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Dual-Readout Calorimetry since 1997

• 1986-1992: the secret of compensation was unraveled 

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

• 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
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Improvement of Hadron Calorimeter Performance

Dual-Readout Principle

• 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 (π0) 

• 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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1997

CALOR 1997, Tucson, USA

• Quartz Fibers and the Prospects for Hadron 
Calorimetry at the 1% Resolution Level 

• Richard Wigmans proposed a fiber calorimeter 
consisting of scintillating and quartz fibers 

• Scintillating fibers: the visible energy 

• Quartz fibers: the em energy Figure 4: The nuclear binding energy lost in spallation reactions induced by 1 GeV pions on
63Cu nuclei.

in excess of 10−3. The most probable exclusive reaction (1 GeV π− + 63Cu→ 61Ni
+ n +p + pions) occurs with a relative probability of only 5.7%. The distribution of
nuclear binding energy losses associated with the different spallation reactions and
their relative probabilities of occurring is shown in fig. 4.

Similar distributions can also be obtained for incident hadrons of any other energy.
The total∆B incurred in a certain hadronic shower development is the result of a large
number of different nuclear reactions that take place over the entire detector volume
in which the shower develops.

The asymmetry in the ∆B distribution observed for reactions initiated by one
particylar type of hadrons (e.g., 1 GeV π−, see fig. 4), rapidly disappears when many
such contributions are convoluted. This is illustrated in fig. 5, which shows the ∆B
distribution for events in which 50 pions with an average energy of 200 MeV initiate
nuclear reactions in 63Cu.

The figure shows that a combined nuclear binding energy loss of about 1.15 GeV
exhibits event-to-event fluctuations at the level of ∼ 15%. Since the e/h value of
neutron insensitive Cu calorimeters is typically ∼ 1.6, one may conclude that the
total binding energy loss constitutes, on average, 0.6/1.6∼ 35% of the non-em energy
component. The observed fluctuations in nuclear binding energy loss (σ = 178MeV)
thus apply to an average non-em energy of ∼ 3.3 GeV [14].

They represent the irreducible fluctuations that limit the precision of the measure-

9
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2001

ACCESS 

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

• Total depth: 1.4 λint 

• Absorber: 39 Pb plates, 6.4 mm thick each 

• Active medium: ribbons of plastic scintillator 
and quartz 

• Tested with high-energy pions (up to 375 GeV) at 
CERN

transported through internal reflection to the fiber
ends, where they were converted into photoelec-
trons in the photocathode of a photomultiplier
tube (PMT). The digitized output of these PMTs
comprised the calorimeter signals.

The fiber ribbons were inserted between the
absorber plates according to the following scheme
(see also Fig. 3). Plate 1 was followed by a layer of
quartz fibers oriented in the x direction (Qx), plate
2 by a layer of quartz fibers oriented in the y
direction (Qy). The first layer of scintillating fibers
(Sx, oriented in the x direction) was located behind
absorber plate 3. Plates 4–6 were followed by
layers of the types Qx; Qy and Sy, respectively.
This pattern for the first six sampling layers was
repeated subsequently. In total, the calorimeter
contained 13 sampling layers of the types Qx and
Qy each and six sampling layers of the types Sx

and Sy each.
Each fiber layer consisted of five 40 mm wide

ribbons. They were inserted in 1 mm wide slots
between the absorber layers. The instrumented
detector volume thus comprised a surface area of
20! 20 cm2 that extended over a depth of 28 cm.
The length of the fibers varied between 40 and
55 cm. The five ribbons were read out separately,

combined with the corresponding ribbons located
at other depths in the structure. For example, the
Sx ribbons located behind absorber layers #3; 9;
15; 21; 27 and 33 were ganged together into five
bunches and read out by five PMTs. The Qx

ribbons behind absorber layers #1; 4; 7; 10; 13; 16;
19; 22; 25; 28; 31; 34 and 37 were ganged together in
five bunches read out by five other PMTs. Also the
Sy and Qy ribbons were read out by five PMTs
each, giving a total of 20 electronic channels.

Because of the way the signals from the active
material were read out, the calorimeter had a
tower structure for particles entering it perpendi-
cular to its front surface (i.e., at a 908 angle
with the fibers). In total, there were 25 square
cylindrical towers, each with a cross-section of
4! 4 cm2, both for the scintillating-fiber and
quartz-fiber signal readout.

The calorimeter contained in total " 20 000
quartz fibers and " 4800 scintillating fibers. The
fiber bunches were machined and polished and
coupled with an air gap to a Hamamatsu metal-
channel PMT.3 During our tests, these PMTs were
operated at a gain of typically a few times 105.

Fig. 1. Schematic layout and a photograph of the dual-readout calorimeter. Thin lead plates are interleaved with 4 cm wide ribbons of
scintillating and quartz fibers, which both provide readout in two coordinates.

3R5900U, 10-stage.

V. Nagaslaev et al. / Nuclear Instruments and Methods in Physics Research A 462 (2001) 411–425 413
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NIM A 462 (2001) 411-425

ACCESS 

• The calorimeter response to high-energy 
hadrons is determined by leakage fluctuation 

• In the first nuclear reaction, some fraction of the 
initial pion energy is converted into neutral pion 

• If that fraction is large (Q/S is large), the leakage 
is relatively small, and the signal is relatively large 

• If that fraction is small (Q/S is small), the leakage 
is relatively large, and the signal is relatively small 

• The C/S ratio provides information on the energy 
containment 

The scintillator signal distribution, i.e., the
projection of the scatterplot on the horizontal
axis, is shown in Fig. 7a. The fact that this
distribution is skewed to the low-energy side may
be expected as a result of shower leakage. As we
argued in Section 1, the relative strength of the
quartz signal might be used as a handle on that
leakage, event-by-event. Since the Cherenkov
signal is predominantly produced by p0 showers
that are contained even in this thin detector, a
relatively large (small) Cherenkov signal would
indicate that a relatively small (large) fraction of
the energy escaped from the detector. For this
reason, we investigated the merits of the ratio of
the signals from the quartz fibers and from the
scintillating fibers, Q=S, as an event-by-event
measure of the shower leakage.

In Fig. 8a, the signal ratio Q=S corresponds to
the slope of a line through the bottom left corner
of the scatter plot. The two lines drawn in this
figure represent Q=S ¼ 1 and Q=S ¼ 0:5, respec-
tively. Fig. 8b shows the distribution of the Q=S
signal ratio. On average, this ratio amounted to
0.77 at 375 GeV. The average value of the Q=S
distribution was not very different for the other
energies at which we performed our studies. The
fact that the Q=S ratio is smaller than 1.0 indicates
that a significant fraction, typically 20–25%, of the

scintillator signal in this detector is caused by non-
relativistic shower particles, predominantly pro-
tons released from nuclei in spallation processes,
or recoiling from elastic neutron scattering in the
plastic fibers.

Fig. 9 shows the signal distributions measured
with the scintillating fibers for 375 GeVp"-induced
showers, for subsets of events selected on the basis
of their Q=S value. In Fig. 9a, the signal distribu-
tion is given for events with a small Q=S value
(Q=S50:45). These events indeed populate the
left-side tail of the calorimeter’s response function
(Fig. 7a). This distribution is very different from
the one obtained for events with Q=S ratios near
the most probable value, shown in Fig. 9b. The
average values of the scintillator signal distribu-
tions in Figs. 9a and b differ by about a factor of
two.

When selecting events with a large Q=S value,
one would expect to be predominantly sensitive to
showers in which a large fraction of the initial
energy was used for p0 production in the first
interaction. Such events should be well contained
in this detector and one would thus expect to select
events from the high-energy tail of the spectrum.
The signal distribution for events with a large Q=S
value, shown in Fig. 9c, does indeed contain an
anomalous fraction of events with a large pulse

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).

V. Nagaslaev et al. / Nuclear Instruments and Methods in Physics Research A 462 (2001) 411–425 419
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Prototype DREAM Module

• Depth: 200 cm (10 λint) 

• Effective radius: 16.2 cm (0.81 λint, 
8 ρM) 

• Mass: 1030 kg 

• Number of fibers: 35910, diameter 
0.8 mm, total length≈90 km 

• Hexagonal towers: 19, each read 
out by 2 PMTs

calorimeter to be rotated and thus the direction of
the Earth’s magnetic field changed.

The yellow filter further had the advantage that it
increased the attenuation length of the scintillating
fibers substantially [11]. The blue part of the
spectrum of light generated in the scintillating
fibers is attenuated by self-absorption (resulting
from overlap between the emission and absorption
bands) and the yellow filter predominantly removed
that part of the spectrum. The Cherenkov fibers did
not suffer from significant longitudinal non-uni-
formity, their light attenuation characteristics were
adequate without filtering (see Section 4.3).

Fig. 3 shows photographs of the assembled
detector. In Fig. 3a, the fiber bunches exiting the
downstream end of the calorimeter and the 38
PMTs used to detect their signals are shown. In
total, this detector contained about 90 km of
optical fibers. Fig. 3b shows the front face of the
calorimeter, when the fibers were illuminated with
a bright lamp in the rear. The hexagonal readout
structure is clearly visible.

3. Experimental setup

3.1. The beam line

The measurements described in this paper were
performed in the H4 beam line of the Super Proton
Synchrotron at CERN. The DREAM detector
was mounted on a platform that could move
vertically and sideways with respect to the beam.
Changing the angle of incidence of the beam
particles with respect to the fibers in the horizontal
plane (the f angle) and the vertical plane (the tilt
angle, y) was achieved with a crane. For the
hadron and jet measurements described in this
paper, we used two detector orientations. In
position A; for which most data were collected, f
and y were 2! and 0:7!; respectively. In position B;
also referred to as the tilted position, f and y were
3! and 2!; respectively.
The beam particle rates were typically several

thousand per spill. The spills lasted 2.6 s and
were repeated every 14.4 s. The widths of the
collimators in the beam line were chosen so
as to make the contribution of the momentum
spread of the beam particles negligible. The
purity of the electron beam varied considerably,
depending on the energy and the chosen colli-
mator settings. In particular, high-energy
electron beams were contaminated with pions
and muons.
We used several auxiliary detectors in the beam

tests. These detectors served to obtain pure
samples of incident particles and to measure the
impact point of these particles in the calorimeter
event by event. Fig. 4 shows a schematic view of
the positioning of these detectors, which are
described below.

ARTICLE IN PRESS

Fig. 3. The DREAM detector. Shown are the fiber bunches
exiting from the rear face of the detector (a) and a picture taken
from the front face while the rear end was illuminated (b).

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 537 (2005) 537–561 541
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NIM A 533 (2005) 305

Muon detection with a dual-readout calorimeter

0.8 mm and a length of 2.50 m. The fiber pattern
was the same for all rods, and is shown in Fig. 1.

The DREAM calorimeter consisted of 5580
such rods, 5130 of these were equipped with fibers.
The empty rods were used as fillers, on the
periphery of the detector. The instrumented
volume thus had a length of 2.0 m, an effective
radius of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

5130! 0:16=p
p

¼ 16:2 cm, and a mass
of 1030 kg. The effective radiation length (X 0) of
the calorimeter was 20.1 mm, the Moliére radius
ðrMÞ was 20.4 mm and the nuclear interaction
length ðlintÞ 200mm. The composition of the
instrumented part of the calorimeter was as
follows: 69.3% of the detector volume consisted
of copper absorber, while the scintillating and
Cherenkov fibers occupied 9.4% and 12.6%,
respectively. Air accounted for the remaining
8.7%. Given the specific energy loss of a mini-
mum-ionizing particle (mip) in copper (12.6 MeV/
cm) and polystyrene (2.00 MeV/cm), the sampling

fraction of the copper/scintillating-fiber structure
for mip’s was thus 2.1%.
The fibers were grouped to form 19 towers.

Each tower consisted of 270 rods and had an
approximately hexagonal shape (80mm apex to
apex). The layout is schematically shown in Fig. 2:
A central tower, surrounded by two hexagonal
rings, the Inner Ring (6 towers) and the Outer
Ring (12 towers). The towers were longitudinally
unsegmented.
The depth of the copper structure was 200 cm,

or 99 X 0 ð10:0lintÞ. The fibers leaving the rear of
this structure were separated into bunches: One
bunch of scintillating fibers and one bunch of
Cherenkov fibers for each tower, 38 bunches in
total. In this way, the readout structure was
established (see Fig. 3). Each bunch was coupled
through a 2 mm air gap to a PMT.4In the case of
the scintillating fibers, the window of the PMTs
was covered with a yellow filter.5 Since the
dominant blue light from these fibers is attenuated
by self-absorption (resulting from overlap of the

ARTICLE IN PRESS

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 Dð6%; 0:7%Þ.Fig. 1. The basic building block of the DREAM calorimeter is

a 4! 4mm2 extruded hollow copper rod of 2 meters length,
with a 2.5mm diameter central hole. Seven optical fibers (four
Cherenkov and three scintillating fibers) with a diameter of 0.8
mm each are inserted in this hole, as shown.

4Hamamatsu R-580, 10-stage, 1.5 in. diameter.
5Kodak, Wratten #3.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 533 (2004) 305–321 307

are compared for the scintillator and the Cher-
enkov channels. The radiative tails of both spectra
seem identical, but the energy at which the spectra
reach their maximum is very different for both
spectra. Fits with a Landau distribution yielded
the following values for the most probable value of

the calorimeter signal: 2:417! 0:005GeV and
1:236! 0:004GeV for the scintillator and Cher-
enkov signals, respectively. A difference of a factor
of two! At lower energies, the relative difference
was even larger, but the absolute difference between
the two values remained the same, as illustrated by
Table 1, which summarizes these results. The same
data are also shown in Fig. 17.
The explanation of this remarkable phenomenon

is as follows. Muons traversing the calorimeter lose
energy by ionization and by radiation. In the latter
process, the particles radiate photons which, if
sufficiently energetic, develop electromagnetic
showers. Since the calorimeter was calibrated with
em showers, the signal distribution for this energy
loss component should be exactly the same for the
two readout media. Where they differ is in the
ionization component. If we ignore the effects of
multiple scattering, the muon travels at an angle of 6
degrees with the fibers. Particles that generate a
signal in the Cherenkov fibers need to traverse these
fibers at an angle that falls within a trapping cone
around an axis that is oriented at 46" (the Cherenkov

ARTICLE IN PRESS

Fig. 14. Signal distributions for 40, 100 and 200 GeV muons,
measured with the scintillating fibers in the DREAM calori-
meter.

Fig. 15. Average signal from muons traversing the DREAM
calorimeter, as a function of the muon energy. The detector was
oriented in position Dð6"; 0:7"Þ.

Fig. 16. Signal distributions for 200 GeV muons, measured
with the scintillating and the Cherenkov fibers in the DREAM
calorimeter.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 533 (2004) 305–321 317

showers to those of minimum ionizing particles
depositing the same amount of energy in the
calorimeter. Since the sampling fraction and the
amount of energy lost in the detector by a mip are
precisely known from the composition of the
calorimeter and from the specific ionization losses
ðhdE=dxi) in the various materials composing it, a
measurement of the e/mip value is equivalent to an
absolute measurement of the sampling fraction for
an em shower.

Our calorimeter consists of 69.3% copper, 9.4%
plastic scintillator, 8.0% clear plastic, 4.6% quartz
and 8.7% air. It is 200 cm long. A mip thus
deposits, on average, 1834 MeV in this structure,
out of which 37.6MeV is deposited in the plastic
scintillator. The sampling fraction of a mip in the
plastic scintillator is thus 2.05%. Since the total
track length of the muons in the Dð6"; 0:7"Þ
geometry is 195 cm, a mip loses on average 1788
MeV in the calorimeter in these measurements.
According to Tables 1 and 2, a 40 GeV muon loses
on average 2.432 GeV and the most probable
value of the energy loss amounts to 2.133 GeV. If

we interpret the latter number as the mip value
(which is certainly incorrect for thin absorbers
because of the stochastic nature of the energy loss
process), we find an e/mip value of
1788=2133 ¼ 0:838% 0:015, where the error is
statistical only. The corresponding sampling frac-
tion for em showers in the copper/plastic-scintil-
lator structure is 0:838& 2:05% ¼ 1:72%, and this
number may be compared to Monte Carlo
simulations.
Fig. 19 shows the results of EGS4 calculations,

together with experimental e/mip values from this
and other experiments. The agreement with the
results of these calculations seems to be good.
However, it should be pointed out that the precise
value of the e/mip ratio depends on the sampling
frequency of the detector [10]. The calculations of
which the results are depicted in Fig. 19 concern a
‘‘sandwich’’ geometry, in which 1 X 0 thick
absorber plates are alternated with 2.5 mm thick
slabs of plastic scintillator. The shower sampling
tends to be more efficient (i.e. a larger e/mip ratio)
in fiber calorimeters.
The problem with the above analysis, which

follows the examples set by HELIOS [7], ZEUS [8]
and SPACAL [9], is that a 40 GeV muon is not a
mip. As a matter of fact, mip’s are hypothetical
particles, they do not exist. Since a muon is the
closest thing to a mip that nature provides us with,
we use the muon data for doing this analysis.

ARTICLE IN PRESS

Fig. 18. Average signal from muons traversing the DREAM
calorimeter, as a function of the muon energy. The detector was
oriented in position Dð6"; 0:7"Þ. Results are given separately for
the scintillating and the Cherenkov fibers. Also shown is the
difference between the average signal values from both media.

Fig. 19. The e/mip ratio of the Cu/scintillator structure,
together with other published results and the prediction of
EGS4 for metal/scintillator calorimeters.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 533 (2004) 305–321 319
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NIM A 536 (2005) 29

Electron detection with a dual-readout calorimeter

the scintillating fibers is shown in Fig. 7a, and the
distribution of the signals from the Cherenkov
fibers in Fig. 7b. A Gaussian fit describes the
Cherenkov signals much better than the scintilla-
tor ones. The scintillator signal distribution
exhibits a more or less flat plateau near its
maximum. But upon closer inspection, also the
Cherenkov distribution is not perfectly described
by the fit, which has a reduced w2 of 4.5 (208 for 46
degrees of freedom). The w2=Ndof value of the fit to
the scintillator distribution was 15 times worse.

The origin of these effects becomes clear when
we look at similar distributions (for 100GeV
electron showers) with the detector oriented in
the ‘‘z-scan position’’, Cð24"; 0"Þ (see Fig. 3).
The scintillator distribution exhibits a striking
double-hump structure, that seems as if it is the
result of a superposition of two distributions
with different mean values (Fig. 8a). The variable
distinguishing these separate distributions is
the y-coordinate of the impact point of the
electron. This coordinate was determined with

ARTICLE IN PRESS

Fig. 7. Signal distributions for 40GeV electrons, recorded from
the scintillating (a) and the Cherenkov (b) fibers, with the
DREAM calorimeter in the untilted position, Að2"; 0:7"Þ:

Fig. 6. The procedure for obtaining a pure 150GeV electron sample. See text for details.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 536 (2005) 29–5136

resolution decreases as well. The value of B found
in fits of the experimental data to Eq. 2 would then
be an average value, too high at high energies and
too low at low energies. Table 2 summarizes the
results of the fits of expressions (1) and (2) to the
measured energy resolutions.

A comparison of the fit results in Figs. 19a and b
shows that the difference between the values of the
scaling parameter ða;AÞ found with expressions (1)
and (2) rapidly grows with the value of the
constant term ðb;BÞ: For small deviations from
E#1=2 scaling, both expressions become equivalent.
Such small deviations occur in Fig. 20, where the
em energy resolutions for the two readout media
of our calorimeter are compared, for the tilted
orientation, Bð3$; 2$Þ: This comparison shows that
the E#1=2 term for the quartz readout is larger than
that for the scintillating fibers. On the other hand,
the deviation from E#1=2 scaling is somewhat
smaller for the signals measured with the Cher-
enkov fibers (see also Table 2).

For small tilt angles, there are substantial
differences between the contributions of non-
uniformities to the energy resolutions measured
with the scintillation and the Cherenkov signals.
This difference is due to (irreducible) non-uni-
formities deriving from the impact-point depen-
dence of the sampling fraction discussed in Section
5.1. As the angle increases, this effect rapidly
vanishes (see, for example, also Fig. 10), and any
remaining non-uniformities for angles y42$ are
the result of (avoidable) effects, such as the ones

discussed in Section 5.3. In that context, it is
interesting to note that the remaining constant
term B % 2% is very similar to the signal varia-
tions observed in Fig. 18.
In Section 5.1, we saw that the effects of all

non-uniformities could be eliminated, or at least
greatly reduced, by selecting an event sample
with the same impact points. In this way, for
example, a Gaussian response function could be
obtained (Fig. 13). We investigated if similar
improvements could be achieved with regard
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Table 2

Results of the fits of expressions of the types s=E ¼ aE#1=2 þ b and s=E ¼ AE#1=2 ( B to the measured experimental energy
resolutions

Coefficient Untilted, Að2$; 0:7$Þ Tilted, Bð3$; 2$Þ

S C S C

a 14:0) 0:2 38:2) 0:4 20:5) 0:3 34:9) 0:4
b 5.6 ) 0.1 0.8 ) 0.1 1.5 ) 0.2 1.1 ) 0.2

w2=Ndof 22/6 94/6 373/6 125/6

A 23:8) 0:3 40:0) 0:6 23:7) 0:3 37:5) 0:5
B 6:7) 0:2 2:2) 0:3 2:8) 0:2 2:6) 0:2
w2=Ndof 137/6 26/6 910/6 47/6

All numbers are given in %. The w2 values were calculated on the basis of statistical errors only.

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, Bð3$; 2$Þ:
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So far, we have only looked at the scintillator
signals. However, it is interesting to compare the
described effects with those observed for the
Cherenkov signals. Fig. 11b shows how the
average Cherenkov signal varies with the y-
coordinate of the impact point. The same oscilla-
tions that were observed for the scintillator signals
(Fig. 11a) are also present in this case, but they are
clearly less pronounced. Fig. 11b also exhibits
some indication of a gradual overall change of the
Cherenkov response over the impact region. This
is consistent with the results of detailed studies of
non-uniformities in the central calorimeter region
(see Fig. 18b).

In Fig. 12, the energy dependence of these
effects is shown separately for both detector
orientations, Að2"; 0:7"Þ and Bð3"; 2"Þ: The frac-
tional difference between the maximum and
minimum values of the calorimeter response is
given as a function of energy, for both the
scintillator and the Cherenkov signals. In both
detector orientations, the effects are considerably
smaller for the latter. A comparison of both panels

also shows the dramatic decrease in the effects for
the scintillator signals that results from a small
increase in the tilt angle. At low energies, the
differences between the average signals from
particles entering the detector in a horizontal fiber
plane and in the copper in between such planes
seems to decrease. This is not a real effect, but
rather reflects the fact that at low energies the
correlation between the hodoscope coordinates
and the impact point of the particle in the
calorimeter deteriorates, mainly as a result of
increased beam dispersion and multiple scattering
in the material in between the hodoscope and the
calorimeter.
In evaluating the consequences of the results

depicted in Figs. 10–12 for the calorimeter
performance, one should realize that the systema-
tic uncertainty in the calorimeter response for a
particle entering the detector at a random position
is represented by the srms value of distributions
such as those shown in Figs. 10 and 11. The results
from Fig. 12 concern the relative difference
between the maximum and minimum values of
such distributions, which for sinusoidal distribu-
tions corresponds to 2

ffiffiffi

2
p

srms:
The differences observed in Fig. 12 between the

scintillator and Cherenkov signals allow for an
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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,
Að2"; 0:7"Þ: Note the different vertical scales.

Fig. 12. The average fractional difference between the response
for particles entering the DREAM calorimeter in a horizontal
fiber layer and the response for particles entering in the copper
in between such layers. Results are given separately for the
scintillator and Cherenkov signals, with the detector oriented in
the untilted position, Að2"; 0:7"Þ (left) or the tilted position,
Bð3"; 2"Þ (right).

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 536 (2005) 29–51 39

10



NIM A 537 (2005) 537

Hadron and jet detection with a dual-readout calorimeter

average signal is shown as a function of the
average depth at which it was generated. These
data are well described with an exponential curve
with a slope of 5m, the measured attenuation
length of the scintillating fibers.

In the analyses described in the next sections,
the scintillator signals were corrected for the
effects of light attenuation. All scintillator signals
were multiplied by a factor exp½"ðzeff " 30Þ=500%;
where zeff represents the average depth at which
the scintillation light was generated for the event in
question. In this way, the hadron signals were
normalized to the ones produced by 40GeV
electrons, which were found to generate light at
an average depth of 30 cm (15X 0). As discussed in
Section 3.3, the signals from 40GeV electrons were
used to calibrate the detector. By following this
procedure, hadron signals are thus expressed
in the same units as the electron signals. The
effects of this correction were small. On average,
the scintillator signals were reduced by & 2%:
No corrections were applied for the Cherenkov
signals.

5. Experimental results

5.1. Single pions

We describe here some results obtained with
negative pions with energies ranging from 20 to
300GeV (data sets 1 and 2, described in Section
4.1).

Fig. 9 shows the signal distributions for 100GeV
p" as measured with the scintillating (Fig. 9a) and
Cherenkov (Fig. 9b) fibers, with the calorimeter
oriented in the untilted position, Að2'; 0:7'Þ: These
distributions exhibit the characteristics typical of
non-compensating calorimeters:

( They are asymmetric,
( They are broad (with resolutions srms/mean of
12.3% and 19.0%, respectively),

( The mean values are considerably smaller than
those for electrons of the same energy, which
were used to set the scale: 81.7 and 64.0GeV for
the scintillator and Cherenkov signals, respec-
tively, vs. 100GeV for electrons.

The energy dependence of the energy resolution
is shown in Fig. 10. This resolution is well
described by a linear sum of a E"1=2 scaling term
and a constant term (e.g., w2=Ndof ¼ 7:0=6 for the
Cherenkov channel). The results of least-squares
fits to the experimental points are indicated in the
figure. We checked that a quadratic sum of two
such terms does not describe the data well
(w2=Ndof ¼ 247=6 for the Cherenkov channel), as
expected for a calorimeter whose resolution is
dominated by the effects of non-compensation [1].
The calorimeter is also considerably non-linear

for pion detection. This is illustrated in Fig. 11,
which shows the calorimeter response, in terms of
scintillation light, as a function of the pion
energy. Over the energy range covered by these
experiments, the scintillator response increased
by & 20%:
The hadronic calorimeter response, either for

the scintillation or the Cherenkov light, can be
expressed in terms of the em shower fraction (f em)
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Fig. 9. Signal distributions for 100GeV p" recorded by the
scintillating (a) and Cherenkov (b) fibers of the DREAM
calorimeter, oriented in the untilted position, Að2'; 0:7'Þ: 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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through the origin of the scatter plot. The two lines
drawn in this figure represent Q=S ¼ 1 and 0:5;
respectively.

Fig. 25 illustrates the fact that there is merit in
this Q=S ratio. The scintillator signal distributions
for two event samples selected on the basis of the
measured Q=S signal ratio are shown in Fig. 25a.
The first sample concerns events with
0:62oQ=So0:64; the second sample events with
0:85oQ=So0:89: Both distributions are narrower
than the total (leakage corrected) distribution,
i.e. the projection of the scatter plot from Fig. 24a
on the horizontal axis, which is shown for
comparison in Fig. 25b. The mean value of the
distribution clearly increases with the value of
Q=S; which is to be expected since the response
increases with the em fraction. And finally, the
asymmetry of the response function is greatly
reduced in these distributions.
The procedure to exploit these features for

improving the hadronic calorimeter performance
was the same for single pions and for jets. In the
following, we illustrate the entire procedure for the
200GeV high-multiplicity ‘‘jets’’, created by pions
interacting in the upstream target. Starting from
the measured signals in the scintillator and
Cherenkov channels, this procedure consists of
the following steps.

(1) First, the scintillator signals are corrected for
the effects of lateral shower leakage, using
Eq. (6). Fig. 26 shows the distribution of the

ARTICLE IN PRESS

Fig. 24. Cherenkov signals versus scintillator signals for 100GeV p" in the DREAM calorimeter. These plots were derived from the
raw data (Fig. 12) after applying corrections for shower leakage, using Eq. (6) (a) and, in addition, for the effects of non-compensation,
using Eq. (7) (b).

Fig. 25. Scintillator signal distributions for 100GeV p" in the
DREAM calorimeter. The distributions for events within two
narrow Q=S bands (a) are compared with the total distribution
obtained after correcting, event by event, for the effects of
shower leakage (b).

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 537 (2005) 537–561554
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corrected jet data gave the following result:

s=E ¼
64%

ffiffiffiffi

E
p þ 0:6%

This illustrates that the effects of non-compensa-
tion on the jet energy resolution have been almost
completely eliminated. At the highest energies
accessible in these tests, we achieved jet resolutions
better than 4%. For comparison, the resolutions
measured with the two types of fibers before the
Q=S correction method was applied are also
shown in this figure.

We want to stress that knowledge of the beam
energy was not used in any stage of the analysis
described in this subsection. Yet, the Q=S method
also brought the ‘‘jet’’ response much closer to
that of electrons, which were used to calibrate the
detector. Moreover, it improved the hadronic
signal linearity. This can be seen from Fig. 31,
which shows the (scintillator) response to ‘‘jets’’
before and after the corrections were applied.

Somewhat surprisingly, the resolution for single
pions did not benefit as much from the Q=S
correction method as the resolution for ‘‘jets’’.

This is illustrated in Fig. 32. Most likely, this is due
to the effects of longitudinal shower leakage. A
detector of this type is extremely sensitive to such
leakage, since the fibers exiting from its rear
represent a region with a sampling fraction of
100%, compared to 2% for the detector itself.
Therefore, any longitudinal leakage is strongly
amplified in the signals [14]. This explanation is
supported by the fact that the asymmetry in the

ARTICLE IN PRESS

Fig. 32. The energy resolution for single pions as a function of energy, measured with the scintillation fibers and the Cherenkov fibers,
and after corrections made on the basis of the measured Q=S signal ratio (a). Comparison of the corrected resolutions for jets and
single pions (b).

Fig. 33. Q=S-corrected scintillator signal distributions for
single pions at 20, 50, 100 and 200GeV. The curves represent
Gaussian fits.
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Fig. 32. The energy resolution for single pions as a function of energy, measured with the scintillation fibers and the Cherenkov fibers,
and after corrections made on the basis of the measured Q=S signal ratio (a). Comparison of the corrected resolutions for jets and
single pions (b).

Fig. 33. Q=S-corrected scintillator signal distributions for
single pions at 20, 50, 100 and 200GeV. The curves represent
Gaussian fits.
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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 yield 

• Prototype DREAM: 8 p.e./GeV → light yield 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

cables with (for timing purposes) appropriate lengths to the
counting room.

There, the signals to be digitized were fed into charge ADCs.
The signals from the wire chambers were fed into TDCs. The time
information could be converted into (x, y) coordinates of the point
where the beam particle traversed the chamber.

The data acquisition system used VME electronics. Two VME
crates hosted all the needed readout and control boards. The
signals from the calorimeter channels and the auxiliary detectors
were integrated and digitized with a sensitivity of 100 fC/count, on
12-bit QDC V792 CAEN modules. The timing information of the
tracking chambers was recorded with 1 ns resolution in a 16-bit
16-channel CAEN V775N TDC.

Our readout scheme optimized the CPU utilization and the data
taking efficiency thanks to the bunch structure of the SPS cycle,
where beam particles were provided to our experiment during
a spill of 9.6 s, with a repetition period of 48 s.

2.3. Experimental data and analysis methods

The measurements were performed in the H8 beam of the
CERN Super Proton Synchrotron. This beam shares the particle
production target (T4) with another beam (H6), which means in
practice that the momentum (as well as the charge sign)
of secondary particles available to us depended on the measure-
ment program in this other beam line. The electron beams were
derived from secondary beams at 80 GeV and 180 GeV. The beam
particles were sent through a 5 mm thick lead radiator. In practice,
only the electron component of the secondary beam lost
a substantial energy fraction passing through this material,
and electrons of the desired momentum were selected with

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.

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 RD52 fiber calorimeter

shower energy is used to ionize the absorbing medium, in contrast
with hadronic showers where some (variable) fraction of the shower
energy is used to break up atomic nuclei, or escapes detection
altogether. When deviations from linearity are observed for em
calorimeters, these are invariably caused by instrumental effects,
such as saturation effects in the active media or in the readout,
incomplete shower containment, upstream absorption effects, inac-
tive or inefficient volumes, etc.

Because of the logistics of the data taking procedures (see Section
2.3), the signal linearity was studied over two energy ranges: 6–
60 GeV and 60–150 GeV, respectively. Fig. 9 shows the calorimeter
response, defined as the average signal per unit deposited energy,
separately for the scintillation signals and for the Cherenkov signals in
these two energy ranges. The response is constant to within 1% (i.e.,
the gray area in these figures) in both ranges, with the exception of the
lowest energy point (6 GeV), where the response is about 2% lower
than average. At these low energies, the reconstructed energy is most
sensitive to energy losses upstream. Apart from the PSD, the electrons
also lose some energy in the other upstream detectors (trigger
counters, wire chambers), in 10 m of air, beam pipe windows, etc. In
addition, backscattering of soft photons through the front face of the
calorimeter (so-called albedo effects) are also most important for low-
energy showers. And finally, hysteresis effects in the beam magnets,
which affect the precise energy of the beam particles, are most
important at low energies as well.

In any case, the fiber calorimeter is linear for em shower
detection to within 71%, over the energy range 10–150 GeV, both
for the scintillation and the Cherenkov signals.

3.3. Radial shower profiles

It is well known that the radial profiles of electromagnetic
showers are very narrow, especially in the early phase, before the
shower maximum is reached [5]. In that phase, the shower
development is dominated by energetic Bremsstrahlung photons
radiated by the beam particle, and these γs convert into eþ e"

pairs that travel close and parallel to the shower axis. In order
to assess the effects of this on the performance of our calorimeter,
we measured this shower profile, in the following way. We used a
run in which a wide beam of 100 GeV electrons was steered into
the boundary region of Towers 15 and 16. The beam particles
entered the calorimeter parallel to the direction of the fibers
(θ;ϕ¼ 01). We selected events in a 1 mm wide sliver of this beam
spot and moved this area in small steps across the boundary
between the two towers, as illustrated in the insert of Fig. 10.

Fig. 10a shows the signal measured in Tower 16 as a function
of the position of this sliver, separately for the scintillation and
Cherenkov signals. The very steep increase of the signal near the
boundary between towers 15 and 16 is indicative for the very
narrow shower profile. This profile can be extracted from these

Fig. 8. Signal distributions for 40 GeV electrons in the copper-fiber calorimeter. Shown are the distributions measured with the scintillating fibers (a), the Cherenkov fibres
(b) and the sum of all fibers (c). The angle of incidence of the beam particles (θ; ϕ) was (1.51, 1.01). The size of the beam spot was 10$10 mm2.

Fig. 9. The linearity of the copper (a) and lead (b) based fiber calorimeters for em shower detection in the scintillation and Cherenkov channels. See text for details.
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a scale that is linear in E!1=2. Represented in this way, scaling with
E!1=2 is thus represented by a straight line through the bottom
right corner of the plot. The experimental data for the Cherenkov
signals are indeed well described by such a line. On the other
hand, the resolution for the scintillation signals clearly contains a
deviating component, which we estimate to be at the level of 2%–
3%. One effect of this constant term is that the energy resolution at
60 GeV is even better for the Cherenkov signals than for the
scintillation ones. Since the response uniformity is even better for
the latter signals (see Fig. 12), we conclude that this deviation
must be caused by the effects described in Section 3.3. Despite the
very fine sampling, the scintillation calorimeter response is still

affected by the extremely collimated early shower component and
thus depends on the impact point of the beam particles: inside a
fiber or inside the absorber separating the fibers.

We tried to find support for the conclusion that even in this
very fine sampling calorimeter, the scintillation signal depends on
the impact point of the electrons, i.e., inside a scintillating fiber or
in the absorber material separating these fibers. This was done in
the lead matrix, which should not make a difference in this respect
since the fiber structure was very similar (see Fig. 3). A beam of
100 GeV electrons was steered into the center of Tower 15. We
selected a sliver of 1 mm in x and 15 mm in the y coordinate and
looked at the average scintillation signal as this sliver was moved

Fig. 12. Uniformity scan in the aluminized copper module with 20 GeV electrons. Results are given in the form of a response map (left) or a histogram (right), separately for
the scintillation (top) and the Cherenkov signals (bottom). See text for details.

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 (θ; ϕ)
was (1.51, 1.01). The size of the beam spot was 10"10 mm2.

Fig. 14. The scintillation signal for 100 GeV electrons developing showers in the
lead matrix as a function of the impact point of the beam particles. See text for
details.
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in Fig. 21a and b. Yet, the resolution measured with the scintilla-
tion signals does show a deviation from E!1=2 scaling (Fig. 13).

Apart from the lineshape, such deviations are also indicative for
the mentioned impact point dependence of the energy resolution.
The immunity of the Cherenkov signals in this respect is illustrated
by the fact that no deviation of E!1=2 scaling was observed for the
Cu-fiber RD52 calorimeter. The energy resolutions measured with
the more crudely sampling DREAM and SPACAL calorimeters all
exhibited significantly larger deviations from E!1=2 scaling. As
illustrated in Fig. 22, this was even true for the resolution
measured for the Cherenkov signals in DREAM.

In interpreting the results shown in this figure, it is important to
realize that, apart from differences in construction, there were also
differences in the angle at which the electrons entered the different
calorimeters during the tests. In that sense, it is important that the
results shown for the DREAM and SPACAL calorimeters were obtained
at considerably larger angles than the ones for the RD52 calorimeter.
For example, the DREAM results were obtained for angles θ¼ 31,
ϕ¼ 21. In this geometry, the resolution extrapolated to values of 1.5%
and 1.1% at E¼1 for the scintillation and Cherenkov signals,
respectively. If the angles were reduced to θ¼ 21, ϕ¼ 0:71, the
constant term for the scintillation signals increased to 5.6%, while that
for the Cherenkov signals remained essentially unchanged [3]. The
latter geometry is much closer to the one in which the RD52
calorimeter was tested (θ¼ 1:51, ϕ¼ 1:01, respectively). Therefore, it
is fair to say that the change in geometry has led to a very substantial
improvement in the electromagnetic performance.

4.3. Evaluation of the RD52 results

The RD52 dual-readout calorimeter was primarily designed to offer
superb performance for hadron and jet detection, made possible by
the combination of scintillation and Cherenkov signals. The instrument
of which tests are described in this paper was too small to verify this
goal experimentally. Yet, our tests do show that the same instrument
is also a very good detector of electromagnetic showers.

Fig. 22 shows that at energies above 20 GeV, the em energy
resolution is better than that of any of the other integrated fiber
calorimeters. Further improvements may be expected when response
non-uniformities due to fiber-to-fiber variations, which especially
affect the scintillation signals, can be eliminated. Better fiber polishing
procedures, in combination with the use of light mixers, are foreseen

to this end. We want to emphasize again that this most probably will
not make any significant difference for the hadronic performance.
Because of the large number of fibers that typically contribute to
hadronic signals, these are insensitive to the fiber-to-fiber response
variations that affect the electromagnetic signals.

The results also show that even better resolutions may be
expected for particles that enter the detector at angles larger than
the 1.51 used in these tests. In future tests, we plan to carry out a
systematic study of the angular dependence of the performance.
We are also planning to use high-energy collider data to see what
is the experimental angular distribution of high-energy electrons
and γs entering the calorimeter, in order to assess if special
precautions would have to be taken in the design of an instrument
of this type for a 4π experiment.
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Fig. 21. Comparison of the em response functions measured with the RD52 copper-fiber calorimeter and the original DREAM copper-fiber calorimeter [3], for 40 GeV
electrons. Results are given separately for the scintillation and Cherenkov signals.

Fig. 22. Comparison of the em energy resolution measured with the RD52 copper-
fiber calorimeter, the original DREAM copper-fiber calorimeter [3], and the SPACAL
lead-fiber calorimeter [4].
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Fig. 11. Signal distributions for 20 GeV ⇡
* particles. Shown are the measured Éerenkov (a) and scintillation (b) signal distributions as well as the signal distribution obtained by

combining the two signals according to Eq. (2), using � = 0.45 (c).
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Fig. 12. The hadronic response of the RD52 lead–fiber dual-readout calorimeter, for single pions (a) and protons (b). Shown are the average Éerenkov signal and the dual-readout signal
(Eq. (2)) per unit deposited energy, as a function of the energy.
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Fig. 13. The hadronic energy resolution of the RD52 lead–fiber dual-readout calorimeter,
for single pions. Shown are the results for the Éerenkov signals alone, and for the dual-
readout signals, obtained with Eq. (2).

E
*1_2 scaling. The straight line fit through the experimental data points

suggests a 5% resolution at infinite energy. This is a consequence of the

fact that the event-to-event fluctuations in the em shower fraction (fem)
are not stochastic.

The statistical errors on the results presented in Figs. 12 and 13
are smaller than the size of the data points in these figures. Sources
of systematic errors include

÷ The value of the dual-readout parameter � (Eq. (2)). We have
varied the value of this parameter between 0.4 and 0.5 (see
Fig. 10), and found that the energy resolutions changed only by
1%–2%. On the other hand, the reconstructed energy varied by
4%–5% over this parameter range. The effect is larger since the
reconstructed energy continuously increases with the value of
� , while the energy resolution reaches a minimum value in the
chosen parameter range.

÷ The effects of light attenuation. Hadronic showers deposit their
energy deeper inside the calorimeter than the electrons that were
used to calibrate the signals. Because of light attenuation in the
fibers, the signals increase when the light is produced closer to
the PMTs, i.e., deeper inside the calorimeter. This is illustrated
in Fig. 7. Because we selected event samples in which more
than 20% of the total leakage signal was produced in the first
ring of leakage counters, the effects of light attenuation were
limited, in two ways. First, the event-to-event fluctuations in
light attenuation were reduced, thus minimizing the effect on the
energy resolution and the shape of the response function. Second,
the difference between the hadronic and electronic energy scales
was minimized. Based on the light attenuation characteristics of
the fibers, we estimated this difference to be about 2%.

84

S. Lee et al. Nuclear Inst. and Methods in Physics Research, A 866 (2017) 76–90

Fig. 11. Signal distributions for 20 GeV ⇡
* particles. Shown are the measured Éerenkov (a) and scintillation (b) signal distributions as well as the signal distribution obtained by

combining the two signals according to Eq. (2), using � = 0.45 (c).

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3
0 20 40 60 80 100 120 0 20 40 60 80 100 120

a b

Fig. 12. The hadronic response of the RD52 lead–fiber dual-readout calorimeter, for single pions (a) and protons (b). Shown are the average Éerenkov signal and the dual-readout signal
(Eq. (2)) per unit deposited energy, as a function of the energy.

40

35

30

25

20

15

10

5

0

20 30 50 100 200 1000

0.25 0.20 0.15 0.10 0.05 0
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for single pions. Shown are the results for the Éerenkov signals alone, and for the dual-
readout signals, obtained with Eq. (2).
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fact that the event-to-event fluctuations in the em shower fraction (fem)
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The statistical errors on the results presented in Figs. 12 and 13
are smaller than the size of the data points in these figures. Sources
of systematic errors include

÷ The value of the dual-readout parameter � (Eq. (2)). We have
varied the value of this parameter between 0.4 and 0.5 (see
Fig. 10), and found that the energy resolutions changed only by
1%–2%. On the other hand, the reconstructed energy varied by
4%–5% over this parameter range. The effect is larger since the
reconstructed energy continuously increases with the value of
� , while the energy resolution reaches a minimum value in the
chosen parameter range.

÷ The effects of light attenuation. Hadronic showers deposit their
energy deeper inside the calorimeter than the electrons that were
used to calibrate the signals. Because of light attenuation in the
fibers, the signals increase when the light is produced closer to
the PMTs, i.e., deeper inside the calorimeter. This is illustrated
in Fig. 7. Because we selected event samples in which more
than 20% of the total leakage signal was produced in the first
ring of leakage counters, the effects of light attenuation were
limited, in two ways. First, the event-to-event fluctuations in
light attenuation were reduced, thus minimizing the effect on the
energy resolution and the shape of the response function. Second,
the difference between the hadronic and electronic energy scales
was minimized. Based on the light attenuation characteristics of
the fibers, we estimated this difference to be about 2%.

84

S. Lee et al. Nuclear Inst. and Methods in Physics Research, A 866 (2017) 76–90

Fig. 11. Signal distributions for 20 GeV ⇡
* particles. Shown are the measured Éerenkov (a) and scintillation (b) signal distributions as well as the signal distribution obtained by

combining the two signals according to Eq. (2), using � = 0.45 (c).

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3
0 20 40 60 80 100 120 0 20 40 60 80 100 120

a b

Fig. 12. The hadronic response of the RD52 lead–fiber dual-readout calorimeter, for single pions (a) and protons (b). Shown are the average Éerenkov signal and the dual-readout signal
(Eq. (2)) per unit deposited energy, as a function of the energy.

40

35

30

25

20

15

10

5

0

20 30 50 100 200 1000

0.25 0.20 0.15 0.10 0.05 0

Fig. 13. The hadronic energy resolution of the RD52 lead–fiber dual-readout calorimeter,
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fact that the event-to-event fluctuations in the em shower fraction (fem)
are not stochastic.

The statistical errors on the results presented in Figs. 12 and 13
are smaller than the size of the data points in these figures. Sources
of systematic errors include

÷ The value of the dual-readout parameter � (Eq. (2)). We have
varied the value of this parameter between 0.4 and 0.5 (see
Fig. 10), and found that the energy resolutions changed only by
1%–2%. On the other hand, the reconstructed energy varied by
4%–5% over this parameter range. The effect is larger since the
reconstructed energy continuously increases with the value of
� , while the energy resolution reaches a minimum value in the
chosen parameter range.

÷ The effects of light attenuation. Hadronic showers deposit their
energy deeper inside the calorimeter than the electrons that were
used to calibrate the signals. Because of light attenuation in the
fibers, the signals increase when the light is produced closer to
the PMTs, i.e., deeper inside the calorimeter. This is illustrated
in Fig. 7. Because we selected event samples in which more
than 20% of the total leakage signal was produced in the first
ring of leakage counters, the effects of light attenuation were
limited, in two ways. First, the event-to-event fluctuations in
light attenuation were reduced, thus minimizing the effect on the
energy resolution and the shape of the response function. Second,
the difference between the hadronic and electronic energy scales
was minimized. Based on the light attenuation characteristics of
the fibers, we estimated this difference to be about 2%.
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Table 2
Percentage of hadronic events with pedestal signals in both Threshold Éerenkov counters.
Beam energy (GeV) Pedestals in É1,É2 Beam energy (GeV) Pedestals in É1,É2

+40 27.3% *40 5.1%
+60 35.0% *60 3.6%
+80 53.5% *80 4.6%

Fig. 4. Signal distributions in one of the Threshold Éerenkov counters for positive particles of 40 GeV (a) and 100 GeV (b). The gas pressure was such that protons would not produce a
signal, but pions would.

3. Experimental results

3.1. The dual readout method

The Dual-Readout approach for measuring hadron showers exploits
the fact that the energy carried by the non-em shower component of
hadron showers is mostly deposited by non-relativistic shower particles
(protons), and therefore does not contribute to the signals of a Éerenkov
calorimeter. By measuring simultaneously the visible deposited energy
(dE_dx) and the Éerenkov light generated in the shower absorption
process, one can determine fem event by event and thus eliminate (the
effects of) its fluctuations. The correct hadron energy can be determined
from a combination of both signals.

This principle was first experimentally demonstrated by the DREAM
Collaboration [6], with a Cu/fiber calorimeter. Scintillating fibers
measured dE_dx, and quartz fibers measured the Éerenkov light. The
response ratio of these two signals was related to fem as

C

S
=

fem + 0.21 (1 * fem)
fem + 0.77 (1 * fem)

(1)

where 0.21 and 0.77 represent the h_e ratios of the Éerenkov and scin-
tillator calorimeter structures, respectively. The hadron energy could be
derived directly from the two signals [7]:

E = S * �C

1 * �
, with � =

⌧
1 * (h_e)

S

�

⌧
1 * (h_e)

C

� ˘ 0.3. (2)

The e_h values, and thus the value of the parameter � are a bit different
when lead absorber is used.

3.2. Impact of the leakage counters

In order to study the effectiveness of the described leakage counters,
we first studied the correlation between the signals from these counters
and the scintillation signals from the fiber calorimeter. The result,
shown in Fig. 5 for 60 GeV ⇡

*, indicates that there is indeed a good
anti-correlation between the average signals. However, the resolution
improvement depends of course on the event-by-event anti-correlation.
The counters turned out to be indeed somewhat effective in that respect.

Fig. 5. Relationship between the average signals from 60 GeV ⇡
* showers measured in

the scintillation channels of the calorimeter and in the array of leakage counters.

An extreme example of this effectiveness is shown in Fig. 6, in
which the signal distribution for all events (Figs. 6a) is compared with
the signal distribution for the events in which no shower leakage was
observed, i.e., the (small fraction of the) events that were entirely
contained in the fiber calorimeter. The latter distribution exhibits an
energy resolution that is almost a factor of two better, and is in addition
well described by a Gaussian function. These signal distributions were
obtained with the standard dual-readout procedure (Section 3.1).

The signal distribution for all 60 GeV ⇡
* events shows deviations

from a Gaussian shape. The type of deviations indicates that effects
of light attenuation in the (scintillating) fibers are responsible for
this [8]. The response of the fibers is not uniform in depth. Because
of light attenuation, the response gradually increases as the light is
produced closer to the PMTs, i.e., deeper inside the calorimeter.
The convolution of the attenuation curve with the longitudinal light
production profile in hadron showers leads to a response function with

80

(π) (proton)
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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
over an angle ✓ = 30˝ around the point where the two lines from diagram a intersect (b). Projection of the latter scatter plot on the x-axis (c).

Table 3
The reconstructed energy and the energy resolution for proton and pion showers, mea-
sured with the rotation method. See text for details.

Particles Í äC signalÎ ÍReconstructed energyÎ �_E �_E �
˘
E (GeV)

(GeV) (GeV) (%) (%)

20 GeV ⇡
+ 8.00 20.5 6.61 29.5

20 GeV p 6.76 20.2 6.48 29.0
40 GeV ⇡

+ 21.7 41.3 4.49 28.4
40 GeV p 18.5 40.7 4.38 27.6
60 GeV ⇡

* 38.5 61.0 3.90 30.2
80 GeV ⇡

+ 51.5 80.7 3.22 28.8
80 GeV p 47.1 80.4 3.34 29.9
125 GeV ⇡

+ 84.8 127 2.63 29.4
125 GeV p 77.8 126.5 2.85 31.9

fractional energy resolution (�_E) and the fractional energy resolution
multiplied with

˘
E.

These results exhibit some very important features:

÷ The calorimeter is very linear, both for pion and for proton detec-
tion. The beam energy is correctly reconstructed at all energies
within a few percent, using the energy scale for electrons, which
were used to calibrate the signals. Fig. 16 shows the calorimeter
response to protons and pions, i.e., the average signal per unit
deposited energy, as a function of energy. Variations of ±1%
about the average value are indicated by the shaded band. The
vertical scale is normalized to the electron response. The hadron
signals are thus a few percent larger than those for em showers
of the same energy.

÷ The reconstructed signal distributions are very narrow, narrower
than those reported by any other detector we know of.

÷ The reconstructed signal distributions are very well described by
Gaussian functions. This is illustrated in Fig. 17, which shows
signal distributions for hadrons at the low and high end of the
spectrum of particles studied here. The normalized �

2 values
varied between 1.02 and 2.27 for all particles listed in Table 3.

÷ The fractional width of the reconstructed signal distribution also
scales very well as expected for an energy resolution dominated
by Poissonian fluctuations. Over the full energy range of 20–
125 GeV we find: �_E = (30±2%)_

˘
E. This result is represented

by the straight line in Fig. 18, which shows the experimental data
points, separately for protons and pions, as a function of the beam
energy.

4.3. The rotation method for multiparticle events

This method was used with the same rotation angle (✓ = 30˝) for
multiparticle events, samples of which were available for beam energies
of +40, +60, +100 and +125 GeV. During these dedicated runs, the
Interaction Target was installed in the beam line (see Fig. 3). Events
were selected by requiring that the beam hadrons produced a signal
compatible with a mip in the upstream PSD and a signal of at least 6
mip in the downstream scintillation counter. No distinction was made
between protons and pions for this analysis. Otherwise, the conditions
were identical to the ones used for the single-hadron analysis.

Fig. 19 shows an example of the signal distribution for 125 GeV
multiparticle events obtained with the rotation method. This distribu-
tion shows similar features as those for single hadrons (Fig. 17): A rather
narrow distribution, centered at approximately the correct (energy)
value, well described by a Gaussian function. However, there are also
some differences, which become more obvious when we look at the
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Table 4
The reconstructed energy and the energy resolution for showers induced by pions and by multiparticle events (‘‘jets’’), measured
with the rotation method. See text for details.

Particles Í äC signalÎ ÍReconstructed energyÎ �_E �_E �
˘
E (GeV)

(GeV) (GeV) (%) (%)

40 GeV ⇡
+ 21.7 41.3 4.49 28.4

40 GeV ‘‘jets’’ 14.7 37.9 8.32 52.6
60 GeV ⇡

* 38.5 61.0 3.90 30.2
60 GeV ‘‘jets’’ 27.6 58.0 6.83 52.9
100 GeV ‘‘jets’’ 54.9 97.1 5.30 52.9
125 GeV ⇡

+ 84.8 127 2.63 29.4
125 GeV ‘‘jets’’ 69.0 122.6 4.79 53.6

Fig. 17. Signal distributions for 20 GeV ⇡
+ (a) and 125 GeV protons (b) obtained with the rotation method described in the text. The energy scale is set by electrons showering in this

detector.
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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.

distributions of protons and pions [15], but their ‘‘offline compensation’’
methods required prior knowledge of the particle type to eliminate these
differences.

Yet, while we have managed to obtain very narrow signal distri-
butions for the beam particles using only the calorimeter information,
we do not think it is correct to interpret the relative width of these
distributions as a measure for the precision with which the energy of
an arbitrary particle absorbed in this calorimeter may be determined.
The determination of the coordinates of the rotation point, and thus the
energy scale of the signals, relied on the availability of an ensemble of
events obtained for particles of the same energy. In practice, however,

Fig. 19. Signal distribution for 125 GeV multiparticle events obtained with the rotation
method described in the text. The energy scale is set by electrons showering in this
detector.

one is only dealing with one event, of unknown energy, and the
described procedure can thus not be used in that case.

The DREAM Collaboration has developed a procedure to determine
the energy of an unknown particle showering in the dual-readout
calorimeter that is not affected by this problem. In this procedure,
described in Section 3.1, the em shower fraction (fem) of the hadronic
shower is derived from the ratio of the Éerenkov and scintillation
signals. Using the known e_h values of the two calorimeter structures,
the measured signals can then be converted to the em energy scale
(fem = 1). The energy resolutions obtained with this method are worse
than the ones given in this section, although it should be mentioned
that they are dominated by incomplete shower containment and the
associated leakage fluctuations, and are likely to improve considerably
for detectors that are sufficiently large [10]. However, the same is
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Fig. 15. Scatter plots of the Éerenkov vs. the scintillation signals from showers induced by 80 GeV ⇡
+ (a) and 80 GeV protons (c). Projection of the rotated scatter plots on the x axis

for the pions (b) and protons (d). The rotation procedure was identical to that used for 60 GeV ⇡
* (Fig. 14).
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Fig. 16. The calorimeter response, i.e., the average signal for protons and pions per GeV,
as a function of energy. The vertical scale is normalized to the electron response.

results for all energies for which this analysis was carried out. These
are listed in Table 4, and shown graphically in Fig. 20.

It turns out that the multiparticle signal distributions are clearly
wider than those for single hadrons. However, in both cases, the
fractional width scales with E

*1_2, without any significant deviations:
53%_

˘
E for ‘‘jets’’, vs. 30%_

˘
E (Fig. 20b). This indicates that only

stochastic fluctuations contribute to this width. The reconstructed ener-
gies are also somewhat lower in the case of the multiparticle events,
more so at low energy (Fig. 20a). Very substantial differences are
observed in the size of the Éerenkov component, which is on average
considerably smaller for the multiparticle events.

These features can be understood by realizing that the primary
interaction of the beam particles took place at a distance of about
75 cm upstream of the calorimeter. Low-energy secondaries produced

in these interactions may have traveled at such large angles with the
beam line that they physically missed the calorimeter, as well as the
leakage counters surrounding the calorimeter. The effect of that is
larger when the energy of the incoming beam particle is smaller. The
increased side leakage is probably also the main factor responsible for
the increased width of the signal distribution. The difference in the
strength of the Éerenkov component most likely reflects the fact that
the average energy fraction carried by the em component in hadronic
showers increases with energy. Therefore, if the energy of the incoming
beam particle is split between at least six secondaries (our trigger
condition for multiparticle events), the total em energy fraction is likely
to be smaller than when the beam particle enters the calorimeter and
deposits its entire energy there in the form of a single hadronic shower.

4.4. Discussion

Notice that we have not used any knowledge about the energy of
the beam particles in the rotation procedure described in the previ-
ous subsections. The coordinates of the rotation center were chosen
on the basis of the equality of the hadronic Éerenkov and scintillation
signals. This implies that the hadronic response at that point must be
equal to that for electrons, which was used to set the energy scale
for both types of calorimeter signals. The described method has thus
allowed us to measure the energy of the beam particles with great
precision. The average beam energy has been correctly reproduced
within a few percent for all energies studied, the fractional width of
the signal distribution scaled with E

*1_2 and, most interestingly, the
dual-readout signal distributions were found to be essentially identical
for protons and pions, despite the substantial differences between the
signal distributions for these particles measured in the scintillation
or Éerenkov channels. The latter aspect is a unique feature of dual-
readout calorimetry. No other calorimeter we know of is capable of
this. ATLAS has reported significant differences between the signal
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4. The Limits of the Hadronic Energy Resolution

For the prediction of the limits of the hadronic energy resolution, we simulate a very large

absorber to contain the entire hadron showers with GEANT 4.10.3 and FTFP BERT physics

list. The simulations were carried out by sending pions into the Cu and Pb absorbers. The pion

beam energies are 10, 20, 50, 100, 200, 500 and 1000 GeV. From these simulations, we extract

the information of the em shower fraction, total nuclear binding energy loss and the total kinetic

energy of the neutrons. The em shower fraction is determined by summing the energy carried

by ⇡0
’s and �’s, and dividing it by the total pion energy. The binding energy loss is found by

multiplying the number of released nucleons by the binding energy of nucleon in each nuclear

reaction. The total kinetic energy of the neutrons is obtained by taking all neutrons produced

in nuclear reactions into account.

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.

Figure 6 (a) and (b) are the scatter plots for the em shower fraction and the kinetic energy

of neutrons versus the binding energy loss when 100 GeV pions produce hadron showers in

the lead absorber. Figure 6 shows the em shower fraction and the neutron kinetic energy are

correlated with the binding energy loss. The em shower fraction appears to be better correlated.

This fraction is the quantity that is measured with the dual-readout method. By subtracting

the em shower fraction from 1, the fraction of the non-em component can be obtained. In

real experiment, for dual-readout calorimeters, the non-em component can be found with the

measured em shower fraction and the corrected energy using dual-readout formula. This fact

indicates that the non-em component has better correlation with the binding energy loss than

the total neutron kinetic energy.

The left and right in Figure 7 are the distributions of the ratios of binding energy loss to

total non-em energy and the neutron kinetic energy to binding energy loss. From Figure 7, the

correlations between the binding energy loss and the non-em energy, and total neutron kinetic

energy can be found by dividing the rms by mean values. The non-em energy has the better

correlation to the binding energy losses.

Figure 8 (a) is the average em shower fraction and the average fraction of the binding energy

losses as a function of the pion energy. The red is copper and the blue is lead. As the pion energy

increases, the average em shower fraction increases and the average fraction of the binding energy

losses decreases. Figure 8 (b) shows the limits of the hadronic energy resolution in absence of DR

or compensation. It is the energy resolution as a function of 1/
p

E. The resolution was found

by dividing the rms of the binding energy loss distribution by the visible energy. The visible

energy was obtained by subtracting the average binding energy loss from the beam energy. The

energy resolution improves with energy, but does not scale with 1/
p

E.
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Figure 7. Correlations between the binding energy loss and the total non-em energy (left), and

the neutron kinetic energy (right) for hadron showers produced with 20 GeV pions.

Figure 8. The average em fraction and the average fraction of the nuclear binding energy loss

as a function of the pion energy (a), and the limit on the hadronic energy resolution in the

absence of dual-readout or compensation (b).

Figure 9 predicts the limits of the hadronic energy resolutions for dual-readout and

compensation in the cases of Cu and Pb absorbers. The energy resolution for each pion energy

was found by multiplying the average fraction of the binding energy losses by the correlation

between the total non-em energy and the binding energy losses or the total kinetic energy of

neutrons and the binding energy loss. Black is compensation, and both red and blue are dual-

readout. The hadronic energy resolution scales with 1/
p

E for both compensation and dual-

readout. The limits of the hadronic energy resolution for dual-readout are 12% and 13%/
p

E
for Cu and Pb, respectively. For compensation, the limits are 19% and 21%/

p
E for Cu and Pb,

respectively. Dual-readout has lower limits of the hadronic energy resolution than compensation.

This conclusion is supported by experimental results. Figure 10 (a) is the distribution of

the Cerenkov signal for 100 GeV pions measured with the prototype Cu-fiber dual-readout

calorimeter [5]. This event sample is divided into the three subsamples based on the three em

shower fraction ranges shown in Figure 10 (b). Figure 10 (a) and (b) shows that the total

Cerenkov signal distribution is the superposition of the narrow Gaussian signal distributions in

Firgure 10 (b). The distribution in Figure 10 (c) is also the Cerenkov signal distribution for 200

GeV multiparticle events. The distributions of the subsamples in Figure 10 (d) are obtained

by the selection of events on the basis of the neutron fraction in the scintillation signal. From

Figure 10 (c) and (d), we can conclude that the total Cerenkov signal distribution is also the

superposition of the Gaussian signal distributions. Comparing Figure 10 (b) with Figure 10 (d),
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Figure 9. The limits of the hadronic energy resolutions for dual-readout and compensation

obtained by the simulations with pion showers developing in Cu (a) and Pb (b) absorbers.

Figure 10. The distribution of the Cerenkov signal for 100 GeV pions measured with the

Cu-fiber dual-readout calorimeter (a) and the Cerenkov signal distributions of the subsamples

selected by the three em shower fraction ranges (b) [5]. The distribution of the Cerenkov signal

for 200 GeV multiparticle events (c) and the distributions of the subsamples selected by the

neutron fractions in the scintillation signal (d) [6].

the signal distributions derived on the basis of the neutron fraction are obviously broader than

those obtained by the em shower fraction. This fact is consistent with the results introduced in

Figure 9, which can be interpreted as dual-readout method mitigate the e↵ect of fluctuations of

the invisible energy loss more e↵ectively.

5. Conclusion

In conclusion, dual-readout and compensation approaches remedy the poor hadronic

performance caused by fluctuations of the invisible energy loss. The limits of the hadronic
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๏ 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
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Simulation study for Dual-Readout Calorimeter

E1/

0

0.05

0.1

0.15

0.2

0.25

0.3

/E
σ

0.040.060.080.10.120.140.160.18

 + 0.041E0.794/
Cerenkov

 + 0.011E0.347/
Scintillation

 + 0.002E0.346/
DR

0 50 100 150 200 250

truthE
0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

R
es
po
ns
e

Cerenkov Scintillation DR

Linearity Resolution

Kyuyeong Hwang, May 23

22



Energy reconstructionDirection reconstruction
ROC curves of 
PID

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

Particle reconstruction for dual-readout calorimeter using deep learning
Yunjae Lee, May 23
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Based on GEANT4 simulation, compared performance of Dual-Readout Calorimeter of various absorbers. 

• Copper, Brass, Iron, Lead, Tungsten absorbers are compared

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

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

Comparison of Dual-Readout Calorimeter of different absorbers
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2023 Test beam with DRC at CERN

50 cm DRC module

• 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 

• The DRC combined channel showed energy resolution of  

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

• Our studies on the dual-readout calorimeter are ongoing for future experiments.
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NIM A 598 (2009) 710

Neutron Signals for Dual-Readout Calorimetry
the shower axis, the neutrons represented an increasing fraction
of the measured signal. This should be expected on the basis of the
fact that the neutrons (unlike the pions produced in the shower)
were not traveling in any preferred direction and because of their
relatively large mean free path between subsequent elastic
collisions. Similar observations for signals from individual towers
in our previous studies led us to conclude that the tail in the time
structure exhibits indeed the characteristics expected from a
neutron component [7].

3.2. Neutrons in individual events

The signal from the Innerþ Outer Rings integrated from
t ¼ 20–40 ns also formed the basis for the event-by-event

determination of the neutron contribution to the total scintillator
signal, and for the analysis described below.

Fig. 5a shows the event-by-event distribution of this signal for
the 200 GeV ‘‘jet’’ event sample, while Fig. 5b depicts the event-
by-event distribution of the fraction of the total scintillator signal
represented by the signals from Fig. 5a. We will refer to this
fraction in the following as f n, which is thus defined as

f n ¼
R 40 ns

t¼20 ns

P19
i¼2 SiR1

t¼0

P19
i¼1 Si

. (1)

Fig. 5b shows that f n, defined in this way, varied between 0.04 and
0.10. There are of course many other ways in which the neutron
fraction could possibly be defined. We have explored various other
choices, and found that the conclusions of the analysis described
in the following were not affected by this particular definition
of f n.

3.3. The neutron fraction and other event characteristics

A major purpose of the present study was to investigate if and
to what extent event-by-event measurements of the neutron
content of the signals could provide information about the
invisible energy and thus might be used to improve the hadronic
performance of the calorimeter.

Fig. 6 shows a scatter plot in which the relationship between
the neutron fraction, as defined in Eq. (1), and the total Cherenkov
signal is displayed, for the 200 GeV ‘‘jet’’ event sample. Each dot
represents one event from this sample. The figure shows a very
clear (anti-)correlation between the total Cherenkov signal and
the fractional contribution of neutrons to the total scintillator
signal: the larger the neutron fraction, the smaller the total
Cherenkov signal. Since neutrons, as we saw before (Fig. 4), did
not contribute to the Cherenkov signal, this result should not
come as a surprise.

Perhaps more interesting is Fig. 7. In this scatter plot, the
relationship between f n and the total Cherenkov/scintillator signal
ratio (the so-called Q=S ratio) is displayed. This Q=S ratio is
directly related to the electromagnetic shower fraction, f em, as

Q
S
¼

f em þ 0:21ð1$ f emÞ
f em þ 0:77ð1$ f emÞ

¼
0:21þ 0:79f em

0:77þ 0:23f em
(2)

where 0.21 and 0.77 represent the h=e values of the Cu/quartz and
Cu/scintillator calorimeter structures [9]. Therefore, as f em varies
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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. 5. The contribution of neutrons to the total hadronic scintillator signals from 200 GeV ‘‘jets’’. Shown are the event-by-event distributions of the signals integrated from
t ¼ 20–40 ns in the Innerþ Outer Rings (a) and of the fraction of the total scintillator signal represented by this signal component (b).

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 598 (2009) 422–431426

signal ratio in a dual-readout calorimeter [9]. The main reason for
this difference is the fact that the resolution is dominated by
fluctuations in f em, and while f em and f n are correlated, this (anti-)
correlation is not perfect, as illustrated in Fig. 12.

Perhaps even more important than the improvements in the
energy resolution and the shape of the response function is the
fact that the event-by-event measurement of the em shower
fraction makes it possible to reconstruct the correct hadronic
shower energy, in an instrument calibrated with electrons, and
achieve hadronic signal linearity in the process. Fig. 12 shows how
the em shower fraction could be derived from the measured
fractional contribution of neutrons to the hadronic scintillator
signals. The linear relationship

f em ¼ 1:986" 22:032f n (5)

derived for 200 GeV ‘‘jets’’ and represented by the straight line in
the figure, also gave a reasonable description of the experimental
data at other energies. Once the em fraction is known, the shower
energy E can be found from f em and the measured scintillator

signal Smeas:

E ¼ Smeas
ðe=hÞS

1þ f em½ðe=hÞS " 1'
(6)

It can also be found from the measured Cherenkov signal by
replacing the e=h value for the copper/scintillator calorimeter
structure ðe=hÞS by that for the copper/quartz structure [9].

Unfortunately, it was not possible to check to what extent this
procedure, which was successfully applied before using the
directly measured f em values [9], also worked for f em values
derived from the neutron contribution to the scintillator signals.
The main reason for this was the need to be able to correct event-
by-event for the (substantial) effects of light attenuation in the
fibers on the calorimeter signals. This required that the beam
entered the calorimeter at a small, but non-zero angle with the
fibers, so that the depth of the light production could be
determined from a comparison between the impact point of the
particles and the lateral energy deposit pattern [9]. Since the
calorimeter was oriented at zero degrees in these tests, this was
not possible. However, we do not expect that future tests will
show that the applicability of this technique to eliminate non-
linearities depends on the way in which f em is being determined.

3.5. Neutrons and the invisible energy

In the previous subsection, we have demonstrated that a
measurement of the relative contribution of neutrons to the
hadronic scintillator signals offers similar possibilities for correct-
ing the effects of non-compensation as an event-by-event
measurement of the em shower fraction. However, when both
f em and f n are being measured, even better results may be
expected.

The correction described in Eq. (6) accounts on average for the
invisible energy lost in the shower development process, by
equating the hadronic calorimeter signals, on average, to electro-
magnetic signals of the same energy, i.e., by extrapolating the
measured signals to the value expected for f em ¼ 1. However, if we
would select a subsample of hadronic events, all with the same
f em value, there would still be event-by-event differences in the
share of invisible energy. The nuclear reactions taking place in the
non-em shower development process vary from event to event,
and so does the nuclear binding energy lost in these processes. For
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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. 13. Scatter plot for 200 GeV ‘‘jet’’ events, all of which have either a Q=S signal ratio between 0.40 and 0.42 (the black dots), or between 0.70 and 0.75 (the red crosses).
For each individual event, the combination of the total Cherenkov signal and the fractional contribution of neutrons to the total scintillator signal is given. The neutron
fraction, f n , was determined according to Eq. (1).

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 598 (2009) 422–431 429

while the relationship between f n and the average Cherenkov
signal was well described by a second-order polynomial, in the
region 1800oQo3500, which covered ! 99% of the signal (see
Fig. 8):

f n ¼ 0:0827þ 0:0119Q $ 0:0062Q 2 (4)

where Q ¼ Q=1000. These fits, which are indicated in Fig. 9, made
it possible to reconstruct the Q=S signal ratio (and thus the em
shower fraction) and the total Cherenkov signal on the basis of the
measured value of f n, i.e., on the basis of the measured time
structure of the scintillator signals alone.

Fig. 10 illustrates how the energy resolution of the Cherenkov
signals could be improved by making use of the measured neutron
contribution to the scintillator signals. The figure shows the signal
distribution for 200 GeV ‘‘jet’’ events before and after a simple
correction based on the measured value of f n was made. The
measured relationship between the average values of f n and the
Cherenkov signal (Eq. (4)) was used to correct the measured
Cherenkov signal such that the f n values of all events were the
same (a value of 0.07 was arbitrarily chosen for this purpose).

Since the Cherenkov signal distribution is the projection of the
data points in the scatter plot of Fig. 6 onto the vertical axis, this
correction represents the effect of a rotation in the f n=Q plane.

The resulting signal distribution is narrower and more
symmetric than the measured distribution. It is also well
described by a Gaussian function. The energy resolution (srms)
improved from 13.5% to 9.0%.

The same procedure was repeated for the other energies at
which ‘‘jet’’ measurements were performed: 100 and 300 GeV. The
energy resolution before and after the event-by-event correction
based on the measured value of the relative contribution of
neutrons to the scintillator signals is shown as a function of the
‘‘jet’’ energy in Fig. 11. Interestingly, after this correction the
energy resolution is observed to scale with E$1=2, as indicated by
the dashed line. The corrections made to the signal distributions
based on the measured contribution of neutrons to the hadronic
scintillator signals thus have eliminated the deviations from E$1=2

scaling typical for non-compensating calorimeters. Whereas these
improvements in hadronic energy resolution are certainly
remarkable, they are not as impressive as those obtained with a
direct measurement of the em shower fraction, through the Q=S
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Fig. 9. The Q=S signal ratio (a) and the total Cherenkov signal (b) as a function of the fractional neutron contribution to the total scintillator signal. The neutron fraction was
determined according to Eq. (1). Data for 200 GeV ‘‘jets’’.

Fig. 10. Distribution of the total Cherenkov signal for 200 GeV ‘‘jets’’ before (a) and
after (b) applying the correction based on the measured value of f n , described in
the text.

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.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 598 (2009) 422–431428

28



NIM A 610 (2009) 488

Dual-readout calorimetry with a full-size BGO electromagnetic section
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2. Detectors and experimental setup

2.1. Detectors and readout

The calorimeter system used in these experiments consisted of
two sections. The electromagnetic section (ECAL) consisted of 100
crystals of bismuth germanate (Bi4Ge3O12, or BGO), and the hadronic
section (HCAL) was the original DREAM fiber calorimeter [4].

The BGO crystals were 24cm long and tapered. One end face had a
cross-section of 2:4! 2:4cm2, the other onemeasured 3:2! 3:2cm2.
These BGO crystals were previously used in the electromagnetic
calorimeter of the L3 experiment [9]. The 100 crystals used for our
tests formed a projective segment from this calorimeter. This segment
was placed perpendicular to the beam line, as illustrated in Fig. 1. For
particles entering the calorimeter in its geometrical center, the ECAL
thus had an effective thickness of 28cm, which corresponds to 25
radiation lengths (X0) or 1.3 nuclear interaction lengths ðlintÞ.

For the purpose of these tests, this ensemble of crystals was
considered one unit. The PMTs were specially selected for this
application, for which we needed a light detector that was fast,
had a large surface area and a low gain. This unusual combination
of properties was found in XP4362B,2 a 6-stage PMT (nominal gain
104) with a 3-in. active surface area and a nominal rise time of
2.0 ns. Four such PMTs were facing the small end face side of the
crystals. The distance between the PMT photocathodes and the
crystal surface was about 5 cm. Each PMT thus detected light
produced in at least 10 different crystals.

It should be emphasized that this readout arrangement was in
many ways far from ideal. It was necessitated by the fact that, in
order to split the BGO signals into Cherenkov and scintillation
components, the time structure of each BGO signal needed to be
measured in great detail. We had only four electronic channels
available for this purpose (see Section 2.3). Therefore, we chose to
detect this light with four large PMTs, each covering some fraction
of the crystals. This setup had of course several major drawbacks:

(1) No optical contact between the crystals and the photo-
cathodes. Because of the large index of refraction ðn¼ 2:15Þ,
this resulted in large light losses.

(2) Sensitivity to quantum efficiency variations over the photo-
cathode surfaces. This translated directly into large response
non-uniformities, since the signal depended on the crystal in
which the light was produced.

(3) A strong left–right dependence of the calorimeter response, as
a result of the tapered shape of the crystals. Because of

internal reflection, light produced in the right half of the
crystal had a much smaller detection probability than light
produced near the small exit face.

(4) Insensitivity to light produced in the peripheral regions of the
matrix, which were not covered at all by these four PMTs.

However, our goal in these tests was not to set new performance
records for calorimeters, but rather to demonstrate that the dual-
readout principles also work in a hybrid calorimeter systemwhen,
on average, a large fraction of the energy is deposited in the
homogeneous detector section. In view of this limited goal, this
improvised readout scheme turned out to be adequate.

The basic element of the hadronic DREAM calorimeter section
was an extruded copper rod, 2m long and 4! 4mm2 in cross-
section. This rod was hollow, and the central cylinder had a
diameter of 2.5mm. Seven optical fibers were inserted in this
hole. Three of these were plastic scintillating fibers, the other four
fibers were undoped, intended for detecting Cherenkov light. The
instrumented volume had a length of 2.0m (10lint, 100X0), an
effective radius of 16.2 cm and a mass of 1030kg. The fibers were
grouped to form 19 hexagonal towers. The effective radius of each
tower was 37.1mm ð1:82RMÞ. A central tower was surrounded by
two hexagonal rings. The towers were longitudinally unsegmen-
ted. The fibers sticking out at the rear end of this structure were
separated into 38 bunches: 19 bunches of scintillating fibers and
19 bunches of Cherenkov fibers. In this way, the readout structure
was established. Each bunch was coupled through a 2mm air gap
to a PMT.3 More information about this detector, and its
performance in stand-alone mode, is given elsewhere [4,6].

Despite its mass of more than one metric ton, hadronic
showers developing in this structure were not fully contained.
We have shown in an earlier paper [10] that, on average, % 10% of
the energy carried by a 100GeV hadron leaks out, most of it
sideways, in the absorption process in this calorimeter. Event-to-
event fluctuations about this average turned out to be the
dominating factor limiting the hadronic energy resolution of the
DREAM calorimeter, after fluctuations in the em shower fraction
were successfully eliminated.

Of course, the ideal way for dealing with these leakage
fluctuations would be to build a sufficiently large detector.
Measurements of the shower profiles indicated that the mass
had to be increased by a factor of five to limit the contribution of
leakage fluctuations to the hadronic energy resolution to 1% [10].
An alternative method, which fit within our budget, is to surround

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

2 Manufactured by Photonis, France.

3 Hamamatsu R580, 10-stage, | 38mm, bialkali photocathode, borosilicate
window.
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reconstructed energy was too low. Moreover, the energy
resolution did not scale with E!1=2, while this was an important
characteristic of all methods that were used to eliminate the
effects of fem fluctuations in the DREAM fiber calorimeter [4,13].
Based on the energy dependence of the observed effects (Fig. 18),
we believe that the following effects are responsible for these
differences:

" The non-uniformity of the signals from the BGO crystal matrix.
Contrary to the electron beams with which this matrix was
calibrated and which entered the detector always at the same
spot, the multi-particle events used in this study illuminated
the entire matrix. Therefore, the response differences observed
in the grid scan (Fig. 9) affected the ‘‘jet’’ signal distributions in
a major way. Fig. 9b shows an rms spread of 32% about the
average response value. If we assume that a typical multi-
particle event consisted of 10 different particles developing
showers in the ECAL, then one should expect an energy-
independent contribution to the energy resolution of
32%=

ffiffiffiffiffiffi
10

p
# 10% from this effect alone. This effect would

cause a deviation from E!1=2 scaling.
" The same grid scan also shows that the average response of the

crystal matrix was considerably smaller than the response
obtained in the points at which the detector was calibrated
(41GeV for 50GeV electrons), Of course, this difference causes
the reconstructed energy to be too low, more so at lower
energies. Therefore, the non-uniformity both affected the
energy resolution and the reconstructed ‘‘jet’’ energy.

" The PMTs reading the signals from the crystal matrix only
covered the central portion of that matrix efficiently. In
particular, the PMTs were more or less blind to light produced
in the first row of crystals encountered by the showering
particles. This effect explained the non-linearity observed at
the lowest energies (10–15% at 10GeV, see Fig. 7). Since the
multi-particle threshold on the ITC signals was 10 mips, and
since the number of photons (from p0 decay) in these multi-
particle events was, on average, equal to the number of
charged reaction products, we conclude that the ‘‘jets’’ selected
for our study contained typically at least 10 gs developing
showers in the crystal matrix, with typical energies of less than
10GeV in the 200GeV sample. Therefore, the response of the
crystal matrix to this photon component was even lower than
suggested by the non-uniformity effects discussed above. This

effect led to a further reduction of the reconstructed ‘‘jet’’
energy. And again, it was relatively larger at lower ‘‘jet’’
energies.

" Finally, the light yield of the crystal matrix was so low that it
affected the width of the distributions. A Cherenkov light yield
of 4 photoelectrons per GeV deposited energy translates for
100GeV em energy into an energy resolution of 5%. Especially
at the lower jet energies, this effect might have contributed to a
noticeable broadening of the multi-particle signal distributions.

All these effects could of course have been avoided if the crystal
matrix had been custom-made for this application.

5. Conclusions

We have demonstrated that the dual-readout principles, which
allow for an important improvement of the performance of
hadron calorimeters, can also be applied in a hybrid calorimeter
system consisting of a BGO crystal matrix, followed by a fiber-
based dual-readout calorimeter. High-multiplicity multi-particle
events which deposited, on average, about half of their total
energy in the crystal matrix were used for this study. It turned out
that the time structure of the BGO signals made it possible to
classify these events in terms of their em shower content in the
same way as for the stand-alone fiber calorimeter, where the em
fraction can be directly measured from the ratio of the Cherenkov
and scintillator signals. This information could subsequently be
used to improve the hadronic energy resolution and signal
linearity, and led to a Gaussian response function.

These results were obtained despite the fact that crucial
properties of the crystal matrix used in these studies were far
from ideal. In particular, the light yield was only a small fraction of
what it could have been with a state-of-the-art readout system,
and the response uniformity left very much to be desired. These
characteristics limited the improvement of the energy resolution
and impeded a completely correct reconstruction of the energy of
the showering hadrons, which is one of the hallmark virtues of the
dual-readout method.

Studies with single pions, in which typically only a small
fraction of the beam energy was deposited in the crystal matrix,
indicated that a dominating factor limiting further improvement
of the energy resolution was side leakage. We have demonstrated

Fig. 18. The calorimeter response (a) and the energy resolution (b) for ‘‘jet’’ events detected in the BGOþ fiber calorimeter system, corrected for the effects of fluctuations in
fem by means of Eq. (4) (using xeff ¼ 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

(Lateral shower profile > 0.7,  ts > 28.0 ns):  99.1 % electron ID, 0.5 % pion mis-ID
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