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Dual-Readout Calorimetry

DUAL-READOUT CALORIMETRY

20-year generic calorimeter R&D
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 Beam tests of a thin dual-readout calorimeter for detecting cosmic rays
outside the Earth’s atmosphere
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Fig. 1. Schematic layout and a photograph of the dual-readout calorimeter. Thin lead plates are interleaved with 4 cm wide ribbons of ~ Fig. 8. Results of tests of the dual-readout calorimeter with 375 GeV pions. Scatter plot of the signals recorded in the quartz fibers v
scintillating and quartz fibers, which both provide readout in two coordinates. those in the scintillating fibers (a). Distribution of the ratio of the signals observed in the quartz fibers and the scintillating fibers (b



Prototype DREAM Module
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e Muon detection with a dual-readout calorimeter

Fig. 2. Layout of the DREAM calorimeter. The detector
consists of 19 hexagonal towers. A central tower is surrounded
by two hexagonal rings, the Inner Ring (6 towers) and the Outer
Ring (12 towers). The towers are not longitudinally segmented.
The arrow indicates the (projection of the) trajectory of a muon
traversing the calorimeter oriented in position D(6°,0.7°).
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Fig. 14. Signal distributions for 40, 100 and 200 GeV muons,
measured with the scintillating fibers in the DREAM calori-
meter.
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Fig. 18. Average signal from muons traversing the DREAM
calorimeter, as a function of the muon energy. The detector was
oriented in position D(6°,0.7°). Results are given separately for
the scintillating and the Cherenkov fibers. Also shown is the
difference between the average signal values from both media.
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e Electron detection with a dual-readout calorimeter
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Fig. 11. Average calorimeter signal as a function of the y-
coordinate of the impact point, for the scintillator (a) and
Cherenkov (b) signals from 100 GeV electrons entering the
DREAM calorimeter oriented in the untilted position,
A(2°, 0.7°). Note the different vertical scales.
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Fig. 7. Signal distributions for 40 GeV electrons, recorded from
the scintillating (a) and the Cherenkov (b) fibers, with the
DREAM calorimeter in the untilted position, A(2°, 0.7°).
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Fig. 20. The energy resolution as a function of energy,
measured with the scintillating (squares) and Cherenkov fibers
(circles), for electrons entering the calorimeter in the tilted
position, B(3°, 2°).
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« Hadron and jet detection with a dual-readout calorimeter
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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, A4(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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* Neutron Signals for Dual-Readout Calorimetry
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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
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
signals.

Fig. 11. Relative width of the Cherenkov signal distribution for “jets” as a function
of energy, before and after a correction that was applied on the basis of the relative
contribution of neutrons to the scintillator signals.
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» Dual-readout calorimetry with a full-size BGO electromagnetic section
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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.



What we learned with the prototype DREAM calorimeter

* Reduction of shower leakage (leakage fluctuations)— Build larger detector
* Increase Cerenkov light yield

* Prototype DREAM: 8 p.e./GeV — light yield fluctuations contribute by 35%/
JE

* Reduction of sampling fluctuations

 contribute ~40%/,/E to hadronic resolution (single pions)



RD52 Cu- and Pb-fiber Calorimeters

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.

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

T27 | T28

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.
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* The electromagnetic performance of the RD32 fiber calorimeter
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 Particle identif

ication in the longitudinally unsegmented RD52 calorimeter
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A Fig. 12. Results from the multivariate analysis of the electron/pion separability at
particles.

60 GeV, which made simultaneous use of the lateral shower profile, the Cherenkov/
scintillation signal ratio and the starting time of the PMT signals as the event
characteristics that allowed distinguishing electrons from pions. The multi-layer
perception (MLP) response indicates that 99.8% of all electrons could be identified
with a combination of criteria that rules out 99.8% of all pions as electron
candidates.
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* | essons from Monte Carlo simulations of the performance of a dual-readout
filoer calorimeter

12— e Z
r N\
o I \ a Scintillator 1
§10_ \+\ o Cerenkov <—<R_|D52 )
S I \\ = §+C —
S | P s === GEANT 4
£ gl ’ 10
é L T T T T T T T 450
o | i o :
< o GEANTH4 a) —  Entries 4310 | b)
R - 400 Mean 90.17 = 0.07
S af ~ 8 ° 1 - Sigma 4.123 = 0.061 Aﬂ
S 1 x| 350F- 9
[ S m
g _ _ m
o6 2t ~ =
§ - Bt e e 1 300 100 GeVm
< < Or : - /X7 copper
0.5 = z 250 —
) L
= m
S 2 -
E(GeV)—> = 4L 1 200
10 20 50 100 oo v -
12 e —— ; ~ =
——— — N~ OF=0.11 — 150 —
a) Absorber: Pb or Cu S ol ¢ — gcmnll(lalor %O -
‘ o ~10+t N ———Cerenkov . - —
¢ c 3 § QE=0.4 « S+ C LE 2 7 . 3 100 — |
— S ol > 4 100 GeV min Cu | -
0.5 mm 0.98 mm < 8¢ ® : —
ST B SOGEVIBILED | 50— (GEANT4 J
; C(SATO.' C %ﬁ 6:— O | | | | 1 | | - 0: Lol hjL | I | |r-|_..h_..L | | | | | |
oMM - luorinated Polvmer S 0 10 20 30 40 0 20 40 60 80 100 120
— = S 4t Effective radius calorimeter (cm) Signal (em GeV)
2 7
~ L
>\ L
ST
O ........................

0.5 0.4 0.3 0.2 0.1 0



2017

[31] NIM A 866 (2017) 76

a . - . Enties ~ 50892| [y (- Entries 50892
- i i H Mean x 47.63 F ’ Mean x 61.01
= : : : Meany  38.49 E Meany  33.53
80 i E i StdDevx 575 goF RMSx 2501
i : ] StdDevy 9.087 E RMS y 10.03
n n a n g 60 60 i—
e Hadron detection with a dual-readout fiber calorimeter i
%“ 40 40 -
=t E
s [ £
£ r E
5 20 20
O- 1 1 L | 1 1 | | 1 1 | 1 1 1 | 1 1 0E 1 1 1 I 1 1 1 I 1 i
450 . F . F Entries 58570 0 20 40 60 80 0 20 40
- a Entries 28570 | b Entries 28570 E C .t - - Scintillation signals (GeV)
400E" Mean  7.994| [ Mean  11.71| £ i 1:522;’0222 1 —(h/e) cC E Entries 50892
350 RMS 3.032 | - RMS 2373 | E : o S — ){C ) S woof. 60 GeV - w2Indi 603.9/266
E - = Sigma 2896 + 0.013 F = ————M— with y = — — ~ 03 : Mean  60.99+ 0.1
S 300 — E 1 - ¥ ? [ T U = o/E=3.9% Sigma  2.381+ 0.009
= - C = — £ 600
5 250 C . 1 (h / e)C T E
, - — = L g =, E
& 200 L = 2 400
S = C E & =
LE 1505— :_ ;— 2002_
100 N E. =
= I E 1) P N R A N VSN R
50— B Ea 0 20 40 60 80 100
- C E Energy (G(f V) Reconstructed signal (GeV)
00 g i -+ A2JO-.L.2I5J. 5 511]11101111115A11 o~ LLJ2I5H4 LSIO 0—‘ P I ol B 10. 1 ..1I5‘ ! ..2I0. L .215. Sj(n)‘ ) .?31.544.L40 20 30 50 100 200 1000 o0
40 [ L I T LA LI I | T T I ] Fig. 14. Signal distributions of the RD52 Dual-Readout lead/fiber calorimeter for 60 GeV pions. Scatter plot of the two types of signals as recorded for these particles (a) and rotated
C a l or l meter s l g na l (G e V ) i ’\ \ % C’erenk()v S,'g,mls 1 over an angle 6 = 30° around the point where the two lines from diagram a intersect (b). Projection of the latter scatter plot on the x-axis (c).
35 e Dual-readout signals -
Fig. 11. Signal distributions for 20 GeV =~ particles. Shown are the measured Cerenkov (a) and scintillation (b) signal distributions as well as the signal distribution obtained by L W : 8 ]
combining the two signals according to Eq. (2), using y = 0.45 (c). —_~ I \\\ ]
S 30l i Energy (GeV) —
S i By N 15 20 30 40 60 100 500 o0
S L ] 10 T . . . ——TT —
S “\ ! ! !
© o5f ] : .
N L R 4 ] ® pions
r T T T T T T T T T T T T ] g i \\\’ ] \j) A pr I
i b | S wof ~ S of Yoo iz
L a - 4 Q [ DS 1 & O/
1.0¢ l 1 . 2 i e ] ~ Vé\
t ® ) - 4 ~ t 7 \\\ - m -
] ° ° - ® ] 15 | (42 N .
[ [ ® ® ] = N o/ /s N ] ~
= 0.9p ¢ T 1F o ] £ I vz ] © “
G +1% : ] S of ] s
S osf 1t ] = 5 ] S
& : 1 - ] g T
3 : ] i RN = :
50 07_— 9 F a 5L N ol Q 4l
> — . ] r X
v . : ! - e
S 06f * 1F * = ] oL N L R I R ] - -
S r 1L ] 0.25 0.20 0.15 0.10 0.05 0 =%0)
= * 1 ~
< o05f 1 F . v 2F
: 11 . ] s W EGeV) o
3 * Cerenkov signals * Cerenkov signals ] ~Q L
04f & ® Dual-readout signals | ® Dual-readout signals
[ . QUESLE . QUERIENG, ] Fig. 13. The hadronic energy resolution of the RD52 lead—fiber dual-readout calorimeter, 0 v ‘
t 1t 1 . . %, . ‘ — - ‘ ‘ ‘
o3 L e TSNS S S S PSS S S S S S S for single pions. Shown are the results for the Cerenkov signals alone, and for the dual-
0 20 40 60 80 100 120 0 20 40 60 80 100 120 gep . . & 0.30 0.25 0.20 0.15 0.10 0.05 0
readout signals, obtained with Eq. (2).
Energy (GeV) - J/\/E

Fig. 12. The hadronic response of the RD52 lead—fiber dual-readout calorimeter, for single pions (a) and protons (b). Shown are the average Cerenkov signal and the dual-readout signal

(Eq. (2)) per unit deposited energy, as a function of the energy. Fig. 18. The fractional width of the signal distribution, ¢/E, as a function of energy, for

pions and protons in the 20-125 GeV energy range. The line represents ¢/ E = 30%/ \/E



2018

31] NIM A 882 (2018) 148

* On the limits of the hadronic energy resolution of calorimeters
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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
GeV pions produce hadron showers in the lead absorber.
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* Dual-Readout Calorimetry

 Summarized 20 years R&D
results
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Lol 4th concept for ILC: John Hauptman (lowa State U.), et al.

* Pixel chamber + Cluster-timing drift chamber + Dual-Readout Calorimeter + Dual Solenoid (Iron Free) +

Figure 1: The 4th detector showing final focus transport, the dual solenoids for iron-free flux return,
the vertex and tracking systems, and the calorimeters in yellow: inner one is dual-readout crystal
and outer is dual-readout fiber, both with time history readout. The total depth is 10 A; and all
calorimeter channels are projective with the origin. The frame is non-magnetic and easily able to
contain the magnetic pressure o< B2. The gross dimensions are 12 meters in diameter and 16 meters
long, excluding the beam delivery.

Figure 2: The vertex detector as simulated in ILCroot.
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Figure 5: Schematization of the cross view of a

drift tube with the definitions used in the text.

Figure 22: Azimuthal segmentation of the hadronic
calorimeter at z = 0. There are 256 towers in each of the 32
slices in 6. At left the r — z projection, where one can see
the segmentation of 32 concentric tower arrangements of the
end cap. In blue are the contours of the CluCou chamber.
The space between the chamber and the fiber calorimeter
is filled with the crystal (EM) calorimeter.

Figure 24: Cut view of the two solenoids and

their supports.
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Figure 31: Schematic view of one stave of the barrel muon
spectrometer and one end cap. Only a few tubes have been
drawn.
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