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Motivation

We know there is

physics to discover At particle colliders,

e tracking is crucial
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llustrative Example

1312.4992, 2111.12751, 2109.03294

Mixed Higgs-scalar scenarios lead to
many soft b-quarks (like di-Higgs).
- Overwhelmed by QCD backgrouna

- Swap cross section for lepton trigger
from associated W/Z

— limited sensitivity
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https://arxiv.org/abs/1312.4992
https://arxiv.org/pdf/2111.12751
https://arxiv.org/pdf/2109.03294

Just Scout It?

2401.06630

Perhaps use scouting to alleviate this?
HLT resolution within 10% of oftline.

Ex. CMS scouting for RPV Higgsino's

HLT/Offline pr response
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Single jet triggers:
pr> 15 GeV
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Data v's =13.6 TeV, October 2022
HLT and offline anti-k; R=0.4 PFlow jets
N < 2.4
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L1 Jet Trigger Efficiency

Limited by the L1
(hardware) trigger!

ATLAS Jet Trigger Public Results
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetTriggerPublicResults#2024_pp_data
https://arxiv.org/abs/2401.06630

The Limitation

2401.06630

Calorimeter detectors
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LAr TileCal
Muon detectors (including NSW)
Detector
! Level-1 Calo v v Level-1 Muon 4 Read-Out |
Pre-processor TileCal Endcap. Barrel : FE
"MCM|  TREX | via TREX sector logic | sector logic FE FE
l l l v » FELIX
\
CP (e,y,T) | JEP (jet, E) elilg y Y
CMX CMX FEX MUCTP! o
O
@)
< DataFlow
— > ILLTZEO L1Topo < [
p -CJaCY cTP > Read-Out System
l — (ROS / Software ROD)
CTPCORE
CTPOUT
Level-1 Trigger
»« Data Collection Network
Rol
v Data Storage
High Level Trigger
(Ll Accept
Processors
Event :
Data Tier-0

LHC collision rate & event size
40 MHz 3.0 MB

Level-1 accept rate

100 kHz 300 GB/s

HLT output to storage
3 kHz 6 GBI/s

Current technology
cannot handle O(PB/sec)
data rates so we trigger.

This decision is made
without tracking
information.

CMS is similar numbers
but will have outer

tracker information
(strips) for HL-LHC


https://arxiv.org/abs/2401.06630

Consequences

Lesson already learned adding tracking into jet reconstruction via particle

flow (PFlow) algorithm — resolution and fake rejection improve
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https://arxiv.org/abs/1706.04965
https://arxiv.org/abs/1703.10485

Just Park I1t?

After HLT save a higher data rate

- 16 ?MS Simulation Vs =13, 13.6 TeV
- Run 3 2023 HH Ki
to a delayed stream, consume less c 4l "”‘lf 4D " PAriing
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https://arxiv.org/abs/2403.16134

Motivation

Real time tracking is crucial

CMS Phase-2 Outer Tracker (OT) >10x Improvement with Full Tracker

OT hits point back to displaced vertex Not easy to implement online

CMS Phase-2 Simulation Preliminary 14 TeV, 200 PU
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https://arxiv.org/abs/2010.13557
https://cds.cern.ch/record/2814728
https://arxiv.org/abs/2306.09738

OO | OO Real Time Tracking Challenges
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Technical Challenges

RD53 Collaboration, IEEE 10182033

To utilize tracking information,
need readout chips capable of
handling the physics conditions

Benchmark is the RD53 conditions
for HL-LHC. Strict constraints so
trigger rate at 1 MHz / 750 kHz

Anthony Badea (UChicago) — Future Smart Detectors

Talk by Flavio Loddo

I T

Chip size 20x21mm?2/21.6x18.6mm?
Pixel size 50x50 pm?
Hit rate 3 GHz/cm?
Trigger rate 1 MHz/750kHz
Trigger latency 12.5 us
Min. threshold 600 e-
Radiation tolerance 500 Mrad @-15C
Power < 1W/cm?
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https://indico.cern.ch/event/1007887/contributions/4229673/attachments/2188205/3703957/Trento2021_Loddo.pdf
https://ieeexplore.ieee.org/document/10182033

Data Reduction at the Source

Horowitz in 45nm, UIUC Lectures, Nhan Tran

Aim to achieve tracking at 40 Cost of Operations
MHz within strict conditions

Relative Energy Cost

Operation Energy [pJ] Relative Cost
32 bit int ADD 0.1 1
. . . . . 32 bit float ADD 0.9 9
Key IﬂSIth. Mmoving data S 32 bit Register File 1 10
32 bit int MULT 3.1 31
. . . 32 bit float MULT 3.7 37
expensive, dOlﬂg ComputatIOn 32 bit SRAM Cache 5 50
32 bit DRAM Memory 640 6400
1 10 100 1000 10000
cheaper = perform data
: Mark H itz. E ble for 45 , Stanford VLSI wiki
re d u Ctl O n a t t h e SO u rce CO u ‘ d viz'cl1 |;-Ianc:';ozrl\:ltlfealilr'neirr.;,cfgyt)t:)ltheV\/oe'i;;ht.:,] ?ngrgf)is:ect?:n:;or EfficvivelnL Neural Networks

Anthony Badea (UChicago) — Future Smart Detectors 12


https://gwern.net/doc/cs/hardware/2014-horowitz-2.pdf
https://misailo.web.engr.illinois.edu/courses/598sm/lec4.pdf

Machine Learning on Chip

Question: Can ML on chip perform

effective data reduction at the source? +////
Key challenges: Sensors V
- operate on silicon within power, / /

space, timing constraints | |
: , , Diagram of pixel sensors +
- deliver the required data reduction to readout chip
meet bandwidth requirements




Broader Apphcatlons 10.1007, 1808.02969, 1809.10213

eVl \{s = 15 Te\/ |~ neutrons
BIB mostly < 200 MeV |~ photons
; — electrons

BIB Particles

Could imagine distributed ML across detectors
more generally ... Smart Detectors

Examples:

- Beam-induced background at a MuC | ArPix TPC Facing Side 1
Dual readout calorimeters I
Ultra-high granularity sampling calorimeters ——
Pixel LArTPCs



https://link.springer.com/article/10.1007/s41781-021-00067-x
https://arxiv.org/abs/1808.02969
https://arxiv.org/abs/1809.10213

Track Classification in 28nm

Anthony Badea (UChicago) — Future Smart Detectors
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Physics Setup

x (16 mm)

Particle passing through a 100 pm

—— | y(16 mm)

Yo| E=5

thick single layer of silicon with
small pitch 12.5 x 50 pm? pixels
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Non-exhaustive list of important details:
- Tracked data taken from CMS with pt up to ~5 GeV.
- Untracked data not included and includes CMS acceptances

- PixelAV silicon simulation used - B Corrected
106-E BN Simulated

1.05 mm

- Single 100um thick layer of silicon with 12.5x50 pm?2 pixels
- Overall sensor area 16x16 mm?2

-  Bias voltage of -100 V

- Simulation assumes only pions input

- Charge deposition recorded every 200ps

- Sitting on a cylinder of radius 30 mm

- 3.8 TeV B-field parallel to x-coordinate

=
o
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https://cds.cern.ch/record/687440?ln=en
https://arxiv.org/pdf/2310.02474.pdf

Example Tracks

2310.02474
Can see visually high (left) vs low (right) pT tracks
bending in B-Field and different cluster shapes

_ 10 _ 10
2 L 2 _|—\_|_\—'_|_‘_
° L ° I

12 - 12 -

01 pr= 1.9 GeV 01 pr= 135 MeV
% 97 % 87
; 4 - . ; 4 -

2 - 2 -

O-' l | ' l ' ' 0 - | ' | | | |

0 5 10 15 20 O 10 20 5 10 15 20 O 10 20
X [pixels] Charge [ke] X [pixels] Charge [ke]
Anthony Badea (UChicago) — Future Smart Detectors 17


https://arxiv.org/pdf/2310.02474.pdf

Classification Network

2010.13557, 2310.02474, 2312.116/6, CatapultAl

flat efficiency for track pt > 2 GeV

Flat signal efficiency for track pt > 2 o —
0.95 - B, e I
G V D d . f 5 7 1 7 5 cy 0.90 A # # * ¥ +##+#+#"+++ +w +++‘H>+ LA - T T
— + ++ + T
eV. Data reduction ot 57/. 0. MR Pty st | t ]
3 i ;
Non-exhaustive list of important details: S o0 ¢ )
- | . Y- . Imi 7 +
nput: y-profile of charge, no timing b onc F
- Output: predict if pr> 200 MeV h
- QKeras quantized 2 Layer DNN .
‘ + Model 3
- Translated to silicon with CatapultAl }  Model 2 j
- Power consumption 300pW 0.00 ' ,MOdell | : |
—4 -2 0 2 4
true Pr (GeV)
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https://arxiv.org/abs/2010.13557
https://arxiv.org/pdf/2310.02474.pdf
https://arxiv.org/abs/2312.11676
https://newsroom.sw.siemens.com/en-US/siemens-catapult-ai-nn/

Chip Tape-out

2406.14860

28nm CMQOS demonstrated to be
radiation tolerant by CERN. First tape-
out in new technology node at Fermilab

Layout:

- 2x2 pixel analog islands (within black boxes)
surrounded by digital with DNN and
test intertace (purple space)

- Taped-out as super pixels (16x4)
corresponding to 32x8 physical pixels

Anthony Badea (UChicago) — Future Smart Detectors
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https://arxiv.org/abs/2406.14860

First Test: Check tor Timin

g Violations

Loopback test to check for timing violation

when a signal does not propagate through the circuits within the
required time constraints, may cause unstable circuit behavior

Anthony Badea (UChicago) — Future Smart Detectors

No violations are seen

Now working on high statistics pattern
pulsing to test the analog+DNN

[AX = 583.000000s 78X = TA6ATR: AR
'+ Couplin BW Limit J Vernier J Invert J Probe
fO DpC ! J b , # L] : .

Scanchain -> Serially shifting a bit 1

BXCLK<40MHZ3='{ | f | f | f | f f | f | f f | f /{ f

A Reset_not { | ////
768 clock cyclg//
Y\

Figure 8 - Waveforms for scanchain — serial-in/serial-out shift register
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Next Steps

Lots of work to do but lets assume
everything works and mention exciting
future directions

- Build a bigger chip to bond to a real
sensor and examine in a test beam

- Analog NN: real edge computing,
reduce digitization (1 ADC for entire
chip as opposed to 1 per pixel)

Anthony Badea (UChicago) — Future Smart Detectors

Fermilab Test Beam Facility
Not our telescope but
hopefully one day

Opportunities for neuromorphic computing algorithms and applications

Classical (~digital) vs Neuromorphic Computing (~analog)

Von Neumann architecture < VEISUS ey Neuromorphic architecture
L -
- -
L e
Sequential processing D Operation — Massively parallel processing
Separated computation and memory <«——  Organization ——> Collocated processing and memory
Code as binary instructions <«— Programming =——> Spiking neural network
Binary data <«—— Communication —> Spikes
Synchronous (clock-driven) — Timing — Asynchronous (event-driven)

21


https://ftbf.fnal.gov
https://www.nature.com/articles/s43588-021-00184-y

Summary

eSS Physics Motivation

: >< . §) To study the electroweak symmetry breaking and search for new physics

e we need real time tracking

OO . OO Real Time Tracking Challenges

Data reduction at the source with ML on chip is an exciting R&D avenue to

achieve real time tracking

Track Classification in 28nm

— Developed a classification network to predict track momentum and taped
it out in 28nm CMOS. First steps toward creating the new technology

Anthony Badea (UChicago) — Future Smart Detectors
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Physics Scenarios



SM+s Scenario

1312.4992, 2111.12751, 2109.03294
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Branching ratio

Mixed Higgs-scalar scenarios lead to many soft b-quarks (like di-Higgs). Large

trigger from associated W/Z. This makes analysis possible but limits sensitivity.
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https://arxiv.org/abs/1312.4992
https://arxiv.org/pdf/2111.12751
https://arxiv.org/pdf/2109.03294

Displaced Track DM Scenario

Anthony Badea (UChicago) — Future Smart Detectors

Sketch depicting qualitative projections, which are further quantified by the references provided in the text
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Detector Considerations



CMS/ATLAS Trigger Schemes

2209.15519, CERN-LHCC-2017-020

40 MHz 750/100 kHz
| n n er Inner Tracker Calorimeters Muon System
—_— Buffer A TREE y §
Tracker N IR L I -
1 . G \
: : : C L0Calo A Barrel LOMu:lnSW Trigger
: : : Sector Logic Procesggr
: : : : s Endc:p _ MPDT Trigger
: : : g ector Logic rocessor J)
o L LI v
Outer o 750/100 kHz | e
—> BUﬁer : : E Global Trigger
Tracker 0 N [ So—— —
: ; ! Procclessor

[ e e e

H ig h Level 7 . 5/3 kHZ Data Handlers <=+ L0 trigger data (40 MHz)

<~ - L0 accept signal

Tri g g e r > l <€— Readout data (1 MHz)

Dataflow ) | <-- rHTT data (10% data at 1 MHz)

Level 1 Trigger

Rest of CMS/ 40 MHz
ATLAS >

<€— gHTT data (100 kHz)
Event Storage Event < - EF accebt sianal
Builder Handler Aggregator ptsig

q: Output data (10 kHz)

—

(" Event F|Iter ) Permanent
Processor
Farm

> Buffer T

\{ J
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https://arxiv.org/pdf/2209.15519.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-020/

Tracking

2010.1355/7, CERN-CMS-DP-2022-021

pr Pt Ppoint

pr/)  BL2 N

B3-meson decay length

(L) ~ 100 mm X
leV
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CMS Phase 2
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https://arxiv.org/abs/2010.13557
https://cds.cern.ch/record/2814728

Classification Network on 28nm

vl chip



Training Data

Number of Clusters
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Neural Network Design

QDense

QActivation

{ input (14) <6> BatchNormalization

kernel<5> (14x128)
bias<5> (128)

relu<10> (128)

Trainable parameters
2563 1920 256

Anthony Badea (UChicago) — Future Smart Detectors

QDense

kernel<5> (128x3)
bias<5> (3)

387

Activation

softmax (3)

output (3) <8> ]
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Chip Photos
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Chip Tape-out Details

Technical: Logistics:
- Analog island with amplifier and 2-bit ADC - Received chip back last month June ‘24
- Digital logic surrounding with DNN inside - ~$14k/mm2, 1.5 mm?2 tape-out ~ $30k

(translated with CatapultAl)
- 28nm CMOS process from TSMC with Muse



https://arxiv.org/abs/2406.14860

Test Bench

2406.15181

@ SoC FPGA @ Mezzanine @ Level Shifter @ DUT

Peary server running on PS /O interface to the FMC PCB to shift the signals to PCB housing the ASIC
Custom IP running on PL pins of the FPGA /O levels for the DUT and testing utilities

FMC Connector

SIN 0937-002

Linux PC with Auxiliary Lab Equipment:
Python routines oscilloscope, pulse generator

Test bench that tests the core functionality of the chip. Reusable for
future tape-outs. Builds upon Spacely (Adam Quinn)

Anthony Badea (UChicago) — Future Smart Detectors
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https://arxiv.org/abs/2406.15181

