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The FCC-ee physics case

90km circular collider at CERN: e Higgs precision physics
e*e” as a first stage o Complementarity with LHC
Collisions at 90 GeV (Z), 160 GeV (WW), o Electroweak and QCD
240 GeV (ZH), 365 GeV (tt) o Extraordinary precision
Feasibility Study concluded for ESPPU e Heavy flavour factory

e BSM searches
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Outstanding Physics = Strong Requirements on Detectors
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The ALLEGRO Detector Concept
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Noble Liquid Calorimetry

e Excellent energy resolution
o 5-8%/E

e High granularity achievable
o Few 10° channels for Particle Flow Reconstruction

e Suitable for low systematics
o Linearity, uniformity, long-term stability
o Easyto calibrate
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Noble Liquid Calorimetry for FCC-ee

e Reach high granularity
o And optimize for physics: photon/m® PID ; PFlow reconstruction
e Design for improved energy resolution
o Including achieving very low noise
o “"Transparent” cryostat: minimize amount of X in front of calorimeter

e New design ideas to tackle these challenges
o Study concepts for a barrel and for endcaps

o Validate with prototypes in testbeam
> Aim for post-LS3 (2029)

e Community of 20 institutes

o Many already involved in ATLAS LAr
e Part of the DRD6 collaboration

o WP2 on Noble liquid Calorimetry
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Granularity of Noble Liquid Calorimeters

e (Calorimeter collects ionization charge
o Granularity of the calorimeter
< granularity of the readout electrodes

e ATLAS: copper/kapton electrode
o Traces to read out middle cells take real estate
on back layer
o Limits on longitudinal granularity

e FCC-eerequirements
o High jet energy resolution needed
o Particle flow algorithms take advantage of much
finer granularity
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Granularity of Noble Liquid Calorimeters

e (Calorimeter collects ionization charge
o Granularity of the calorimeter
< granularity of the readout electrodes

e ATLAS: copper/kapton electrode
o Traces to read out middle cells take real estate
on back layer
o Limits on longitudinal granularity

e FCC-eerequirements
o High jet energy resolution needed
o Particle flow algorithms take advantage of much
finer granularity

e Solution for Noble Liquid calo for FCC
o Multi-layer PCB to route signals inside
o Allows for
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Allegro Barrel Design

e Geometry description

o 1536 straight inclined (50°) 1.8mm absorber plates
Segmented multi-layer PCBs as readout electrodes
1.2 - 2.4mm LAr gaps ~20% sampling fraction
40cm deep (22 X))
A0 X Agp =10 X 8 mrad, 11 longitudinal layers

O O O O

e PCBs as electrodes: great flexibility
o Number of layers and granularity of each layer
tuneable
o Projective cellsin 6 and ¢

e Active and passive material
o Baseline: Pb for absorbers, LAr gaps
o Options of W absorbers and LKr being investigated
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Allegro Barrel Design

Geometry description
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1536 straight inclined (50°) 1.8mm absorber plates
Segmented multi-layer PCBs as readout electrodes
1.2 - 2.4mm LAr gaps ~20% sampling fraction
40cm deep (22 X )

A0 X Agp =10 X 8 mrad, 11 longitudinal layers

PCBs as electrodes: great flexibility

Number of layers and granularity of each layer
tuneable
Projective cellsin 6 and ¢

Active and passive material

Baseline: Pb for absorbers, LAr gaps
Options of W absorbers and LKr being investigated
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Calorimeter Simulation

e Full calorimeter simulation implemented in Key4hep
o (DD4hep/DDSim, EDM4hep, Gaudi)
o Flexible enough to test easily new ideas
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Simulations and design optimisation: granularity

e EM objects reconstruction using fixed-size or
topo-clusters
o Includes electronics noise and cross-talk effects
e Electron and photon energy reconstruction
using BDT regression
e Studies on photon / 1t° classification
o Allows to investigate EM granularity
o Physics case: hadronic T decay modes
e’ peak: . .
o =23 MeV = l acomeams

PRSP TR
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Simulations and design optimisation: granularity

e EM objects reconstruction using fixed-size or

topo-clusters

o Includes electronics noise and cross-talk effects
Cluster in

o Electron and photon energy reconstruction ECal + Hcal

using BDT regression

e Studies on photon / 1t° classification
o Allows to investigate EM granularity
o Physics case: hadronic T decay modes

ML [1,10] GeV, €41zg=0.83
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e Next challenge: Particle Flow implementation
o Key to performance of hadronic final states : @

o Preliminary version of Pandora PFA running DN B ML PFlow in CLD

o Will also study state-of-the-art ML-based PFlow "’

approaches g

0 41
ot

CH

92 = 1319

ma

47 21

gam!

20

fake

CH NH gamma mu  missed
Predicted

N. Morange (IJCLab) The ALLEGRO Ecal, 10/07/2025 14



Energy resolution: design options and noise

e Constant term
o Hermeticity, low dead material, uniformity

e Sampling term: improve sampling fraction
o Optimise gap size, sampling fraction,
active and passive material

o Explore LAr = LKr, Pb = W
m  Dbetween 5% and 7.5%

e Noise term: readout electronics
o Req.: measurement of 200 MeV photons, S/N>5 for MIPs

N ~ Cd 4kT

9Im TP

o Longer shaping time wrt ATLAS (200 ns)
o Cold frontend electronics in the cryostat will provide
noiseless readout
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End-caps: turbine design

e Nice properties:
o High sampling frequency
o Uniformity in ¢
o Ability to read out solely from the high-|z| face
o Can be constructed with multiple copies of a small number of electrode/absorber designs

| ] Version from July with rho/z calib, 10.2%, 0.5%

single unit cell:

absorber
(steel-clad
Pb)

A At least 30 samples, 8.2%, 0.4%

Baseline:
8.2% /E + 0.4%
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R&D on Electrodes

e Large-scale prototypes built with many design options
o Especially for shielding of signal traces

e Conclusions so far
o  (sub)-per-mille cross-talk achievable
o while keeping reasonable cell capacitances
o Good agreement with FEM simulations

relative xtalk with Tsh=200ns of T10 %104
Capacity of Each Cell in T10

— T10: WVS 270um logTrac

250
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R&D on Absorbers

e Absorbers are 1.8mm lead plates sandwiched between stainless steel sheets,
glued by prepreg
o Absorbers fabricated with 0.17mm and 0.05mm SS sheets
o Deformations appear in cold tests at 77K with 0.05mm sheets only

Stainl teel
2'_'1935:,; 1.8 mm Lead ’
/—

Fiberglass = Stainless steel Fiberglass
0.05 mm 0.05 mm 1 8 mm Lead ' 0.05 mm
1
\\

e (TE investigations
o Deformations probably due to CTE differences
o Investigated using strain gauges e

eeeeeeeeeee

e 0.1mm SS sheets is now default
e R&D conclusive'! i,

g g oz
G

Room
temperature:

— Plate 50 Standalor ne

Reference material |
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Support structures and general design

e How to hold the electrodes and absorbers ?
o Overall structure is given by support rings,
external and internal

o Calculations to chose minimal beam size "/A/A/‘,
o High precision: need uniform LAr gaps - - o __
= Web area -50%

e Add constraints to route cables and pipes Radial displacement +15 %
o ANSYS studies for hollow structure

Sections on the bolts’ planes

Bolts for the ring

D: v19.1 Gravity
Radial Deformation External Rings 1
Type: Directional Deformation (¢ Axis)
Unit: mm
CYLINDRICAL CS
Time: 1

Positioning pin
for the ring

gs' bolts

3.558 Max
2.7703
1.9826

1195
040728
-0.38039
-1.1681
-1.9557
-2.7434
-3.5311 Min

Scale x50

Absorber

"
Reference surfaces

Absorbers’ bolts Rin

Lead core
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Readout electronics in the cold

e Warm electronics outside of cryostat:
2M cables to route = avoid if possible

e Cold electronics: fewer cables, digital signals
o But: needs room for boards + HV, powering and
signal cables
o Proposed solution inspired by DUNE electronics
o Requires cooling system to dissipate heat

e Cold Frontend ASICs: two designs, based on
Dune LArASIC or on CMS HGCROC D . oo |
o DUNE: turn a cryogenic-ready design into . T
calorimeter application L
o CMS: turn a calorimeter chip into a lower-power, ™% " s
cryogenic-ready design . —— _

o Designs submitted for fabrication S e e
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Transparent Cryostat for ALLEGRO Ecal

e Carbon cryostats developed for aerospace applications
o But requirements quite different !

e R&D from component level to Engineering Models
o Sandwich Carbon layers + honeycomb: 3% X / wall !

e Design of a cryostat suitable for ALLEGRO in progress
o With plans for demonstrators
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Putting it all together: prototype module

Inner ring Frame rber Guide =
Stainless Steel 0 Jastic Total Weight : = 900 kg
g )

Profile 100x100x3

Stiffener 5 mm
176 kg

e Prototype representative of a calorimeter

section

Full containment of EM showers
Realistic size of support beams

64 electrodes, 65 absorber plates
~5000 channels

@)

o O O

e Advanced design of structure used for
assembly and support

e Testbeams at CERN
o Using existing cryostats
o Post-LS3: 2029 - 2030
o Coordination of calorimeter testbeams at
DRD6 level
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Conclusions

e Noble Liquid EM calorimetry is a very appealing

solution for FCC-ee
o Fulfils all requirements of the physics programme
o Cost-effective
o Significant progress in simulations to prove all
important metrics

e Very active ALLEGRO Ecal R&D

o As part of DRD6 collaboration

o Working on all challenges to reach our
performance goals

o Design to be demonstrated by a prototype within
5years

o There is still plenty to do !

o We are always open to new collaborators !
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Additional Material



FCC-ee Physics Programme

'mz, Iz, N, * o s(mz) with per-mil accuracy g
*Ri. Ars *Quark and gluon fragmentation
mw, MNw *Clean non-perturbative QCD studies

) ) Maiggs, rHiggs

EW & QCD Higgs couplings

self-coupling
- . particie ID =
direct searches < Z
of light new physics =
*Axion-like particles, dark photons, @
Heavy Neutral Leptons ®
* long lifetimes - LLPs §
D
flavour factory o
(102bb/cc; 1.7x10" 77) =

@

7 physics B physics
*Flavour EWPOs (Rp, ApgP©)
«r-based EWPOs *CKM matrix,
elept. univ. violation tests «CP violation in neutral B mesons . .
momentum resol. «Flavour anomalies in, e.g., b — srr s mw'g
tracker energy detector req.
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Example: Stability of ATLAS LAr Energy Scale

Pedestal (P) stability Gain (R) stablllty
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R&D on Electrodes

e Large-scale prototypes built with many design options
o Especially for shielding of signal traces
o Measured at CERN, IJCLab, BNL

Readout _
Output signal

g

Laptop with
Matlab . Generator
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R&D on Electrodes

e Large-scale prototypes built with many design options

. S . Support beams
o Especially for shielding of signal traces

T=T T T._T T TN
e Conclusions so far e O T S
o (sub)-per-mille cross-talk achievable e ' 2 e
. . . I IETETTIETIEISTaEITIITITIIITIIIITII I T F
o while keeping reasonable cell capacitances
o Good agreement with FEM simulations
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e Next challenges
o Distribution of High Voltage (1 - 2 kV)
= Will investigate resistive layers or resistive ink
o Design of large electrodes at the end of the barrel
m Do we still need projectivity ?

573.94

997.41
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