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20 years R&D for Dual-Readout Calorimetry

• Richard Wigmans: Quartz fiber and the prospects for hadron 
calorimetry at the 1% resolution level, CALOR 1997, Tucson 
USA 

• The first paper on a dual-readout calorimeter was published in 
2001 

• Total 35 papers were published by 2018: 
http://www.phys.ttu.edu/~dream/results/publications/
publications.html 

• 20 years R&D results were summarized in Rev. Mod. Phys. 90 
(2018) 025002
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The Physics of Hadron Shower Development

60 THE PHYSICS OF SHOWER DEVELOPMENT

will see, in hadronic showers a certain fraction of the dissipated energy is fundamentally
undetectable.

When discussing em showers (Section 2.1), we saw an important difference between
the absorption of photons and electrons. Electrons lose their energy in a continuous
stream of events, in which atoms of the traversed medium are ionized and bremsstrah-
lung photons are emitted. On the other hand, photons may penetrate a considerable
amount of matter without losing any energy, and then interact in a manner that may
change their identity (i.e., the photon may turn into a e

+
e
� pair).

FIG. 2.22. Schematic depiction of a hadron shower. The energy carried by the hadron is typi-
cally deposited in the form of an electromagnetic and a non-electromagnetic component. The
em component is the result of ⇡

0s and ⌘s produced in the nuclear reactions. The non-em
component consists of charged hadrons, and nuclear fragments. Some fraction of the energy
transferred to this component (the “invisible” energy needed to break apart nuclei excited in
this process) does not contribute to the calorimeter signals.

When a high-energy hadron penetrates a block of matter, some combination of these
phenomena may occur (Figure 2.22). When the hadron is charged, it will ionize the
atoms of the traversed medium, in a continuous stream of events, in much the same way
as a muon of the same energy would do (Section 2.2). However, in general, at some
depth, the hadron encounters an atomic nucleus with which it interacts strongly. In this
nuclear reaction, the hadron may change its identity dramatically. It may, for example,
turn into fifteen new hadrons. Also the struck nucleus changes usually quite a bit in such
a reaction. It may, for example, lose ten neutrons and three protons in the process and
end up in a highly excited state, from which it decays by emitting several �-rays.

Neutral hadrons do not ionize the traversed medium. For these particles, nuclear
reactions are the only option for losing energy. This is in particular true for neutrons,
which are abundantly produced in hadronic shower development. As a result, neutrons
deposit their kinetic energy in ways very different from those for the charged shower
particles, with potentially very important implications for calorimetry.

The particles produced in the first nuclear reaction (mesons, nucleons, �s) may in
turn lose their energy by ionizing the medium and/or induce new (nuclear) reactions,
thus causing a shower to develop. Conceptually, this shower is very similar to the em
ones discussed in Section 2.1. Initially, the number of shower particles increases as
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The Calorimeter Response
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The calorimeter responses to the em and non-em components of hadron showers



Fluctuations of electromagnetic shower fraction
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Dual-Readout Method (1)

The so-called “rotation method” (Lee, Livan, andWigmans,
2018) works as follows (see Fig. 11). First, the experimental
hadronic data points are fitted with a straight line. This line
intersects the C ! S line at point P"X;X#. Since this point

represents hadron showers for which fem ! 1, data points for
electrons with the same energy as the hadrons are in principle
clustered around the same point in the S ! C diagram. Next,
the measured distribution of the hadronic data points is rotated

FIG. 8. The S ! C diagram of the signals from a (generic) dual-readout calorimeter (Lee, Livan, and Wigmans, 2018). The hadron
events are clustered around the straight (red) line, the electron events around point (1,1). Experimental signal distributions measured in
the scintillation and !erenkov channels for 200 GeV “jets” with the DREAM fiber calorimeter (Akchurin et al., 2005a) are shown as
well. Also shown is a typical (!erenkov) response function measured for electrons in DREAM.

FIG. 9. The S ! C diagram of the signals from a (generic) dual-readout calorimeter (Lee, Livan, and Wigmans, 2018). The hadron
events are clustered around the straight (red) line, the electron events around point (1,1). Experimental signal distributions measured in
the scintillation and !erenkov channels for 200 GeV “jets” with the DREAM fiber calorimeter, after applying the dual-readout
transformation (10) are shown as well (Akchurin et al., 2005a).
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by the small light yield of the quartz fibers, 0.5 photoelectron
per GeV. Fluctuations in the number of !erenkov photo-
electrons determined the width of the “banana” in Fig. 6(a)
and thus the selectivity of Q=S cuts. Therefore, the relative
improvement in the energy resolution also increased with the
hadron energy.
It is remarkable that the dual-readout technique already

worked so well in this very thin calorimeter. After all, in this
detector one is looking only at the first generation of shower
particles and the non-em shower component has barely had a
chance to develop. The overwhelming majority of the non-
relativistic shower particles, in particular, the spallation and
recoil protons, are produced in later stages of the hadronic
shower development. The signals from these nonrelativistic
shower particles are crucial for the success of the method,
since they are the ones that produce scintillation light and no
!erenkov light. The fact that the technique already appeared
to work so well in this very thin calorimeter therefore held the
promise that excellent results might be expected for detectors
that fully contain the showers.

V. DUAL-READOUT DATA ANALYSIS PROCEDURES

A dual-readout calorimeter produces two types of signals
for the showers developing in it, a scintillation signal (S) and
a !erenkov signal (C). Both signals can be calibrated with
electrons of known energy E, so that hSi ! hCi ! E for
em showers, and the calorimeter response to em showers
Rem ! hSi=E ! hCi=E ! 1. For a given event, the hadronic
signals of this calorimeter can then be written as

S ! E
!
fem " 1

#e=h$S
#1 ! fem$

"
;

C ! E
!
fem " 1

#e=h$C
#1 ! fem$

"
; #6$

i.e., as the sum of an em shower component (fem) and a non-
em shower component (1 ! fem). The contribution of the

latter component to the reconstructed energy is weighted by a
factor h=e. When fem ! 1 or e=h ! 1, the hadronic shower
response is thus the same as for electrons: R ! 1. However,
in general fem < 1 and e=h " 1, and therefore the hadronic
response is different from 1. The reconstructed energy is thus
different (typically smaller) than E.
The dual-readout method works thanks to the fact that

#e=h$S " #e=h$C. The larger the difference between both
values, the better. The em shower fraction fem and the shower
energy E can be found by solving Eqs. (6), using the measured
values of the scintillation and !erenkov signals and the known
e=h ratios of the !erenkov and scintillator calorimeter struc-
tures. We describe later how these ratios can be determined.
Looking at Eqs. (6), we see that the ratio of the two

measured signals S and C is independent of the shower energy
E. There is thus a one-to-one correspondence between this
measured signal ratio and the value of the em shower fraction
fem. This fraction can thus be determined for each individual
event, and therefore the effects of fluctuations in fem can be
eliminated. Just as in compensating calorimeters, where these
fluctuations are eliminated by design, this is the most essential
ingredient for improving the quality of hadron calorimetry.
Let us now look again at Eqs. (6) and rewrite these as

S=E ! #h=e$S " fem%1 ! #h=e$S&;
C=E ! #h=e$C " fem%1 ! #h=e$C&. #7$

Figure 7 shows that the experimental data points for hadron
showers detected with a dual-readout calorimeter are thus
located around a straight (red) line in theC=E vs S=E diagram.
This line links the point %#h=e$S; #h=e$C&, for which fem ! 0,
with the point (1,1), for which fem ! 1. The experimental data
points for electron showers are concentrated around the latter
point, as illustrated in Fig. 8.
The fem value for an individual hadron event is directly

related to the ratio of the two signals (C=S) and can be found
by solving Eqs. (7), using the known values of #h=e$S and
#h=e$C:

FIG. 6. Results of tests of the dual-readout ACCESS calorimeter with 375 GeV pions. (a) Scatter plot of the signals recorded in the
quartz fibers vs those in the scintillating fibers. The signal distributions from the scintillating fibers for (b) all events and for subsets of
events with (c) a small or (d) average fraction of !erenkov light. From Nagaslaev, Sill, and Wigmans, 2001.
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fem ! "h=e#C ! "C=S#"h=e#S
"C=S#$1 ! "h=e#S% ! $1 ! "h=e#C%

. "8#

Figure 8 shows, apart from the S ! C diagram, also some
signal distributions obtained with the dual-readout calorimeter
described in Sec. VI. The scintillation and !erenkov signal
distributions measured for 200 GeV multiparticle events (to be
called “jets” in the following)4 are the projections of the data
points (S, !) on the horizontal and vertical axes of the
diagram, respectively. Their asymmetric shape reflects the
asymmetric fem distributions [see Fig. 1(b)]. The electron
showers measured with this detector, in both the scintillation
and the !erenkov channels, are centered around the point (1,1)
in this plot.
The slope of the red line around which the hadron data

points are clustered, i.e., the angle !, depends only on the
two e=h values, and is thus independent of the hadron energy.
We define

cot ! ! 1 ! "h=e#S
1 ! "h=e#C

! "; "9#

and the parameter " is thus also independent of energy.
Because of this feature, the scintillation and !erenkov signals
measured for a particular hadron shower can be used to
reconstruct its energy in an unambiguous way:

E ! S ! "C
1 ! "

. "10#

This is graphically illustrated in Fig. 9, since Eq. (10) implies
that the data point (S, C) is moved up along the red straight
line until it intersects the line defined by C ! S. If this is done
for all hadronic data points, the result is a collection of data
points that cluster around the point (1,1), just like the data
points for electron showers.
The effect of this operation on the experimental signal

distributions from Fig. 8 is also displayed in Fig. 9, which
shows that these distributions have become much more
narrow, well described by Gaussian functions and centered
close to the same value as em showers (0.951, 0.944 vs 1). The
5% difference in the reconstructed energy is in this case most
likely due to the fact that these data concern multiparticle
events produced by interactions in a target upstream of the
calorimeter.
The dual-readout procedure thus effectively uses the mea-

sured signals to determine the em shower fraction fem and
then calculates what the signals would be if fem was 1.0. The
actual fem distribution for showers produced in the absorption
of a sample of hadrons of the same type and energy is
therefore not a factor that affects the energy measurement for
that event sample. A dual-readout calorimeter is therefore
linear for hadron detection, since the correct energy is
reproduced in each case.
Interestingly, a dual-readout calorimeter will also produce

signal distributions with the same average value for event
samples of pions, protons, and kaons of the same energy. The
fem distributions are quite different for showers produced by
these different types of hadrons as a result of conservation of
baryon number and strangeness in the shower development.
This prevents the production of a very energetic, leading #0 in
the case of protons and kaons, respectively. Measurements
with conventional calorimeters have clearly shown significant
differences between the response functions of protons and
pions. Response differences of "5% have been reported by
ATLAS (Adragna et al., 2009), while differences in the CMS
forward calorimeter exceeded 10% for energies below
100 GeV (Akchurin et al., 1998). This feature translates into
a systematic uncertainty in the hadronic energy measurement,
unless one knows what type of hadron caused the shower
(which at high energies is, in practice, rarely the case).
Figure 10 illustrates that the mentioned effects do not play
a role for dual-readout calorimeters. The relationship (10) is
universally valid for all types of hadrons and also for jets.
The fact that ! and " are independent of the energy and the

particle type offers an interesting possibility to measure the
hadronic energy with unprecedented precision, at least for an
ensemble of particles with the same energy. In practice, the
energy resolution is usually determined in that way, i.e., as the
fractional width ($=E) of the signal distribution for a beam of
monoenergetic particles produced by an accelerator.

FIG. 7. Graphic representation of Eqs. (7) (Patrignani et al.,
2016; Lee, Livan, and Wigmans, 2018). The data points for
hadron showers detected with a dual-readout calorimeter are
located around the straight (red) line in this diagram. The data
points for em showers in this calorimeter are clustered around the
point where this line intersects the C ! S line, i.e., point (1,1).
See text for further details.

4The calorimeter performance for these objects was studied with
events created by means of interactions of beam particles in a target
placed upstream of the calorimeter. Typically, these events were
required to have a certain minimum multiplicity. These multiparticle
events are, of course, not the same as the QCD jets that originate from
a fragmenting quark or gluon. Yet, for the purpose of calorimetry they
are useful, since they represent a collection of particles that enter the
calorimeter simultaneously. The composition of this collection is
unknown, but the total energy is known. In the absence of a jet test
beam, this is a reasonable alternative.
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required to have a certain minimum multiplicity. These multiparticle
events are, of course, not the same as the QCD jets that originate from
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Dual-Readout Method
The so-called “rotation method” (Lee, Livan, andWigmans,

2018) works as follows (see Fig. 11). First, the experimental
hadronic data points are fitted with a straight line. This line
intersects the C ! S line at point P"X;X#. Since this point

represents hadron showers for which fem ! 1, data points for
electrons with the same energy as the hadrons are in principle
clustered around the same point in the S ! C diagram. Next,
the measured distribution of the hadronic data points is rotated

FIG. 8. The S ! C diagram of the signals from a (generic) dual-readout calorimeter (Lee, Livan, and Wigmans, 2018). The hadron
events are clustered around the straight (red) line, the electron events around point (1,1). Experimental signal distributions measured in
the scintillation and !erenkov channels for 200 GeV “jets” with the DREAM fiber calorimeter (Akchurin et al., 2005a) are shown as
well. Also shown is a typical (!erenkov) response function measured for electrons in DREAM.

FIG. 9. The S ! C diagram of the signals from a (generic) dual-readout calorimeter (Lee, Livan, and Wigmans, 2018). The hadron
events are clustered around the straight (red) line, the electron events around point (1,1). Experimental signal distributions measured in
the scintillation and !erenkov channels for 200 GeV “jets” with the DREAM fiber calorimeter, after applying the dual-readout
transformation (10) are shown as well (Akchurin et al., 2005a).
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Rotation Method

around point P [to which the coordinates (0,0) are assigned
for this purpose], over an angle 90° ! !. This procedure
corresponds to a coordinate transformation of the type

!
S0

C0

"
!

!
sin ! ! cos !

cos ! sin !

"!
S

C

"
. "11#

After accounting for the frame translation, the new coordi-
nates of the data points thus become "S0 $ X;C0 $ X#, where
X is derived from the fit of the "S; C# data points. The
projection of the rotated scatter plot on the x axis is a narrow

signal distribution centered around the approximately correct
energy value.
Figure 12 shows an example of results obtained in practice

with a procedure of this type (Lee et al., 2017) for a beam of
60 GeV "!. This resulting signal distribution is well described
by a Gaussian function with a central value of 61.0 GeVand a
relative width #=E of 3.9%. This corresponds to 30%=

####
E

p
.

The narrowness of this distribution reflects the clustering of
the data points around the axis of the locus in Fig. 12(a). It
should be pointed out that the energy of the beam particles was
not used to obtain this signal distribution. The straight line that
was used to fit the experimental data points in the scatter plot

FIG. 10. The S ! C diagram of the signals from a (generic) dual-
readout calorimeter. The hadron events are clustered around the
straight (red) line. Data points for protons and pions have
different distributions, reflecting differences in the em shower
fraction. From Lee, Livan, and Wigmans, 2018.

FIG. 11. The S ! C diagram of the signals from a generic dual-
readout calorimeter. The hadron events are clustered around the
straight (red) line. Also shown is the effect of a rotation of this red
line and the associated distribution of data points. From Lee,
Livan, and Wigmans, 2018.

FIG. 12. Signal distributions of the RD52 dual-readout lead-
fiber calorimeter for 60 GeV pions. (a) Scatter plot of the two
types of signals as recorded for these particles and (b) rotated over
an angle ! ! 30° around the point where the two lines from (a)
intersect. (c) Projection of the latter scatter plot on the x axis.
From Lee et al., 2017.
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straight (red) line. Data points for protons and pions have
different distributions, reflecting differences in the em shower
fraction. From Lee, Livan, and Wigmans, 2018.

FIG. 11. The S ! C diagram of the signals from a generic dual-
readout calorimeter. The hadron events are clustered around the
straight (red) line. Also shown is the effect of a rotation of this red
line and the associated distribution of data points. From Lee,
Livan, and Wigmans, 2018.

FIG. 12. Signal distributions of the RD52 dual-readout lead-
fiber calorimeter for 60 GeV pions. (a) Scatter plot of the two
types of signals as recorded for these particles and (b) rotated over
an angle ! ! 30° around the point where the two lines from (a)
intersect. (c) Projection of the latter scatter plot on the x axis.
From Lee et al., 2017.
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around point P [to which the coordinates (0,0) are assigned
for this purpose], over an angle 90° ! !. This procedure
corresponds to a coordinate transformation of the type

!
S0

C0

"
!

!
sin ! ! cos !

cos ! sin !

"!
S

C

"
. "11#

After accounting for the frame translation, the new coordi-
nates of the data points thus become "S0 $ X;C0 $ X#, where
X is derived from the fit of the "S; C# data points. The
projection of the rotated scatter plot on the x axis is a narrow

signal distribution centered around the approximately correct
energy value.
Figure 12 shows an example of results obtained in practice

with a procedure of this type (Lee et al., 2017) for a beam of
60 GeV "!. This resulting signal distribution is well described
by a Gaussian function with a central value of 61.0 GeVand a
relative width #=E of 3.9%. This corresponds to 30%=
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The narrowness of this distribution reflects the clustering of
the data points around the axis of the locus in Fig. 12(a). It
should be pointed out that the energy of the beam particles was
not used to obtain this signal distribution. The straight line that
was used to fit the experimental data points in the scatter plot
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readout calorimeter. The hadron events are clustered around the
straight (red) line. Also shown is the effect of a rotation of this red
line and the associated distribution of data points. From Lee,
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FIG. 12. Signal distributions of the RD52 dual-readout lead-
fiber calorimeter for 60 GeV pions. (a) Scatter plot of the two
types of signals as recorded for these particles and (b) rotated over
an angle ! ! 30° around the point where the two lines from (a)
intersect. (c) Projection of the latter scatter plot on the x axis.
From Lee et al., 2017.
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Prototype Dream Calorimeter (100 GeV π)

were plastic scintillating fibers, and the other four fibers were
undoped. All fibers had an outer diameter of 0.8 mm and a
length of 2.50 m. The fiber pattern was the same for all rods
and is shown in Fig. 14.
The DREAM detector consisted of 5580 such rods, and

5130 of these were equipped with fibers. The empty rods were
used as fillers on the periphery of the detector. The instru-
mented volume thus had a length of 2.0 m, an effective radius
of

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
5130 ! 0.16=!

p
! 16.2 cm, and a mass of 1030 kg. The

effective radiation length (X0) of the calorimeter was
20.1 mm, the Molière radius ("M) was 20.4 mm, and the
nuclear interaction length (#int) was 200 mm. The composition
of the instrumented part of the calorimeter was as follows:
69.3% of the detector volume consisted of a copper absorber,
while the scintillating and !erenkov fibers occupied 9.4%
and 12.6%, respectively. Air accounted for the remaining
8.7%. Given the specific energy loss of a mip in copper
(12.6 MeV=cm) and polystyrene (2.00 MeV=cm), the sam-
pling fraction of the copper & scintillating-fiber structure for
mips was thus 2.1%.
The fibers were grouped to form 19 towers. Each tower

consisted of 270 rods and had an approximately hexagonal
shape (80mmapex to apex). The layout is schematically shown
in Fig. 14: a central tower, surrounded by two hexagonal rings,
the inner ring (six towers) and the outer ring (12 towers). The
towers were longitudinally unsegmented.
The depth of the copper structure was 200 cm, or 10.0#int.

The fibers leaving the rear end of this structure were separated
into bunches: One bunch of scintillating fibers and one bunch
of !erenkov fibers for each tower, 38 bunches in total. In this

way, the readout structure was established (see Fig. 14). Each
bunch was coupled through a 2 mm air gap to a photo-
multiplier tube (PMT).
Figure 15 shows photographs of the assembled detector. In

Fig. 15(a), the fiber bunches exiting the downstream end of
the calorimeter and the 38 ferrules that hold and position the
fibers for the PMTs that detect their signals are shown.
In total, this detector contained about 90 km of optical fibers.
Figure 15(b) shows the front face of the calorimeter, when
the fibers were illuminated with a bright lamp located behind
the detector. The hexagonal readout structure is clearly
visible.
Figure 16 shows the signal distributions for 100 GeV !!

detected with this calorimeter. The energy scale was deter-
mined with electrons, and the average hadronic response
was thus 0.8166 for the scintillating-fiber structure and 0.6404
for the !erenkov one. The response functions exbibit the
asymmetric shape that is characteristic for hadrons in a

FIG. 15. The DREAM calorimeter. (a) The fiber bunches exiting
from the rear face of the detector and (b) a picture taken from the
front face while the rear end was illuminated. From Akchurin
et al., 2005a.

FIG. 16. Signal distributions for 100 GeV !! recorded by the
(a) scintillating and (b) !erenkov fibers of the DREAM calo-
rimeter, and (c) a scatter plot showing the correlation between
both types of signals. The signals are expressed in the same units
as those for em showers, which were used to calibrate the
calorimeter (em GeV). From Akchurin et al., 2005a.
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noncompensating calorimeter [see Fig. 1(b)]. The correlation
between both types of signals is shown in Fig. 16(c). This
scatter plot may be compared with the one obtained for the
ACCESS calorimeter [Fig. 6(a)]. The events are now con-
centrated in a smaller area of the scatter plot as a result of the
better shower containment. However, the fact that the events,
as before, are not concentrated along the diagonal illustrates
the complementary information provided by both signals
(Akchurin et al., 2005a).
Using Eq. (6), the ratio of the two signals C=S is related

to the em shower fraction fem as follows:

C
S
! fem " 0.21#1 ! fem$

fem " 0.77#1 ! fem$
; #12$

where 0.21 and 0.77 represent the h=e ratios of the !erenkov
and scintillation calorimeter structures, respectively. The em

shower fraction can thus be determined event by event by
measuring the C=S signal ratio and plugging it into Eq. (8).
The merits of the dual-readout method are illustrated by

Fig. 17 (Akchurin et al., 2005a). The distribution of the event-
by-event signal ratio is shown in Fig. 17(a). The value of fem
(top scale) varies from 0.3 to 1, with a maximum around 0.6.
The fem value, which can thus be derived from the !erenkov-
to-scintillation signal ratio for each individual event, can be
used to dissect the overall signal distributions. This is
illustrated in Figs. 17(b) and 17(c) that show the overall
!erenkov signal distribution for the 100 GeV !! events, as
well as distributions for three subsamples selected on the basis
of their fem value. Each fem bin probes a certain region of the
overall signal distribution, and the average value of the
subsample distribution increases with fem. The overall signal
distribution is thus a superposition of many such (Gaussian)
subsample signal distributions, and the shape of the overall
signal distribution reflects the (asymmetric) distribution of the
fem values [see Fig. 1(b)].
Instead of three fem bins, one could also use a much larger

number and plot the average calorimeter signal as a function
of fem. The results are shown in Fig. 18 for 200 GeV “jets,”
separately for the !erenkov [Fig. 18(a)] and scintillation
[Fig. 18(b)] signals. The figure shows linear relationships
between these signals and the em shower fraction, thus
confirming Eqs. (7). These relationships make it possible to

FIG. 17. (a) The relationship between the ratio of the !erenkov
and scintillation signals from the DREAM calorimeter and the
electromagnetic shower fraction, derived for the 100 GeV !!

events on the basis of Eq. (7). The total !erenkov signal
distribution (b) for these events and (c) distributions for sub-
samples of events selected on the basis of the measured fem value.
From Akchurin et al., 2005a.

FIG. 18. (a) The average !erenkov and (b) scintillation signals
for 200 GeV “jets” in the DREAM calorimeter as a function of
the em shower fraction fem. From Akchurin et al., 2005a.
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Prototype Dream Calorimeter (200 GeV jets)

determine the e=h values of the calorimeter for the two types
of signals. According to Eqs. (6), the response should vary
between R ! h=e for fem ! 0 and R ! 1 for fem ! 1. The
value R ! 1 is obtained based on the assumption that the
detected energy was 188 instead of 200 GeV, which is
reasonable since some fraction of the particles produced in
the upstream pion interactions have not or only partially been
detected by the calorimeter. Under that assumption, the fits
from Fig. 18 lead to h=e ! 40=188 for the !erenkov
calorimeter and h=e ! 149.8=188 for the scintillation calo-
rimeter. If one assumes that the entire 200 GeV is deposited in
the calorimeter, one finds e=h values of 200=40 ! 5.0 and
200=149.8 ! 1.34 for the !erenkov and scintillation calo-
rimeter structures, respectively. These values change to
188=40 ! 4.7 and 188=149.8 ! 1.26, respectively, under
the stated leakage assumption. The inverted values of these
ratios, 0.21 and 0.77, are the ones used in Eq. (12).
These results may serve to provide a feeling for the

experimental uncertainties in the em shower fraction
[Eqs. (7)], as well as the energy of the showering hadrons.
The latter can be found by solving Eqs. (6) for the parameter E
(instead of fem):

E ! S ! !C
1 ! !

; with ! ! 1 ! "h=e#S
1 ! "h=e#C

" 0.3. "13#

Equation (13) essentially determines the shower energy by
calculating what the calorimeter response would have been for
fem ! 1, based on the actually measured fem value.
A comparison of the scintillation and !erenkov signals thus

made it possible to correct the experimental data in a straight-
forward way for the effects of noncompensation. In this
process, the energy resolution improved, the signal distribution
became much more Gaussian, and, most importantly, the
hadronic energy was correctly reproduced both for single
hadrons and for jets. The results for 200 GeV “jets” are shown
in Fig. 19. Using only the ratio of the two signals produced by
this calorimeter, the resolution for these “jets” improved from
14% to 5% in the !erenkov channel [Figs. 19(a) and 19(b)]. It
was shown that this 5% resolution was in fact dominated by
fluctuations in side leakage in this (small, only 1030 kg
instrumented mass) detector. Interestingly, the energy resolu-
tion turned out to scale almost perfectly with E!1=2 after this
C=S information was incorporated [Fig. 19(c)], while the

FIG. 19. Effects of the dual-readout method applied on the basis of the observed !erenkov-to-scintillation signal ratio. !erenkov signal
distributions for high-multiplicity 200 GeV “jets” in the DREAM calorimeter (a) before and (b) after the dual-readout method was
applied. (c) The energy resolution for multiparticle “jets,” measured separately with the scintillation and !erenkov signals, and after
applying the dual-readout method, both for single pions and for multiparticle “jets.” (d) The electron response, which was the basis for
calibrating the calorimeter signals, is shown as well. From Akchurin et al., 2005a.
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What we learned from tests with 
the prototype DREAM detector
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• Calibration with electrons, and then correct hadronic energy reconstruction 

• Restore linear calorimeter response for single hadrons and jets 

• Gaussian response function 

• Energy resolution well described by 1/√E scaling 

• σ/E = ~ 5 % for 200 GeV “jets” by the detection with only 1 ton Cu/fiber 
calorimeter. Shower leakage fluctuations are dominant in this case

Dual-REAout Fiber calorimeter is free from the limitations (sampling fraction, 
integration volume, time) of intrinsically compensating calorimeters (e/h=1)



Additional factors to improve DREAM performance

• Reduction of shower leakage (leakage fluctuations)→Build larger 
detector 

• Increase Cerenkov light yield 

- Prototype DREAM: 8 p.e./GeV → light yield fluctuations 
contribute by 35%//√E (Numerical aperture of quartz fiber: 0.33) 

• Reduction of sampling fluctuations 

- contribute ~40%/√E to hadronic resolution (single pions) 
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RD52 Pb-fiber Calorimeter

simulations have been performed. The reliability of these
simulations was assessed by comparing the results with the
experimental data obtained with the DREAM calorimeter
(Akchurin et al., 2014a). It turned out that the !erenkov
response function [Fig. 16(b)] was well described by these

simulations. On the other hand, the simulated scintillation
distribution was more narrow, less asymmetric, and peaked
at a lower value than for the experimental data [Fig. 16(a)].
This is believed to be due to the fact that the nonrelativistic
component of the shower development, which is completely

FIG. 38. The RD52 fiber calorimeter installed in the H8C beam area at CERN. The system of trigger counters and beam defining
elements is visible in the left bottom part of the figure. The calorimeter is surrounded on four sides by “leakage counters,” the layout of
which is shown in the bottom left inset. The other insets show the front face of the (lead)-fiber calorimeter (top left) and the tower
structure of the readout (bottom right). From Lee et al., 2017.

FIG. 39. Signal distributions for !! beam particles of 20, 60, and 100 GeV showering in the RD52 lead-fiber calorimeter. The top row
(a), (c), and (e) shows the signal distributions measured for the scintillation (S) and !erenkov (C) signals. The S signals are, on average,
larger, and their distribution is less asymmetric.The bottom row (b), (d), and (f) shows the signal distributions that were obtained after
combining the S and C distributions according to Eq. (10) with " ! 0.45. From DREAM Collaboration, 2013.
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Hadronic Performance (Dual-Readout Method)simulations have been performed. The reliability of these
simulations was assessed by comparing the results with the
experimental data obtained with the DREAM calorimeter
(Akchurin et al., 2014a). It turned out that the !erenkov
response function [Fig. 16(b)] was well described by these

simulations. On the other hand, the simulated scintillation
distribution was more narrow, less asymmetric, and peaked
at a lower value than for the experimental data [Fig. 16(a)].
This is believed to be due to the fact that the nonrelativistic
component of the shower development, which is completely

FIG. 38. The RD52 fiber calorimeter installed in the H8C beam area at CERN. The system of trigger counters and beam defining
elements is visible in the left bottom part of the figure. The calorimeter is surrounded on four sides by “leakage counters,” the layout of
which is shown in the bottom left inset. The other insets show the front face of the (lead)-fiber calorimeter (top left) and the tower
structure of the readout (bottom right). From Lee et al., 2017.

FIG. 39. Signal distributions for !! beam particles of 20, 60, and 100 GeV showering in the RD52 lead-fiber calorimeter. The top row
(a), (c), and (e) shows the signal distributions measured for the scintillation (S) and !erenkov (C) signals. The S signals are, on average,
larger, and their distribution is less asymmetric.The bottom row (b), (d), and (f) shows the signal distributions that were obtained after
combining the S and C distributions according to Eq. (10) with " ! 0.45. From DREAM Collaboration, 2013.
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simulations was assessed by comparing the results with the
experimental data obtained with the DREAM calorimeter
(Akchurin et al., 2014a). It turned out that the !erenkov
response function [Fig. 16(b)] was well described by these

simulations. On the other hand, the simulated scintillation
distribution was more narrow, less asymmetric, and peaked
at a lower value than for the experimental data [Fig. 16(a)].
This is believed to be due to the fact that the nonrelativistic
component of the shower development, which is completely

FIG. 38. The RD52 fiber calorimeter installed in the H8C beam area at CERN. The system of trigger counters and beam defining
elements is visible in the left bottom part of the figure. The calorimeter is surrounded on four sides by “leakage counters,” the layout of
which is shown in the bottom left inset. The other insets show the front face of the (lead)-fiber calorimeter (top left) and the tower
structure of the readout (bottom right). From Lee et al., 2017.

FIG. 39. Signal distributions for !! beam particles of 20, 60, and 100 GeV showering in the RD52 lead-fiber calorimeter. The top row
(a), (c), and (e) shows the signal distributions measured for the scintillation (S) and !erenkov (C) signals. The S signals are, on average,
larger, and their distribution is less asymmetric.The bottom row (b), (d), and (f) shows the signal distributions that were obtained after
combining the S and C distributions according to Eq. (10) with " ! 0.45. From DREAM Collaboration, 2013.

Sehwook Lee, Michele Livan, and Richard Wigmans: Dual-readout calorimetry

Rev. Mod. Phys., Vol. 90, No. 2, April–June 2018 025002-27

fem ! "h=e#C ! "C=S#"h=e#S
"C=S#$1 ! "h=e#S% ! $1 ! "h=e#C%

. "8#

Figure 8 shows, apart from the S ! C diagram, also some
signal distributions obtained with the dual-readout calorimeter
described in Sec. VI. The scintillation and !erenkov signal
distributions measured for 200 GeV multiparticle events (to be
called “jets” in the following)4 are the projections of the data
points (S, !) on the horizontal and vertical axes of the
diagram, respectively. Their asymmetric shape reflects the
asymmetric fem distributions [see Fig. 1(b)]. The electron
showers measured with this detector, in both the scintillation
and the !erenkov channels, are centered around the point (1,1)
in this plot.
The slope of the red line around which the hadron data

points are clustered, i.e., the angle !, depends only on the
two e=h values, and is thus independent of the hadron energy.
We define

cot ! ! 1 ! "h=e#S
1 ! "h=e#C

! "; "9#

and the parameter " is thus also independent of energy.
Because of this feature, the scintillation and !erenkov signals
measured for a particular hadron shower can be used to
reconstruct its energy in an unambiguous way:

E ! S ! "C
1 ! "

. "10#

This is graphically illustrated in Fig. 9, since Eq. (10) implies
that the data point (S, C) is moved up along the red straight
line until it intersects the line defined by C ! S. If this is done
for all hadronic data points, the result is a collection of data
points that cluster around the point (1,1), just like the data
points for electron showers.
The effect of this operation on the experimental signal

distributions from Fig. 8 is also displayed in Fig. 9, which
shows that these distributions have become much more
narrow, well described by Gaussian functions and centered
close to the same value as em showers (0.951, 0.944 vs 1). The
5% difference in the reconstructed energy is in this case most
likely due to the fact that these data concern multiparticle
events produced by interactions in a target upstream of the
calorimeter.
The dual-readout procedure thus effectively uses the mea-

sured signals to determine the em shower fraction fem and
then calculates what the signals would be if fem was 1.0. The
actual fem distribution for showers produced in the absorption
of a sample of hadrons of the same type and energy is
therefore not a factor that affects the energy measurement for
that event sample. A dual-readout calorimeter is therefore
linear for hadron detection, since the correct energy is
reproduced in each case.
Interestingly, a dual-readout calorimeter will also produce

signal distributions with the same average value for event
samples of pions, protons, and kaons of the same energy. The
fem distributions are quite different for showers produced by
these different types of hadrons as a result of conservation of
baryon number and strangeness in the shower development.
This prevents the production of a very energetic, leading #0 in
the case of protons and kaons, respectively. Measurements
with conventional calorimeters have clearly shown significant
differences between the response functions of protons and
pions. Response differences of "5% have been reported by
ATLAS (Adragna et al., 2009), while differences in the CMS
forward calorimeter exceeded 10% for energies below
100 GeV (Akchurin et al., 1998). This feature translates into
a systematic uncertainty in the hadronic energy measurement,
unless one knows what type of hadron caused the shower
(which at high energies is, in practice, rarely the case).
Figure 10 illustrates that the mentioned effects do not play
a role for dual-readout calorimeters. The relationship (10) is
universally valid for all types of hadrons and also for jets.
The fact that ! and " are independent of the energy and the

particle type offers an interesting possibility to measure the
hadronic energy with unprecedented precision, at least for an
ensemble of particles with the same energy. In practice, the
energy resolution is usually determined in that way, i.e., as the
fractional width ($=E) of the signal distribution for a beam of
monoenergetic particles produced by an accelerator.

FIG. 7. Graphic representation of Eqs. (7) (Patrignani et al.,
2016; Lee, Livan, and Wigmans, 2018). The data points for
hadron showers detected with a dual-readout calorimeter are
located around the straight (red) line in this diagram. The data
points for em showers in this calorimeter are clustered around the
point where this line intersects the C ! S line, i.e., point (1,1).
See text for further details.

4The calorimeter performance for these objects was studied with
events created by means of interactions of beam particles in a target
placed upstream of the calorimeter. Typically, these events were
required to have a certain minimum multiplicity. These multiparticle
events are, of course, not the same as the QCD jets that originate from
a fragmenting quark or gluon. Yet, for the purpose of calorimetry they
are useful, since they represent a collection of particles that enter the
calorimeter simultaneously. The composition of this collection is
unknown, but the total energy is known. In the absence of a jet test
beam, this is a reasonable alternative.
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Hadronic Performance (Dual-Readout Method)
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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).

on the basis of the Éerenkov signals exhibits substantial deviations from
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%.
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RD52 Pb-fiber Calorimeter (Rotation Method)

4. Results obtained with the rotation method

In this section, some results are shown that were obtained
by the RD52 Collaboration with the rotation method described
in Sec. V and graphically illustrated in Fig. 11. This method
can be used for an ensemble of monoenergetic hadron events,
as typically available in beam tests of calorimeter modules.
There is no need to know the energy of these hadrons, since
this follows from the intersection of the line around which the
hadronic data points are clustered in the S ! C scatter plot and
the line C ! S, where all electron events are located. Rotation
of the hadronic data around this point (P) by a fixed, energy-
independent, angle leads to a very narrow, Gaussian signal
distribution centered around the correct energy value.
Figure 12 shows an example of the results of this procedure
for 60 GeV !!. In the following, some other results are shown
(Lee et al., 2017).
Figure 42 shows the !erenkov versus scintillation scatter

plots for the 80 GeV !" [Fig. 42(a)] and proton [Fig. 42(c)]
data. These plots show a significant difference between the
pion and proton signal distributions. The average !erenkov
signal is about 10% larger for the pions than for the protons, a
consequence of the absence of leading !0’s in the proton
showers (Akchurin et al., 1997). However, using the inter-
section of the axis of the locus of the events in the scatter
plot and the C=S ! 1 point as the center of rotation, and the
same rotation angle (") as for 60 GeV, the resulting signal
distributions turned out to have about the same average value:

80.7 GeV for the pions [Fig. 42(b)] and 80.4 GeV for the
protons [Fig. 42(d)]. The widths of both distributions were
also about the same: 2.60 GeV for pions and 2.69 GeV for
protons. Regardless of the differences between the production
of !0 ’s (and thus of !erenkov light) in these two types of
showers, the signal distributions obtained with the dual-
readout procedure were thus practically indistinguishable.
This feature is in stark contrast with results obtained with
other types of (noncompensating) calorimeters. For example,
ATLAS has reported significant differences between the
calorimeter response functions for high-energy pions and
protons (Adragna et al., 2009).Whereas the response was
systematically larger for the pions (2%–5%, between 50 and
180 GeV), the energy resolution was significantly better
for the protons. Even larger differences were reported for
prototype studies of the CMS very forward calorimeter
(Akchurin et al., 1998).
The rotation method was also applied for 20, 40, and

125 GeV particles with very similar results. Also here the
average !erenkov signals in the raw data were significantly
smaller for protons than for pions. However, after applying the
same rotation procedure as for the 60 and 80 GeV data [always
using the same rotation angle (")], the resulting signal
distributions were centered around approximately the correct
values. The rotation angle used to achieve these results is
independent of the particle type and the energy is consistent
with Groom’s observation that this angle depends only on the

FIG. 42. Scatter plots of the !erenkov vs the scintillation signals from showers induced by (a) 80 GeV !" and (c) 80 GeV protons in the
RD52 lead-fiber calorimeter. Projection of the rotated scatter plots on the x axis for the (b) pions and (d) protons. The rotation procedure
was identical to that used for 60 GeV !! (Fig. 12). From Lee et al., 2017
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RD52 Pb-fiber Calorimeter (Rotation Method)

energy-independent value of the ! parameter defined in
Eq. (9) (Patrignani et al., 2016).
The same method was also used for multiparticle events,

samples of which were available for beam energies of !40,
!60, !100, and !125 GeV. During these dedicated runs, the
beam hadrons were required to produce a signal of at least
6 mip in the scintillation counter downstream of the inter-
action target, while producing a mip signal directly upstream
of this target. 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.
Figure 43 shows the dual-readout signal distributions

measured for 20 GeV "!, 125 GeV protons, and 125 GeV
multiparticle events. The results exhibit the following features,
which are illustrated in Fig. 44:

• The calorimeter is linear, for both pion and proton
detection. The beam energy is correctly reconstructed
at all energies within a few percent, using the energy
scale for electrons, i.e., the particles that were used to
calibrate the signals. 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 energies are somewhat lower in the
case of the multiparticle events, more so at low energy
[Fig. 44(a)]. Substantial differences with the single-
hadron results are observed in the size of the !erenkov

component, which is on average considerably smaller for
the multiparticle events.

• 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. The normalized !2

values varied between 1.02 and 2.27 for all particles
and “jets.”

• The fractional width of the reconstructed signal distri-
bution also scales very well as expected for an energy
resolution dominated by Poisson fluctuations. Over the
full energy range of 20–125 GeV, #=E was measured
to be "30# 2%$=

!!!!
E

p
for single pions and protons and

53%=
!!!!
E

p
for “jets.”

The differences between the results for single hadrons and
for multiparticle events can be understood by realizing that the
primary interaction of the beam particles in the case of the
multiparticle events took place at a distance of about 75 cm
upstream of the calorimeter. Low-energy secondaries pro-
duced 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

FIG. 43. Signal distributions from the RD52 lead-fiber calorimeter for (a) 20 GeV "!, (b) 125 GeV protons, and (c) 125 GeV
multiparticle events obtained with the rotation method described in the text. The energy scale is set by electrons showering in this
detector. From Lee et al., 2017.
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RD52 Pb-fiber Calorimeter (Rotation Method)

relative strength of the !erenkov 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 (which was the 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.

E. Other RD52 results

Detailed studies with the fine-grained RD52 fiber calorim-
eter have revealed important information about the showering
particles that are of interest for other calorimeters as well. In
this section, the em shower profiles and the time structure of
the showers are addressed.

1. The electromagnetic shower profiles

The fine-grained RD52 fiber calorimeters lend themselves
well to precision measurements of the lateral shower profiles.
This was done by moving a 1 mm wide electron beam across
the boundary between neighboring towers and measuring the
energy fraction deposited in each of these towers. This narrow
beam was obtained by selecting beam particles based on the

coordinates of the points where they traversed upstream wire
chambers. Figure 45 shows the profile measured for 100 GeV
electrons in the lead-based RD52 calorimeter. Since the
calorimeter is longitudinally unsegmented, the profile is
integrated over the full depth. It exhibits a pronounced central
core, which is presumably caused by the extremely collimated
nature of the showers in the early stage of the shower
development, before the shower maximum is reached. In this
stage, the shower mainly consists of energetic bremsstrahlung
photons, which convert into energetic e!e! pairs that travel in
the same direction as the beam particles. According to Fig. 45,
a considerable fraction of the shower energy ("20%) is
deposited in a cylinder with a radius of 1 mm about the
shower axis (Akchurin et al., 2014b).
This feature has important consequences for this type of

calorimeter, where the distance between neighboring fibers of
the same type is 2–3 mm (see Fig. 32). The calorimeter signal
(from this early shower component) depends crucially on
the impact point of the beam particles, if these enter the
calorimeter parallel to the fibers. This dependence is quickly
reduced when the electrons enter the calorimeter at a small
angle with the fibers. As the angle increases, this early
collimated shower component is sampled more and more in
the same way as the rest of the shower. However, at angles
where this is not the case, this effect adds an additional
component to the em energy resolution. This is observed in
Fig. 46, which shows the energy resolution for 20 GeV
electrons as a function of the angle of incidence (Cardini et al.,
2016). This effect is, to first approximation, energy indepen-
dent and thus results in a constant term in the em energy
resolution. The measured em energy resolution of the scin-
tillation signals of the RD52 copper-fiber calorimeter (Fig. 35)
exhibits indeed a clear deviation from E!1=2 scaling. Because
of the extreme dependence on the angle of incidence, one
should be careful when comparing the em performance
measured with different fiber calorimeters. For example,
the improvement in the em scintillation resolution of the
RD52 calorimeter with respect to the DREAM one is much
larger than suggested by the comparison in Fig. 34, because
the angles at which the DREAM measurements were

FIG. 44. (a) The average calorimeter signal per GeV and the
(b) fractional width of the signal distribution as a function of
energy for single pions and multiparticle events (“jets”). Results
are given for the RD52 dual-readout calorimeter signals obtained
with the rotation method. From Lee et al., 2017.

FIG. 45. The lateral profile of 100 GeV electron showers in
the RD52 lead-fiber calorimeter, measured with the scintillation
signals. From Akchurin et al., 2014b.
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relative strength of the !erenkov 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 (which was the 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.

E. Other RD52 results

Detailed studies with the fine-grained RD52 fiber calorim-
eter have revealed important information about the showering
particles that are of interest for other calorimeters as well. In
this section, the em shower profiles and the time structure of
the showers are addressed.

1. The electromagnetic shower profiles

The fine-grained RD52 fiber calorimeters lend themselves
well to precision measurements of the lateral shower profiles.
This was done by moving a 1 mm wide electron beam across
the boundary between neighboring towers and measuring the
energy fraction deposited in each of these towers. This narrow
beam was obtained by selecting beam particles based on the

coordinates of the points where they traversed upstream wire
chambers. Figure 45 shows the profile measured for 100 GeV
electrons in the lead-based RD52 calorimeter. Since the
calorimeter is longitudinally unsegmented, the profile is
integrated over the full depth. It exhibits a pronounced central
core, which is presumably caused by the extremely collimated
nature of the showers in the early stage of the shower
development, before the shower maximum is reached. In this
stage, the shower mainly consists of energetic bremsstrahlung
photons, which convert into energetic e!e! pairs that travel in
the same direction as the beam particles. According to Fig. 45,
a considerable fraction of the shower energy ("20%) is
deposited in a cylinder with a radius of 1 mm about the
shower axis (Akchurin et al., 2014b).
This feature has important consequences for this type of

calorimeter, where the distance between neighboring fibers of
the same type is 2–3 mm (see Fig. 32). The calorimeter signal
(from this early shower component) depends crucially on
the impact point of the beam particles, if these enter the
calorimeter parallel to the fibers. This dependence is quickly
reduced when the electrons enter the calorimeter at a small
angle with the fibers. As the angle increases, this early
collimated shower component is sampled more and more in
the same way as the rest of the shower. However, at angles
where this is not the case, this effect adds an additional
component to the em energy resolution. This is observed in
Fig. 46, which shows the energy resolution for 20 GeV
electrons as a function of the angle of incidence (Cardini et al.,
2016). This effect is, to first approximation, energy indepen-
dent and thus results in a constant term in the em energy
resolution. The measured em energy resolution of the scin-
tillation signals of the RD52 copper-fiber calorimeter (Fig. 35)
exhibits indeed a clear deviation from E!1=2 scaling. Because
of the extreme dependence on the angle of incidence, one
should be careful when comparing the em performance
measured with different fiber calorimeters. For example,
the improvement in the em scintillation resolution of the
RD52 calorimeter with respect to the DREAM one is much
larger than suggested by the comparison in Fig. 34, because
the angles at which the DREAM measurements were

FIG. 44. (a) The average calorimeter signal per GeV and the
(b) fractional width of the signal distribution as a function of
energy for single pions and multiparticle events (“jets”). Results
are given for the RD52 dual-readout calorimeter signals obtained
with the rotation method. From Lee et al., 2017.

FIG. 45. The lateral profile of 100 GeV electron showers in
the RD52 lead-fiber calorimeter, measured with the scintillation
signals. From Akchurin et al., 2014b.
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R&D of Korean Dual-Readout Calorimeter 
Collaboration

ECCE Calorimeter Working group meeting (June 1): Hwidong’s talk 
https://indico.bnl.gov/event/11917/contributions/50327/attachments/34872/56681/HDYOO_EICcal_06012021.pdf

ECCE Calorimeter Working group meeting (June 8): Sanghyun’s talk 
https://indico.bnl.gov/event/11918/contributions/50512/attachments/35032/56968/210608_shKo_EIC.pdf

Goal: study the hadronic performance with a large detector (10 λint, 97.5% hadron shower containment) 

- Simulations for the future lepton collider experiments
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EM Single hadron

- Large calorimeter and projective tower structure with 3D printing

Prototype 3DP Module
• 1st projective DRC module!

18

Cu W

Korea Prototype Detector
• Primary goal: build a prototype detector for the detector design of CEPC experiment


• 5 year (2020.Mar. - 2025.Feb.) R&D funding supported by Korea NRF ($~0.4M/year, total $~2M for 
5 years)


• Contain almost (97.5%) full hadronic shower energy


• Demonstrate engineering aspects for full geometry detector


• Secondary goal: train next generations as experts of the (DRC) detector

6

Design R&D Prototype Production
2017-9 2022-5 TBD2020-1

Stage Topic

Design  Propose a design of Dual-Readout Calorimeter to IDEA 
detector concept

R&D  Perform R&D (including engineering aspects) based on HW 
& SW

Prototype  Build 4x4 detector and perform test beams

Production  TBD

22



Summary

• DREAM and RD 52 Collaborations has proved the dual-
readout principles and the good performance in the 
energy measurement of hadrons 

• Ingredients to apply the dual-readout calorimeter to 
future experiments are on our hands 

• We are working to prove the performance of the dual-
readout calorimeter with a large size of calorimeter which 
can contain 97.5% of hadron shower energy

23



Electromagnetic Performance

24



RD52 Cu-fiber Calorimeter

separately embedded in the absorber structure, the sampling
frequency has also considerably increased. Since both factors
determine the electromagnetic energy resolution, one should
thus expect a substantial improvement [see Eq. (1)].
Figure 33 shows pictures of the front face and the back end

of a calorimeter module. Each module consists of four towers,
and each tower produces a scintillation and a !erenkov signal.
The transverse dimension of the module was chosen such that
the eight PMTs would fit within its perimeter, and the
maximum fiber density was determined by the total photo-
cathode surface of these PMTs (which corresponds to more
than half of the module’s lateral cross section).
The !erenkov light yield was increased by using clear

plastic fibers instead of the quartz ones used in the DREAM
calorimeter. The numerical aperture of these plastic fibers is
larger (0.50 vs 0.33).7 Also, the !erenkov fiber density was
increased by !65%. In addition, the new PMTs have a higher
quantum efficiency, thanks to a super bialkali photocathode.
As a result, the number of !erenkov photoelectrons (Cpe)
measured for em showers increased by about a factor of 4,
from 8 to 33 Cpe=GeV (Akchurin et al., 2014b).
Another important difference between the RD52 and

DREAM fiber calorimeters concerns the readout, which in
the RD52 one is based on a domino ring sampler (DRS) circuit
(Ritt, Dinapoli, and Hartmann, 2010) that allows time struc-
ture measurements of each signal with a sampling rate of
5 GHz (i.e., 0.2 ns time bins). In Secs. VII.A and VII.C it was
shown that detailed measurements of the time structure are an
invaluable source of information, not only for separating the
!erenkov and scintillation signals from crystals, but also to
identify and measure the contribution of neutrons to the
scintillation signals (Akchurin et al., 2009c). Another impor-
tant goal of the time structure measurements is to determine
the depth at which the light is produced in this longitudinally
unsegmented calorimeter. As shown in Sec. VII.E.2, this can
be achieved by making use of the fact that the light signals
travel at a slower speed in the fibers ("17 cm=ns) than the
particles producing this light (30 cm=ns).

It turned out to be very difficult to produce copper plates
with the required specifications for this very-fine-sampling
calorimeter structure. Therefore, the collaboration initially
built nine modules using lead, which is relatively easy to
extrude, as the absorber material. At a later stage, several
copper modules were also built.

1. Electromagnetic performance

The RD52 calorimeter modules were extensively tested
with beams of electrons, with energies ranging from 6 to
80 GeV. For reasons discussed in Sec. VII.E.1, the scintillation
resolution turned out to be sensitive to the angle of incidence
of the particles, when these angles were very small (<3°
between the beam line and the direction of the fibers) and the
electron energy was high. Figure 34 shows the response
functions for 40 GeVelectrons, separately for the scintillation
and the !erenkov signals (Akchurin et al., 2014b). For
comparison, the response functions measured with the original
DREAM fiber calorimeter are shown as well. The energy
resolution was considerably better, and the response functions
were also better described by a Gaussian function, especially
in the case of the scintillation signals. This despite the fact
that the RD52 measurements were performed at a much
smaller angle of incidence: !!;"" # !1.5°; 1.0°" vs !3°; 2°" for
DREAM (Akchurin et al., 2005b).
One advantage of the new fiber pattern used in the RD52

calorimeters is the fact that the scintillation and !erenkov
readout represent completely independent sampling structures.
Therefore, by combining the signals from the two types of

FIG. 32. The structure of the RD52 fiber calorimeter (copper-
based modules), compared to that of two other fiber calorimeters:
DREAM (Akchurin et al., 2005a) and SPACAL (Acosta et al.,
1991a). From Akchurin et al., 2014b.

FIG. 33. Front (top) and rear (bottom) view of one of the RD52
fiber calorimeter modules. The tower structure is made visible by
shining light on two of the eight fiber bunches sticking out at the
back end. See text for more details.

7The light yield is proportional to the numerical aperture squared.
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separately embedded in the absorber structure, the sampling
frequency has also considerably increased. Since both factors
determine the electromagnetic energy resolution, one should
thus expect a substantial improvement [see Eq. (1)].
Figure 33 shows pictures of the front face and the back end

of a calorimeter module. Each module consists of four towers,
and each tower produces a scintillation and a !erenkov signal.
The transverse dimension of the module was chosen such that
the eight PMTs would fit within its perimeter, and the
maximum fiber density was determined by the total photo-
cathode surface of these PMTs (which corresponds to more
than half of the module’s lateral cross section).
The !erenkov light yield was increased by using clear

plastic fibers instead of the quartz ones used in the DREAM
calorimeter. The numerical aperture of these plastic fibers is
larger (0.50 vs 0.33).7 Also, the !erenkov fiber density was
increased by !65%. In addition, the new PMTs have a higher
quantum efficiency, thanks to a super bialkali photocathode.
As a result, the number of !erenkov photoelectrons (Cpe)
measured for em showers increased by about a factor of 4,
from 8 to 33 Cpe=GeV (Akchurin et al., 2014b).
Another important difference between the RD52 and

DREAM fiber calorimeters concerns the readout, which in
the RD52 one is based on a domino ring sampler (DRS) circuit
(Ritt, Dinapoli, and Hartmann, 2010) that allows time struc-
ture measurements of each signal with a sampling rate of
5 GHz (i.e., 0.2 ns time bins). In Secs. VII.A and VII.C it was
shown that detailed measurements of the time structure are an
invaluable source of information, not only for separating the
!erenkov and scintillation signals from crystals, but also to
identify and measure the contribution of neutrons to the
scintillation signals (Akchurin et al., 2009c). Another impor-
tant goal of the time structure measurements is to determine
the depth at which the light is produced in this longitudinally
unsegmented calorimeter. As shown in Sec. VII.E.2, this can
be achieved by making use of the fact that the light signals
travel at a slower speed in the fibers ("17 cm=ns) than the
particles producing this light (30 cm=ns).

It turned out to be very difficult to produce copper plates
with the required specifications for this very-fine-sampling
calorimeter structure. Therefore, the collaboration initially
built nine modules using lead, which is relatively easy to
extrude, as the absorber material. At a later stage, several
copper modules were also built.

1. Electromagnetic performance

The RD52 calorimeter modules were extensively tested
with beams of electrons, with energies ranging from 6 to
80 GeV. For reasons discussed in Sec. VII.E.1, the scintillation
resolution turned out to be sensitive to the angle of incidence
of the particles, when these angles were very small (<3°
between the beam line and the direction of the fibers) and the
electron energy was high. Figure 34 shows the response
functions for 40 GeVelectrons, separately for the scintillation
and the !erenkov signals (Akchurin et al., 2014b). For
comparison, the response functions measured with the original
DREAM fiber calorimeter are shown as well. The energy
resolution was considerably better, and the response functions
were also better described by a Gaussian function, especially
in the case of the scintillation signals. This despite the fact
that the RD52 measurements were performed at a much
smaller angle of incidence: !!;"" # !1.5°; 1.0°" vs !3°; 2°" for
DREAM (Akchurin et al., 2005b).
One advantage of the new fiber pattern used in the RD52

calorimeters is the fact that the scintillation and !erenkov
readout represent completely independent sampling structures.
Therefore, by combining the signals from the two types of

FIG. 32. The structure of the RD52 fiber calorimeter (copper-
based modules), compared to that of two other fiber calorimeters:
DREAM (Akchurin et al., 2005a) and SPACAL (Acosta et al.,
1991a). From Akchurin et al., 2014b.

FIG. 33. Front (top) and rear (bottom) view of one of the RD52
fiber calorimeter modules. The tower structure is made visible by
shining light on two of the eight fiber bunches sticking out at the
back end. See text for more details.

7The light yield is proportional to the numerical aperture squared.
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separately embedded in the absorber structure, the sampling
frequency has also considerably increased. Since both factors
determine the electromagnetic energy resolution, one should
thus expect a substantial improvement [see Eq. (1)].
Figure 33 shows pictures of the front face and the back end

of a calorimeter module. Each module consists of four towers,
and each tower produces a scintillation and a !erenkov signal.
The transverse dimension of the module was chosen such that
the eight PMTs would fit within its perimeter, and the
maximum fiber density was determined by the total photo-
cathode surface of these PMTs (which corresponds to more
than half of the module’s lateral cross section).
The !erenkov light yield was increased by using clear

plastic fibers instead of the quartz ones used in the DREAM
calorimeter. The numerical aperture of these plastic fibers is
larger (0.50 vs 0.33).7 Also, the !erenkov fiber density was
increased by !65%. In addition, the new PMTs have a higher
quantum efficiency, thanks to a super bialkali photocathode.
As a result, the number of !erenkov photoelectrons (Cpe)
measured for em showers increased by about a factor of 4,
from 8 to 33 Cpe=GeV (Akchurin et al., 2014b).
Another important difference between the RD52 and

DREAM fiber calorimeters concerns the readout, which in
the RD52 one is based on a domino ring sampler (DRS) circuit
(Ritt, Dinapoli, and Hartmann, 2010) that allows time struc-
ture measurements of each signal with a sampling rate of
5 GHz (i.e., 0.2 ns time bins). In Secs. VII.A and VII.C it was
shown that detailed measurements of the time structure are an
invaluable source of information, not only for separating the
!erenkov and scintillation signals from crystals, but also to
identify and measure the contribution of neutrons to the
scintillation signals (Akchurin et al., 2009c). Another impor-
tant goal of the time structure measurements is to determine
the depth at which the light is produced in this longitudinally
unsegmented calorimeter. As shown in Sec. VII.E.2, this can
be achieved by making use of the fact that the light signals
travel at a slower speed in the fibers ("17 cm=ns) than the
particles producing this light (30 cm=ns).

It turned out to be very difficult to produce copper plates
with the required specifications for this very-fine-sampling
calorimeter structure. Therefore, the collaboration initially
built nine modules using lead, which is relatively easy to
extrude, as the absorber material. At a later stage, several
copper modules were also built.

1. Electromagnetic performance

The RD52 calorimeter modules were extensively tested
with beams of electrons, with energies ranging from 6 to
80 GeV. For reasons discussed in Sec. VII.E.1, the scintillation
resolution turned out to be sensitive to the angle of incidence
of the particles, when these angles were very small (<3°
between the beam line and the direction of the fibers) and the
electron energy was high. Figure 34 shows the response
functions for 40 GeVelectrons, separately for the scintillation
and the !erenkov signals (Akchurin et al., 2014b). For
comparison, the response functions measured with the original
DREAM fiber calorimeter are shown as well. The energy
resolution was considerably better, and the response functions
were also better described by a Gaussian function, especially
in the case of the scintillation signals. This despite the fact
that the RD52 measurements were performed at a much
smaller angle of incidence: !!;"" # !1.5°; 1.0°" vs !3°; 2°" for
DREAM (Akchurin et al., 2005b).
One advantage of the new fiber pattern used in the RD52

calorimeters is the fact that the scintillation and !erenkov
readout represent completely independent sampling structures.
Therefore, by combining the signals from the two types of

FIG. 32. The structure of the RD52 fiber calorimeter (copper-
based modules), compared to that of two other fiber calorimeters:
DREAM (Akchurin et al., 2005a) and SPACAL (Acosta et al.,
1991a). From Akchurin et al., 2014b.

FIG. 33. Front (top) and rear (bottom) view of one of the RD52
fiber calorimeter modules. The tower structure is made visible by
shining light on two of the eight fiber bunches sticking out at the
back end. See text for more details.

7The light yield is proportional to the numerical aperture squared.
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Electromagnetic Performance  
(RD52 vs DREAM calorimeters)

fibers, a significant improvement in the energy resolution could
be obtained. This was not the case for the original DREAM
calorimeter (Akchurin et al., 2005b), where the two types of
fibers essentially sampled the showers in the same way.
Figure 35 shows that the energy resolution of the combined
signal deviates slightly from E!1=2 scaling. The straight line fit
through the data points suggests a constant term of less than 1%
(Akchurin et al., 2014b). In any case, the energy resolution is
substantially better than for either of the two individual signals,
over the entire energy range covered by these measurements. It
is also better than the performance reported for other integrated
em + hadronic fiber calorimeters, such as SPACAL and
DREAM. Careful analysis of the measured data showed that
the contribution of sampling fluctuations to the total signal was
8.9%=

!!!!
E

p
and that fluctuations in the number of !erenkov

photoelectrons (33=GeV) increased the total stochastic term to

13.9%=
!!!!
E

p
. The small deviation from E!1=2 scaling is due to

the dependence of the scintillation response on the impact point
(Akchurin et al., 2014b).
This impact point dependence was of no consequence for

the linearity of the calorimeter response. With the exception of
the lowest energy point (6 GeV, less than the minimum energy
for which the beam line used for these studies was designed),
the average signals were measured to be proportional to the
electron energy to within "1%, regardless of the angle of
incidence of the electrons. This is illustrated in Fig. 36
(Akchurin et al., 2014b).

2. Particle identification

Traditionally, the calorimeter systems in high-energy phys-
ics experiments are separated into at least two sections: the
electromagnetic and the hadronic sections. This arrangement
offers a certain number of advantages, especially for the
identification of electrons and photons, which deposit all their
energy in the em section and can thus be identified as such
based on this characteristic.
The RD52 fiber calorimeter is longitudinally unsegmented;

it does not consist of separate electromagnetic and hadronic
sections. It is calibrated with electrons, and the calibration
constants established in this way also provide the correct
energy for hadronic showers developing in it. This eliminates
one of the main disadvantages of longitudinal segmentation,
i.e., the problems associated with the intercalibration of the
signals from different longitudinal sections (Ganel and
Wigmans, 1998; Livan and Wigmans, 2017). Another advan-
tage derives from the fact that there is no need to transport
signals from the upstream part of the calorimeter to the outside
world. This allows for a much more homogeneous and
hermetic detector structure in a 4! experiment, with fewer
“dead areas.”

FIG. 34. (a), (b) Comparison of the em response functions measured with the RD52 copper-fiber calorimeter (Akchurin et al., 2014b)
and (c), (d) the original DREAM copper-fiber calorimeter (Akchurin et al., 2005b), for 40 GeVelectrons. The angle of incidence of the
electron beam with the fiber axis !";#" was !1.5°; 1.0°" for RD52 and !3°; 2°" for DREAM. Results are given separately for the
scintillation and !erenkov signals.

FIG. 35. The em energy resolution measured with the !erenkov
fibers, the scintillating fibers, and the sum of all fibers in the
RD52 copper-fiber calorimeter. From Akchurin et al., 2014b.
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through the data points suggests a constant term of less than 1%
(Akchurin et al., 2014b). In any case, the energy resolution is
substantially better than for either of the two individual signals,
over the entire energy range covered by these measurements. It
is also better than the performance reported for other integrated
em + hadronic fiber calorimeters, such as SPACAL and
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(Akchurin et al., 2014b).
This impact point dependence was of no consequence for

the linearity of the calorimeter response. With the exception of
the lowest energy point (6 GeV, less than the minimum energy
for which the beam line used for these studies was designed),
the average signals were measured to be proportional to the
electron energy to within "1%, regardless of the angle of
incidence of the electrons. This is illustrated in Fig. 36
(Akchurin et al., 2014b).

2. Particle identification

Traditionally, the calorimeter systems in high-energy phys-
ics experiments are separated into at least two sections: the
electromagnetic and the hadronic sections. This arrangement
offers a certain number of advantages, especially for the
identification of electrons and photons, which deposit all their
energy in the em section and can thus be identified as such
based on this characteristic.
The RD52 fiber calorimeter is longitudinally unsegmented;

it does not consist of separate electromagnetic and hadronic
sections. It is calibrated with electrons, and the calibration
constants established in this way also provide the correct
energy for hadronic showers developing in it. This eliminates
one of the main disadvantages of longitudinal segmentation,
i.e., the problems associated with the intercalibration of the
signals from different longitudinal sections (Ganel and
Wigmans, 1998; Livan and Wigmans, 2017). Another advan-
tage derives from the fact that there is no need to transport
signals from the upstream part of the calorimeter to the outside
world. This allows for a much more homogeneous and
hermetic detector structure in a 4! experiment, with fewer
“dead areas.”

FIG. 34. (a), (b) Comparison of the em response functions measured with the RD52 copper-fiber calorimeter (Akchurin et al., 2014b)
and (c), (d) the original DREAM copper-fiber calorimeter (Akchurin et al., 2005b), for 40 GeVelectrons. The angle of incidence of the
electron beam with the fiber axis !";#" was !1.5°; 1.0°" for RD52 and !3°; 2°" for DREAM. Results are given separately for the
scintillation and !erenkov signals.

FIG. 35. The em energy resolution measured with the !erenkov
fibers, the scintillating fibers, and the sum of all fibers in the
RD52 copper-fiber calorimeter. From Akchurin et al., 2014b.
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fibers, a significant improvement in the energy resolution could
be obtained. This was not the case for the original DREAM
calorimeter (Akchurin et al., 2005b), where the two types of
fibers essentially sampled the showers in the same way.
Figure 35 shows that the energy resolution of the combined
signal deviates slightly from E!1=2 scaling. The straight line fit
through the data points suggests a constant term of less than 1%
(Akchurin et al., 2014b). In any case, the energy resolution is
substantially better than for either of the two individual signals,
over the entire energy range covered by these measurements. It
is also better than the performance reported for other integrated
em + hadronic fiber calorimeters, such as SPACAL and
DREAM. Careful analysis of the measured data showed that
the contribution of sampling fluctuations to the total signal was
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the linearity of the calorimeter response. With the exception of
the lowest energy point (6 GeV, less than the minimum energy
for which the beam line used for these studies was designed),
the average signals were measured to be proportional to the
electron energy to within "1%, regardless of the angle of
incidence of the electrons. This is illustrated in Fig. 36
(Akchurin et al., 2014b).

2. Particle identification

Traditionally, the calorimeter systems in high-energy phys-
ics experiments are separated into at least two sections: the
electromagnetic and the hadronic sections. This arrangement
offers a certain number of advantages, especially for the
identification of electrons and photons, which deposit all their
energy in the em section and can thus be identified as such
based on this characteristic.
The RD52 fiber calorimeter is longitudinally unsegmented;

it does not consist of separate electromagnetic and hadronic
sections. It is calibrated with electrons, and the calibration
constants established in this way also provide the correct
energy for hadronic showers developing in it. This eliminates
one of the main disadvantages of longitudinal segmentation,
i.e., the problems associated with the intercalibration of the
signals from different longitudinal sections (Ganel and
Wigmans, 1998; Livan and Wigmans, 2017). Another advan-
tage derives from the fact that there is no need to transport
signals from the upstream part of the calorimeter to the outside
world. This allows for a much more homogeneous and
hermetic detector structure in a 4! experiment, with fewer
“dead areas.”

FIG. 34. (a), (b) Comparison of the em response functions measured with the RD52 copper-fiber calorimeter (Akchurin et al., 2014b)
and (c), (d) the original DREAM copper-fiber calorimeter (Akchurin et al., 2005b), for 40 GeVelectrons. The angle of incidence of the
electron beam with the fiber axis !";#" was !1.5°; 1.0°" for RD52 and !3°; 2°" for DREAM. Results are given separately for the
scintillation and !erenkov signals.

FIG. 35. The em energy resolution measured with the !erenkov
fibers, the scintillating fibers, and the sum of all fibers in the
RD52 copper-fiber calorimeter. From Akchurin et al., 2014b.
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fibers, a significant improvement in the energy resolution could
be obtained. This was not the case for the original DREAM
calorimeter (Akchurin et al., 2005b), where the two types of
fibers essentially sampled the showers in the same way.
Figure 35 shows that the energy resolution of the combined
signal deviates slightly from E!1=2 scaling. The straight line fit
through the data points suggests a constant term of less than 1%
(Akchurin et al., 2014b). In any case, the energy resolution is
substantially better than for either of the two individual signals,
over the entire energy range covered by these measurements. It
is also better than the performance reported for other integrated
em + hadronic fiber calorimeters, such as SPACAL and
DREAM. Careful analysis of the measured data showed that
the contribution of sampling fluctuations to the total signal was
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the linearity of the calorimeter response. With the exception of
the lowest energy point (6 GeV, less than the minimum energy
for which the beam line used for these studies was designed),
the average signals were measured to be proportional to the
electron energy to within "1%, regardless of the angle of
incidence of the electrons. This is illustrated in Fig. 36
(Akchurin et al., 2014b).

2. Particle identification

Traditionally, the calorimeter systems in high-energy phys-
ics experiments are separated into at least two sections: the
electromagnetic and the hadronic sections. This arrangement
offers a certain number of advantages, especially for the
identification of electrons and photons, which deposit all their
energy in the em section and can thus be identified as such
based on this characteristic.
The RD52 fiber calorimeter is longitudinally unsegmented;

it does not consist of separate electromagnetic and hadronic
sections. It is calibrated with electrons, and the calibration
constants established in this way also provide the correct
energy for hadronic showers developing in it. This eliminates
one of the main disadvantages of longitudinal segmentation,
i.e., the problems associated with the intercalibration of the
signals from different longitudinal sections (Ganel and
Wigmans, 1998; Livan and Wigmans, 2017). Another advan-
tage derives from the fact that there is no need to transport
signals from the upstream part of the calorimeter to the outside
world. This allows for a much more homogeneous and
hermetic detector structure in a 4! experiment, with fewer
“dead areas.”

FIG. 34. (a), (b) Comparison of the em response functions measured with the RD52 copper-fiber calorimeter (Akchurin et al., 2014b)
and (c), (d) the original DREAM copper-fiber calorimeter (Akchurin et al., 2005b), for 40 GeVelectrons. The angle of incidence of the
electron beam with the fiber axis !";#" was !1.5°; 1.0°" for RD52 and !3°; 2°" for DREAM. Results are given separately for the
scintillation and !erenkov signals.

FIG. 35. The em energy resolution measured with the !erenkov
fibers, the scintillating fibers, and the sum of all fibers in the
RD52 copper-fiber calorimeter. From Akchurin et al., 2014b.
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fibers, a significant improvement in the energy resolution could
be obtained. This was not the case for the original DREAM
calorimeter (Akchurin et al., 2005b), where the two types of
fibers essentially sampled the showers in the same way.
Figure 35 shows that the energy resolution of the combined
signal deviates slightly from E!1=2 scaling. The straight line fit
through the data points suggests a constant term of less than 1%
(Akchurin et al., 2014b). In any case, the energy resolution is
substantially better than for either of the two individual signals,
over the entire energy range covered by these measurements. It
is also better than the performance reported for other integrated
em + hadronic fiber calorimeters, such as SPACAL and
DREAM. Careful analysis of the measured data showed that
the contribution of sampling fluctuations to the total signal was
8.9%=
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and that fluctuations in the number of !erenkov

photoelectrons (33=GeV) increased the total stochastic term to
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. The small deviation from E!1=2 scaling is due to

the dependence of the scintillation response on the impact point
(Akchurin et al., 2014b).
This impact point dependence was of no consequence for

the linearity of the calorimeter response. With the exception of
the lowest energy point (6 GeV, less than the minimum energy
for which the beam line used for these studies was designed),
the average signals were measured to be proportional to the
electron energy to within "1%, regardless of the angle of
incidence of the electrons. This is illustrated in Fig. 36
(Akchurin et al., 2014b).

2. Particle identification

Traditionally, the calorimeter systems in high-energy phys-
ics experiments are separated into at least two sections: the
electromagnetic and the hadronic sections. This arrangement
offers a certain number of advantages, especially for the
identification of electrons and photons, which deposit all their
energy in the em section and can thus be identified as such
based on this characteristic.
The RD52 fiber calorimeter is longitudinally unsegmented;

it does not consist of separate electromagnetic and hadronic
sections. It is calibrated with electrons, and the calibration
constants established in this way also provide the correct
energy for hadronic showers developing in it. This eliminates
one of the main disadvantages of longitudinal segmentation,
i.e., the problems associated with the intercalibration of the
signals from different longitudinal sections (Ganel and
Wigmans, 1998; Livan and Wigmans, 2017). Another advan-
tage derives from the fact that there is no need to transport
signals from the upstream part of the calorimeter to the outside
world. This allows for a much more homogeneous and
hermetic detector structure in a 4! experiment, with fewer
“dead areas.”

FIG. 34. (a), (b) Comparison of the em response functions measured with the RD52 copper-fiber calorimeter (Akchurin et al., 2014b)
and (c), (d) the original DREAM copper-fiber calorimeter (Akchurin et al., 2005b), for 40 GeVelectrons. The angle of incidence of the
electron beam with the fiber axis !";#" was !1.5°; 1.0°" for RD52 and !3°; 2°" for DREAM. Results are given separately for the
scintillation and !erenkov signals.

FIG. 35. The em energy resolution measured with the !erenkov
fibers, the scintillating fibers, and the sum of all fibers in the
RD52 copper-fiber calorimeter. From Akchurin et al., 2014b.
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fibers, a significant improvement in the energy resolution could
be obtained. This was not the case for the original DREAM
calorimeter (Akchurin et al., 2005b), where the two types of
fibers essentially sampled the showers in the same way.
Figure 35 shows that the energy resolution of the combined
signal deviates slightly from E!1=2 scaling. The straight line fit
through the data points suggests a constant term of less than 1%
(Akchurin et al., 2014b). In any case, the energy resolution is
substantially better than for either of the two individual signals,
over the entire energy range covered by these measurements. It
is also better than the performance reported for other integrated
em + hadronic fiber calorimeters, such as SPACAL and
DREAM. Careful analysis of the measured data showed that
the contribution of sampling fluctuations to the total signal was
8.9%=
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and that fluctuations in the number of !erenkov

photoelectrons (33=GeV) increased the total stochastic term to

13.9%=
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. The small deviation from E!1=2 scaling is due to

the dependence of the scintillation response on the impact point
(Akchurin et al., 2014b).
This impact point dependence was of no consequence for

the linearity of the calorimeter response. With the exception of
the lowest energy point (6 GeV, less than the minimum energy
for which the beam line used for these studies was designed),
the average signals were measured to be proportional to the
electron energy to within "1%, regardless of the angle of
incidence of the electrons. This is illustrated in Fig. 36
(Akchurin et al., 2014b).

2. Particle identification

Traditionally, the calorimeter systems in high-energy phys-
ics experiments are separated into at least two sections: the
electromagnetic and the hadronic sections. This arrangement
offers a certain number of advantages, especially for the
identification of electrons and photons, which deposit all their
energy in the em section and can thus be identified as such
based on this characteristic.
The RD52 fiber calorimeter is longitudinally unsegmented;

it does not consist of separate electromagnetic and hadronic
sections. It is calibrated with electrons, and the calibration
constants established in this way also provide the correct
energy for hadronic showers developing in it. This eliminates
one of the main disadvantages of longitudinal segmentation,
i.e., the problems associated with the intercalibration of the
signals from different longitudinal sections (Ganel and
Wigmans, 1998; Livan and Wigmans, 2017). Another advan-
tage derives from the fact that there is no need to transport
signals from the upstream part of the calorimeter to the outside
world. This allows for a much more homogeneous and
hermetic detector structure in a 4! experiment, with fewer
“dead areas.”

FIG. 34. (a), (b) Comparison of the em response functions measured with the RD52 copper-fiber calorimeter (Akchurin et al., 2014b)
and (c), (d) the original DREAM copper-fiber calorimeter (Akchurin et al., 2005b), for 40 GeVelectrons. The angle of incidence of the
electron beam with the fiber axis !";#" was !1.5°; 1.0°" for RD52 and !3°; 2°" for DREAM. Results are given separately for the
scintillation and !erenkov signals.

FIG. 35. The em energy resolution measured with the !erenkov
fibers, the scintillating fibers, and the sum of all fibers in the
RD52 copper-fiber calorimeter. From Akchurin et al., 2014b.
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Despite the absence of longitudinal segmentation, the
signals provided by the RD52 fiber calorimeter offer several
excellent possibilities to distinguish between different types
of particles and especially between electrons and hadrons.
Identification of isolated electrons, pions, and muons would
be of particular importance for the study of the decay of Higgs
bosons into pairs of ! leptons, if a calorimeter of this type were
to be used in an experiment at a future Higgs factory.
Figure 37 illustrates the following effects of the different

identification methods (Akchurin et al., 2014c).
(1) There are large differences in lateral shower size, which

can be used to distinguish between em and hadron
showers. One advantage of the RD52 calorimeter
structure is that the lateral granularity can be made
arbitrarily small; one can make the tower size (defined
by the number of fibers connected to one readout
element) as large or small as desired. Figure 37(a)
shows the distributions of the fraction of the shower
energy deposited in a RD52 tower located on the
shower axis for 60 GeV electrons and pions.

(2) The fact that both scintillation and !erenkov signals
are obtained for the same showers offers opportunities
to distinguish between em and hadronic showers. For
example, the ratio between the two signals is 1.0 for
electrons (which are used to calibrate the signals) and
smaller than 1.0 for hadrons to an extent determined
by fem and e=h. Figure 37(b) shows the distributions
of the !erenkov-to-scintillation signal ratio for
60 GeV electrons and pions.

(3) The next two methods are based on the fact that the
light produced in the fibers travels at a lower speed
(c=n) than the particles responsible for the production

of that light, which typically travels at c (see
Sec. VII.E.2). As a result, the deeper inside the
calorimeter the light is produced, the earlier it arrives
at the PMT. Since the light from hadron showers is
typically produced much deeper inside the calorimeter,
the PMT signals start earlier than for em showers,
which all produce light close to the front face of the
calorimeter. Figure 37(c) shows distributions of the
starting time of the PMT signals for 60 GeV electron
and pion showers.

(4) The same phenomenon also leads to a larger width of
the hadron signals, since the light is produced over a
much larger region in depth than for electrons. There-
fore, the ratio of the integrated charge and the signal
amplitude is typically larger for hadron showers.
Figure 37(d) shows distributions of that ratio for
showers induced by 60 GeV electrons and pions.

One may wonder to what extent the different methods are
correlated, in other words, to what extent the misidentified
particles are either the same or different ones for each method.
It turned out that by combining different e=" separation
methods, important improvements could be achieved in the
capability of the longitudinally unsegmented calorimeter to
identify electrons, combined with minimal contamination
of misidentified particles. A multivariate neural network
analysis showed that the best e=" separation achievable
with the variables used for the 60 GeV beams was 99.8%
electron identification with 0.2% pion misidentification.
Further improvements may be expected by including the
complete time structure information of the pulses, especially
if the upstream ends of the fibers are made reflective
(Acosta et al., 1991b).
The longitudinally unsegmented RD52 fiber calorimeter

can thus be used to identify electrons with a high degree of
accuracy. Elimination of longitudinal segmentation offers the
possibility to make a finer lateral segmentation with the same
number of electronic readout channels. This has many potential
benefits. A fine lateral segmentation is crucial for recognizing
closely spaced particles as separate entities. Because of the
extremely collimated nature of em showers (Sec. VII.E.1), it is
also a crucial tool for recognizing electrons in the vicinity of
other showering particles, as well as for the identification of
electrons in general. Unlike the vast majority of other calo-
rimeter structures used in practice, the RD52 fiber calorimeter
offers almost limitless possibilities for lateral segmentation. If
so desired, one could read out every individual fiber separately.
Modern silicon photomultiplier (SiPM) technology certainly
makes that a realistic possibility (Sec. VIII).

3. Hadronic performance

The hadronic performance of the RD52 fiber calorimeter
has until now only been measured with a detector that, just as
its DREAM predecessor, was too small to fully contain
hadronic showers. Moreover, because of problems encoun-
tered with the large-scale production of the required copper
absorber structure, only data obtained with a 1.5 ton lead
module are available at this time. The 9-module calorimeter
was subdivided into 9 ! 4 ! 36 towers, and thus produced 72
signals for each event. In order to get a handle on the shower

FIG. 36. The signal linearity for electron showers, measured
for the (a) RD52 copper and (b) lead modules. From Akchurin
et al., 2014b.
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of particles and especially between electrons and hadrons.
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can be used to distinguish between em and hadron
showers. One advantage of the RD52 calorimeter
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arbitrarily small; one can make the tower size (defined
by the number of fibers connected to one readout
element) as large or small as desired. Figure 37(a)
shows the distributions of the fraction of the shower
energy deposited in a RD52 tower located on the
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(2) The fact that both scintillation and !erenkov signals
are obtained for the same showers offers opportunities
to distinguish between em and hadronic showers. For
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smaller than 1.0 for hadrons to an extent determined
by fem and e=h. Figure 37(b) shows the distributions
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60 GeV electrons and pions.

(3) The next two methods are based on the fact that the
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of that light, which typically travels at c (see
Sec. VII.E.2). As a result, the deeper inside the
calorimeter the light is produced, the earlier it arrives
at the PMT. Since the light from hadron showers is
typically produced much deeper inside the calorimeter,
the PMT signals start earlier than for em showers,
which all produce light close to the front face of the
calorimeter. Figure 37(c) shows distributions of the
starting time of the PMT signals for 60 GeV electron
and pion showers.

(4) The same phenomenon also leads to a larger width of
the hadron signals, since the light is produced over a
much larger region in depth than for electrons. There-
fore, the ratio of the integrated charge and the signal
amplitude is typically larger for hadron showers.
Figure 37(d) shows distributions of that ratio for
showers induced by 60 GeV electrons and pions.

One may wonder to what extent the different methods are
correlated, in other words, to what extent the misidentified
particles are either the same or different ones for each method.
It turned out that by combining different e=" separation
methods, important improvements could be achieved in the
capability of the longitudinally unsegmented calorimeter to
identify electrons, combined with minimal contamination
of misidentified particles. A multivariate neural network
analysis showed that the best e=" separation achievable
with the variables used for the 60 GeV beams was 99.8%
electron identification with 0.2% pion misidentification.
Further improvements may be expected by including the
complete time structure information of the pulses, especially
if the upstream ends of the fibers are made reflective
(Acosta et al., 1991b).
The longitudinally unsegmented RD52 fiber calorimeter

can thus be used to identify electrons with a high degree of
accuracy. Elimination of longitudinal segmentation offers the
possibility to make a finer lateral segmentation with the same
number of electronic readout channels. This has many potential
benefits. A fine lateral segmentation is crucial for recognizing
closely spaced particles as separate entities. Because of the
extremely collimated nature of em showers (Sec. VII.E.1), it is
also a crucial tool for recognizing electrons in the vicinity of
other showering particles, as well as for the identification of
electrons in general. Unlike the vast majority of other calo-
rimeter structures used in practice, the RD52 fiber calorimeter
offers almost limitless possibilities for lateral segmentation. If
so desired, one could read out every individual fiber separately.
Modern silicon photomultiplier (SiPM) technology certainly
makes that a realistic possibility (Sec. VIII).

3. Hadronic performance

The hadronic performance of the RD52 fiber calorimeter
has until now only been measured with a detector that, just as
its DREAM predecessor, was too small to fully contain
hadronic showers. Moreover, because of problems encoun-
tered with the large-scale production of the required copper
absorber structure, only data obtained with a 1.5 ton lead
module are available at this time. The 9-module calorimeter
was subdivided into 9 ! 4 ! 36 towers, and thus produced 72
signals for each event. In order to get a handle on the shower

FIG. 36. The signal linearity for electron showers, measured
for the (a) RD52 copper and (b) lead modules. From Akchurin
et al., 2014b.
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between the two signals shown in Fig. 51 and the difference in
rise time are consistent with this assessment.
These are only a few examples of the information that can

be obtained on the basis of time information about the
calorimeter signals. We expect that more applications will
be developed, especially if faster light detectors become
available.

F. Spin-off effects

The results obtained with the DREAM and RD52 detectors
have inspired a number of ideas to use the benefits offered by
the dual-readout technique in alternative ways. The ideas that
have been proposed are next summarized. They are all based
on schemes with a higher !erenkov light yield than in the fiber
detectors. This is achieved by making the detector fully active.

• Para and co-workers (Bilki et al., 2012) proposed a
homogeneous calorimeter made of small (few cm) cubic
scintillating crystals, read out by SiPMs using UV and
visible light filters. This structure allows for a fine lateral
and longitudinal segmentation and is aimed at applica-
tion in a PFA environment (Magill, 2012). In this
context, it should be mentioned that Groom (2013)
demonstrated that application of the dual-readout tech-
nique in a homogeneous calorimeter leads to a degra-
dation of the hadronic energy resolution, compared to
that of a sampling detector with organic scintillator
readout.

• Takeshita (2011) proposed a sandwich calorimeter in
which plastic-scintillator plates are alternated with lead
glass plates. The latter serve as absorber material and
produce !erenkov light as well.

• A dual-readout integrally active nonsegmented option
(ADRIANO) R&D project (Gatto, 2015) aims for a
design similar to SPACAL (Acosta et al., 1991a) with
scintillating fibers embedded in a matrix made out of
heavy glass instead of lead.

Small prototypes have been built and tested in the context of
all these R&D projects. However, until now none of these
ideas has resulted in a practical detector of which the
performance can be tested.

VIII. ASSESSMENT AND OUTLOOK

A. Dual-readout versus compensation

The dual-readout technique was developed with the goal to
obtain calorimeter systems that offer the same advantages as
compensating systems, without the associated disadvantages
of the latter. The advantages deriving from compensation
include signal linearity, Gaussian response functions, and
excellent energy resolution for hadron showers. The excellent
linearity achieved with the RD52 fiber calorimeters is illus-
trated in Fig. 36 for electromagnetic showers and in Fig. 44(a)
for hadrons, while Fig. 43 shows that the hadronic response
functions obtained with this calorimeter are very well
described by Gaussian functions.
In Fig. 52, the energy resolutions obtained with the best

compensating calorimeters, ZEUS (Behrens et al., 1990) and
SPACAL (Acosta et al., 1991a), are compared with the results

obtained with the RD52 fiber calorimeter. Figure 52(b) shows
that the hadronic RD52 values are actually better than the ones
reported by ZEUS and SPACAL, while Fig. 52(a) shows that
the RD52 em energy resolution is certainly not worse.
In making this comparison, the following should be kept

in mind:
(1) The em energy resolutions shown for RD52 were

obtained with the calorimeter oriented at a much
smaller angle with the beam line (!;" ! 1°; 1.5°) than
the ones for SPACAL (!;" ! 2°; 3°) (Akchurin et al.,
2014b). As shown in Fig. 46, the em energy resolution
is extremely sensitive to the angle between the beam
particles and the fiber axiswhen this angle is very small.

(2) The instrumented volume of the RD52 calorimeter
(including the leakage counters) was less than 2 tons,
while both SPACAL and ZEUS obtained the reported
results with detectors that were sufficiently large
(>20 tons) to contain the showers at the +99% level.
As stated before, the hadronic resolutions shown for
RD52 are dominated by fluctuations in lateral shower
leakage, and a larger instrument of this type is thus
likely to further improve the results.

The comparison of the hadronic results seems to indicate that
the dual-readout approach offers even better opportunities to
achieve superior hadronic performance than compensation.
One may wonder why that is the case. Here is our explanation.
The main reason for the poor hadronic energy resolution of

the calorimeters used in high-energy physics experiments is
fluctuations in the response to the non-em shower component.
These are dominated by fluctuations in the invisible energy,
i.e., the energy needed to release nucleons from the atomic
nuclei in which they are bound when these nuclei are subject
to nuclear reactions in the shower development process.
Compensating calorimeters and dual-readout calorimeters
both try to eliminate or reduce the effects of these fluctuations
on the signal distributions by means of a measurable variable
that is correlated to the invisible energy. However, the
variables used for this purpose are different in compensating
and dual-readout calorimeters.

FIG. 52. Energy resolutions reported for the detection of (a) elec-
trons and (b) hadrons by RD52 (Akchurin et al., 2014b; Lee et al.,
2017), SPACAL (Acosta et al., 1991a), and ZEUS (Behrens et al.,
1990). From Lee, Livan, and Wigmans, 2018.
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ACCESS

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

Thin lead plates were interleaved with 4 cm wide ribbons of scintillating and Cerenkov fibers
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Difference between dual-readout and rotation methods

intersected the C ! S line at approximately the correct energy.
As shown in Sec. VII, this was also true for pions of other
energies, for different types of hadrons, and also for “jets,”
always using the same procedure and the same rotation angle.
There is no fundamental difference between the way in

which the energy resolution is typically measured for other
calorimeters and the rotation method described for a dual-
readout calorimeter. The conversion factor between the
deposited energy (in GeV) and the resulting signal (e.g., in
ADC counts) is established with a beam of monoenergetic
electrons. Next, the hadronic energy resolution is determined
from the signal distributions measured for beams of mono-
energetic hadrons. And unlike in some other calorimeters, no
additional information on the beam particles, such as the
energy or the hadron type, is used in the rotation method.
One may correctly argue that the width of the signal

distributions such as the one shown in Fig. 12(c) is not
equivalent to the precision with which the energy of one
arbitrary particle (of unknown energy) absorbed in this
calorimeter may be determined.
To that end, one may use a procedure (described in Sec. VI)

in which the em shower fraction (fem) of the hadronic shower
is derived from the ratio of the !erenkov 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 precision obtained with this
method is worse than the energy resolution given previously.
This is mainly due to the fact that contributions of fluctuations
in the very low !erenkov light yield, which are responsible for
vertical scattering in the S ! C diagram, have been eliminated
as a result of the rotation. Figure 13 illustrates the difference
between the values obtained with the two methods discussed
here. The precision of the energy measurement is represented
by the arrows in the two diagrams (Lee et al., 2017).

VI. THE DREAM PROJECT

Inspired by the results obtained with the ACCESS calo-
rimeter, discussed in Sec. IV, they embarked on a follow-up
project intended to contain hadron showers in a much more
complete way. The instrument they built became known as the
DREAM calorimeter. As before, the two active media were
scintillating fibers which measured the visible energy, while
clear, undoped fibers measured the generated !erenkov light.
Copper was chosen as the absorber material. The basic
element of this detector (see Fig. 14) was an extruded copper
rod, 2 m long and 4 ! 4 mm2 in cross section. This rod was
hollow, and the central cylinder had a diameter of 2.5 mm. In
this hole were inserted seven optical fibers. Three of these

FIG. 13. (a) Scatter plots of the !erenkov vs the scintillation
signals from showers induced by monoenergetic hadrons. The
arrow indicates the precision with which the em shower fraction,
and thus the energy, of an individual particle can be determined
on the basis of the measured ratio of the !erenkov and
scintillation signals, 0.7 in this example. The rotation procedure
for an ensemble of monoenergetic pions leads to the scatter plot
shown in (b). The precision of the measurement of the width
of that distribution is indicated by a white arrow as well. From
Lee et al., 2017.

FIG. 14. The DREAM detector. The basic building block is an
extruded hollow copper rod. Seven optical fibers (four !erenkov
and three scintillating fibers) are inserted in the central hole. The
two types of fibers are split into separate bunches as they exit the
downstream detector end. The hexagonal readout structure is
indicated. The !erenkov fibers of the central tower and the six
towers of the inner ring were filled with quartz fibers; in the 12
towers of the outer ring clear polymethyl methacrylate (PMMA)
fibers were used for this purpose. From Akchurin et al., 2005a.
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Crystals for Dual-Readout Calorimetry

response asymmetry !R ! L"=!R# L" as a function of the tilt
angle !, the contribution of !erenkov light to the detector
signals could be determined.
The initial cosmic-ray measurements indicated that the

contribution of !erenkov light to the signals was at the level of
15%–20% (Wigmans, 2007). Because of the extremely low
event rates and the small signals (typically 20–30 MeV),
systematic follow-up studies were carried out with particle
beams at CERN’s SPS. Figure 22 shows some of the results of
this work, and, in particular, the characteristic “S” shape
which indicates that the !erenkov component of the light
produced in the developing showers was most efficiently
detected when the crystal axis was oriented at the !erenkov
angle with the shower axis. The figure also shows that placing
a lead brick upstream of the crystal had the effect of making
the angular distribution of the light produced in the crystal
more isotropic, thus reducing the left-right asymmetry
(Akchurin et al., 2007a).

It turned out that the scintillation light yield, and thus the
fraction of !erenkov light in the overall signal, depends
sensitively on the temperature of the PbWO4 crystals, approx-
imately !3%=°C (Akchurin et al., 2008). For this reason, the
large em calorimeters that are based on these crystals (CMS,
ALICE, and PANDA) all operate at very low temperatures,
and maintaining the temperature constant at the level of
$0.1 °C is an essential requirement for obtaining excellent
energy resolution. There is also another temperature-
dependent phenomenon that affects the efficiency at which
the !erenkov and scintillation components of the light
produced by these crystals can be separated, namely, the
decay time of the scintillation signals. RD52 found this decay
time to decrease from "9 ns at 13 °C to "6 ns at 45 °C
(Akchurin et al., 2008).
The difference in the time structure of the two signals is

another important characteristic that can be used to distinguish
between the scintillation and !erenkov components of the
light produced by high-energy particles in crystals. And, of
course, the larger the difference in the time structure, the better
the separation works. The RD52 Collaboration managed to
improve the applicability of PbWO4 crystals for dual-readout
calorimetry by doping them with small amounts, O!1%", of
molybdenum (Akchurin et al., 2009a). This had two beneficial
effects: it increased the decay time of the scintillation light and
it shifted the spectrum of the emitted scintillation light to
larger wavelengths.
The effects of that are illustrated in Fig. 23, which shows the

calorimeter signals generated by 50 GeVelectrons traversing a
crystal of this type. This crystal was oriented such as to
maximize the relative fraction of !erenkov light in the
detected signals. By selecting the UV light by means of an
optical filter, almost the entire detected signal was due to
(prompt) !erenkov light, while a yellow transmission filter
predominantly selected scintillation light, which had a decay
time of "26 ns as a result of the Mo doping.

FIG. 21. Principle of the asymmetry measurement that was
used to establish the contribution of !erenkov light to the signals
from the PbWO4 crystals. Depending on the crystal orientation,
this directionally emitted light contributed differently to the
signals from the left and right photomultiplier tubes. From
Akchurin et al., 2007a.

FIG. 22. Left-right response asymmetry measured for 10 GeV
electrons showering in a 2.5X0 thick PbWO4 crystal, as a function
of the orientation of the crystal (the angle !). Results are shown
for the early and late components of the showers. The latter
measurements were done by placing 4 cm of lead upstream of the
crystal. From Akchurin et al., 2007a.

FIG. 23. Average time structure of the signals from a PbWO4

crystal doped with 1% Mo, generated by 50 GeV electrons.
The angle ! was 30° in these measurements. Shown are the
results obtained with UV and yellow filters, respectively. From
Akchurin et al., 2009a.
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Whereas the differences in angular dependence were
suitable for demonstrating the fact that some of the light
generated in these crystals is actually the result of the
!erenkov mechanism, the combination of time structure
and spectral characteristics provides powerful tools to separate
the two types of light in real time. One does not even have to
equip the calorimeter with two different light detectors for
that. This was demonstrated with a calorimeter consisting of
bismuth germanate (Bi4Ge3O12, or BGO) crystals (Akchurin
et al., 2009b). Even though !erenkov radiation represents
only a very small fraction of the light produced by these
crystals, it is relatively easy to separate and extract it from the
signals. The much longer scintillation decay time (300 ns) and
the spectral difference are responsible for that.6

Figure 24 shows the time structures of signals from a BGO
calorimeter recorded with a UV filter. The “prompt” compo-
nent observed in the ultraviolet signal is due to !erenkov light.
A small fraction of the scintillation light also passes through
the UV filter. This offers the possibility to obtain all needed
information from only one signal. An external trigger opens
two gates: one narrow (10 ns) gate covers the prompt
component, and the second gate (delayed by 30 ns and
50 ns wide) contains only scintillation light. The latter signal
can also be used to determine the contribution of scintillation
to the light collected in the narrow gate. In this way, the
!erenkov-to-scintillation ratio can be measured event by event
on the basis of one signal only (Akchurin et al., 2009b).
The same possibility was offered by BSO crystals. These

have a similar chemical composition as BGO, with the
germanium atoms replaced by silicon ones. Both the

scintillation light yield and the decay time of this crystal
are about a factor of 3 smaller than for BGO. Tests with BSO
crystals showed that this made the separation of !erenkov and
scintillation light somewhat more efficient, while maintaining
the possibility to obtain all necessary information from one
calorimeter signal. This, combined with the fact that the
expensive germanium component is not needed, makes BSO a
potentially interesting candidate for a crystal-based dual-
readout calorimeter (Akchurin et al., 2011a).
Apart from the time structure and the spectral differences,

there is one other characteristic feature of !erenkov light that
can be used to distinguish it from scintillation light, namely,
the fact that it is polarized (Akchurin et al., 2011b). The
polarization vector is oriented perpendicular to the surface of
the cone of the emitted !erenkov light. RD52 used a BSO
crystal to demonstrate this possibility (Fig. 25). This crystal
was placed in a particle beam and oriented such as to
maximize the fraction of !erenkov light that reached the
PMT (as in Fig. 22). A UV filter absorbed most of the
scintillation light, and the time structure of the transmitted
signals showed a significant prompt !erenkov signal, as well
as a 100 ns tail due to the transmitted component of the
scintillation light. In addition, a polarization filter was
placed directly in front of the PMT. Rotating this filter

FIG. 24. The time structure of a typical shower signal from
50 GeVelectrons measured in the BGO em calorimeter equipped
with a UV filter. These signals were measured with a sampling
oscilloscope, which took a sample every 0.8 ns (Akchurin et al.,
2009b). The UV signals were used to measure the relative
contributions of scintillation light (gate 2) and !erenkov light
(gate 1).

FIG. 25. Average time structure of the signals generated by
180 GeV !! traversing a BSO crystal in its center at " " 30° and
passing through a U330 optical transmission filter, followed by a
polarization filter. The transmission axis of the latter filter was
oriented either (a) horizontally or (b) vertically. The time scale
describes the time passed since the start of the time base of the
oscilloscope. From Akchurin et al., 2011b.

6The BGO scintillation spectrum peaks at 480 nm, while
!erenkov light exhibits a #!2 spectrum.
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Whereas the differences in angular dependence were
suitable for demonstrating the fact that some of the light
generated in these crystals is actually the result of the
!erenkov mechanism, the combination of time structure
and spectral characteristics provides powerful tools to separate
the two types of light in real time. One does not even have to
equip the calorimeter with two different light detectors for
that. This was demonstrated with a calorimeter consisting of
bismuth germanate (Bi4Ge3O12, or BGO) crystals (Akchurin
et al., 2009b). Even though !erenkov radiation represents
only a very small fraction of the light produced by these
crystals, it is relatively easy to separate and extract it from the
signals. The much longer scintillation decay time (300 ns) and
the spectral difference are responsible for that.6

Figure 24 shows the time structures of signals from a BGO
calorimeter recorded with a UV filter. The “prompt” compo-
nent observed in the ultraviolet signal is due to !erenkov light.
A small fraction of the scintillation light also passes through
the UV filter. This offers the possibility to obtain all needed
information from only one signal. An external trigger opens
two gates: one narrow (10 ns) gate covers the prompt
component, and the second gate (delayed by 30 ns and
50 ns wide) contains only scintillation light. The latter signal
can also be used to determine the contribution of scintillation
to the light collected in the narrow gate. In this way, the
!erenkov-to-scintillation ratio can be measured event by event
on the basis of one signal only (Akchurin et al., 2009b).
The same possibility was offered by BSO crystals. These

have a similar chemical composition as BGO, with the
germanium atoms replaced by silicon ones. Both the

scintillation light yield and the decay time of this crystal
are about a factor of 3 smaller than for BGO. Tests with BSO
crystals showed that this made the separation of !erenkov and
scintillation light somewhat more efficient, while maintaining
the possibility to obtain all necessary information from one
calorimeter signal. This, combined with the fact that the
expensive germanium component is not needed, makes BSO a
potentially interesting candidate for a crystal-based dual-
readout calorimeter (Akchurin et al., 2011a).
Apart from the time structure and the spectral differences,

there is one other characteristic feature of !erenkov light that
can be used to distinguish it from scintillation light, namely,
the fact that it is polarized (Akchurin et al., 2011b). The
polarization vector is oriented perpendicular to the surface of
the cone of the emitted !erenkov light. RD52 used a BSO
crystal to demonstrate this possibility (Fig. 25). This crystal
was placed in a particle beam and oriented such as to
maximize the fraction of !erenkov light that reached the
PMT (as in Fig. 22). A UV filter absorbed most of the
scintillation light, and the time structure of the transmitted
signals showed a significant prompt !erenkov signal, as well
as a 100 ns tail due to the transmitted component of the
scintillation light. In addition, a polarization filter was
placed directly in front of the PMT. Rotating this filter

FIG. 24. The time structure of a typical shower signal from
50 GeVelectrons measured in the BGO em calorimeter equipped
with a UV filter. These signals were measured with a sampling
oscilloscope, which took a sample every 0.8 ns (Akchurin et al.,
2009b). The UV signals were used to measure the relative
contributions of scintillation light (gate 2) and !erenkov light
(gate 1).

FIG. 25. Average time structure of the signals generated by
180 GeV !! traversing a BSO crystal in its center at " " 30° and
passing through a U330 optical transmission filter, followed by a
polarization filter. The transmission axis of the latter filter was
oriented either (a) horizontally or (b) vertically. The time scale
describes the time passed since the start of the time base of the
oscilloscope. From Akchurin et al., 2011b.

6The BGO scintillation spectrum peaks at 480 nm, while
!erenkov light exhibits a #!2 spectrum.
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measurements by taking the derivative of this curve. In Fig. 10b,
the differences between the signals measured at neighboring
impact points are plotted. This !gure shows that the narrow
central core of the showers extends over a distance of only a few
mm. The core is somewhat wider for the Cherenkov signals than
for the scintillation ones.6

Because of the extremely collimated core of the em showers,
there is a systematic response difference between particles enter-
ing the detector in the absorber material or in the !bers for this
type of calorimeter. The core is more ef!ciently sampled, and thus
contributes more to the total signal, when it develops in or very
close to a !ber. By orienting the calorimeter at a small angle with
respect to the beam line, this difference is smeared out and
eventually disappears for angles !31 [3,4]. Interestingly, this effect
is more or less absent for the Cherenkov signals. This is because
the extremely collimated narrow core that characterizes the early
phase of em showers does not contribute to the Cherenkov signals,
since the Cherenkov light generated in this phase falls outside the
numerical aperture of the !bers [3]. We come back to these effects
in Section 4.

3.4. Response uniformity

Because of the extremely collimated core of the em showers,
a large contribution of the signals comes from a very small number
of individual !bers. This means that it is very important that !ber-
to-!ber response variations be kept as small as possible.
Such variations may be caused by:

! Differences in intrinsic !ber quality (light yield, attenuation
characteristics).

! Differences in the quality of the polishing of the !ber ends.

! Differences in quantum ef!ciency of the PMT photocathode
areas illuminated by individual !bers.

In order to investigate these effects, we performed uniformity
scans, in which a relatively large area of the calorimeter surface
was exposed to a given electron beam. In order to maximize the
effects of non-uniformities, the calorimeter was oriented at
!; "" 01, so that the number of !bers contributing to the signal
from individual showers was made as small as possible.
To obtain a !ne granularity, a large number of beam particles
were used for this study, which was carried out with 100 GeV
electrons for the lead matrix and with 20 GeV electrons for the
copper modules. The granularity, i.e., the size of the individual cells
into which the scanned surface area was subdivided, was
5#5 mm2 in the case of lead, and 2#2 mm2 for copper.

Results are given in Fig. 11 for the lead matrix and Fig. 12 for the
copper modules. We want to emphasize that the !bers and PMTs
were identical for these two scans. Yet, some striking differences
were observed. In general, the uniformity is worse for the lead
modules than for the copper ones, which may be partly due to the
fact that the lead scan included a larger fraction of areas near the
tower edges.7 Especially for the scintillation signals in the lead
matrix, there is a substantial difference between the response to
particles that hit a tower in its center and particles that entered the
calorimeter near a tower edge. No such difference was observed for
copper. Also, the Cherenkov response in lead was much more
uniform than the scintillation response (7% vs.12% non-uniformity).
This is consistent with the fact, explained in the previous subsec-
tion, that the Cherenkov signals are less sensitive to anomalies in
one individual !ber, since the early extremely collimated shower
component does not contribute to these signals.

Fig. 10. The signal from a 1 mm wide beam of 100 GeV electrons measured in Tower 16, as a function of the impact point of the beam (a), and the lateral shower pro!les
derived from this measurement (b). See text for details.

6 This phenomenon is due to the fact that the early, extremely collimated part
of the shower does not contribute to the Cherenkov signal, since the Cherenkov
light generated in this stage falls outside the numerical aperture of the !bers [6].

7 In order to quantify this effect, we also limited the study of the signal
variations in the lead calorimeter to the same areas that were included in the
copper scan. The non-uniformity was measured to be 11% and 6% for the
scintillation and the Cherenkov signals, respectively.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 735 (2014) 130–144136
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The limits of the hadronic energy resolution



The Poor Performance of Hadron Calorimeter

43

Nuclear binding energy losses



Two approaches to improve the hadronic performance

1. Compensation 

- the total kinetic energy of neutrons 

2. Dual-Readout 

-  the electromagnetic shower fraction

44

These are measurable quantities that are correlated to the binding energy losses



Compensation

45

Boosting the signal contributed by the MeV-type neutrons 
by means of adjusting the sampling fraction achieves e/h=1 



Dual-Readout Calorimetry

• Dual-readout method (DREAM)


- The electromagnetic shower fraction is measured by means of 
comparing scintillation (dE/dx) and Cerenkov signals event by 
event. The fluctuations in fem can be eliminated.


• e/h=1 can be achieved without the limitations 

- the small sampling fraction 

- a large detector volume

- a long signal integration time
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Prediction of the limits of the hadronic energy resolution

• GEANT 4.10.3-patch2


• FTFP_BERT physics list


• Very large absorber to contain the entire hadron shower


• 10, 20, 50, 100, 200, 500, 1000 GeV π- sent to Cu and Pb (10,000 events)


• Obtained information in each event:


- The em shower fraction


- The total nuclear binding energy loss


- The total kinetic energy of the neutrons

47



Correlation between binding energy loss 
and fem (a) and kinetic energy of neutrons(b)
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Correlation between binding energy loss and  
non-em energy (a) and kinetic energy of neutrons(b)
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<EM Shower fraction> and <Binding Energy Loss> Limit on the hadronic energy resolution 
in the absence of DR or compensation



Limits on the hadronic energy resolution
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