Dual Readout Calorimetry at SLAC:
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Reminder: Key Physics Drivers
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* Calorimetry is essential to FCC physics goals:
enables key precision measurements & rare
event searches

» 2-3x better energy resolution than ATLAS

« An electromagnetic energy resolution of 3%/VE
@® 1% provides:
» Improving the resolution of the Z—ee recoil
Higgs mass (& also recover bremsstrahlung
photons in tracker)

» e/Y ID & improved ParticleFlow

« A hadronic energy resolution at 30%/VE @ 1%
can be used for:
» W/Z/H separation (mitigate background in
Higgs analyses, precision EWK
measurements)

» PFlow: reduce confusion term
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What is Dual Readout?

« Jets have two components which fluctuate
event-to-event:
» “electromagnetic” (EM) fraction, i.e. charged,
relativistic (mostly =0)

» “hadronic” (had) fraction, i.e. slower stuff (protons
and neutrons) -

* Dual readout: EM/had ratio can be inferred
from ratio of Cherenkov C to scintillation S light

» Two approaches:

» Dedicated Cherenkov radiators + scintillators
(DREAM/RD52)

» Homogeneous (IDEA ECAL): measure
Cherenkov light produced inside scintillating
crystals (SiPMs)
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What is Particle Flow?

» Reconstruct individual particles in
showers, using tracking info for
charged particles + clusters,
providing better global event info

» Motivates high granularity
(“tracking” capability of
calorimeters)

» Limited by confusion term
(overlapping showers)

* Why we're interested:

» Combines well with DRO to
further improve jet
reconstruction

» Excellent opportunity for AI/ML-
based enhancement (eg. GNNs
ezmanc), FM/fine-tuning agan))

» Precision timing highly useful
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Tracks and calorimeter hits

pa“‘c\e

d

Raw detector hits

@ Raw tracker hit
@ Raw ECAL hit
@ Raw HCAL hit
Raw Muon chamber hit

— Track
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¥© @ RawHCAL hit

Calorimeter

clustering

Tracks and calorimeter clusters 7 JIR )V

Raw Muon chamber hit
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https://openreview.net/pdf?id=PYcp183GBL
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What is 5D Calorimetry?
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* Measure (x, y, z, E, 1)

» Requires precision timing: ~O(20) ps

Fibers

1
particle

Akchurin, et. al.

I 1
front back
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e Performance of particle flow limited by the ability to
accurately associate fracks to calorimeter clusters

o Challenging when showers overlap in space
e Exploit the full space-time structure of showers to
improve the jet ene gy resolution (5D PFA
e Example: IDEA fiber dual-readout hadronic
calorimeter

o 50ps time resolution for ~2cm depth segmentation
o t= Ll/c +L,/(c/n), with n=1.46

e Fast timing can also provide ToF for LLP and PID, and

BIB suppression at muon colliders
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Dual Readout in the IDEA Detector
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* IDEA design: crystal ECAL + sampling fiber HCAL

 Timing: 30 ps (20 ps with CMS MTD-style LYSO layers)

« High granularity up to 1.6M readout channels

» Waveform readout, sampling rate up to GSa/s

* Nominal DRO readout strategy: 2 SiPMs to both collect high S photon count while filtering for C

measurement
Muon System Solenoid Dual-readout Fiber HCAL Dual-readout Crystal ECAL Drift Chamber Silicon Wrapper ECAL

] PWO | BGO ] BSO
Density [g/cm?] 8.3 7.1 6.8
Ry [cm] 2.00 | 223 | 2.33
Xo [cm] 0.89 1.12 | 1.15
A; [cm] 20.7 227 | 234
Refractive index at 420 nm 220 | 2.15 | 2.68
Light yield [ph/MeV] 130 | 7500 | 1500
Scintillation decay time [ns] 10 300 100
Emission peak [nm] 420 480 470

Rear crystal ECAL segment:
Two 4x4 mm? SiPMs with optical
filters optimized for scintillation and
cherenkov detection resp.

| m—

Front crystal ECAL segment:
Single 5x5 mm? SiPM per crystal
optimized for scintillation light detection

f
—J

Full IDEA Detector Beampipe LumiCal Endplate Absorber Vertex Detector
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CalVision
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CalVision - DR for e+e- colliders

Full detector sim

Single crystal +
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SLAC Technology R&D
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TID Technologies in Support of Calorimetry
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=  Sensors:

o Digital SiPM: for dual readout (crystal or fiber)
o MAPS: EM calorimeter

= Readout electronics:

o Fast waveform digitizers: coupled to analog SiPM for dual readout processing
0 Sub-10ps TDC (4D tracking): for timing measurements

= On-chip information extraction (w/ Al/ML)
o High-level Synthesis: semi-reconfigurable logic with dynamic weights

o Rad-hard eFPGA: fully reconfigurable logic

TIMING SIGNAL DISTRIBUTION H-TREE
— s
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Embedded FPGA:

Digital SiPM: Low Jitter TDC Circuit: Reconfigurable logic for

Fast Timing and Sub-10 ps TDCs for Particle dynamically changing

Low Power 4-D (or 5-D) Tracking sensors and algorithms
16 July 2026
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A New Approach: Next-gen dSiPM with
3D-stacked semiconductor imaging technology

e Develop a fully-digital approach based on digital SiPM 3D stacked to
a dedicated front-end ASIC incorporating high-precision TDCs for
~10ps time-tagging and counters for energy measurements

e Unlike conventional SiPMs, in the dSiPM every SPAD microcell
provides a separate output that can be treated by digital circuits:
the signal amplitude is recovered by counting the number of
triggered cells while the timing information is extracted from digital
pulses employing high-precision TDCs.

e Operating every SiPM microcell digitally and in-parallel offers many
advantages:

lower power consumption as power hungry analog front-end and high-speed ADCs are avoided
lower data rates as amplitude and time information are directly extracted in presence of the signal
separate access to every microcell allows the use of the fine spatial (tens of um) infformation as well
as disabling of “hot” cells that exhibit elevated dark count rates, improving noise performance

e the all-digital system is robust and requires minimal calibration, making it easily scale from a
prototype to large systems, a step often not trivial for high-precision analog systems 7
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eFPGAS
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* “‘Embedded” FPGAs: reconfigurable logic in ASIC design for configurability ease of FPGA

with low power/footprint/rad-hardenability of chip
* Open-source frameworks (eg. FABulous, openFPGA ) lower barrier to entry for ASIC design

* SLAC designed prototype eFPGAs with FABulous and taped out in 130nm & 28nm CMOS on
TSMC MPW: proof-of-concept for open-source design tools for eFPGAs
» Very small logical capacity i.e. “tiny ML”: < 500 look-up tables (LUTs), O digital signal

processors (DSPs)

700 um

SN~

= e
RPN - A
< o

i eFPGA + configuration / readout logic

wn 0oL
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ML-Enhanced DRO Readout sz
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. . . . . . . t — intillati
leveraging emission time distribution =" ereikoy
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- ML for real-time/front-end waveform

Dual Readout Performance vs Computatlonal Cost
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https://arxiv.org/abs/2604.26090

ML-Enhanced DRO Readout

[2604.26090]
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https://arxiv.org/abs/2604.26090

ML-Based Detector Optimization

[2604.21804]
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* Vertically Integrated Bilevel geometry, Reconstruction,
And TDAQ Optimizer (VIBRATO): first agentic-assisted
framework for ultra-high dimensional vertically integrated
optimizations end-to-end (e.g. data to analysis metric)

» Two loops: outer (geometry) and inner (reconstruction)

* Huge boost for time-to-result:

» Evaluation of many detector aspects against
competing optimization criteria

» Easy spin-off of detector concepts
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| Event generation or retrieval ‘
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Outer loop: geometry
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Full simulation

(dd4hep/Geant4/others)

Plots, loss landscape
tensors, etc.
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Inner loop: Igorithms
Choice of thod (scipy, Optuna, etc.)
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“hysics analysis {,__J functions (digitization, etc.)
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Looking Ahead
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Phase la: Tool Development

= First determine: what is possible technologically?

e Strong efforts across SLAC with synergistic use of funding/resources
e Readout: dSIPM or front-end waveform analysis/timing extraction (eFPGA, FPGA, ...)

Electronics dSiPM eFPGA

LDRD pending ECA, LDRD KA29
[2404.17701]
AUML Front-End ML ML Detector Optimization
ECA, LDRD ECA, US HFCC

Simulation Key4dHEP
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Phase 1b: End-to-End Design
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» Many key detector aspects still outstanding
» Will the readout be trigger-less?
» What is the bunch crossing rate? 20 ns, or as low as 1.25 ns (!)
» Calorimeter: power budget? sampling rate? crystal type? TDC or waveform-based readout?
» Continue developing & employing VIBRATO to rapidly incorporate advances in simulation,
readout tech, reconstruction algorithms, other subsystems towards full detector design
input

VIBRATOV1

(11 params, ECAL only)

SNR, C/S error, ADC cost

Cluster size, Threshold, ADC bit depth, ... o+ H CAL

ECAL crystal length/width/offset

16 July 2026 J. Gonski



Timeline

o1 AL
LS | =7 g \ 4
FCC Approval by Detector CDRs?
CERN Council?
Now 2027 2028 2029
Ongoing....
Phase 1a: Tools R&D Phase 2: Phase 3: Phase 4:
e Maintain active collaborations Readout Leading role  Design
with partners: CalVision, INFN, demonstrator |, 5D PFA readout in
TTU, Princeton, Baylor, and test DRO collaboration
UVirginia, IDEA, ... \I/’S?cgtion Zalo_rim]?ter ,W”h -
Phase 1b: Detector optimization de;slg? or /ntetmat/ona
e |ncorporating synergistic vertex/ C%ZC; or partners

MDI/full reconstruction SLAC
efforts

¢ Feedback into calorimeter
specification/decision processes
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Conclusions

* SLAC playing leading role in a variety of components needed to deliver high performance
calorimetry with novel technology for FCC

* Proposed objectives:
» Design the DR calorimeter readout with international partners optimizing for extraction of high
quality physics information
- dSiPM || front-end AI/ML (eFPGA, FPGA, ...)
» Optimize in context of full detector, connecting to related SLAC expertise in vertex/MDI and

reconstruction
» Leading role in 5D/PFA DRO calorimeter design for FCC detector CDRs

— SLAC key factors:
e \ast physics experience in calorimeter readout, jet reco, etc. from ATLAS & more

e TID expertise and co-design
e Several years of strategic thinking on calorimetry involvement

16 July 2026 J. Gonski
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IDEA Crystal ECAL Readout Optlons

JI—I‘\\'

PWO
— 14 BSO - C Channel et at120°
3 - ---- Scintillation emission
o, . —— Cherenkov emission BSO Waveform
> 1.2[~ —— Crystal transmittance 400 - — fotal
D . —— SiPM PDE (HPK S$13360 50 pum) Cherenkov
QC) — Filter transmittance (Kodak 580) Scintillation
E -
'5 C < 300
> 08 E
g g l
m —
C 0.6 g 200 1
[
C g ]
0.4 — 100 {
- 1
0.2 3‘
L 0 ) }
900 400 500 700 800 T T r T - v
-200 0 200 400 600 800

Figure 23: Strategy for implementation of dual readout in PWO crystals (left), which consists in filtering out scintillation
photons based on wavelength discrimination, and in BSO crystals (right) which consists in isolating Cherenkov light
based on the time distribution of optical photons (prompt for Cherenkov and with a long decay for scintillation)
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Calorimeter Readout Demonstrator
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Block diagram of readout ASIC for Calorimetry

— A/D il
SiPM / PMT Data processing: N
SIPM / TOE Bt custom / eFPGA > FPGA

(TOA+TOT)

N channels

* Option to leverage AUREIUS (part of

- C tl derstandi
SLAC Microelectronics Center MEERCAT) FCC Detector Case Hrrenty ineersianding

constraints/TMR-G/openFPGA

;
'
'
'
to design fast A2D with DRO specs '+ Ongoing: compress for LDRD nterface
: eFPGA « ASIC design starts FY27
1 ~Key checkpoint: is physics =Key checkpoint: how much
: performance good enoughto ~ ,  more logic can we handle in an
1 test demonstrator with LDRD ASIC die with reasonable
1 power? (Funding for v2
: eFPGA?)
'
- LDRD eFPGA
'

22
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eFPGA/FCC Codesign

Step1 Step2 Step3 Step4 Step5

Physics Applic. ML Architecture Kernel Conv. System+Interf. RTL Ready I

Simples DNN? TBD TBD

Drift Chamber Online Learning Customized Customized
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Timeline
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2026

2027

2028

2029

16 July 2026

D AN

— | DRD eFPGA design (starts FY27)

LDRD eFPGA done, eFPGA-only rad test (+ paper).
AURIEUS demonstrator?

Test beam of full DRO crystal + SLAC readout demonstrator (with LDRD
eFPGA || FPGA?)

ERN | [ of FCC?
CERN Council approval of FCC o New tapeout AURIEUS

FCC detector CDRs? front-end + eFPGA
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Power Consumption
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e E.g. FCC-ee electronics will need extremely Includes eFPGA, registers protocol, streaming protocol
low power density 10 a8
o  Vertex - O(20 mW/cm?) ED_A Tool Power ®
o  Tracker - O(200 mW/cm?) s g Estimate: 9.5 mW
=

Assuming 50 MHz eFPGA clock and current design:
e EDA tool Power Estimate of eFPGA only:

VDD _CORE Power
N

o 3.7mW
o 18W/cm2 |
o =3.7mW/0.002025cm? 6
5
e Need to aggressively explore power
optimization strategies in a proper frontend 4

ASIC design

o Not just drag and drop open source code
with EDA tool auto-router

0 25 50 75 100 125 150 175 200 225 250
Clock Frequency (MHz)

L. Ruckman
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https://indico.phy.ornl.gov/event/510/contributions/2159/attachments/1684/3955/CPAD-2024-eFPGA-Ruckman.pdf

