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https://fastmachinelearning.org/smart-pixels/

Outline

* A Muon Collider: Motivation and Challenges
 Smart Pixels: Current Prototype and Results for a Hadron Collider
* Applying the Smart Pixels Concept to a Muon Collider
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A Muon Collider

* Breaks the paradigm of e+e- and pp
colliders:

* Fundamental particles

* Negligible synchrotron radiation
 Compact, power efficient

Accelerator

| Muon Collider
>10TeV CoM

Wi ;
* Understand the nature of & N\ j’
» Higgs boson e o e | M e

* Electroweak symmetry breaking R e

e Minimal dark matter

Eliza Howard Lepton-Photon 2025



arxiv:2303.08533v2

Beam Induced Background (BIB)

* Most challenging for first layer of
the vertex detector: 0(10%) per 0
cm? per bunch crossing

* High rates of background create ) T
significant challenges for: S oup €U Latice) 05510

» Detector read-out 5 F8o, 0] 1

* Reconstruction £ 2 s 2 3

* Radiation hardness : : 558 ;o

Z 10° 5 3

T IIIIIII| | IH”IWXD Bérlrlélll

Tracking Detector Layer

Talk by B. Rosser at USMCC
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https://indico.uchicago.edu/event/479/contributions/1992/attachments/803/1271/usmcc_simulation_overview.pdf

Beam Induced Background (BIB)

0.0003% of a BIB event

Eliza Howard
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https://indico.phy.ornl.gov/event/510/contributions/2270/attachments/1786/4106/MuonColliderMDI_KKennedy_11.21.2024.pdf

Beam Induced Background (BIB)

Signal
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Data Rates and Other Challenges

* WWe want to read out the pixel detector for Jou] e
every event #
¢ Muon Collider: 30 us 10%
e LHC: 25 ns — 100} 4 -HC Pixels (Run 2)
* We anticipate this exceeding read-out > el
ConStralntS zo AR/VR Streaming
* e.g.read-outlinks: ~ 10GB/s § 107¢ g oud Gaming
* On-detectorintelligence 106}
* |s needed to reduce volume of data being read
out per event 10°} g loT Sensor Network
 Can also reduce track reconstruction 100l
computation complexity 107 10° 103 101  10'  10°

Computation Time [s]
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Outline

* A Muon Collider: Motivation and Challenges
* Smart Pixels: Current Prototype and Results for a Hadron Collider
* Applying the Smart Pixels Concept to a Muon Collider

Eliza Howard Lepton-Photon 2025




Concepts being explored for pileup rejection for a

A POtentlal hadron collider:
Solution:
Regression:
. Determine feature level information
Smart Pixels s o

77 ™ » PredICt X, )’; Z, ¢) 8; pT

A neural network on

the pixel sensor ASIC . Filtering:

would provide s % Reject Low momentum hits
- : Y s e > Keep high momentum hits
intelligent data @% S S

reduction before
data is even read out!
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Promising Results for a Hadron Collider

Cluster shape is correlated

High pr
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Filtering: arXiv:2310.02474v1
Regression: arXiv:2312.11676v1
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https://arxiv.org/abs/2310.02474
https://arxiv.org/pdf/2312.11676

Promising Results for a Hadron Collider

configLoad]

nnnnnn

e The Smart Pixels
Collaboration has
produced a prototype
chipin 28 nm CMOS

configout

|||||||||||||||||
I 23] [4224:4455] [4456:5151)  [5152:5163)

which implements the AN
filtering architecture in e Jrim
digital logic [

* Trainable parameters:
1163

CMS28 Smartpix Test Manual
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Promising Results for a Hadron Collider

Smart Pixel ASIC prototype ASIC classification
performance
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Outline

* A Muon Collider: Motivation and Challenges
* Smart Pixels: Current Prototype and Results for a Hadron Collider

* Applying the Smart Pixels Concept to a Muon Collider
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Data Generation Pipeline

Geant with MuColl v1 PixelAV TensorFlow

Signal Muon Gun

BIB
MuonColliderSoft CMS-NOTE-2002-027
Tutorial PixelAV
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https://github.com/MuonColliderSoft
https://mcd-wiki.web.cern.ch/software/tutorials/fermilab2024
https://cds.cern.ch/record/687440
https://cds.cern.ch/record/687440
https://cds.cern.ch/record/687440
https://cds.cern.ch/record/687440
https://cds.cern.ch/record/687440
https://cds.cern.ch/record/687440
https://cds.cern.ch/record/687440
https://github.com/badeaa3/pixelav

Vertex Detector

Hits in the barrel xy-plane

e 25x25um? pixel sensors :
* 4 double-layer cylindrical shells = 10]

atradii: 3.0, 5.1,7.4,10.2cm i
* Barrel length: 13.0cm -20

-40 -30 -20 -10 0 10 20 30 40
x-global [mm]
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Vertex Detector

Hits in the barrel xy-plane

e 25x25um? pixel sensors ::
* 4 double-layer cylindrical shells = 10

at radii:, 5.1,7.4,10.2cm % .
* Barrel length: 13.0cm ~20

-40 -30 -20 -10 0 10 20 30 40
x-global [mm]
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Key Correlations

o 5 8 8
For sighal, x-size
7 1 7
and y-size are
correlated with z- Y, g
o o
global and # 4 3 4 1 I
-local E E
y N N
W
respectively > 2 X 2
0 T T T T T T T 0 T T T T T T T
-4 -2 0 2 4 6 8 —60 -40 =20 0 20 40 60
y-local [mm] z-global [mm]
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Key Correlations

. 8 8
For BIB, x-size and
7 7
y-Size are not s s
correlated with z- 2 5 .
o o
global and 4 4- 3 4
@ Q
y-local 3 0 B
> )
1 1
Note: BIB cluster shapes T o o 2 4 6 8 °"%0 —a0 -0 0 20 40 6o
y-local [mm] z-global [mm]

do not significantly change
after a timing cut
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Neural Network Architectures

* We need to balance neural network size/complexity with
performance

* Current model architectures:
* Model 1: x-size, y-size, y-local, z-global
* Model 2: x-profile, y-profile, y-local, z-global
* Model 3: cluster, y-local, z-global

* Model weights will be constrained by quantization on-chip, so we
test 6 levels of precision (2 bitto 16 bit) for model parameters

* Inputs not yet quantized
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Neural Network Architectures

Model 1 Model 2 Model 3
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Model 1

0.95 1

Preliminary
Neural Network
Results

0.85 1

0.807
0.80 1

0.75 1

Best Validation Accuracy

0.70 1

0.65 1

0.60-
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Preliminary Neural Network Results

Validation Accuracy

Quantization [Model1 __[Model2 __Modeld

Float32 0.888 0.920 0.932
6 bit 0.882 0.901 0.930
4 bit 0.851 0.854 0.929
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Preliminary Neural Network Results

+90 ps Combined
Timing Cut

Signal 95.25% 99.61% 94.96%
Efficiency

Background 81.33% 91.45% 98.95%
Rejection

In comparison to a cut-based cluster selection [A. Rasgori @ USMCC ]

* Signal Efficiency: ~95%
* Background Rejection: ~58%
For more details & updates see Angira’s talk on Thursday
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https://indico.uchicago.edu/event/479/contributions/2063/attachments/816/1297/ARastogi_USMCC_Aug2025.pdf

Next Steps

e Determine the constraints we will have for the neural network on
the ASIC and modify the neural network accordingly

* Potential avenues for future study
* Digitize input to NN (pixel charge/hit)
* Account for electronic noise
e Different sensor thickness & pixel size
* |[nvestigate interplay with timing resolution & timing cuts

KDP Lab



Summary

* Amuon collider is a well-motivated option, but we need to be able
to handle BIB

* Smart pixels are currently being developed and applied to hadron
colliders with promising results

* Smart pixels have significant potential for mitigating BIB at a muon
collider

KDP Lab
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Questions?
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Backup Slides
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Preliminary Neural Network Results

Model 1 Model 2 Model 3
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BIB Properties

Majority < 200 MeV

Vs=1.5TeV
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Momentum [MeV)

Unusual position & direction

BIB Particles
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BIB Particles
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PixelAV: Assumptions and Simplifications

* We assume continuous output from each pixel, with no minimum
threshold required

* Noise from the electronics is not simulated

* The output for each pixel is the total number of electron-hole pairs
collected up to 4 nsin 200 ps increments
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The Particle Gun

* For the purpose of this study, we simplify sighal to muons
produced at the interaction point

* We assume the interaction point is a gaussian distribution with
standard deviations:

* 1.5 mmin z-global
* 0.0009 mm inthe global xy-plane

* We assume uniform distributions for the following properties:
* Momentum ranging from 1 to 100 GeV
* Theta ranging from 10 to 170 degrees
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Muon
Collider
Geometry

Eliza Howard

hadronic calorimeter

» 60 layers of 19-mm steel

tracking system

absorber + plastic
scintillating tiles;

¥ 30x30 mm” cell size;
» 7.5A,.

¥ 40 layers of 1.9-mm W
absorber + silicon pad
sSensors;

» 5x5 mm? cell granularity;

muon detectors

¥ 7-barrel, 6-endcap RPC
layers interleaved in the
magnet’s iron yoke;

¥ 30x30 mm? cell size.

superconducting solenoid (3.57T)

Lepton-Photon 2025

¢ Vertex Detector:

* double-sensor layers
(4 barrel cylinders and
4+4 endcap disks);

* 25x25 pm? pixel Si
Sensors.

¢ Inner Tracker:
« 3 barrel layers and
7+7 endcap disks;
* 50 um x 1 mm macro-
pixel Si sensors.

¢ Outer Tracker:
* 3 barrel layers and
4+4 endcap disks;
* 50 pm x 10 mm micro-
strip Si sensors.

shielding nozzles

¢ Tungsten cones + borated
polyethylene cladding.




Smart Pixels: Additional Impact

* Reducing the combinatorial fake rate

* Speeding up offline tracking by reducing possible seeding
combinations

: / / With angular
Without angular 7 / : .g
. . [ information, the
information, the / :
| / fake trackis
fake track seems y P
lausible shown to be
P ¢ \ \ incorrect
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