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Detector Challenges

The curse of muons — they decay and they do it quickly

Beam-Induced Background (+ incoherent e+e- pair production)

10 GeV photon (LR LTV LI + BIB in ECAL
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Very challenging detector requirements

Unprecedented detector occupancies and data volumes
$& Fermilab



Detector Challenges
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_Interesting collisions are clean
and have a rate of only few Hz
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Overall Detector Design

» |s the geometry best suited for the
physics we are pursuing?

* Interaction Region design <->
Machine-Detector Interface <- the
Detector

» |s the forward shielding buildable?

» |s the detector magnet buildable?

» Missing pieces — forward muon tagger,
luminosity detector, PID




Sub-Detector Requirements

Requirements drive technology

choices (hybrid, LGADs, MAPs, etc?) &'

1200/

Tracker Example

Precision timing (10s of ps) m
High Granularity (as high as 25x25 microns) sooff
On-detector intelligence (cluster shapes etc..) 4001

Rad-hard (up to ~HL-LHC levels)
Light (how light?)
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All of these in a single device? Emphasis may shift depending on the location?

What is the best practical configuration?

2% Fermilab



Design at the Module Level
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o Sensor design (geometry, thickness, S/N, aging ) CGRA4ML

o Signal extraction and processing
o Data reduction
o Readout architecture ASIC/FPGA

End-to-end optimization
of the complete detector
module

2% Fermilab



Al assisted Electronics Development

Sensor Readout ASICs Concentrator Identify best
(e.g. silicon) (front-end) ASIC / FPGA architecture
P
disc ADC
) IE s é | Output
. L e-links aggregate data > Interfac Hsee ot
$ data, o ; —> c
amp / shaper (cl«:ck, i zerotsbpfl» dess-on 1 serializer o ( \
discr. / ADC [ control ng ot high-speed
tter | ] - formatting T e Optimization | RTL/HDL |
- control & monitoring ik (eg. IpGBT, and verification development ‘
T GBTx, FireFly)
= - discr. / ADC to DAQ
5 o buffer
Config / Control Power
collects charge amplify, shape, 9
or hits digitize, time stamp, (e.g. MCU/ T20) flecacners Implementat|on
buffer and tlmmg
slow control, re_sulntars,
monitoring monitoring

« Data processing relies heavily on ASICs/FPGAs. Long development
and verification cycles, especially for ASICs.
 LHC lessons — 20+ years of development
« Al can streamline many stages of this development
$& Fermilab



Readout and DAQ
B

FE |
(// Trigger -
5 rocessor
N infrastructure
e | -
Send more or process -

more?

Biggest stress points i.e. required
readout bandwidth.

o Some front-end intelligence is necessary to make data readout
manageable:
o Some online timing cuts, but at this scale is highly non-trivial
o Local reconstruction (e.g. cluster shape/angle, SmartPixel)
o Off-detector reconstruction is a farm of “self driving” Al engines ?

2% Fermilab



Mechanics and more

o Critical expertise developed throughout
the years

// ," \\\
" Full system
Y performance proven

over long-time
y scales

e Intrinsically a complex problem

Multi-objective mechanical optimization O ) 0
Generative mechanical design S Component Design

FEA acceleration
Assembly planning
Cabling etc

o Magnet design
o baselined 10 TeV detector with 5 T
solenoid

2% Fermilab



Towards an End-to-end optimization

o Agentic Al Frameworks for optimization workflows

Agentic Al
Inputs / Objectives ) (Plan - Act - Learn)

« Physics performance

« Cost A
» Power

« Bandwidth

Evaluate

Simulate / Measure
Performance, Cost,
Power, Bandwidth, ...

o Development of Surrogate Models will greatly streamline studies and
tradeoffs between things like:

Physics performance
« Technical complexity
« Cost
« Power

2% Fermilab
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Outlook: the first Al native HEP detector?
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TRACKING
% Al FOR DESIGN SYSTEM
& OPTIMIZATION High-granularity
silicon tracker
+ Geometry optimization with precision

+ Shielding design g (K50, 8}

* Multi-objective studies
« Surrogate models

NOZZLE /
SHIELDING

IJ+==}

& KEY CHALLENGES

CALORIMETERS

U0
Highly granular
alJ ECAL/HCAL for

imaging and
particle flow

+ Beam-induced background (BIB)

+ Extreme occupancies

.
.

Precision timing

Huge data rates and
bandwidth limitations

.

Radiation environment

Al AT THE DETECTOR EDGE

Intelligent zero suppression
On-detector hit / cluster finding
Background rejection & filtering

Data compression

Bandwidth- and power-aware inference

MUON g Al FOR DETECTOR
SYSTEM ~y TECHNOLOGY

Fast detectors for
muon identification
in a high
background
environment « Material & cooling optimization

* R&D of novel sensors
« Radiation damage prediction

« Anomaly detection in test beams

—

I Al FOR MONITORING
S & OPERATIONS

+ Real-time data quality

+ Detector monitoring
+ Fault/anomaly detection
+ Predictive maintenance

’ 01010110
10101011 - —————

DATA 01011010
STREAM 10101011 B Calorimeters

Tracking System

Muon System
| Magnet / Return Yoke
I Nozzle / Shielding

Image generated by ChatGPT .
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Backup

12

Image generated by ChatGPT
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Tracking Detectors R&D

MuC detector well aligns with existing R&D interests
e Sustain large occupancy, 4D measurement (space, time), large output bandwidth
e Radiation hard, Lightweight

FE ASIC development identified as critical item that
needs long development cycles. P N S N

28nm tech,
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Tracking Detectors R&D

Existing projects (e.g. LHCb VELO Phase-Ill upgrade) already aim =i
for a high-granularity, high-precision timing silicon detector (using
3D sensors).

Long-standing expertise in most major national labs on developing current (LHC and HL-

LHC) and next generation (blue-sky R&D) tracking detectors in colliders
e coupled with strong university involvement throughout the R&D chain
e requirements are more challenging that state-of-art, but achievable!
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EM calorimeters Highlight
g_ Highly-segmented semi-homogeneous electromagnetic
i
R,

calorimeter based on Lead Fluoride Crystals (PbF,)
e Fast response (via chenekov radiation)
e Semi-homogeneous optimization

Crilin Prototyping and testbeam campaign to prove concept.
EbIFZ_Chetrenkov e time and energy resolution
alorimeter

e radiation hardness
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~ 250 channels now produced



Hadronic Calorimeter Highlight

as readout layers for a sampling hadronic calorimeter

204

MicroMegas, JRWELL and RPWELL

Timing capabilities

Requirements on front-end electronics
Prototyping and testbeam campaigns

Preliminary
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Evolution from current projects

Many more other options being developed that could and should be considered!

E.g. CMS High-Granularity (forward) calorimeter
e radiation hardness, high granularity, excellent timing
e reconstruction of shower
e US expertise (Fermilab)

_____Layers projected onto one plane, __

Gy -no timing cut applied- .

e - x ,\.o': - ’:;_‘._3.'\: o .0.'
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Solenoid

Large aperture and high field solenoids are complex objects

e baselined 10 TeV detector with 5 T solenoid

e momentum resolution to high-pT particles, reduction of incoherent e*e™ pairs
Initial studies on realistic field maps and geometry implementation

Critical item that takes many years to design and manufacture!
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