position y,

1 Single dense layer, 128 neurons, 771 parameters
1 Model 2

Model Sig. efficiency Bkg. rejection

Model 1 84.8 % 26.6 Y%
Model 2 93.3 % 25.1 %
Model 3 97.6 % 21.7 %

d 14 input features: cluster y-profile (13) and position
Yo

1 Single dense layer, 128 neurons, 2,307 parameters

1 Model 3

105 input features: cluster y-profile at 8 time
instants (13 x 8) and position y

(1 CNN (time-lapse picture), 83,331 parameters

10 2025 ML4FE
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Hardware
implementation

Bandwidth saving
94.4% - 75.4%
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HLS-based hardware design flow

Model Development Model Conversion High-Level Synthesis RTL Synthesis
e Optimization e Parallelism e Micro-Architecture ® Timing Closure
e Quantization e |/0 Style/BRAM e Memory Opt ® Gate Netlist/ Bitstream
e Training C++ Model Gen ® Pipelining
e AC Datatypes e PPA
e AC Math/Linebuffer ® ASIC or FPGA Target

PYTLRCH

hls 4 ml

+Catapult Backend

ASIC RTL
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FPGA RTL

C++ Model
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medle WYES

Pre-HLs Validation

|cDe5igthecker
e Code Coverage

. Post-HLS Validation
'scverify |Questa e Cvs RTL Simulation

e RTL Coverage

(100-1000x faster than e UVM Support
RTL coverage CCoverage (CFormal Apps
SIEMENS

Credit: Giuseppe Di Guglielmo

e Static Checks
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Superpixel Implementation

Floorplan with analog pixels and power a bias grid

d Network weights can be reprogrammed

®  Different detector regions

438,

®  To improve resilience against faulty pixels

(1 Classifier fully combinatorial

= Power proportional to hit density

Config Out
w, b

Config In

Pixel, weights & biases programming
wy, by

256

Row 0

Row 15

16 x 16 matrix
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Test Setup

@ python

@ spacely

Credit: Adam Quinn

g L
© Credit: Adam Quinn

Python Inteface Zynq UltraScale+ Caribou Board Wire bonded ASIC
MPSoC ZCU102 (Open-source Custom ASIC
Eval Board DAQ System) board

v’ Flexible
v' Affordable
v’ Easy to duplicate:

= 2 test stands at Fermilab
= 1 test stand at Cornell (in progress)
= 1] test stand at UChicago (in progress)
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Analog Result — Pixel Version 1
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Analog Result — Pixel Version 2
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ML algorithm- cluster pattern example

98 % match with RTL over 14,000 test vectors

Sensor pattern #1
RTL Level - low p; negative charge
Chip Level - low pr negative charge

Sensor pattern #3
RTL Level — low py positive charge
Chip Level - low pt positive charge

Thermometric pixel value

0 1 2 3 Thermometric pixel value
— e 0 1 2 3
16 [ S
3 $ 16
e 2 14
12 12
o o
8 8
6 6
4 4
2 2
0 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 186

Column Column

Configure the pixels to create the cluster

Inject charges and capture the ASIC ML output

Readout the 768 bits and extract the ASIC y-projection value with noisy pixels
Simulate the RTL code with the ASIC y-projection input and extract the RTL ML output
We compare RTL ML output with ASIC ML output

2025 ML4FE

Sensor pattern #5
RTL Level — high pr
Chip Level - high pr

Thermometric pixel value
0 1 2 3

0 2 4 6 8 10 12 14 16

Column
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Targeted Performance and next steps

Specification Target Measured Units
Analog power 4105 TBD uW/pixel
Digital power 1 TBD uW/pixel
Power density 1 TBD W/cm?2
Pixel ENC 40 50 e-
(no sensor)

total charge 60 60 e-
dispersion

Min Threshold 500 400 e-
ML match 100% 98%

17

Charge injection
related issues

2025 ML4FE

Improve setup upgraded ASIC
board with DAQ connector

Duplicate setup across
universities

Run test at -40C

Perform in-ASIC training to
achieve better noise resilience

Measure ML power with the
expected hit density

Re-spin the chip design to fix all
identified silicon issues
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