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2015: start to think of noble-liquid EM calorimeter for future experiments Calorimeters for the FCC-hh

M. Aleksa P. Allport R. Bosley J. Faltova .. Gentll , R. Goncalo :

C. Helsens AL Henrlquesl, A Karyukhm J Kleseler , C. Neubuser,

H. F. Pals Da Silva T Price ;. Schhwmskl M Selvaggl O. Solovyanov 8,
R. Steln ., N. Toplhne N. K. Watson A Wlnter ,and A. Zaborowska

«  became part of FCC-hh reference detector (CDR in 2019, input for
ESPPU2020)

20 Dec 2019

2021: after ESPPU, focus shifted to FCC-ee: noble-liquid ECAL concept
adapted to lepton collider experiment, performance studies showed that it
IS very competitive compared to other proposals (Si/W, dual read-out)
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- Noble-liquid calorimetry became work-package inside CERN EP R&D i
and later part of DRD6 as WP2 : o

Calorimetry at FCC-ee

Martin Aleksal, Franco Bedeschi2, Roberto FerrariB, Felix Sefkow4, and Christopher G. Tully5

! CERN, EP Department, Geneva, Switzerland

2022: proposed a detector concept based on noble-liquid ECAL and some
“reasonable” choices for other sub-detectors * INFN, Sertone di Pavie, Tty

* Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany
® Princeton University, Department of Physics, Princeton, NJ, United States
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2023: more teams joined, survey to find a name =& ALLEGRO (A Lepton
Lepton collider Experiment with Granular Read-Out) was born

allegro

noun [C ] MUSIC specialized

+  ALLEGRO website launched soon after: https://allegro.web.cern.ch/
- ALLEGRO logo contest

UK 4) /a'leg.rov/ UsS ¥¢) /a'leg.rou/

plural allegros

AL LEGRO a piece of music that is played in a fast and energetic way
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https://indico.cern.ch/event/1064327/contributions/4893219/attachments/2454064/4206036/FCC-ee-Experiment-Layouts-20220601.pdf
https://allegro.web.cern.ch/

The ALLEGRO detector concept(s)

* From the beginning many different ideas/options — very open for new ideas
* Envelopes need to be optimised/adapted to chosen technologies

- But had to start with one version which was implemented into FCC SW
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The ALLEGRO detector concept: common features and reference design

r(m) = _ — -
Vertex detector EEEEAEEEE NN NSNS EEE NN TSN NS e Areksa

* Tracking system

Muon Tagger

Si wrapper
Highly granular noble-liquid ECAL inside solenoid HCAL Barrel

Excellent resolution, linearity, stability

«  Optimised for particle flow s | E
Solenoid (B=2-D Sharing cryostat with ECAL N oweerrr g g
[EEE 3
Light coil (0.76 Xo) + low-material cryostat < 0.1Xo ﬁ
3
| | Drift Chamber &
High granularity HCAL 1 ©
Muon Tagger / Instrumented Iron Yoke | |
Detector choices and design optimisation not Oa_—'_—1 > 3 4 . . z (m)

complete yet
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ALLEG RO tOday 4 Work Package 2: Liquified Noble GGas Calorimeters

4.1 Description

Future experiments at eTe~, hadron or muon colliders have an ambitious physics program. The

- - role of calorimetry will be to precisely measure particle energies, complement the tracking system

¢ Curre nt SItu atlon in an optimal particle-flow event reconstruction, contribute to particle identification and - where
necessary - provide efficient pile-up rejection. Such functionalities will only be achievable with

excellent electromagnetic energy resolution, high lateral and longitudinal granularity and - in some

° S't rong nObIe-quUid ECAL team COI Iaborat| ng W|'th | N DRD6 WP2 cases (e.g. pile-up rejection) - excellent time resolution. Calorimetry based on liquified noble gases
»  Other sub-detectors not yet defined R _
* very open for contributions, many Eols received il

Interest of MPP Munich Group

Speaker: Oliver Kortner

- |eaning towards gaseous main tracker; various options for muon tagger =~

Speaker: Avinanda Chaudhuri

* There is a “reasonable” choice for the other sub-detectors implemented
in FCC SW (sketch in previous slide, details in next one), but different
choices can be tried due to modularity of FCC SW SRS T
* Next steps s e
- Now: Eol for ESPPU2025: ALLEGRO as high-perf. general-purpose | e
detector concept for FCC-ee. While concept is centered around noble- e o

liquid ECAL, technology choices for other sub-detectors are fully open

- Coming years:
- R&D on subdetectors (optimisation studies, prototypes, testbeams..)

- down-selection to baseline options and formation of a proto-collaboration once a decision on FCC-ee has been taken
and once we enter the TDR phase (possibly in the coming 5 years)
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https://www.sciencedirect.com/science/article/pii/S0370269318307056
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https://cds.cern.ch/record/2886494/files/DRD6-cdscern.pdf
https://indico.cern.ch/event/1475630/

ALLEGRO full simulation in FCC SW

- ALLEGRO full simulation based on DD4hep & Geant4, fully integrated within FCCSW/Key4hep/EDM4hep ecosystem

* Full implementation of “reference" detector model in DD4hep/key4hep recently completed

...................................

* Tracking system taken from IDEA 'as is’

. vertex detector with curved sensors 1

- drift chamber z-extent un-changed (to be optimized) E CAL

- silicon wrapper similar to VTX but with planar sensors 4; 77 barrel
. Noble-Liquid ECAL with inclined absorbers <N /

.....

- Baseline: straight Pb+Steel absorber, growing sensitive gap

Absorber -30

Readout
electrode Radius (mm)

« Turbine geometry in endcaps

- Many parameters (geometry, readout, materials) can be customised

» Coll in ECAL outer barrel cryostat

ECAL

- TileCal HCAL tuned to FCC-ee (barrel and endcaps) endca IO

*  Muon Tagger as sensitive cylinder/disks (scintillators) - mainly a place holder

* Next: reconstruction, physics performance studies, detector design optimisation
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https://allegro.web.cern.ch/full_simulation/fullsim/

ALLEGRO full simulation in FCC SW
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https://github.com/giovannimarchiori/calodisplay

ALLEGRO reconstruction: tracking

Tracking in current ALLEGRO simulations is still in the works

Hits are available, produced by applying Gaussian smearing to truth-level hits in trackers

> EBRN =T 1111 — 1
Track reconstruction from hits not yet implemented = 1.0F { { { f { { { [ [ } { { TTITTIIFFTTTT
Significant work ongoing on ML-based tracking for IDEA, % | } } 1 { | l
could be ported with little effort to ALLEGRO once finalised o !
= ‘Work in
As a proxy, for the time being, to enable starting p-flow 0.9 ipmg ress
reconstruction studies, reconstruction-level tracks are Ll i ;
produced by cloning the generator-level tracks ;
Z/v* = qq(q = u,d)
| Arye > 0.02 rad
i .+ GGTF
2 . L 1 E Ll | b4 bl
1 10V 10/
pr [GeV]
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ALLEGRO reconstruction: calorimetry

- Digitisation: simple sum of G4 hits within given readout cell (defined by the detector readout granularity), rescaled by a
sampling fraction correction

- Same algorithm works for all calorimeter sub detectors (ECAL and HCAL barrel and endcaps)

- Recent addition of past months: emulation of noise and x-talk in ECAL barrel (to be followed soon by other sub detectors)

- Noise: addition of random Gaussian-distributed noise energy per cell, starting from calculations of expected noise
based on detector geometry and detailed electric field simulations of the cells

» Crosstalk: redistribute energy among neighbouring cells based on crosstalk measured in PCB prototypes

- High-level reconstruction: two clustering algorithms implemented so far, fixed-sized and topoloaical clusters

CaloTopoClusters.energy {CaloTopoClusters.energy>1.}

htemp
Entries G435

» Fixed-size: scan 8 x ¢ space with sliding window to identify local maxima
in energy deposition => build clusters of fixed size

wetOpOCIuSters for I S
- Topological: find seed cells (S/N>Tseeq) attach neighbouring ones (S/N > 140 10 GeV/ .
Theighbours) => build connected clusters of variable size 120 ev e- I
ECAL endcap

100

» Both can use cells from only one subsystem (e.g. ECAL-only => “EM"
clusters) or both (ECAL+HCAL => seeds for jet reconstruction)

80

60

- SW implemented for all configurations; topoclustering working for ECAL/HCAL 10
barrels since long, implementation for endcaps converging recently

20

- CLUE algorithm has also been ported to ALLEGRO but not much tested i B s S S mL‘“ e

CaloTopoClusters.energy
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ALLEGRO reconstruction: calorimetry

160

) -
180 ° 20Q 228 240 * 260 . 280

FCAL-only SW cluster (photon)

Joint

—— — mp— = = e e e e e ——— T

FCAL+HCAL topocluster (pion)
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Calorimeter performance: energy calibration

-  BDT-regression-based calibration implemented in Gaudi

- Inputs: energy fraction in each layer, total energy, cluster barycentre theta-phi; target: E_cluster/E_particle

- Inputs calculated directly within Gaudi algorithm, saved as cluster decorations => no need to persist cell-level info

- BDT trained with external tool, output saved to portable ONNX format, that can be read out in Gaudi

- Calibration can be applied by another Gaudi algorithm in all subsequent simulations and saved as cluster decoration

Energy Resolution
30

) ) ® E_resol, CalibratedCaloClusters
® ® EMBCaloClustersWithNoise i s )
CalibEMBCaloClustersWithNoise E @ @2.7%
20 - ® EMBCaloTopoClustersWithNoise 25 - ® E_resol, CorrectedCaloClusters
e ® CalibEMBCaloTopoClustersWithNoise 0.00 g 396% g 3,9%
0.04 & 7.6% @ 0 5% vE
E \/E : 20 - '
s — 085 012% 50.4% - ~lons,
(- L [ o= o
S DhO.OﬂS, S 15- —CAL+HCAL SW
) o
S o
g 10- SW-clusters, g clusters,
' 10 - '
Noise ON Noise OFF
5 - - —— 9
& —o
0- C ! ' ' o T ' ' o ] 0 | T T | T T
10° 101! 102 0 20 40 60 80 100 120
Etrue [GeV] E (GeV)
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https://github.com/HEP-FCC/k4RecCalorimeter/blob/main/RecFCCeeCalorimeter/src/components/AugmentClustersFCCee.h
https://gitlab.cern.ch/gmarchio/fcc-lar-energy-calibration
https://github.com/HEP-FCC/k4RecCalorimeter/blob/main/RecFCCeeCalorimeter/src/components/CalibrateCaloClusters.h

Calorimeter performance: photon identification

-  BDT-based photon ID algorithm implemented in Gaudi

0.8

0.6

=
N

Background (pi0) Rejection (1-efficiency)

o
[\
°||1||11

o

Inputs: longitudinal/lateral shower shapes from cell energies, calculated/saved as shape parameters by Gaudi algorithm

Target: binary classification with maximum area under curve

BDT trained with external tool, output saved to portable ONNX format, that can be read out in Gaudi

Inference applied by another Gaudi algorithm in subsequent simulations and BDT score saved in output

Work ongoing to assess impact of detector design, crosstalk, noise ..

BDT ROC Curve (sliding-window clusters)

I|III||I|

VS Strip layer
-y vs 19, 1-100 GeV

- |1 as strip AUC: 0.929
- | 2 as strip AUC: 0.944
- |3 as strip AUC: 0.952
- | 4 as strip AUC: 0.950

L5 as strip AUC: 0.942

I L l | | | l l |

V/Ti0 separa tion

0.2 0.4 06

0.8 1
Signal (photon) efficiency

Signal efficiency

0.915 4

0.910 -

©
)
o
Ln

0.900 A

0.895 -

separation
vS x-talk

V VS TV,
5 GeV

— LGBMClassifier (AUC = 0.94)
- LGBMClassifier (AUC = 0.94)
- LGBMClassifier (AUC = 0.94)

0.130 0.135 0.140 0.145 0.150
Background efficiency

Blue: No cross-talk in
training or test.

Black: Cross-talk In
both training and test.
Red: No cross-talk in
training but cross-talk
In test.
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ALLEGRO reconstruction: towards particle-flow

Next major milestone: exploit all sub detectors at once within particle-flow approach

Work ongoing in this direction adapting PandoraPFA-based tools in Key4dhep/FCCSW to ALLEGRO
Currently, use charged gen-level particles instead of (not available yet) reco particle

Started with ECAL and HCAL barrels

Used CLD working implementation as a starting point and reference for comparing to

Many details (settings, calibrations, identification criteria ...) to be fully understood/properly set/adapted to

Encouraging initial results on e/y/KL PFO objects, calibration/identification to be improved

PandoraPFANewPFOs.energy Sum$(PandoraPFANewPFQOs.energy) PandoraPFANewPFOs.energy
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https://indico.cern.ch/event/1481286/contributions/6243894/attachments/2975415/5237614/FCC_FullSim_ALLEGRO_PandoraPFA_slides.pdf

Conclusion 3

ALLEGRO proposed as high-performance general-purpose detector concept for FCC-ee

« we will submit an Eol for the ESU
- a strong noble-liquid ECAL team (20 institutes) + lots of interest on other subdetectors

1988e] uony

* In coming years we should further develop ideas keeping physics requirements in
mind, build prototypes & implement them into FCC SW with realistic performance

dejpu3 1v23

“Paper” version of reference design is now implemented in full-sim within FCCSW

- Can emulate detector response and (overlay effects such as noise / x-talk

» Alternative subdetector ideas can be easily implemented

» Reconstruction is actively being developed with very good recent progress

 Tracking in drift chamber (IDEA), ML-based tracking
» Basic reconstruction algorithms for calorimeters in place, effort on p-flow ramping up

With realistic full-sim and reconstruction in place, we can spend less time on
software and more on physics, and have more stable results, in coming years

= Working on ALLEGRO is building our future!

M. Aleksa,
N. Morange. .  Many interesting challenges ahead of us!
M.A. Pleier Come and join us!
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https://indico.cern.ch/event/1475630/contributions/6214312/attachments/2973033/5232821/20241122-ALLEGRO-Detector-Concept-Meeting-Introduction.pdf
https://indico.cern.ch/event/1475630/contributions/6214312/attachments/2973033/5232821/20241122-ALLEGRO-Detector-Concept-Meeting-Introduction.pdf
https://indico.cern.ch/event/1475630/contributions/6214312/attachments/2973033/5232821/20241122-ALLEGRO-Detector-Concept-Meeting-Introduction.pdf
https://indico.cern.ch/event/1475630/contributions/6214312/attachments/2973033/5232821/20241122-ALLEGRO-Detector-Concept-Meeting-Introduction.pdf

More detalls
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ECAL barrel

Baseline design (exact parameters subject to further optimisation):

1536 straight inclined (50°) 1.8 mm Pb absorber plates

Rin = 216 cm, Rout=256 cm => 40 cm deep (= 22 Xo)

Multi-layer PCBs as readout electrodes => # layers and granularity customisable =~ T

2 x 1.2 mm LAr gaps e

12=1(1.5cm) + 11 (3.5 cm) longitudinal compartments (LO = presampler) £ or:2:f:

AB ~ 10 (2.5) mrad for regular (L1 strip) cells,

46 - 8 mrac
Possible Options mz_‘

LKr or LAr active medium, W or Pb absorbers, = oo

llllllllllllllllllllllllllllllllllllllllllllllllllll

Al or carbon fibre cryostat

Absorbers with growing thickness

an®
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__ ey Readout 2160 2170 2180 2190 2200 2210 2220
Barrel electrode Radius (mm)
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https://www.sciencedirect.com/science/article/pii/S0370269318307056
https://www.sciencedirect.com/science/article/pii/S0370269318307056

ECAL endcap

Endcap design more complex than barrel. A few preliminary ideas on the table. Showing here the baseline one, implemented

in the simulation (“Turbine design”), see here for alternative ideas

similar to barrel design, with many thin absorber plates
symmetric in ¢
readout from high-|z| face

Issue: increase In the size of the LAr gaps

mitigated stacking several cylinders

electrode

3 mm thick
(constant in this case,

but can be increased as
function of 7)

single unit cell:

absorber (Pb)

:
.
‘
i
3
B
>
/ \

1.3 mm thick
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https://www.sciencedirect.com/science/article/pii/S0370269318307056
https://www.sciencedirect.com/science/article/pii/S0370269318307056
https://indico.cern.ch/event/1336505/contributions/5633054/attachments/2736227/4758302/EC-geometries_v1.pdf

HCAL barrel

Currently being simulated: TileCal-like design
bmm steel absorber plates alternating with 3mm scintillator plates
128 modules in ¢, 2 tile/module = Ad = 0.025
AB ~ 0.022 (grouping 3-4 tiles),
13 radial layers (4x5 cm, 6x10 cm, 3x20 cm)

Removed the Pb plates compared to FCC-hh design
(HCAL acts as return yoke for the central solenoid)

FCC-ee TileCal geometry and segmentation is available
N kdgeo

Work ongoing on the geometry optimisation (different
scintillating materials, different absorbers, and
dimensions/segmentations - in progress, won'’t report
about it today) and calibration

3 x20cm

6x 10 cm

4 x5cm

silicon photomultiplier

wavelength-shifting fiber

scintillator
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