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...\When | Started in ATLAS LAr (2002)

The accordion calorimeter was invented by
Daniel more than 10 years before!

The LAr TDR was written and approved

Module production was in full swing, integration
in B180 being prepared

| joined the Barrel EM calorimeter group led by
Daniel

— The place to be for a young physicist eager to
learn!
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Why FCC? The Theorist’s View...

LHC: SM rules the world — many open questions remain (dark matter, dark energy, neutrino masses, ...)
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Why FCC? The Theorist’s View...

LHC: SM rules the world — many open questions remain (dark matter, dark energy, neutrino masses, ...)
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Ti T A Concrete Target — The Higgs Boson
FCC will give us insights about the Higgs boson’s deepest origins ...
Is it a fundamental scalar or a composite of particles?
What is the self-interaction mechanism?
/\ﬂ What is the nature of the electro-weak phase transition?
@l Does the Higgs reveal us anything about DM or neutrino masses?
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Nima Arkani-Hamed (FCC-Week 2019)
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FCC

* FCC: Long-term program maximizing physics opportunities:

— 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
* > New, major facility at CERN within a few years of the end of HL-LHC

transfer lines proposed to be
installed inside FCC-hh ring tunnel
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FCC-ee Proto Detectors — Overview

Scintillator-iron HCAL

SiTracker

12m

v

“ 10.6 m

*  Well established design

* ILC->CLIC detector -> CLD
e Full Si vtx + tracker;
e CALICE-like calorimetry;
* Large coil, muon system
* Engineering still needed for operation with

continuous beam (no power pulsing)

* Cooling of Si-sensors & calorimeters

* Possible detector optimizations

€
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Instrumented return yoke

Double Readout Calorimeter
2T coil
Ultra-light Tracker

e MAPS S

11m

LumiCal
Pre-shower counters

< 13 m >
A bit less established design

*  But still ¥15y history
Si vtx detector; ultra light drift chamber w
powerful PID; compact, light coil;
Monolithic dual readout calorimeter;

* Possibly augmented by crystal ECAL
Muon system
Very active community

* Prototype designs, test beam

ALLEGRO (Noble Liquid ECAL based)
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A design in its infancy
Si vtx det., ultra light drift chamber (or Si)
High granularity Noble Liquid ECAL as core

*  Pb/W+LAr (or denser W+LKr)
CALICE-like or TileCal-like HCAL;
Coil inside same cryostat as LAr, outside ECAL
Muon system.
Very active Noble Liquid R&D team

* Readout electrodes, feed-throughs,

* 0,/p, oc/E campaigns, ... electronics, light cryostat, ...
* PID (O(10 ps) timing and/or RICH)? * Software & performance studies
S FCC-ee CDR: https://link.springer.com/article/10.1140/epjst/e2019-900045-4
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Calorimetry Evolves

* Linear collider experiments aim for jet resolution of 3.5% for 50 — 250 GeV (= stochastic term of ~30%/VE)

* - High granularity to “follow” particle throughout the experiment and measure it where the resolution is
best = particle flow (e.g. CALICE)

*  Huge computing resources (Big Data) make it possible to improve resolution using Machine Learning and
Neural Networks (Al) = “the more information about the showers the better”

* However we should not forget the physics behind: Many of these developments have very small sampling

fraction, or sometimes only digital read-out = sub-optimal calorimeter resolution (e.g. for ), only partly
recovered by particle flow algorithms

Particle Flow Algorithms and Imaging Calorimeter

The idea...

Charged particles Tracker
measured withthe < | 7 .~
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g
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Charged 65 % Tracker Negligible
Photons 25 % ECAL with 15%/NE 0.072 Ej 18%/NE B | NOY
i adron
Neutral Hadrons 10 % ECAL + HCAL with 50%/VE | 0.162 Ejet il
Confusion | Required for 30%/NE <024’ Ej

December 6, 2023

L—"

Remise du Prix Lagarrigue a Daniel Fournier — M. Aleksa (CERN)



Noble-Liquid Calorimetry for FCC

FCC Calorimetry

Good intrinsic energy
resolution

Radiation hardness
High stability
Linearity and uniformity

Easy to calibrate

High granularity
- Pile-up rejection
- Particle flow
- 3D/4D/5D imaging

depu3 TOH

4988e) uonpy
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4 5 6

CLIC Detector (CALICE) B
FCC-hh Calorimetry studies have been published at https://arxiv.org/abs/1912.09962
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ATLAS LAr Calorimeter

e ATLAS LAr Accordion with excellent EM resolution, uniformity and stability

* Together with TileCal HCAL: Not optimized for particle flow, jet resolution \/\/\N\/N\//\//\//\/\/N\/\/\/\\f\/\\
~70%/VE (sufficient for LHC — but not optimal for e*e~ colliders)

* Accordion = reading out barrel at inner and outer radius without any cracks for A j\\/A/\/A\/

services (full 2m, excellent uniformity) Y \’/W/\\\;/\\z/ VA,
. . : : : , Y
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Figure 1-2 Sketch of the accordion structure of the EM calorimeter. PT [GeV]
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ATLAS LAr Calorimeter

e ATLAS LAr Accordion with excellent EM resolution, uniformity and stability

*  Together with TileCal HCAL: Not optimized for particle flow, jet resolution
~70%/VE (sufficient for LHC — but not optimal for e*e~ colliders)

* Accordion = reading out barrel at inner and outer radius without any cracks for
services (full 2m, excellent uniformity)

* Accordion = Constant sampling fraction = shower depth fluctuations don’t
matter (apart from leakage correction)
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How to Increase Granularity?

ATLAS segmentation = O(200k) cells
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High Granularity Noble-Liquid Calorimeter

Baseline design
. 1536 straight inclined (50.4°) absorber plates (1.8mm Pb)
. Multi-layer PCBs as readout electrodes
. - 1.2 - 2.4mm LAr gaps = sampling fraction changes with depth!
. 40cm deep (= 22 Xo),
. fine segmentation (e.g. strips: 5.4mm x 17.8mm x 30mm)

. 11 longitudinal compartments

Possible Options

. LKr or LAr, W or Pb absorbers,

. absorbers with growing thickness,
. warm or cold electronics,

. carbon fibre cryostat

.7..;;‘.!-;‘.\...................
¢

100:,”,,,',’,

—100 N

-200}--- -7

2100 23€0 -

Absorber

Readout
electrode

2160 2170 2180 2190 2200 2210 2220
Radius (mm)

December 6, 2023

Remise du Prix Lagarrigue a Daniel Fournier — M. Aleksa (CERN)




Changing Sampling Fraction with Depth

*  Why is the changing sampling fraction with depth not
an issue anymore?

* - Longitudinal segmentation > we know the depth
of the energy deposits = during reconstruction take
varying sampling fraction into account!

* - need minimum 8 longitudinal segments (“layers”) e TR

FCC-hh simulation

0.3+

sampling fraction

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
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ACCORDION GEOMETRY

B.Aubert, A Bazan, B.Beaugiraud, J.Colas, T Leflour, M. Maire, J.P.Viall
LWingerter-Seez and Y.PZolnierowski
LAPP, Annecy, France 0.U4
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M.Nessi, F-Nessi-Tedaldi, M.Pepe,
CERN, Gen

2 layers x 15 layers

JMBaze, L Gosset, P.Lavocat, J.P.Lotin, B Mansoulié, J.P Meyer, J.F Renurays

-~
g and 1 Zsccon B 3 layers
DAPNIA-SPP Saclay, Gifsur Yverte, France o
GB: o, A Caver, AFera, F iant, = 4 |ayers
e Sezione INFN., Milano, Italy 8 0.02 L2 L4
E.Auge, R Chase, J.C.Cholet, C.de Ia Taille, L Fayard, A Hrisoho, Ph.Jean, bl'u
L Iconomidou-Fayard, G.Le Meur, B.Merkel, M
1P Repelin, A Schaffer, N
LAL, Or L] L]
¥ ¥
MLefebvre
Universiyof Victoria, Canada = !

*also LAL, Orsay, France
1 Visitor from [HEP, Protvino, Russia

‘Submilted to Nuclear Instruments and Methods

Paper 1992: featured accordion absorbers with growing thickness E (GeV)
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... ExXtremely Valuable Inputs and Suggestions

Each electrode is repeated

An r/phl Opthﬂ 24 times(or may be 48,...)

Erich Ward Varnes

~2.5m

* Incidence angle constant(with variable gap) or variable
(with constant gap) like drawn

* Tower geometry is r-phi, with all cells a priori
of the same size in the front face, at 3.2m from origin.
(easy for r, constrained for phi)

* Pattern on the electrodes is obtained by projecting
the grid of the front face, from the origin to the
slanted planes. Robert Walker

* All signals extracted from the back face or the
large radius periphery

Apple-pie->12 identical sectors
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Congratulations!

Remise du prix
Lagarrigue 2023
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... the Future

l
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