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A Quick Look At The Future Collider Detectors

CLD IDEA

*  Well established design
- ILC = CLIC detector — CLD
*  Full Si VXD + tracker
*  CALICE-like calorimetry — very high
granularity
+ Coil outside calorimetry, muon system
+ Possible detector optimizations
- Improved o,/p, o¢/E
- PID: precise timing and RICH

arXiv:1911.12230

Allegro
& Still in early design phase LD
Design centred around High
granularity Noble Liquid ECAL
*  Pb+LAr (or denser W+LKr)
* SiVXD
Tracker: Drift chamber, straws, or Si
Steel-scintillator HCAL
Coil outside ECAL in same cryostat
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* Design developed specifically

for FCC-ee and CEPC
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*  Muon system

* Si VXD; ultra-light drift
chamber with powerful PID
+ Crystal ECAL w. dual readout ~1

* Dual readout fibre calorimeter
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Tracking Detectors

There is a clear trend from traditional bump-bonded Si sensor and front-end
readout towards monolithic/hybrid sensors.
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Monolithic Active Pixel Sensors (MAPS): Significantly

lower material budget: sensors and readout electronics are

integrated on the same chip

Eliminate the need for bump bonding : thinned to less than

Smaller pixel size, not limited by bump bonding
Lower costs : implemented in standard commercial CMOS
processes
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Tracking Detectors - A Recent Realization of a Future Trend

The Inner Tracking System (ITS) is the
innermost detector of the ALICE central
barrel. It consists of seven cylindrical layers
all equipped with Monolithic Active Pixel
Sensors (MAPS) named ALPIDE (ALice
Plxel DEtector).

The new detector consists of 7 layers, making it possible to
reconstruct tracks based on ITS information alone. With an
active area of 10 m?, segmented in 12.5 billion pixels, it
represents the largest scale application of MAPS in a
high-energy physics experiment. Each ALPIDE chip
covers an area of 15x30 mm? and contains more than half
a million pixels. The performances achieved for power
consumption (<40 mW/cm?) and spatial resolution (~5
micrometer).

https://arxiv.org/pdf/2111.08301



Gaseous Detectors - Tracking/PID/Calorimetry

Hybrid RPCs

Secondary Schematic of a hybrid RPC
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Optlcal Active Media Doped organic scintillators
Inorganic scintillators in HEP (nanocrystals, Gd, .. )

10752 BGO: L3 ca/or/mezer @LEP 1989

CALOR 2024 [UENEELILENT 10

6580 Csl:Tl crystals:Babar @SLAC, 1999 our nanocomposite samples |

rf: ivation to allow
BaBar surface passival al

-
PVT/DVB +PTP_ + y*:CsPbBr;, + perylene dyad,' ugs:of perovakite In'thermally
: *mass = 1342 eV, | 90/10% «tY B pery yady polymerised matrix
wwidth = 7.7 MeV
= o 8 v 5 optical features
- (v apacion —
“ D
- Blank_0 0 0 0 wansparent, | t C,H,
o » "
%y Blank_1 1.5% 0 - 0 transparent, ‘ E
Blank_2 0 0 - >0 transparent, ) i
sas
642 Nal (Tl): Crystal Ball @SLAC, 1979 Blank 3 1.5% 0 : 20 wmparent, I ;.3._ 1
Charmonium spectra NC232  15% 15% Yb 0 abit opaque, green e
NC23.4  15% 15% Yb >0 abitopaque, i R
H NC24_0 0 15% F 0 B ;
,3 “uo./ - =
Sl NC24_1 0 25% F 0 very opaque, green i
£ —_—
5. Ne2alz  15% 1.5% F 0 opaque,green - ;
NC24_3 0 1.5% F 50 veryopaque, x
NC24_4 1.5% 1.5% F >0 very opaque, By

E Aurrtay (fihrsozsTosses sets R _ ’ https://indico.cern.ch/event/1339557/contributions/5
898478/attachments/2860074/5003725/24 05 21
calor_nanocal_soldani.pdf

+ (noble) liquid scintillators

A wide range of specifications. Complexity increases with novel doped structures.
Radiation-resistance should be kept in mind ahead of large-scale implementations.



Cerenkov Detectors

Overall trend is towards higher segmentation. Relatively well-understood
parameters; complexity arises from geometry and materials.

Detector description of ARC

» The ARC consists of an large array of independent RICH cells placed as in the
Photon picture below (only mirrors and sensors are visible for simplicity)
Maaneti Detectors
gnetic
Shield 4 » Each RICH cell consists of an spherical mirror (1) which focuses the light
\ _ 250 @ produced in the two Cerenkov radiators (2,3) into a light sensor (4)
Aerogel -1~ __Spherical
Aot Mirror * CLD option 3 has a smaller tracker to fit ARC. See G. Sadowski study about the
C4F10 Beam pipe tracking performance of this CLD option (EPJ-WoC)

\ > Track
| ~F~__cCarbon Fiber

Exit Window

exit window

veo — ! )

Plane
Mirror

CLD option 3 ' ARC
Simulation of ARC

RICH cell
alvaro.tolosa.delgado@cern.ch 4

LHCb RICH



Photodetectors

The trend in photodetectors is very simple: More SiPMs! . oV
" Si' Registor | AL- conductor

. \
Si0, | Avalanch
L region
Guard\-/ |

CMS High-Granularity Calorimeter has 240.000 SiPMs.

/ 3 = - D
(‘ p* rnngn p / region

\
2 Substrate p+ J

Technology well established.

Signal can be simulated and can be shaped with on-
detector electronics to very high level of detail.

Major optimization point is the coupling with the optical
detector (location, number, sensitivity, etc.)




Calorimetry

/ Tower geometry\

Energy is integrated over
large volumes into single
channels

Readout typically with
high resolution

Individual particles in a
hadronic jet not resolved

Readout channels
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measured individually




Calorimetry - Summary of the Trends

Aim at Particle Flow reconstruction: Reconstruct each particle separately
with the detector component best suited for this purpose i.e. all charged
particles (e, p, m, u, k) with the tracker, photons (y) with the electromagnetic
calorimeter and the neutral hadrons (n.x,) with the hadron calorimeter.

Improve electromagnetic calorimeter resolution: crystals, noble liquid, high
segmentation Si or scintillator

Improve hadron calorimeter resolution: Dual readout (separate the
electromagnetic and the hadronic components of the hadron interactions),
high segmentation scintillator tiles

Improve the radiation-hardness of the calorimeters (when crucial)



Outstanding Challenges

Topologically resolve single particles in the entire detector
« High timing resolution for particle ID and jet structure

* High-level particle ID capabilities

* Improve the energy resolution for neutral hadrons

« Impose radiation-hardness (when crucial)



A Multiple Readout Ultra-High Segmentation Detector Concept
(Meadusa)

Fully exploit high spatial segmentation
Use sampling setup for the calorimeter section

Enhance the sampling layers with multiple active media with complementary
capabilities

Key capabilities
PID for a wide range of transverse momentum
High electromagnetic energy resolution with directional information

High hadronic energy resolution for neutral hadrons



Meadusa_v1 - Tracking

The barrel tracking detector entirely based
on Monolithic Active Pixel Sensors
(MAPS).

The pixel size envisaged is 25 um. The
three inner barrel layers are 50 um and the
outer five barrel layers are 100 um thick.

The inner radius of the innermost barrel sensors is 1.3 cm and that of the
outermost barrel sensor is 50 cm.

The forward tracking detectors are five disks on either side of the

interaction point housing 25 um Si pixels, entirely within the volume defined
by the outermost two barrel layers.



Meadusa_v1 - Barrel and Endcap Detectors - Test bed

Barrel and endcap detectors house PbF, crystals, Gd-doped
plastic scintillators with SiPM readout, and Si active layers.

The purpose of the PbF, crystals is to provide a fast timing signal
for charged particles based on the detection of the fast Cerenkov
light and to contribute to the particle identification and energy
measurement. The crystals are 1 cm x 1 cm x 1.16 cm in size
and are read out by SiPMs coupled to the dimples on one of the
1 cm x 1 cm sides.

The 3 cm x 3 cm x 0.5 cm Gd-doped plastic scintillators are used
in the electromagnetic and hadronic energy measurement with
enhanced capabilities to measure the neutral component of the
hadronic showers.

The Si sensors are sensitive to the charged component of
electromagnetic and hadronic showers and are 500 um thick and
have granularity of 1 cm x 1 cm. The active elements are placed
in brass cassette structures covering an azimuthal angle of 30
degrees. The cassettes start around 5 cm outside of the last
barrel tracker layer and extend to approximately 5 cm distance to
the inner surface of the magnet.




Rationale for Multiple Readout in Calorimetry
ADRIANO-3 Calorimetric Technique

Cerenkov radiator: 3x3x2 cm? lead-glass tiles (typical size)

Scintillator component: 3x3x 0.5 cm? scintillating tiles (typical size) g~ Triple-Readout

Neutron component: 1x1x0.5 cm® RPC with Gd-doped glass
Tiles readout: on-tile sipm

RPC readout: pads

clelo]olaalala]alala




Meadusa_v1 - Muon - Outer Calorimeter System

The detector system outside the magnet consists of
hybrid resistive plate chambers (RPCs) with Gd-doped
glass electrodes as active media, which are attached
to the return yokes both in the barrel and in the
endcap region. The RPCs provide high efficiency in
large areas to measure the muons, the hadron shower
tails and also the late neutral component. The readout
of the hybrid RPCs will be with 1 cm x 1 cm pads and
1-bit resolution.
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Meadusa_v1 - Validation of MC Components
SiW Electromagnetic Calorimeter Effect of Gd doping for a
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Optimization of the Meadusa Detectors and the Role of Differentiable Programming - |

Optimization Goals in Meadusa
-Jet energy resolution (e.g., <3% for 100 GeV jets).

*Discrimination of electromagnetic and hadronic components via multiple
readout types.

Efficient pattern recognition and tracking

*Fast timing layers

Each of these requires tuning of detector parameters such as:
*Material choice and segmentation,

*Thickness and spacing of layers,

*Readout thresholds and sensor response models,
Integration of timing and spatial information.




Optimization of the Meadusa Detectors and the Role of Differentiable Programming - Il

Role of Differentiable Programming

a) Learnable Detector Parameters

*Segment thickness, pixel/voxel size, and response thresholds can be encoded as learnable parameters.
*Objective functions (e.g., energy resolution, classification accuracy) are differentiated with respect to these
parameters.

*Enables gradient-based optimization across high-dimensional parameter space.

b) Neural Track Fitting and Timing

*For tracking, neural networks trained to regress py, n, and ¢ from tracker hits and RPC timing can include
trainable noise models and weighting factors between spatial and temporal inputs.

*Timing resolution (e.g., ogpc) and ToF weighting can be learned jointly with physical track reconstruction
objectives.

c) Hybrid Shower Decomposition
*Multiple-readout shower separation can be optimized using differentiable models that learn the most

effective signal combinations for energy reconstruction.

d) End-to-End Differentiable Simulation (Future Outlook) ??



A First Attempt on ML Applications With Meadusa

Use barrel tracker and hybrid RPC stations to extract preliminary muon reconstruction
properties.

Efficiency vs pt Training Loss
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The results mainly demonstrate the validity of the simulation setup and operations.



Summary

L The next generation collider detectors should concentrate on the benchmark -invariant
target of identifying every single particle emerging at the interaction point.

L The current detector technologies enable combinations to achieve unprecedented level
of detail in the event topologies in collider experiments.

U This high level of detail can be optimized to provide solutions to long-lasting problems in
the measurements and reconstruction.

LU The Meadusa concept is based on multi-readout architecture aiming to deliver
enhanced jet energy resolution and tagging capabilities, improved shower and single-
particle separation, and robust timing capabilities.

U Meadusa detectors are prefect test beds for the implementation of machine learning
and differentiable programming tools, which have the potential to put the Meadusa
concept in a position as a cutting-edge demonstrator for Al-assisted detector design in
high-energy physics.
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