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Dual Readout — DREAM module (2003)

Module at TTU 2003
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Dual Readout Method: Scintillation vs Cherenkov

In hadron-nuclei interactions, large

fraction of hadron energy goes to
nuclear dissociation and becomes
invisible. We estimate the invisible
energy from visible quantity.

C/E =0.55

Various methods have been
developed.

* Compensation:
Using slow neutrons

* Dual Readout:
Using R= Scintillation/Cherenkov

* Neural Network
Using shower image in high
granular calorimeter
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IDEA (innovative Detector for Electron-positron Accelerators)
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Bucatini calorimeter

EM-size prototype module (10x10x100 cm?3)
in IDEATB 2021

Brass capillary tube: ¢ 2mm (1mm) outer (inner)

9 modules: 320 tubes / module

MO: SiPM (one per fiber) Hamamatsu $S14160-1315 PS
M1-M9: PMT (one for S-fiber, one for C-fiber)

Readout: CAEN FERS A5202
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High gain equalisation via
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Brass capillary tube:

IDEA
prototype
modules

Challenges:

- Precision

- Projective geometry
- Mechanical rigidity

Cupper plate:
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Challenge: SiPM on each fiber

S. Kunori, 2023.05.18

Cu:Te(Cu260,tellurium 0.35%)

60 cm wide, 2.5 m long
61 plates to froma a module

Sower 7 Tower 8 Tower 9

3x3 modules in testbeam
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View from back:
Full length fibers lit at front.



Hybrid Segmented Calorimeter (calvision Collaboration )
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a Dual readout HCAD

Scintillating fibers
@ =1.05mm

Cherenkov fibers
@ =1.05mm

Brass capillary
ID =1.10 mm,
OD =2.00 mm

Solenoid

Timing (20 ps)

Highly segmented ECAL and HCAL
for PFA (Particle Flow Algorithm).

6X, 16X,
1X, 6X, 16X, 0.7X,
l T ~1A T I 0.16)\: g)\./ |
Crystal-1 Crystal-2 with SiPMs JINST 15 P11005



Separation of Scintillation light and Cherenkov Optical filters

reflective foil Sy

Timing il U330 colored glass  band pass 2.7 -
#15-226 hard coated long pass - 600
Wave length
R60 colored glass long pass 2.69 600
Rear crystal ECAL segment: uG11 colored glass  band pass 2.92 -
Front crystal ECAL segment: 2 Sﬁ'PMs(:vf'th Opt"t;ﬁl tt'lilters d
Single 5x5 mm? SiPM per crystal °": "“Z: ‘;’ f°é’t‘ on-an GG420 colored glass long pass 2.55 420
optimized for scintillation light detection SIS SOOI
— 14 — 14 e
= - —— Scintillation = [ —— scintillation / \
©  —— Cherenkov ] E BG O 90
“— 42| ---- Transmittance (2 cm) PbWO *— 4= — Cherenkov ‘
2> -~ —— Transmittance (20 cm) 4 é" - —— Transmittance
3 L - - - - FBK NUV-HD SiPM PDE @ - _ %0 U330
qc) - ---- FBK RGB SiPM PDE % 1—_ Hamamatsu SiPM PDE
- | — 5 e 70
= c N n
= C S photon's © : s
2 sl P Hoya R60 2 o8l S photons < &
% E infra-red optimized % C Z 50
= 48 SiPM o 06 E
- R e S - z 40
o4 e ¢ photEﬂS ot l 0.4f " \
) e C photons it
0.2, Vg 0.2 20
r s UV optimized ey i /
” s = 4 e ——
—I'_,.Ul |S|IPM1 (T Y M T WJ//A/I /\/ a7 I PO TN [ TN (o, A ] R LI L I VO [ O (O | 10
%00 200 500 600 700 800 900 %00 400 500 600 700 800 900
0 : - ,
Wavelength [nm] Wavelength [nm] 200 300 400 500 600 700 300 900

5. Kunori, 2023.05.18 Tests with cosmic muons and beams are in progress.



ECAL (crystal) + HCAL (fiber)
Performance

Single pion =

Quark jet =

arXiv:2202.01474
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ECAL (crystal) + HCAL (fiber)

Performance
Table 3. Comparison of dijet invariant mass resolutions for the W, Z and H boson obtained using a
"calorimeter only’ approach (with and without dual-readout correction) and using the DR-PFA.
’Calo only’ (w/o DRO) | ’Calo only’ (w/ DRO) | DR-PFA (w/ DRO)
W boson 5.6% 4.7% 3.8%
Z boson 4.7% 4.1% 3.3%
H boson 4.5% 3.9% 3.0%
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Precision ECAL - Crystal

TeraZ at FCC-ee
Detector Requirements

Flavour physics programme
* Formidable vertexing ability; b, c, s tagging
* Superb electromagnetic energy resolution
* Hadron identification covering the momentum
range expected at the Z resonance
\ =

¢ Momentum resolution

Mass measurement, LFV search
* Precise knowledge of vertex detector dimensions

Lifetime measurement

Tracker and ECAL granularity and e/p/n separation
BR measurements, EWPOs, spectral functions

Tau physics programme

P. Janot, ECFA 19Nov2021
https://indico.cern.ch/event/1085137/
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> Improved EM energy resolution very important
for jets and flavour/taus

» EM granularity also very important for flavor/taus
and BSM physics to distinguish close-by photons

https://indico.cern.ch/event/1244371/
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Neural Network for Invisible Energy Estimation

DR with finely segmented crystal performs well for Higgs Factories. R&D for further improvement.
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. 2 s L
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Figure 4. Invisible energy vs the number of hadronic vertices in a sampling calorimeter: (a) with
ionization signal in Cu (17 mm) + Si (3 mm) and (b) with a Cherenkov signal in Cu (17 mm) + Quartz
plate (3 mm) for 30 and 200 GeV nt*s. “Invisible energy” is defined as the difference between the
beam energy and the simple sum of the ionization signal or Cherenkov signal. “Hadronic vertex”
is defined as a vertex of hadron-nucleus inelastic interaction excluding neutron-nucleus interaction.
The energy scale of the signals was calibrated with electrons.

InV. E = Epeam - Eobserved

=>» Neural Network to count and analyze vertices in hadronic shower (Vertex Imaging).

Instruments, 2022, 6, 43, https://doi.org/10.3390/instruments6040043
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Neural Network on Fast Calorimeter / Fiber Calorimeter

dE/dx (ionization) Calorimeter (*1)

20x20x20 mm?3 cube
Cu (17) +Si (3)

CNN: 0-5ns 1image/cube

GNN: 0-10 ns 8 images/cube (1stimage: 15 ps)
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NN trained with pi+ works well for
electrons/photons and jets.
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Dual Readout Fiber calorimeter (*2)

Cu absorber (2 m deep)
Fibers along beam direction:

MC studies

1 mm ¢ fibers, 1.5 mm spacing, 34%

Transverse segmentation:

1x1 cm? for 2D analysis, 3x3 cm? for 3D analysis

Longitudinal segmentation:

Cherenkov

G4 Simulation, pi+
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(*1) JINST 2021, 16, P12036, https://doi/10.48550.arXiv.2107.10207

(*2) Instruments, 2022, 6, 43, https://doi.org/10.3390/instruments6040043
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Longitudinal Segmentation with Timing for NN and PFA

Single hit timing (with laser)
Hamamatsu $14160-3015PS:

Crilin: A Semi-Homogeneous Calorimeter for a Future Muon Collider,

Fbes SPAD is fast (<10 ps) — faster than

LGAD Instruments 2022, 6,62
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(1) Cosmic Muon Test Stand at TTU

Hamamatsu $S13361-30350AEQ8 (64 ch array)
CANE A5202 (64ch SiPM readout)

————— i ——

0 2 K 6
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ST =T(i) — T(mean)

toa_deltaT_corrected

16.6 hours run

toa_deltaT_corrected

Entries 5661

Internal trigger
(200 cm active)

blue: raw
bred: corrected

nnnnnnnnnnnn

Platform for R&D of
longitudinal segmentation
with timing for fiber
calorimeter.

(2) DREAM module
Refurbish with “new” SiPMs and FE/DAQ
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Summary

* International Collaborations on Dual Readout Calorimeter for Future
Colliders
* Fibers: IDEA — INFN, Korea, ...

* Crystals+Fibers: Calvision — Caltech, Maryland, Michigan, MIT, Princeton,
Purdue, TTU, Virginia + Argonne, Fermilab, Oak Ridge

**Two collaborations have been working closely.

* Hybrid Highly Segmented Dual Readout Calorimeter will produce
maximal information for Particle Flow Algorithm at future collider.

* R&D on both “hard” and “soft” are in progress for further
improvement of the calorimeter.



