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Context

e Afuture e*e circular collider broadly recognized as the best strategy to continue the

exploration of the Higgs boson at higher precision and search for hints of new physics
[see M.Dams at VCI2025]

e Akey performance benchmark for future detector concepts is jet energy resolution

o Most final states from Higgs decays with 2, 4 or 6 jets
o Resolution of 4-5% at 50 GeV required to discriminate W vs Z boson hadronic decays

o Electromagnetic energy resolution (~3%/VE) required to maximally exploit the
physics potential of the collider
o e.g. flavor physics and ALPs studies with low energy photons in final state

e A hybrid dual-readout calorimeter that can meet these requirements is being studied:
o A sampling fiber-based dual-readout hadronic section [see L.Nasella at VCI2025]
o A segmented high precision homogeneous crystal electromagnetic section [this talk!]
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Hybrid dual-readout calorimeter conceptual layout

‘Maximum Information’, aka 6D crystal calorimetry approach (x, y, z, E, t, C/S)
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Energy resolution - simulation

e Electromagnetic energy resolution better than 3%/VE®1% with homogenous crystals

e Simultaneous detection of scintillation and cherenkov signal to maintain applicability of

the dual-readout method in a hybrid calorimeter concept
o Correct event-by-event the fluctuations of e.m. shower fraction in both calorimeter segments
o Restore linear response to hadronic showers and achieve energy resolution of ~30%/VE®2%

102 Geant4 simulation s Geant4 simulation ’ Geant4 simulation
F . ~ w =
¥— Total energy reeokition 28 + 100% e.m. shower fraction in hadron shower | — [ ——®—— Pure HCAL (S-based DRO): 0.25 /IE © 0.010
0,(E)/E ~3.0% /VE ® 0.5% Sg S . g
L 3 ; ... . | ——&—— HCAL+ECAL (only HCAL dro): 0.42 /\E ® 0.025
-- 4 -- Photostatistics L n ‘ =
--#%-- Shower fluctuations i r A a HCAL+ECAL (only rear ECAL dro): 0.28 /YE & 0.020
--%-- Noise £ - HCAL+ECAL (dro corr): 0.27 /{E © 0.021
10 2 0.8—
5 w r
s N
LA <E 06
RRE oS |
L - w e L
o O -
1 3 0.4
B g " " e
I ~e- A r s
OO ™ B e E .
[ oL T 02— #
- g L r~ MY
. electrons = L h
g0t bweal TR g gl i3 ey R

o
_
o

10 107 ' : e 10?
Electron energy [GeV] oS Hadron energy [GeV]



Jet reconstruction
with a dual-readout
particle flow algorithm
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Sensible gain in jet resolution using dual-readout combined with a
particle flow approach — <4% for jet energies above 50 GeV
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Light yields requirements for S and C
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Strategies for dual-readout implementation
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Laboratory measurements - scintillation light output

Light output measured using

teflon wrapped crystals, optical

grease and Cs-137 source

O

Absolute scintillation yields:
BGO /BSO /PWO

5000/ 1000 /<100 ph/MeV
(with full crystal end face readout)

LO vs crystal length:
1.6x higher light yield in front crystal
(5 cm) than in rear one (15 cm)

LO vs SiPM size:
confirmed approximate scaling as
fraction of crystal surface covered
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Laboratory measurements - optical filter choice

Filter transmittance [%)]
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Focus on thin filters (~100 ym) for optimal integration
Interference filters discarded due to angular dependence
|ldentified a few ~100 um thick filters which let pass

less than 1% of PWO scintillation light (K24, K25)
Measurements with source agree with model predictions
based on crystal and filter optical properties
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Test beam setup and goals

A3 s el

Custom PCB for SiPM readout

e Focus on single crystal test (PWO and BGO)
to assess photon yields for both scintillation | T Tyl
and cherenkov light B 57215030 10.PC

e Rotating stage to study angular dependence ‘ ol
of the Cherenkov signal

e SiPM readout using transimpedance amplifiers
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Test beam results - light yields in PWO

D

D

Fraction of shower energy in front crystal decreases as
expected due to shower maximum depth change

Calibrated sum of front and rear scintillation signals and
Cherenkov signal grow linearly with deposited energy

Number of photoelectrons detected can be used to
define SiPM/filter specifications:
o Scintillation: ~36 pe/GeV/mm? at 20% PDE
m — need 6x6 mm? SiPM and 40% PDE to reach target

o Cherenkov: ~0.7 pe/GeV/mm? at 20% PDE
m — need 6x6 mm? SiPM and 40 PDE to reach target

o  Contamination from S photons to C-signal <10%
m — specification satisfied
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Test beam results - C angular dependence in PWO

Rotation of crystal
axis with respect to
beam direction in the
range 0-180°

Factor 6 variation of

energy deposited in

crystal reasonably
reproduced by Geant4

Geant4 simulation
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Calculation of S/C event-by-event shows

o Maximum of C-signal in correspondence of
Cherenkov emission angle in PWO

o Variation less pronounced when S contamination is

larger (Kodak 8 filter vs Kodak 24)

o Only few percent variation for a few deg around 0°
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Test beam results - C angular dependence in BGO

BGO crystal coupled to Template pulse shape fitting of Angular dependence of C/S
SiPM with U330 optical SiPM+filter signal in BGO yields peaks as expected around
filter a good estimate of the cherenkov cone emission
cherenkov signal angle (~63°)
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Ongoing prototype construction

e Plan to assemble a 9x9 PWO matrix

O  Procurement of crystals and SiPMs ongoing

Testing of electronics started (FERS 5200, Citiroc1A)
o  Possibility to exchange central 3x3 core with BG(S)O
crystals and waveform digitization

e Targeting test on beam in Fall 2025
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Summary

e A highly performant dual-readout hybrid calorimeter system meeting future
e*e” colliders requirements is being studied within an international coordinated
effort by various groups (CalVision, MAXICC, DRD6 and IDEA study group)

e Simulation performance studies show promising results:

o Excellent EM, HAD and jet resolution by combining the DRO information from different
calorimeter segments (homogeneous crystals & sampling fibers) with particle flow algorithm

e Progress in R&D to identify optimal crystal, filter and SiPM configuration
through lab and beam tests in 2024 — light yield requirements within reach

e Two baseline implementation strategies (PWO and BGO-based) will be pursued
with the construction of full containment prototypes to be tested in Fall 2025
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