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Particle Physics: Where do we want to go ?

Dear Santa Claus,

We have been good
these past decades.
Please could you
now bring us

® adark matter candidate

® an explanation for the fermion masses

® an explanation of matter-antimatter
asymmetry

® an axion, to solve the strong CP problem

® asolution to fine tuning the EW scale

® asolution to fine tuning the
cosmological constant

Thank you, Particle Physicists

ps: please, no anthropics
Shamelessly stolen from Gavin Salam

N. Morange (IJCLab)

The SM is a huge success...

but

we have been so far in getting
answers to many questions !

DPhP, 23/02/2026



Dark Matter Landscape

2209.07426
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N. Morange (IJCLab) DPhP, 23/02/2026 3


https://arxiv.org/abs/2209.07426

Higgs Boson to the Rescue

But we have been i</ in
discovering a 125 GeV Higgs boson

It opens a door to the most
mysterious part of the Standard
Model

N. Morange (LJCLab) DPhP, 23/02/2026 4



The next collider project should be an
e'e” Higgs Factory
(ESPP 2020)



The FCC-ee project

e 90.7 km circular collider at CERN: e*e"; ¥ CE e T o
then pp in long-term future % il s
High Luminosity: LEP every 2 minutes at Zpole § \

e 4 Interaction Points ! S
Feasibility Study successful for ESPPU ; e

o Huge work over 4 years ! | . P

— Quasi-total order flexibility —
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https://arxiv.org/pdf/2505.00272

FCC-ee Physics Programme

'mgz, Iz, N, * o s(mz) with per-mil accuracy 9
*Ri. Aes *Quark and gluon fragmentation
mw, Nw *Clean non-perturbative QCD studies
‘mmu,, rHi?gs
EW & QCD Higgs couplings
self-coupling
detector hermeticity particle & =
tracking, calorimetry energy ;
particle 1D — ]
direct searches ( g’
of light new physics S
*Axion-like particles, dark photons, @
Heavy Neutral Leptons ®
* long lifetimes - LLPs §
D
flavour factory o
(10"2bb/cc; 1.7x10" 77) 9 —
7 physics B physics
*Flavour EWPOs (Rp, ApgP:%)
«r-based EWPOs *CKM matrix,
elept. univ. violation tests *CP violation in neutral B mesons 2 :
momentum resol. «Flavour anomalies in, e.g., b — srr m P —
hadron identification
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Example: Higgs couplings and mass RS SN 0T SIS s

Kz (%) 1.3* 0.10
kw (%) 1.5* 0.29
e Higgs couplings kb (%) 2.5 0.38/0.49
o Per-mille precision on many of them rg (%) 2* 0.49/0.54
m  Start to be limited by SM parametric K (%) 1.6* 0.46
uncertainties, e.g m, ke (%) - 0.70/0.87
o H-—ossat _~20 ! _ _ Ky (%) 1.6* Tl
o HL-LHC still very important for couplings to K7y (%) 10* 4.3
top, photon, muon Ke (%) 3.2* 39
o FCC-ee: also get absolute couplings ! Ko (%) 4.4* 15
|15 (%) - e
Ty (%) = 0.78
_, ,FCC-ee sinuaion _s=240 GeV, 10.8 ab”" Biw (<,95% CL) 19x1072* 5x107¢
5'12 ‘ﬂ‘i(?m(, L B (<,95%CL) 4x10"2* 6.8 x 103
1.6~ —— IDEA perfect resolution 5(m ) = 3.95 MeV/
e _\IEEZ;\ZISLZ:ZM“;;‘L&!@")=S.Welv | e Higgs mass: down to 4 MeV'!
N I/ o <10 MeV required for SM predictions to
o 1/ match couplings precision (e.g to Z and W)
o \ I/ o 4 MeV needed for possible H pole running
Y \\ 1/ o Relies on excellent tracking resolution
it \\\ /// m  High field magnet, gaseous tracker
1£4i9|9 I .1‘24.99‘5| I 125 ‘ |1I25.00.5‘ ‘ ‘I125.01
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Example: the ultimate EW precision

my (MeV) .

80360.2 9.9 0.18 0.16 From WW threshold scan

Beam energy calibration

I'w (MeV) 2085 42 0.27 0.2 From WW threshold scan
Beam energy calibration

as(m%) (x10%) 1010 270 2 2 Combined R)", Ty fit
Ny (x10%) 2920 50 0.5 small Ratio of invis. to leptonic
in radiative Z returns

Myep (MeV) 172570 290 4.2 4.9 From tt threshold scan
QCD uncert. dominate

[op (MeV) 1420 190 10 6 From tt threshold scan
QCD uncert. dominate

Atop/. )\ﬁ,“,’,l 12 0.3 0.015 0.015 From tt threshold scan
QCD uncert. dominate

ttZ couplings 30% 0.5-1.5 % small From /s = 365GeV run

Observable present FCC-ee FCC-ee Comment and
value £ uncertainty Stat. Syst. leading uncertainty

myz (keV) 91187600 + 2000 4 100 From Z line shape scan
Beam energy calibration

I'z (keV) 2495500 £ 2300 4 12 From Z line shape scan
Beam energy calibration

sin? 65 (x10°) 231,480 + 160 1.2 12 From Ay at Z peak
Beam energy calibration

1/aqep(m2) (x10%) 128952 + 14 39  small From Ay off peak
0.8 the From Ay on peak

QED&EW uncert. dominate

Rf (x10%) 20767 + 25 0.05 0.05  Ratio of hadrons to leptons
Acceptance for leptons

as(m3) (x10%) 1196 + 30 0.1 1 Combined R?, TZ,, o0, fit
a4 (x10%) (nb) 414802 + 325 0.03 0.8 Peak hadronic cross section
Luminosity measurement

N, (x10%) 29963 + 74 0.09 0.12 7 peak cross sections
Luminosity measurement

Ry, (x10%) 216290 + 660 0.25 0.3 Ratio of bb to hadrons
AR (x10%) 992 + 16 0.04 0.04 b-quark asymmetry at Z pole
From jet charge

APF‘g’T (x10%) 1498 =+ 49 0.07 0.2 7 polarisation asymmetry
7 decay physics

7 lifetime (fs) 2903 + | 0.5 0.001  0.005 ISR, 7 mass
7 mass (MeV) 177693 + 0.09 0.002 0.02 estimator bias, ISR, FSR
7 leptonic (“vaz) BR (%) 1738 + 0.04 0.00007  0.003 PID, 7* efficiency

N. Morange (IJCLab)
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Outstanding Physics = Strong Requirements on Detectors

/ Higgs ~ \ /  Flavor \ QCD-EWK / feebly inteBrgc'gng parti@

factory “boosted” B/D/x factory: most precise SM test
. Heavy Neutral Leptons
mH’ g, r_H CKM matrix vy (HNL) p
self-coupling CPV measurements m,, I_z ’ rinv
H— bb, cc, ss, gg Charged LFV

H—inv Lepton Universality sin’@ ,R* ,R,R

ee—H 7 properties (lifetime, BRs..) Wi e s bl Dark Photons Z_
H—bs, .. AFBb’c , T pol.

st o Axion Like Particles (ALPs)
i Bss ~Keee y Exotic Higgs decays
B— K*vv
Mitop, [top, ttZ, FCNCs B —_:<P VV... mw, I_W

L A U\ A 4
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Plan A for CERN is FCC-ee
(ESPP draft, 2025)



How to design FCC-ee Detectors ?



FCC-ee Detectors will be as challenging as LHC ones

Vertex detectors with small pixels,

very close to IP “
Large gaseous trackers at high rate,
with PID capabilities

Minimal X, in front of calorimeters
High energy resolution for
calorimeters

High granularity calorimeters
Precision positioning at 10pm level,
stability

Very complex Machine-Detector
Interface

N. Morange (IJCLab) DPhP, 23/02/2026

Low physics rate
o Easier TDAQ

No issues from radiation damage

No need to measure TeV-scale
particles
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FCC-ee Detectors will be as challenging as LHC ones

Vertex detectors with small pixels,

very close to IP “
Large gaseous trackers at high rate,
with PID capabilities

Minimal X, in front of calorimeters
High energy resolution for
calorimeters

High granularity calorimeters
Precision positioning at 10pm level,
stability

Very complex Machine-Detector
Interface

N. Morange (IJCLab) DPhP, 23/02/2026

Low physics rate
o Easier TDAQ
o  Well, actually...

No issues from radiation damage
o Well, actually...

No need to measure TeV-scale

particles
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Tracking performance

e Momentum resolution

o Avoid large contribution from MS:

the lighter, the better

e Flavour tagging: vertex detector

o ClosertoIP
o Lighter
o Smaller pixels

RS psin®26
a~5um; b=~15pumGeV
r beam pipe 1stVTX layer
ILC 12 mm 14 mm
CLIC 29 mm 31 mm
FCC-ee 10 mm 12 mm

N. Morange (IJCLab)

jet misid. probability
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FCC-ee Simulation (IDEA)
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jet tagging efficiency
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Why PID ?

FCC-ee Simulation (IDEA)

> 1 :
ol e'e »ZH,H-jj
g j=u,c,s,c,b,g” //
e Higgs physics & il /
o H — sssensitivity driven by strange-tagging perf, g ] PID/
depends a lot on PID performance g | 7 ® taaging ve.ud
o Flavour violating modes, e.g H — bs 157 i i
Y74 i ot aener
e SM parameters L/ et T
o Also depend on K identification / strange tagging 0 o2 o4 0 08
N VtS' Vbs g taf- —— time of flight
% 12-_ dN/dx.
e B physics = F | F 07 comeined

o BY. - D*K,B—Kw,B - ¢w, ...

e Handles on PID
o Gaseous trackers providing dE/dx or dN/dx
o Time-of-flight with O(10ps) resolution
o Cerenkov detectors (ARC concept)

10?

10
2
N. Morange (IJCLab) DPhP, 23/02/2026 Momentum [GeV/c’] 16



Calorimeters for FCC-ee Physics

e Energy resolution: “only” for photons and neutral hadrons
o But: ideally photons as low as 200 - 300 MeV

e Dynamic range: 200 MeV - 180 GeV
o vsLHC: 6TeVjets!

e Granularity: PID, disentangle showers for PFlow
o But: how granular exactly ?

e Hermeticity, uniformity, calibrability, stability
o Low systematics for precision measurements
o Complex system-level engineering questions

e No need to be particularly fast
o But: can precise timing help in reconstructing showers more accurately ?

N. Morange (IJCLab) DPhP, 23/02/2026 17



Calorimetry options

Detector technology E.m. energy res. E.m. energy res. ECAL & HCAL had. ECAL & HCAL had. Ultimate hadronic
(ECAL & HCAL) stochastic term constant term energy resolution energy resolution energy res. incl. PFlow
(stoch. term for single had.) (for 50 GeV jets) (for 50 GeV jets)

Highly granular
Si/W based ECAL & 15 - 17% [12,20] 1% [12,20] 45 — 50 % [45,20] ~6%? 4% [20]
Scintillator based HCAL
Highly granular

Noble liquid based ECAL & | 8 — 10% [24,27,46] < 1% [24,27,47] ~ 40 % [27,28] ~6% 7 3-4% 7
Scintillator based HCAL
Dual-readout 11% [48] < 1% [48] ~ 30% [48] 4 - 5% [49] 3-4%7?

Fibre calorimeter
Hybrid crystal and
Dual-readout calorimeter

3% [30] < 1% [30] ~ 26 % [30] 5— 6% [30,50] 3—-4% [50]

All options feature good jet energy resolution

Varying Ecal resolution = Highest EM resol required for B physics
Varying segmentation: PFlow, shower shapes, cluster pointing
Other characteristics: Operational stability, cost

N. Morange (IJCLab) DPhP, 23/02/2026 18



A quest for ultimate jet energy resolution

Pandora [1,10] GeV, €iag=0.68 ML [1,10] GeV, €4iag=0.83

80
80

o Target: o(E)/E = 30%/~E (GeV) B
o Typical figure of merit: W/Z boson separation
o Actual use: variety of hadronic measurements
e What granularity do we really need ?
e New calos concepts bring new ideas: ; » 1
crystals DR study ; GNN PFlow WG A gt mmd ' G O e m sies

Predicted Predicted

60
60

NH

@ 40

gamma
mu gamma NH

mu

20 20

fake

fake

Jet energy resolution
Traditional Calorimetry Particle Flow Calorimetry

0.14
L - 2 . ”
Tracker ECAL  HCAL S | s Sl e HeDHO METPRA
Cross out clusters 3
[ X) ——
ecee Y o :: = from charged hadrons (1 ) e e S WL DHOEMO pRFA
oo P Crystal i —e— w/DRO, w/ pPFA

uu section
— 00000 @ — 'VV‘-L(UU

L

1 i \
1
- GBAWE - 0.36/ E © 0.042
3 o2 - 034/{E®0.027
i GEFAE = 0.20/{E ©0.015
0.08

0:05; \'\i\\

L e o — \\”\i'\
Eje: = E(ECAL) + E(HCAL) Ejet = E(Tracker) + E(y) + E(Kyn) & 0.04
U
Composition ~30% :- Composition ~60% : ~30% :- $ \

00256 a8 o020 40
N. Morange (IJCLab) DPhP, 23/02/2026 ( Eje, ) [GeV] o



EW factories unique challenges

§ 10 = B AR OF"C Nf‘?m i ﬁx L OFCC
% E - \/% component 1 | § o
. . 45 10t g 0.03 |- a
e Some physics channels require 2 ¢ 3 o
very high EM resolution 10} 4" 5 3
0 5 0 _
@) eg B (S) — K*v r 5 o0 % 0.01 R o —
100 g2 = . ©
i i o A 00055 % 5% 5% 10]%' 12I%-
° .E phySICS: | %.1 5.9 53 m([?(zi’y]) - Photon energy-resolution / \/E
reconstructing the decays
o m°reconstruction and ID Recon s
econ
o Count C|QS€-by iy : Gen | Tty 770y at27% #*37x0% 7wt 4x
o Granularity and resolution needed =, 10.9560 00425 00010 0.0003  0.0002
=70y | 0.0374 0.9020 0.0586 0.0016  0.0002
7+27% | 0.0090 0.1277 0.7802 0.0808  0.0022
e BSM, e.g ALP searches 7+37% | 00036 00372 02679 0.5972  0.0910

Table: Each row shows the fraction of e.g. 7 — m* v decays classified
as each of the considered channels

o Photon resolution, photon

pointing
N. Morange (IJCLab)

DPhP, 23/02/2026 20



The ALLEGRO Detector Concept



Detector Concepts for FCC-ee

e Goal: design sub-detectors with global performance and integration into a real
full detector in mind

ILD IDEA CLD ALLEGRO

DR Fiber Calo

e ALLEGRO is the least mature of the 4
o Very open to options and new ideas at this stage

N. Morange (IJCLab) DPhP, 23/02/2026 22



The ALLEGRO Detector Concept A

Noble Liquid 2T Solenoid
Ecal

Vertex

. Detector
Lumical

Main tracker

Silicon
Wrapper

Steel -

Scintillator
Hcal Muon Tagger

e Al ilAAMAMIiAAAAlAAAAAAAAAAiAiIAA A A A A I I I I IS,
N. Morange (IJCLab) DPhP, 23/02/2026 23



The ALLEGRO Detector Concept

Noble Liquid 2T Solenoid

Ecal General design: 2022

Testbed for evaluation of Ecal and Hcal performance in

simulation Vertex

] Concept mostly “on paper” Detector
Lumical

Fleshing out all sub-detectors with actual concepts and

teams behind them to do R&D: next phase ain tracker
First ALLEGRO Study Group meeting in November 2024
Collect interests to collaborate together towards an integrated
concept
Individual sub-detectors concepts are projects in their Silicon

respective DRDs Wrapper
e.g Noble Liquid Ecalis WP2 of DRD6 on Calorimetry

Steel -

Scintillator
Hcal Muon Tagger

N. Morange (IJCLab) DPhP, 23/02/2026


https://indico.cern.ch/event/1475630/

The ALLEGRO Detector Concept A

2T Solenoid

Vertex

. Detector
Lumical

Main tracker

Silicon
Wrapper

Steel -

Scintillator
Hcal Muon Tagger

e Al ilAAMAMIiAAAAlAAAAAAAAAAiAiIAA A A A A I I I I IS,
N. Morange (IJCLab) DPhP, 23/02/2026 25



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

N. Morange (IJCLab) DPhP, 23/02/2026 26



Example: Stability of ATLAS LAr Energy Scale

e Pedestal stability < 100 keV
e Gain stability 2.6x10*

e Parameters monitored in daily calibration runs
o Changes in constants needed only about 1 / month

> Stability of the energy scale of 2x10*
o Visible on Z—ee invariant mass and E/p
Pedestal (P) stability Gain (R) stability
§0.15:—L§rzsyss' : ' . " Wigh@ahy g L:I\r Em ' : ' ' High ll'iain :
g °-‘- ' - & 2 : Rt LY |
OHHF l Mu il SPITRIAL
o f , . < CERUe A T :
n&oos?—i!:;? “ J :: !. il ' 1 - 1t_| ¥ % e | H l
01—' . I ' 2_
-0,15_—AITLASlPreI|mI|nary g o 1 & EAITLASIPreIimlinary : i & :
03.03 17.03 31.03 14.04 28.04 Da‘:el)S'n 228:51 0 100’0‘,FE83 03.03 17.03 31.03 14.04 28.04 Da!:eoﬁln 22(6):51 0 2001JM,FEBs

N. Morange (IJCLab) DPhP, 23/02/2026
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Next-gen 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

N. Morange (IJCLab) DPhP, 23/02/2026 7 28




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

N. Morange (IJCLab) DPhP, 23/02/2026 ! 29



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

N. Morange (IJCLab) DPhP, 23/02/2026



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

N. Morange (IJCLab) DPhP, 23/02/2026 31



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
Options of W absorbers and LKr being investigated

O

N. Morange (IJCLab) DPhP, 23/02/2026

N
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n
~

i

Radius (mm)
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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

N. Morange (IJCLab) DPhP, 23/02/2026



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 Simple BDT for now ; GNN being developed
o Physics case: hadronic T decay modes
n’ peak: . s
G =23 MeV = i

PRSP TR
0.25 0.3
Invariant mass [GeV]

0.2

N. Morange (IJCLab) ,23/02/2026
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Energy resolution: design options and noise

e Constant term

O

Hermeticity, low dead material, uniformity

e Sampling term: improve sampling fraction

O

O

Optimise gap size, sampling fraction,
active and passive material

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

e Noise term: readout electronics

O

N. Morange (IJCLab)

Req.: measurement of 200 MeV photons, S/N>5 for MIPs

N ~ Cd 4kT

9m TP

Longer shaping time wrt ATLAS (200 ns)
Cold frontend electronics in the cryostat will provide
noiseless readout

DPhP, 23/02/2026
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Jet performance: particle flow reconstruction

e Both Pandora PFA and GNN PFlow under development

e Very preliminary studies
o True tracks used, no track reco

o Lots of calibration constants and tuning to be done still

o Typically clustering parameters

e Very encouraging results

[ W= PandoraPFA
| ——— G(Meangy,RMSg)
- —— G(best-fit)

800

Events

600 pythiag (Z/y) - qd (g=u,d,s)
- |cos6,|<0.7

400~ £;=~100.0 GeV
= RMSQO(E]) / Meango(E,) =3.43 +0.03

200

III|I[[|III|III|II

700 125 150

175
Reconstructed energy [GeV]

200 225
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100 GeV jets in ALLEGRO

B Charged hadron associated hits
I Neutral hadron associated hits

0 Photon associated hits

N. Morange (IJCLab) DPhP, 23/02/2026 37



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

while keeping reasonable cell capacitances

Good agreement with FEM simulations

Holds up to 5 kV on outer layer

o O O

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

ig;:;agz-:.r,: T10: WVS 270um logTrac

250

200
dC/d¢ = 0.17 pF/mm

dC/dn = 13.51 pF

Capacity [pF]
g

g

o o o

. . . . . \ . . . .
12 3 4 5 6 7 8 9 10 11 12 13 14
Cell

1 2 3 4 5 6 g 8 9 10 11 12 13 14
cells ID
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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
©)

Can be constructed with multiple copies of a small number of electrode/absorber designs

single unit cell:

absorber
(steel-clad
Pb)

g

electrode

N. Morange DPhP, 23/02/2026
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| ] Version from July with rho/z calib, 10.2%, 0.5%

A At least 30 samples, 8.2%, 0.4%

Baseline:
8.2% /E + 0.4%




Readout electronics in the cold

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
Proposed solution inspired by DUNE electronics
Requires cooling system to dissipate heat

e Cold Frontend ASICs: two designs, based on

Dune LArASIC or on CMS HGCROC
o DUNE: turn a cryogenic-ready design into
calorimeter application
o CMS: turn a calorimeter chip into a lower-power,
cryogenic-ready design
o Tests of CALOROC to begin soon |4 ! I
o First tests of CHARMS ASIC promising Ampiication Fitering output

N. Morange (IJCLab) DPhP, 23/02/2026 40

AC or DC Outpu
Coupling B

3 Va
,, J v
1 Rl =
wll e ‘_:«_l‘ |
& &
S,




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 ;:ﬁih
e R&D conclusive'! s',:

349,
85

Room
temperature:

— Plate 50 Standalor ne

s = . s Rgference matrialﬂ |
N. Morange (IJCLab) DPhP, 23/02/2026 Stainless steel sample M




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

IN. IViordrge vJeLauo) UFIIF, 23/ U2/ 2020 42

N



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

N. Morange (IJCLab) DPhP, 23/02/2026




Putting it all together: prototype module

e Prototype representative of a calorimeter
section

O

O
O
O

Full containment of EM showers
Realistic size of support beams

64 electrodes, 65 absorber plates
~5000 channels

e Advanced design of structure used for
assembly and support

e Testbeams at CERN

O
O
O

N. Morange (IJCLab)

Using existing cryostats

Post-LS3: 2029 - 2030

Coordination of calorimeter testbeams at
DRD6 level

DPhP, 23/02/2026
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The ALLEGRO Detector Concept A

Noble Liquid
Ecal

Vertex

. Detector
Lumical

Main tracker

Silicon
Wrapper

Steel -

Scintillator
Hcal Muon Tagger

e Al ilAAMAMIiAAAAlAAAAAAAAAAiAiIAA A A A A I I I I IS,
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Next Generation Detector Magnets

e Baselineis 2T solenoid
o Limit to 2T to not blow-up electron bunches at Z pole !

o Current technology: Al-stabilized NbTi Rutherford cables
m  Well understood technology, affordable and good
mechanical properties
= NOT Commercially available nowadays
= Required low temperature operation (< 5 K)

e Physics would benefit from 3T at higher energies
o Higgs mass at £4.1 MeV

e Studies begin (IDEA detector concept) for HTS 3T
Detector solenoid !

o Increasing Top from 1.9 Kto 15-20 Kwould increase the
Cryogenic system efficiency by one order of magnitude!!!

o Operate at 2T only for Z pole running

o (Cable concept: U Shape channel cable with Faraday
Factory HTS REBCO Tapes

o With AlTi stabilizer: solenoid ~12 cm thick, 1.5 X

N. Morange (IJCLab) DPhP, 23/02/2026

Critical Current [A]

2000 FCCee simuiation Vs = 240 GeV, 10.8 ab”"
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https://indico.cern.ch/event/1408515/contributions/6499557/attachments/3071359/5433640/Mariotto_Fcc_ee_3T_HTS_IDEA_Magnet.pdf

Next Generation Detector Magnets

2000 FCCee simuiation Vs = 240 GeV, 10.8 ab ™’
> _\IIIIII_ITF!_!'II |||\||||||||l|||\||'l‘|‘l:

e Baseline is 2T solenoid 2 o el e 2
o Limit to 2T to not blow-up electron bunches at Z pole ! S T i~ I I
o Current technology: Al-stabilized NbTi Rutherford cables § ok [\ —meast
m  Well understood technology, affordable and good il - LI e A
mechanical properties gL
= NOT Commercially available nowadays 1000F \
= Required low temperature operation (< 5 K) sook \\
: \
o Physics would benefit from 3T at higher energies o |
o Higgs mass at +4.1 MeV RN R
e Studies begin (IDEA detector concept) for HTS 3T P21z 12"*”1'25"1'2"3"1'2'7”1'25"1'25';'36',"1'(2'5)32
Detector solenoid ! —_—
o Increasing Top from 1.9 Kto 15-20 Kwould increase the —
Cryogenic system efficiency by one order of magnitude!!l _ness _[mm]
o Operate at 2T only for Z pole running T Ey—
o Cable concept: U Shape channel cable with Faraday N Tape 7
Factory HTS REBCO Tapes F_HTS 232%
o With AlTi stabilizer: solenoid ~12 cm thick, 1.5 X F Stabilizer 73.45%
F_Ins 2423 %
| \ Insulation
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The ALLEGRO Detector Concept A

Noble Liquid 2T Solenoid
Ecal

Vertex

. Detector
Lumical

Main tracker

Silicon
Wrapper

Muon Tagger
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Scintillating Tiles Hcal

HCal inspired by ATLAS TileCal implemented in FCC

Fullsim

o Either with WLS (a la ATLAS), or with SiPM on Tiles (a la

AHCAL)
o Serves as return yoke

Design

o 5mm steel absorber plates alternating with 3mm

Scintillating tiles: 8 - 9.5\

o 128 modules in ¢, 2 tiles/module, 13 radial layers
o Optimisation of segmentation and reconstruction

Prototype studies starting

Performance
o Ecal + Hcal combined
clustering implemented
o Single-pion resolution:
35%/E

N. Morange (IJCLab)

30

Resolution (%)
=
w

Energy Resolution

® E_resol, CorrectedCaloClusters
— YPeollearn

® E_resol, CalibratedCaloClusters
— YPeile3.0%

20 40 60 80 100
E (GeV)

silicon photomultiplier

wavelength-shifting fiber

scintillator
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The ALLEGRO Detector Concept A

Noble Liquid 2T Solenoid
Ecal

Lumical

Main tracker

Silicon
Wrapper

Steel -

Scintillator
Hcal Muon Tagger

e Al ilAAMAMIiAAAAlAAAAAAAAAAiAiIAA A A A A I I I I IS,
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Vertex Detector

o Light vertex detector and tracker ~ °*™

cpt/pt

0.005-

0.0045

0.004F-

0.0035[-

Track angle 90 deg.
IDEA

-~ IDEA MSonly
....... IDEA No Si wrapper
—— CLD

-~ CLD MS only

o Particle energies < 100 GeV: O:ZZ |
lower MS contribution required ooors-
e Vertex detector: MAPS-based 0005y
o Similar to e.g Belle 2 or ALICE ITS3 T
o Extremely light: Inner layers: 0.1% X, / layer
o Outer layers: 0.5 - 1% X, / layer
o Designs using curved sensors

N Morange/(‘IJCLcrb)

) = SRS

2,M0 cabling

z e a
no piping " "

DPhP, 23/02/2026

cive are?

Material (% X,)

201

IDEA: Material vs. cos(6)

o Il Beam pipe

[ Vertex silicon
[ Drift chamber

25| [ Silicon wrapper

01 02 03 04 05 06 07 08 09

0 curved MAPS sensor




Vertex Detector

e Several CMOS processes available

O

e.g TPSCo 65nm

e Spatial hit resolution

o 3pm per layer achievable with 15pm
pitch or 25pm pitch with charge sharing
e Cooling
o Study air-flow cooling to minimize X
o Studied for IDEA Vertex Detector so far

N. Morange (IJCLab)

DPhP, 23/02/2026

FCC Seed: curved sensors
without gaps in ¢

Beam pipe inner radius ~10 mi
Beam pipe thickness ~ 1.7 mm
Perimeter ~73.5 mm
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The ALLEGRO Detector Concept A

Noble Liquid 2T Solenoid
Ecal

Vertex

. Detector
Lumical

Silicon
Wrapper

Steel -

Scintillator
Hcal Muon Tagger

e Al ilAAMAMIiAAAAlAAAAAAAAAAiAiIAA A A A A I I I I IS,
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Drift chamber: IDEA design

Large volume:
o Rin=035m,Rout=2m,L=4m
Operating gas: He 90% - iC,H,, 10%
Full stereo:
o 112 co-axial layers, at alternating-sign stereo
angles ranging from 50 to 250 mrad
o ALLEGRO: Longer DC = fewer layers

Expected resolution o <100 pm, o, <1 mm
Cluster counting for P

tracking efficiency € = 1 0.016 X, to barrel calorimeter

for 9 > 14°

(260 mrad) 0.050 X, to end-cap calorimeter

97% solid angle

Volt [V]

wire cage

service area

0.20m B (FEE. included)
0.045 X, 0.016 X,  —| active area
\ r=2.00m
0.050 X,
112 layers .
Front Plate -15 mmn cell width N
r=035m
inner wall 0.0008 X, -
z-axis
56,000 cells
340,000 wires
(0.0013+0.0007 Xo/m)
wires gas
outer wall|0.012 X,

Dl o a oso 0 waus gy
100 150 200 250 300 3

gas vessel

DPhP, 23/02/2026

400
time [ns]

z=2.00m

64=12./cm for He/iC4H1¢p=90/10 and a 2m
track > o = 2.0%

(o}
dNyldx .
= ( <l L

-1/2 -1/2
* =N,
(dN(,/dx) lrmi.) cl

Poisson
54



Straw Trackers Studies

e Potential advantages:

o Comparable resolution with greater design flexibility, PID

o Operational robustness (broken wires)
o Economical

e Many straw trackers built for recent experiments
o GlueX, NA62, PANDA, Mu2e, DUNE ND...

e Interesting R&D paths
o Overall detector design
o Single tube production and assembly (minimize X,)
o Gas studies, electronics for dN/dx measurements

Chamber assembly at MPP Munich

y-Axis [em]

Current [pA] *

‘[ 65ns
-

o Difficult to count
.l individual clusters...

iz

3 anary electrons

'* ions

He:iC4H;( (90:10) 1bar.

C

urrent [pA] =

90 ns
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The ALLEGRO Detector Concept A

Noble Liquid 2T Solenoid
Ecal

Vertex

. Detector
Lumical

Main tracker

Silicon
Wrapper
Steel -
Scintillator
Hcal
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Muon Tagger

e Hcal acting as return yoke = very little B-field in muon system
Simple muon tagger, no spectrometer

_ SEESEggEggg

¢ Many tEChnOIOQieS proposed i g ‘_‘_‘:‘__‘_‘T‘ Drifttﬁﬂmxmnm
RPCSI MDT[ MlcrOMegaS, SCIﬂtIHatOI’S iz e e ekt G e Ubes
Spacer

e Time-of-flight capabilities might be an advantage
Esp. for exotic searches (LLP)
Need more studies to make the case

e unuuun
L 'L\KAAAA.\.A e
“ASAc'mt‘\\\atmg strip

form Long-lived particle decay
vertex away from IP

N. Morange (IJCLa 57



Conclusions

FCC-ee has an physics program and is the best project we can
hope for after the LHC
Detectors at FCC-ee will be as LHC detectors

And remember: ATLAS and CMS were conceptualized > 15 years before they
were built

A isa solution for
a calorimeter at FCC-ee, and ongoing R&D aim to prove feasibility of the
design

58
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Additional Material



A lot of fun for all detectors

N. Morange (IJCLab)

Aggressive Conservative Comments
Beampipe X/Xo < 0.5% X/Xo<1% B K'nt
o(dy) = 3® 15/ (p sin®? 0) um _ B K1t
Vertex X/X() < 1% R,
0L = 5ppm - 07: < 10 ppm
op/p < 0.1% 0p/p < 0.2% ‘;]{,’1“_:1451\](1:\‘//
Tracking for O(50) GeV tracks for O(50) GeV tracks Zz__) i
tb.d. 09 < 0.1 mrad 0I'z(BES) < 10keV
. N Z — v,Ve coupling,
op/E =3%/VE op/E =10%/VE B physics, ALPs
ECAL - _ 7 polarisation
isins. 7 i Ay 3 boosted n° decays
2 x 2mm 5 x Hmm
bremsstrahlung recovery
0z = 100 pm, In-situ constraint with alignment tolerance for
O Riin = 10 um (6 = 20°) dilepton/diphoton events  §£ = 10~ with yy events
UE/E = 3()%/\/}_5 S 50%/\/E H — s§, c€, gg, invisible
HNLs
HCAL
Az x Ay = Az x Ay = e
2 x 2mm? 20 x 20 mm? H - ss, 0,88
Muons low momentum (p < 1GeV) ID - B, —»w
¢ 30K/n 30 K/n H—s§
Earticke Iy p < 40GeV p < 30GeV b — sVW, ...
. tolerance §z = 100 um, 0 Ry = 1 pum 5L = 107" target
ERiHSAl acceptance 50—100 mrad B (Bhabha)
e
Acceptance 100 mrad - O L

ete™ — efe 1Tt (cC)

DPhP, 23/02/2026
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The Higgs Landscape

BSM
' ' Higgs Mass Hiaas Width particle
Higgs signal ’ L > searches
Electric

coupling T . ' ™ Y Dipole
measurements ‘ Y. ¥ S T Ny R > il ; ' Moments

%

Multi-Higgs

resonances ¥ & Differential

Cross Sections

Gk CPV and
’\3’ v Baryogenesis

Higgs Portal & \ES Origin of EWSB?

to Hidden Sectors?
Thermal History of

Uni Stability of Universe
Aibd Naturalness
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Higgs couplings in SMEFT Fit

precision reach on effective couplings from SMEFT global fit

WHL-LHC S2 + LEP/SLD ___ 3
(combined in all lepton collider scenarios)| g FCC_ee Z/WW/240GeV+365GeV mflt T
ﬁ Free H Width 3
7)) o 4| 8no H exotic decay Z & WW denote Z-pole & WW threshold 102
= £ E 3
- ] o
o 3 10 —110° g o
B S f 18 =
[3) & 102 o+ @ |QD
@ £ "o
&1 = i E
[0 1073 — T 10-°
c 5 E
107 108
i v sgf" 1 i 6912 ok, Az
g - 107" 3107 -
& £ i &
— s N ] a
L 8 102 - ; —10* 8
é F ( ] ‘ | ] 2
B q =
T ‘ | b
10™ - - Ll 10-
Sgi? i 5qip BH o
[72] 2 1.4-2
c 3 10 _!: 10 »
° £ 3 =%
=| 5107 —10° 8
o 8. : [
© a>: 1072 e -3 104 3
= 2 | | | | I
(] 107 10-%
= 6971 69%r 9% 6971 7R w ZL Zr 69w
o » 10-'pimposed U(2) in 1&2 gen quarks] 10 <
o E 3 =
£ F E ;
3 102 i 102 8 Flavor assumptions:
g ] &
£ 100 ,_ . - | 1 103 g SMEFrND
5 \ | I il i 9
1074L : : — 110
uu uu dd dd bb bb
ZL ZR 6971 697k ZL ZR
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Higgs Couplings: Complementarity between Energies

FCCee EWPO

decorrelates
—— Zff & HXX
// cﬁrplings
N 2y,
\ Lo
ag;fn SN
* BN
'9z.L " °
\ ?

EW Vf precision

And increasck\

Zff correlation

with Current EW measurements:

@D HLLHC (D HLLHC + FCC-ee @ 240 & 365 GeV @D HL-LHC + FCC-ee @ 240 & 365 GeV HL-LI
C C ion < 50% C ion > 50%

<50% Ci ion > 50%
N. Morange (IJCLab) DPhP, 23/02/2026 63



Studying the Higgs as a no-lose theorem

no evidence yet

guaranteed at FCC-ee

First
generation

Second

generation generation

= 2.2 MeV/c2

up

= 1.27 GeV/c2

charm

no obvious path to
SM-level
measurement

bright ideas
needed!

no evidence yet

tantalisingly close
to reach of FCC-ee

= 4.7 MeV/c2

=93 MeV/c2

electron

down

strange

Third

‘H interactions

=173 GeV/c?

to

~4.18 GeV/c?

bot'om

= 106 MeV/c2

muon

= 1.78 GeV/c2

taul

e

established (50) at LHC
by observation of direct
interaction with H

=~ 80.4 MeV/c2 =91.2 MeV/c?

W-!oson Z-boson

first evidence (30)

to be conclusively

established at the LHC
within 3-10 years
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Studying the Higgs as a no-lose theorem

m,e? m,ca Yy,

L =yHyp+p?|H> = AH|* -V,
) ) 4

flavour naturalness stability
cosmological constant
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Exploring into the unknown

Axions-like Particles Heavy Neutral Leptons

1074

|UuN|2

mmm FCC-ee yy—a (PRD 109 (2024) 5, 055003)
[ FCC-ee Z-pole ya = y+MET
FCC-ee Z-pole ya = 3y

LHC prompt

106 LHC LLP

[Cyl/A [Tev1]

~.
-
a1

<
-

108 =T

10—10

. FCC-ee yjj LLP
FCC-ee pjj prompt
FCC-ee puv LLP

5 10 50 100
my, [GeV]

10—12
2

-4
1075

10° 101! 102 103
m; [GeV]

102 1071
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FCC-ee: a Flavour factory

Particle species B Bt BY A, BF - J—

Yield (x10%) 370 370 90 80 2 720 200

: - ’
34 + SM @? il //
0 B(B — Kvi) 2023 +; : HFLA\

2 W BB - Kvo -
B B(B — K*vi il I
11 W B(Bs; — ¢vi -EQU 100:_1?(( —ee J
B B(Ay, — Avi) — i SM
5 Q
O 07 =
T
e
_].' +l\ 10_1:_
Nz =6 x 102 Equ : (b)
—-371 EOS v1.0.10 E P
b (i Y MY | | SO E——
2 -1 -0 -8 B -7 6 -5 4 e : 12 14
C SM
- Rp-/RD!
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B Physics

e B(B— Kvi)
B(B — 1)
o B(t — pww)

L . n L
-4 -2 0 2 4

(oot e V1) A

N. Morange (IJCLab)

[TeV~2]

(3)[bb]

lq

c

10+

08}

06}

04+

02} _

0.0}

-02

DPhP, 23/02/2026
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B Physics

-value value value
0.10 P 1.0 o.w...,,..,...,..._‘...p' 1.0 o.1o...,...,...,..,,...p- 1.0
| excluded area has CL > 0.95 |- | excluded area has CL > 0.95 . .
b CKM i CKM
it 09 o 09 i 1 Bos
S Phase | L Praselll . |
0.08 0.8 0.8 0.08 — — 0.8
0.7 0.7 - B 0.7
0.06 0.6 0.6 0.06 — — 0.6
E— 0.5 = 05 = b e 4 05
0.04 0.4 0.4 0.04 — — 0.4
03 03 - {1 Hos
0.02 0.2 0.2 0.02 — 0.2
0.1 0.1 B 0.1
0.00 0.0 0.0 0.00 S e 0.0
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
h, hy
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The ultimate EW precision

mw (MeV) .

80360.2 9.9 0.18 0.16 From WW threshold scan

Beam energy calibration

I'w (MeV) 2085 42 0.27 0.2 From WW threshold scan
Beam energy calibration

as(m%) (x10%) 1010 270 2 2 Combined R)", Ty fit
Ny (x10%) 2920 50 0.5 small Ratio of invis. to leptonic
in radiative Z returns

Myep (MeV) 172570 290 4.2 4.9 From tt threshold scan
QCD uncert. dominate

[op (MeV) 1420 190 10 6 From tt threshold scan
QCD uncert. dominate

Atop/. )\ﬁ,“,’,l 12 0.3 0.015 0.015 From tt threshold scan
QCD uncert. dominate

ttZ couplings 30% 0.5-1.5 % small From /s = 365GeV run

Observable present FCC-ee FCC-ee Comment and
value £ uncertainty Stat. Syst. leading uncertainty

myz (keV) 91187600 + 2000 4 100 From Z line shape scan
Beam energy calibration

I'z (keV) 2495500 £ 2300 4 12 From Z line shape scan
Beam energy calibration

sin? 65 (x10°) 231,480 + 160 1.2 12 From Ay at Z peak
Beam energy calibration

1/aqen(m3) (x10%) 128952 + 14 39  small From Ay off peak
0.8 the From Ay on peak

QED&EW uncert. dominate

Rf (x10%) 20767 + 25 0.05 0.05  Ratio of hadrons to leptons
Acceptance for leptons

as(m3) (x10%) 1196 + 30 0.1 1 Combined R?, TZ,, o0, fit
a4 (x10%) (nb) 414802 + 325 0.03 0.8 Peak hadronic cross section
Luminosity measurement

N, (x10%) 29963 + 74 0.09 0.12 7 peak cross sections
Luminosity measurement

Ry, (x10%) 216290 + 660 0.25 0.3 Ratio of bb to hadrons
AR (x10%) 992 + 16 0.04 0.04 b-quark asymmetry at Z pole
From jet charge

APF‘;’T (x10%) 1498 =+ 49 0.07 0.2 7 polarisation asymmetry
7 decay physics

7 lifetime (fs) 2903 + 0.5 0.001  0.005 ISR, 7 mass
7 mass (MeV) 177693 + 0.09 0.002 0.02 estimator bias, ISR, FSR
7 leptonic (“vaz) BR (%) 1738 + 0.04 0.00007 0.003 PID, 7* efficiency

N. Morange (IJCLab)

DPhP, 23/02/2026
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PID detectors

e Gaseous detectors
dE/dx or cluster counting measurements
Studies of TPC, Straw Tracker, Drift chamber
Need dedicated electronics / signal processing

O
O
O

e Fast detectors for time-of-flight measurements

O
O
O

e Dedicated detector: ARC concept

O

N. Morange (IJCLab)

Using e.g LGAD technologies
few ps - 10 ps resolution

Used in “silicon wrapper” layers after gaseous tracker,

in front of calorimeter
m  Great complementarity

30 K/t separation up to 45 GeV

for Different Datasets

Momentum (GeV/c)

DPhP, 23/02/2026

separation (sigma)
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.....
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14F

significance

12

~— time of flight
dN/dx
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https://indico.in2p3.fr/event/32629/contributions/142934/attachments/87329/131816/PixelTPC_ECFA-kluit.pdf
https://indico.in2p3.fr/event/32629/contributions/142947/attachments/87490/132061/2024.10.9_Straw_tracker_FCCee_LG.pdf
https://indico.in2p3.fr/event/32629/contributions/142955/attachments/87387/131940/ECFA24_Paris.pdf

Calorimetry options

Detector technology E.m. energy res. E.m. energy res. ECAL & HCAL had. ECAL & HCAL had. Ultimate hadronic
(ECAL & HCAL) stochastic term constant term energy resolution energy resolution energy res. incl. PFlow
(stoch. term for single had.) (for 50 GeV jets) (for 50 GeV jets)

Highly granular
Si/W based ECAL & 15 - 17% [12,20] 1% [12,20] 45 — 50 % [45,20] ~6%? 4% [20]
Scintillator based HCAL
Highly granular

Noble liquid based ECAL & | 8 — 10% [24,27,46] < 1% [24,27,47] ~ 40 % [27,28] ~6% 7 3-4% 7
Scintillator based HCAL
Dual-readout 11% [48] < 1% [48] ~ 30% [48] 4 - 5% [49] 3-4%7?

Fibre calorimeter
Hybrid crystal and
Dual-readout calorimeter

3% [30] < 1% [30] ~ 26 % [30] 5— 6% [30,50] 3—-4% [50]

All options feature good jet energy resolution

Varying Ecal resolution = Highest EM resol required for B physics
Varying segmentation: PFlow, shower shapes, cluster pointing
Other characteristics: Operational stability, cost

N. Morange (IJCLab) DPhP, 23/02/2026 72



Example: Stability of ATLAS LAr Energy Scale

e Pedestal stability < 100 keV
e Gain stability 2.6x10*

e Parameters monitored in daily calibration runs
o Changes in constants needed only about 1 / month

> Stability of the energy scale of 2x10*
o Visible on Z—ee invariant mass and E/p
Pedestal (P) stability Gain (R) stability
§0.15:—L§rzsyss' : ' . " Wigh@ahy g L:I\r Em ' : ' ' High ll'iain :
g °-‘- ' - & 2 : Rt LY |
OHHF l Mu il SPITRIAL
o f , . < CERUe A T :
n&oos?—i!:;? “ J :: !. il ' 1 - 1t_| ¥ % e | H l
01—' . I ' 2_
-0,15_—AITLASlPreI|mI|nary g o 1 & EAITLASIPreIimlinary : i & :
03.03 17.03 31.03 14.04 28.04 Da‘:el)S'n 228:51 0 100’0‘,FE83 03.03 17.03 31.03 14.04 28.04 Da!:eoﬁln 22(6):51 0 2001JM,FEBs

N. Morange (IJCLab) DPhP, 23/02/2026

o 1.002—

1.0015

y respons

c, 1.001F

1 0005

1

Relatlve

0.9995

0.999

0.9985

0.998—
13/03  23/04

Stability at 2x10 level

T

T

| e —
4+ Mee
+Elp

ﬁ%* me

- ATLAS

|

\s=8TeV, _[Ldt =20.3fb"

1 L | " 1

n

04/06 16/07 27/08 07/10  18/11

30/12

Date (Day/Month)

73



Radiation levels

¢ [rad]
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Average dose on Si layers at Z pole
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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

True

o Next challenge: Particle Flow implementation =5 fE= =i §°
o Key to performance of hadronic final states : DR E -

0.0% 1

o Preliminary version of Pandora PFA running 2 N
o Will also study state-of-the-art ML-based PFlow cee B o S
approaches el e -

. ML PFlow in CLD

CH NH gamma mu  missed
Predicted

N. Morange (IJCLab) DPhP, 23/02/2026 75



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 !

N. Morange (IJCLab) DPhP, 23/02/2026 76



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

/

/

LTI LSS LS, i
I%LI%%%%II /7] /I////U///////I//////é/// / é 74 g

T 11/ 17777717777 /) /, 2
111111111111 /, L/

J11111111717777 1117777, /, £ B

T ¥ ¥ N & 3 5
fam

e Next challenges
o Distribution of High Voltage (1 - 2 kV)
= Willinvestigate 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
N. Morange (IJCLab) DPhP, 23/02/2026 a 77




() Foc 19 May 2025

Feasibility Study Report published on 31 March 2025

Structure:Three Volumes

- Vol. 1: Physics, Experiments and Detectors
- Vol. 2: Accelerators, Technical Infrastructures, Safety Concepts
- Vol. 3: Civil Engineering, Implementation & Sustainability

Input for the Update of European Strategy for Particle Physics

Three FSR volumes & other FCC-related input to 2025/26 European Strategy
Update posted at https://indico.cern.ch/event/1534205/

prepared with Overleaf submitted for publication to EPJ (Springer-Nature) — FCCIS members

hcuiar  EPJ©r8 SPRINGER
6V9r|edf C gg?ﬁ%éRR .] ® NATURE

vour physics journal



(O Fcc 19 May 2025

FCC integrated program — scope and timeline

+ stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & top factory at highest luminosities

« stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option

* highly synergetic and complementary programme maximising the physics opportunities

« common civil engineering and technical infrastructures, building on and reusing CERN'’s existing infrastructure

« FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC

Injection transfer lines proposed to be
into booster PALExperiment sie) v Azimuth = -10.2* installed inside FCC-hh ring tunnel

et AZMTWEN = -10.2°

Injection into collider Injection e =
Inject
\
Tochrical site \
=21 Technical sit
PLAS Lss=2160m LSS =2160m — Tochncalste ¢\ 552 2160m Technical site
Booster RF % Beam dump LS8=2160m P8 Beam dump

FCC-hh

Arc length = 9616.586'm /

FCC-eg

Arc length = 9616, 566“\‘ booster
»
:‘ ~—— p B \ /
® s S$SS = 1400 m A ’
s Schematic of an - . ”* = et o n@ B0z Won. axdle wa e D
80 - 100 km (Optional / S=1400m 1 (gptional (Secondary 555 =1400m 1 (Secondary
’ lo & i . Experiment 5 Experiment "D"m‘::: p "I‘W""""“
s ng tunne » site) ; site) B site)
s ,
Technical site: o o T
™ LSS = 2160 m ;F“"‘“‘ site Techical ;x; LSS = 2160 m Technical ste
PF
Collider RF Betatron &
= 14 !
SSS = 1400 m P Mtl'.:lmer:?um $88 = 1400 m Betatron collimation
collimation
collimation

PG [Experment site)

PG (Experiment site)

2070 - 2100 |




(O Fcc 19 May 2025

Reference layout and implementation:PA31 - 90.7 km
Layout chosen out of ~ 100 initial variants, | ] QT v rens,

g PA: Experiment
based on geology and surface constraints : —\ =
: - , PB: technical
(land availability, access to roads, etc.), // i
environment, (protected zones), %

= PL: technical
infrastructure (water, electricity, transport),
machine performance etc. N e 8 "
Surface requirements 40 ha PD: experiment

Overall lowest-risk baseline: v LSS@IP (PA PD,PG,PI)  1400m

- - «“ LSS@TECHI(PB, PF,PH,PL) 2032m

90.7 km ring, 8 surface points, A G e 0.6 km

4_fo|d Symmetry PJ: experiment  sum of arc lengths 76.9 m

Total length 90.7 km

Reference layout was the basis for: | ,
i o ) 4 experiments PF: technical
» Surface sites optimisation and land

reservation with host states CH and FR e //

« Environmental initial-state study \_,,, PG: experiment




The ALLEGRO Detector Concept A

Noble Liquid 2T Solenoid
Ecal

Vertex

. Detector
Lumical

Main tracker

Steel -

Scintillator
Hcal Muon Tagger

e Al ilAAMAMIiAAAAlAAAAAAAAAAiAiIAA A A A A I I I I IS,
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Silicon Wrapper

e Two main goals
o Last measurement point ‘anchors’ gaseous
tracker and significantly improve high-pT
resolution
o Precise timing: provide ToF to complement
dN/dx measurement for PID
o aka: 4-D tracking

e Several technologies proposed
o DMAPS, LGAD, AC-LGAD, LGAD-RSD
o All aim few 10ps / layer
o Design will learn from HL-LHC detectors

N. Morange (IJCLab) DPhP, 23/02/2026
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The ALLEGRO Detector Concept A

Noble Liquid 2T Solenoid
Ecal

Vertex

. Detector
Lumical

Main tracker

Silicon
Wrapper

Steel -

Scintillator
Hcal Muon Tagger

e Al ilAAMAMIiAAAAlAAAAAAAAAAiAiIAA A A A A I I I I IS,
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e Goals:
o Achieve target luminosity, despite detector B-field
o Shielding from machine background (synchrotron radiation)

e Very delicate design

e Integration with vertex detector quite tricky
o Studied for IDEA so far ; lessons apply to all detector concepts

3 BV

e S
==\l e ———
==\ ) r—— = L
- f@ i’.b’n\nmn‘

= =
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The ALLEGRO Detector Concept A

Noble Liquid 2T Solenoid
Ecal

Vertex
Detector

Main tracker

Silicon
Wrapper

Steel -

Scintillator
Hcal Muon Tagger

e Al ilAAMAMIiAAAAlAAAAAAAAAAiAiIAA A A A A I I I I IS,
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Lumical

e Challenging requirements
o Position and acceptance exquisitely well known (~10um level)
o Fastresponse
o High granularity (count Bhabhas)

145 mm
135 mm

115 mm

/

}
i

7

e Implementation concepts
o Compact sandwich SiW calorimeters
m  25layers of 3.5mm W (1 X, each)
m 26000 channels

.

I
.

.
o
__
///
//////

7))
/////////

1074 mm 1190I mm

o Quantum sensors (SNSPD)
= [nnovative solution based on
superconducting nanowire detectors
m  Feasibility to be assessed

-100 +

-125 +

-150 + + + + + +
1050 1075 1100 1125 1150 1175 1200 mm
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TDAQ

e Initial thoughts: triggerless mode not too difficult ~

e But: very large backgrounds related to beam

O

O
O
O

e Occupancies actually not so small
Main issue for vertex detector and gaseous tracker

O
O

N. Morange (IJCLab)

Synchrotron Radiation
Incoherent Pairs Creation
Radiative Bhabhas (Brem)

Design of MDI very delicate: shieldings,

back-scattering

Breit-Wheeler

bear

Work needed on frontend electronics to establish what

can be done there

Significant reductions necessary to make readout rates

manageable

DPhP, 23/02/2026

AmSLr:

FATAYAYA

rahlung ¥

mst

Average channel occupancy [%]

ahlung ¥

AVAVAVAY,

et

Bethe-Heitler Landau-Lifshitz

ot
beamstrahlung y i <
\N\/V_’e virtual ¥
et
virtual
i




Home of detectors R&D: DRD Collaborations
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DRD1: Gaseous Detectors
Large - Fast - eco-friendly gases -
MPGD, e.g. GEMs

DRD3: Semiconductor Det.
Monolithic CMOS - LGADs -
radiation hardness - interconns.

DRD6: Calorimetry

Energy resolution - High granularity
- dual readout - particle flow -
sandwich - optical

Samplig EM/kM
£

;-

DRD7: Electronics

ADC/TDC IP Blocks - Opto-electronics -
packaging - power - extreme
environments - COTS - intelligence on
detector - foundry access

Ovbb

DRD2: Liquid Detectors
for Neutrinos - Dark Matter -

Noble Elements

Liquid Scintillators

« Visible Scintillation,
light propagation
« Scintillator properties

« Isotope loading

Water Cherenkov

» Cherenkov light,
light propagation
« Doping for n-capture

DRDA4: Photon detectors

vacuum, solid-state (SiPM), hybrid
single-photon and SciFi detectors -
applications in PID, RICH, tracking

DRD5: Quantum Sensors
Quantum dots - superconduct.
nanowires - bolometers - TES - MMC -
nuclear clocks

Applications in LEPP, first projects in
HEPP happening

(shewer profile via spectrametry)

DRD8: Mechanics

Ultra-thin beam pipes - CF foam and new
materials - curved, retractable sensors -

air & micro-channel cooling - eco-friendly
cooling fluids - robots - augmented reality
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