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Dual-Readout Calorimetry since 1997/

DUAL-READOUT CALORIMETRY

- 1986-1992: the secret of compensation was unraveled

- 1997: Dual-Readout Calorimeter was proposed in CALOR 1997,
Tucson, USA

Collected Papers
1997 - 2018

- 1997-2009: DREAM (Dual-REAout Method) Collaboration

- Proved the Dual-Readout principle with the proto-type DREAM
module (Cu-fibers)

« 2010-2018: RD52 Collaboration

- Improvement of the performance of the dual-readout calorimeter
(Cu-fiber, Pb-fiber)

2019-present: Studying for future collider experiments

In memory of our wonderful friend and colleague
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Dual-Readout Principle

Improvement of Hadron Calorimeter Performance

- The performance of hadronic calorimeters is worse than that of electromagnetic calorimeters.

- Non-Gaussian fluctuations of EM component and nuclear binding energy loss are responsible for the poor
hadronic performance.

- Hadron showers
- EM component (1m0)

- Non-EM component (mainly soft protons)

- EM component is relativistic and can generate Cerenkov light, while charged shower particles produce dE/dx
signals

Dual-Readout Principle: measure fem event-by-event by comparing Cerenkov and dE/dx signals
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Figure 4: The nuclear binding energy lost in spallation reactions induced by 1 GeV pions on
%3Cu nuclei.



ACCESS

2001

- This calorimeter was designed to detect high-
energy cosmic rays at International Space Station

- Total depth: 1.4 Aint

- Absorber: 39 Pb plates, 6.4 mm thick each

- Active medium: ribbons of plastic scintillator
and quartz

Fig. 1. Schematic layout and a photograph of the dual-readout calorimeter. Thin lead plates are interleaved with 4 cm wide ribbos

o TeSted W | t h h |g h - e n e rg y p | O n S (u p tO 375 G e\/) CI;EEntillating and quartz fibers, which both provide readout in two coordinates.
CERN



ACCESS

NIM A 462 (2001) 411-425

- The calorimeter response to high-energy
hadrons is determined by leakage fluctuation
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Fig. 8. Results of tests of the dual-readout calorimeter with 375 GeV pions. Scatter plot of the signals recorded in the quartz fibers vs.
those in the scintillating fibers (a). Distribution of the ratio of the signals observed in the quartz fibers and the scintillating fibers (b).
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Muon detection with a dual-readout calorimeter
NIM A 533 (2008) 305
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Fig. 7. Signal distributions for 40 GeV electrons, recorded from
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Fig. 11. Average calorimeter signal as a function of the y-
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Hadron and jet detection with a dual-readout calorimeter

NIM A 537 (2005) 537
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Fig. 9. Signal distributions for 100 GeV n~ recorded by the
scintillating (a) and Cherenkov (b) fibers of the DREAM
calorimeter, oriented in the untilted position, 4(2°,0.7°). The
signals are expressed in the same units as those for em showers,
which were used to calibrate the detector (em GeV).
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Hadron and jet detection with a dual-readout calorimeter

NIM A 537 (2005) 537
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What we learned with the prototype DREAM calorimeter

- Reduction of shower leakage (leakage fluctuations) = Build a larger detector
. Increase Cerenkov light viela

. Prototype DREAM: 8 p.e./GeV — light vield fluctuations contribute by 35%/+/E
- Reduction of sampling fluctuations

. contribute ~40%/+/E to hadronic resolution
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RD52 Cu- and Pb-fiber Calorimeters

Al 4

All

Scintillating fibers

Fig. 2. Pictures of the first SuperDREAM modules built with lead (left) or copper (right) as absorber material. The alternating arrangement of clear and scintillating fibers in
each row of the copper modules is illustrated by illuminating the fiber bunches from the rear end.

Ring 2

Fig. 4. The RD52 SuperDREAM calorimeter as tested at the end of 2012. It consisted
of 9 lead-based modules, each consisting of 4 towers (towers 1-36), and two
copper-based modules, placed on top of the lead array. The left copper module (of
which the towers are marked as “Al”) is equipped with Cherenkov fibers with an
aluminized upstream end face. For readout purposes, the lead calorimeter consists
of a central tower (T15), surrounded by 3 square rings of towers.

Fig. 3. Basic structure of the new lead (a) and copper (b) based RD52 fiber calorimeters.
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The electromagnetic performance of the RD52 fiber calorimeter

NIM A 735 (2014) 130
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The electromagnetic performance of the .
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Fig. 13. The energy resolution for electrons in the copper-fiber module, as a
function of the beam energy. Shown are the results for the two types of fibers,
and for the combined signals. The angle of incidence of the beam particles (9, ¢)
was (1.5°, 1.0°). The size of the beam spot was 10 x 10 mm?~.
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fiber calorimeter
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Hadron detection with a dual-readout fiber calorimeter
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Hadron detection with a dual-readout fiber calorimeter
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On the limits of the hadronic energy resolution of calorimeters

NIM A 882 (2018) 148

Figure 6. The correlations between the binding energy loss and the em shower fraction (a),
and the neutron kinetic energy (b) obtained from GEANT 4 simulation in the case that 100
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GeV pions produce hadron showers in the lead absorber.
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Figure 9. The limits of the hadronic energy resolutions for dual-readout
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Simulation study for Dual-Readout Calorimeter

@ Jet energy resolution and energy separation between bosons

* Jet energy resolution estimated by GEANT4

 With DR correction, stochastic term is ~34.6%

* For 100 GeV jet, resolution is ~3.7%, satisfying the requirement

 Detector response with energy that corresponds to bosons energy

* shows great energy separation

 which is the most important part for Higgs factory experiment

Kyuyeong Hwang, May 23
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Yunjae Lee, May 23

Particle reconstruction for dual-readout calorimeter using deep learning

Shower data(position, timing, energy) as Point cloud
format trained for classification and reconstruction of
variables using deep learning model.
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nm® shower image

L]
Model structure D B
| |
oo . O
Farthest point Embedding IJ—_:> Clazstllacsastlon
Input sampling ‘_ 16 channel
32 sample ' Iq Mamba block X 3 m
— Y Channel
K-nearest neighbor E> { }
Regression |
16 sample
3 variable )
|

Direction reconstruction

=
o

=
NS

-
N

Reconstructed 6

O
o

-y
[}

o
(o]

o
ES

1.0
- 0.02
2 0.8
tj 0.01
Q <
g 0.6 g 0.00
-8 § -0.01
3 0.4 - AUC i
O ' O
5 --- n°:0.977 S -0.02
AV, - o
U 02 Y. e :0.965 Coon
8 e --- m*:0.998

—— Average : 0.988 0.0
0.0 . , ' ' -0.04 -0.03 -0.02 -0.01 0.00
0.0 0.2 0.4 0.6 0.8 1.0 Incident ¢
Signal Efficiency

0.01

0.02

0.6

Scintilation

2.5

2.0

-1.5

-1.0

-0.5

0.8

Cerenkov

-1.0

1.0

2.5

2.0

1.5

Energy(GeV)

-0.5

1.2 1.4 1.6

Incident 6

pulwll

n® shower projection

Cerenkov
Scintillation

400

350

300

250

200

150

100

50

Energy reconstruction

100

140

120

100

80

60

40

20

Reconstructed Energy (GeV)

20 40

Incident Energy (GeV)

60 80 100

23



# of Events

e~ Reconstructed Energy

300

250

200

150

100

50

9

180

160

140

120

100

80

60

40

20

Seo Yun Jang, May 23

| Based on GEANT4 simulation, compared performance of Dual-Readout Calorimeter of various absorbers.
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Copper, Brass, Iron, Lead, Tungsten absorbers are compared

-> For single charge pion, stochastic term of DR corrected energy is under 30%, regardless of absorber except Pb.

-> For EM particles, results show high relation to absorber's Z value, relatively better energy resolution on low Z absorbers - Cu, Brass, Fe.

Comparison of Dual-Readout Calorimeter of different absorbers
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e Korean DRC collaboration had test beam (TB) with 50cm DRC module at CERN east

area T9

* Analyzed the data taken with low energy (1~5 GeV) positron beam

14.7 %

The DRC combined channel showed energy resolution of D 2%

VE

 The 3D and SFHS(top) tower showed uniform energy response to various beam spots

sungwon Kim, May 23
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Summary

- The dual-readout principle was proved with test beam data and provides high-quality
energy measurement, especially for single hadrons and jets.

- Various studies on dual-readout calorimetry have been done over the last 25 years.

- All results are at: http://www.phys.ttu.edu/~dream/results/publications/publications.html

- Qur studies on the dual-readout calorimeter are ongoing for future experiments.
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Neutron Signals tor Dual-Readout Calorimetry

NIM A 598 (2009) 710
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Fig. 12. Relationship between the average fractional contribution of neutrons to
the scintillator signals and the em fraction of the showers induced by 200 GeV
“jetS”.

Fig. 4. Average time structure of the Cherenkov and scintillation signals recorded Fig. 11. Relative width of the Cherenkov signal distribution for “jets” as a function
for 200 GeV “jets” developing in the DREAM calorimeter. The scintillation signals

exhibit a tail with a time constant of about 20 ns, which is absent in the Cherenkov of energy, before and after a correction that was applied on the basis of the relative
signals. contribution of neutrons to the scintillator signals.
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Dual-readout calorimetry with a tull-size BGO electromagnetic section

NIM A 610 (2009) 485
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Fig. 1. The calorimeter during installation in the H4 test beam, which runs from the bottom left corner to the top right corner in this picture. The 100-crystal BGO matrix is 0.15 0.10 0.05 0 0.15 0.10 0.05 0
located upstream of the fiber calorimeter, and is read out by four PMTs on the left (small end face) side. Some of the leakage counters are visible as well (a). The location and l/\/f 1/ \/E

numbering of the PMTs reading out the BGO crystal matrix (b).

Fig. 18. The calorimeter response (a) and the energy resolution (b) for “jet” events detected in the BGO +fiber calorimeter system, corrected for the effects of fluctuations in
fem by means of Eq. (4) (using . = 0.4), as function of the “jet” energy. The results obtained previously for the fiber calorimeter module in stand-alone mode [4] are
indicated by dotted lines.
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Particle identification in the longitudinally unsegmented RD52 calorimeter

NIM A 735 (2014) 120
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— (Lateral shower profile > 0.7, ts > 28.0 ns): 99.1 % electron ID, 0.5 % pion mis-ID



