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A brief history of calorimetry (1)
• Particle detection using calorimeter was pioneered in nuclear physics 

shortly after World War II. 

• In 1960s:  

- the transition from the bubble chamber era to experiments based on 
electronic counters. 

- In nuclear spectroscopy, high Z material: good energy resolution for 
γs. (e.g. NaI(Tl), Ge) 

• Sampling calorimeters: the construction of large calorimeters.  

- e.g. absorber: Pb (short radiation length), active material: plastic 
scintillator, LAr, LKr. 

- NA48 (Pb-LKr): 3.5%/√E, KLOE (Pb-fibers): 4.8%/√E (Good energy 
resolution for e, γ)—1990s.
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A brief history of calorimetry (2)

• In 1970s, the new tasks of calorimeter: the measurement of jet 
energy and missing ET at the collider experiments (ISR, PETRA) 
and particle ID (e, γ, μ, ν). 

• Calorimeters worked nicely for such tasks and became the main 
detector at accelerator based particle physics experiments. 

• However, the energy resolution of hadrons was considerably 
worse than that of e and γ. The understanding of hadron 
calorimeter performance was not good enough. 

• Since ~1985, the efforts to understand the performance of 
hadron calorimeters has been doing both experimentally and at 
the Monte Carlo level.
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Why Calorimetry?
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• Energy measurement: charge and neutral particles 

• Provide energy flow information: 

- total amount of energy in an event 

- Missing ET (geometric imbalances) 

- Jet production 

• Fast information: event selection in real time (trigger)



Performance of Calorimeter

• improves as energy increases 

- Energy resolution follows Poisson statistics 

- If a particle with energy E create signal,

5

E ∝ n (# of signal quanta) → σ∝√n

Energy resolution (σ/E) ∝ 1/√n ∝ 1/√E



Ideal Calorimeter
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Energy Resolution Scales as 1/√E

QFCAL Prototype for HF at CMS 
(electron detection)



Electromagnetic Shower (e, γ)
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Calorimeter signal is directly proportional to the energy of incoming particles
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Electromagnetic calorimeters are well understood and 
offer very precise energy measurement (e, γ detection)
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“Hadron Calorimeters are usually far from ideal” 



Hadron Shower
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74 THE PHYSICS OF SHOWER DEVELOPMENT

FIG. 2.29. A proton-nucleus interaction in a nuclear emulsion stack. Photograph courtesy
CERN.

2.3.2.3 Spallation nucleons. In the spallation reactions with absorber nuclei that take
place in the absorption of energetic hadrons, large numbers of nucleons and nucleon
aggregates such as ↵ particles are produced. We will now try to get a quantitative feeling
of what goes on in this crucial phase of the shower development. In particular, we will
try to determine average values for the numbers of protons and neutrons produced and
for the invisible energy. We will also try to separate the cascade nucleons from the
evaporation ones, on a statistical basis.

Our starting points in this exercise are twofold:

1. Rudstam’s equation (2.24) describing the cross sections for the possible nuclear
reactions.

2. The conclusion by Gabriel et al. [Gab 94] that it takes, on average, 1.3 GeV to
produce one pion in the development of high-energy hadron showers in lead.

In Section 2.3.1.1 we saw that the latter conclusion was supported by a number of
experimental features of hadronic shower development. We also assume (following the
reasoning from Section 2.3.1.2) that such a “typical” pion loses, on average, about 300
MeV by ionizing lead atoms before it interacts with a lead nucleus. The remaining 1.0
GeV, which includes the pion’s restmass, is thus used to excite and dissociate a lead
nucleus or, more likely, several lead nuclei.

For simplicity, we will assume that the lead absorber consists entirely of 208

82

Pb, its
most abundant isotope. The consequences of this simplification are for this analysis
negligible. With Equation 2.24, the probability that a particle carrying an energy E con-
verts this nucleus into a final state nucleus (Af , Zf ) can be computed. In this process,
(208 – Af ) nucleons are released, (82 – Zf ) protons and the rest neutrons. This compu-
tation can be repeated for all possible reactions that are energetically possible. The rela-
tive probabilities of these reactions give the relative probabilities that the corresponding



Fluctuations of the electromagnetic shower fraction (fem)
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The em fraction depends on (on average):
- pion energy
- the type of absorber material

Pb

Event-to-event fluctuation

Non-Gaussian, Asymmetric



Consequence of Main Fluctuations in Hadron Showers
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• Energy Scale is different from electron, energy dependent 

• Non-linearity 

• Non-Gaussian response function 

• Poor energy resolution



Different Approaches  
to improve hadronic calorimetry
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• Compensating calorimeters 

- designing em and non-em responses are equal (e/h = 1) 

- hadronic energy resolution of SPACAL: 30 %/√E 

• Dual-Readout calorimeters 

- measuring fem event by event using Cerenkov light 

- this approach has been proved experimentally last 15 years



SPACAL (Pb/Scintillator Calorimeter)
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Pros & Cons of Compensating Calorimeter

• Pros 

- Same energy scale for electrons, hadrons and jets. 

- Calibrate with electrons and you are done. 

- Excellent hadronic energy resolution (SPACA: 30%/√E) 

- Linearity, Gaussian response function. 

• Cons 

- Small sampling fraction (2.4% in Pb/plastic) 

➡ limited em energy resolution 

- Compensating relies on detecting neutrons 

➡ Large integration volume 

➡ Long integration time (~50 ns)



How can we improve the performance 
of hadron calorimeters?

• Dominant fluctuation: fem 

- EM shower component almost exclusively produces 
Cerenkov light 

- 80 % of non-em energy deposited by non-relativistic 
particle (non-em component: mainly soft proton)
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Dual-REAdout Method (DREAM) 
Measure fem event-by-event with Cerenkov and Scintillation signals



The Prototype DREAM Detector
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Muon Detection



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

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

5130! 0:16=p
p

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

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

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

or 99 X 0 ð10:0lintÞ. The fibers leaving the rear of
this structure were separated into bunches: One
bunch of scintillating fibers and one bunch of
Cherenkov fibers for each tower, 38 bunches in
total. In this way, the readout structure was
established (see Fig. 3). Each bunch was coupled
through a 2 mm air gap to a PMT.4In the case of
the scintillating fibers, the window of the PMTs
was covered with a yellow filter.5 Since the
dominant blue light from these fibers is attenuated
by self-absorption (resulting from overlap of the
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Fig. 2. Layout of the DREAM calorimeter. The detector
consists of 19 hexagonal towers. A central tower is surrounded
by two hexagonal rings, the Inner Ring (6 towers) and the Outer
Ring (12 towers). The towers are not longitudinally segmented.
The arrow indicates the (projection of the) trajectory of a muon
traversing the calorimeter oriented in position Dð6%; 0:7%Þ.Fig. 1. The basic building block of the DREAM calorimeter is

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

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

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



5700GeV=ðZ þ 1:47Þ0:879 [6], one expects the en-
ergy at which radiation and ionization processes
contribute equally to the energy loss of the muons
in copper ðZ ¼ 29Þ to be %300GeV.

The scintillator signal distributions for muons at
40, 100 and 200 GeV are shown in Fig. 14. A
comparison between the high-energy tails of these
distributions illustrates the increased importance
of radiative energy losses as the muon energy
increases. This is also illustrated in Fig. 15, where
the average energy loss of the muons, measured by

the scintillating fibers, is given as a function of the
muon energy. This average, expressed in GeVs as
determined on the basis of the electron calibration,
increases gradually from 2.1 at 20 to 3.5 at 200
GeV. The question, to be answered in the next
subsection, is to what extent this energy calibra-
tion is also valid for the energy deposited by
muons.
Fig. 16 shines some very interesting light on this

issue. In this figure, the spectra for 200 GeV
muons traversing the DREAM calorimeter at 6&

ARTICLE IN PRESS

Fig. 13. Distribution of the measured energy loss of 100GeV muons on the basis of the scintillator signal (a) or the Cherenkov signal
(b), with the calorimeter oriented in either position Að2&; 0:7&Þ or position Bð3&; 2&Þ. For reference purposes, the signal distributions
from the scintillating fibers (c) and the Cherenkov fibers (d), measured in position Dð6&; 0:7&Þ where the muons did not traverse the
readout region, are shown as well.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 533 (2004) 305–321316

Distributions of the measured energy loss of 100 GeV muons

Scintillation Cerenkov



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

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

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

ARTICLE IN PRESS

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

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

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

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

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

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

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

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

follows the examples set by HELIOS [7], ZEUS [8]
and SPACAL [9], is that a 40 GeV muon is not a
mip. As a matter of fact, mip’s are hypothetical
particles, they do not exist. Since a muon is the
closest thing to a mip that nature provides us with,
we use the muon data for doing this analysis.
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Fig. 18. Average signal from muons traversing the DREAM
calorimeter, as a function of the muon energy. The detector was
oriented in position Dð6"; 0:7"Þ. Results are given separately for
the scintillating and the Cherenkov fibers. Also shown is the
difference between the average signal values from both media.

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

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



Electron Detection



hodoscope consisted of 2 ribbons of scintillating
fibers oriented in the horizontal or vertical
direction, thus providing the y and x coordinates
of the beam particles. These hodoscope ribbons
were originally developed in the context of the
FAROS R&D project at CERN [5,6]. The fibers
were 500mm in diameter, the position resolution
was ! 200mm and the probability that a charged
particle generated a signal above threshold was
! 95% for each ribbon. Each fiber ribbon was
read out by a position sensitive photomultiplier
tube6. Further details can be found in Refs. [5,6].
This hodoscope system was installed about 3m
upstream of the front face of the DREAM
calorimeter. It made it possible to measure the
coordinates of the impact point in the calori-
meter with a precision of a fraction of 1 mm,
depending on the beam energy. Several examples
of the utility of this hodoscope are given in
Section 5.

" The preshower detector (PSD) consisted of a
5mm thick ð1X 0Þ lead absorber, followed by a
scintillation counter whose pulse height was
recorded. This simple device turned out to be
extremely useful to eliminate beam contamina-
tion and was an important tool in obtaining
event samples of high purity.

" Downstream of the calorimeter, behind an
additional 8lint worth of absorber, a 30%
30 cm2 scintillation counter (MU) served to
identify muons that contaminated the particle
beam.

Especially at high energies (100GeV and high-
er), the electron beam contained a substantial
fraction of other particles, mainly pions and

muons. Whereas the muons could be effectively
identified and eliminated by using the fact that
they can penetrate large amounts of material, the
PSD was important for recognizing and eliminat-
ing the hadrons. Fig. 5 shows the signal distribu-
tion in the PSD for a 100GeV electron beam.
Most of the pions and muons contaminating this
beam generated a signal consistent with a mini-
mum-ionizing particle crossing the scintillator
plane of the PSD, while almost all electrons
generated a considerably larger signal. On their
way through the 1X 0 thick PSD absorber,
electrons radiated a large number of photons. If
one or more of these photons converted in the
absorber, then the electrons and positrons gener-
ated in this conversion could add to the signal of
the primary particle. When one photon converted

ARTICLE IN PRESS

Fig. 4. Schematic view of the experimental setup in the beam line in which the DREAM detector was tested with electrons (see text for
details).

Fig. 5. Signal distribution for events recorded in the PSD for
the 100GeV electron beam. See text for details.

6Hamamatsu R2486, equipped with 16% 16 anode wires for
position detection.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 536 (2005) 29–51 33
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the scintillating fibers is shown in Fig. 7a, and the
distribution of the signals from the Cherenkov
fibers in Fig. 7b. A Gaussian fit describes the
Cherenkov signals much better than the scintilla-
tor ones. The scintillator signal distribution
exhibits a more or less flat plateau near its
maximum. But upon closer inspection, also the
Cherenkov distribution is not perfectly described
by the fit, which has a reduced w2 of 4.5 (208 for 46
degrees of freedom). The w2=Ndof value of the fit to
the scintillator distribution was 15 times worse.

The origin of these effects becomes clear when
we look at similar distributions (for 100GeV
electron showers) with the detector oriented in
the ‘‘z-scan position’’, Cð24"; 0"Þ (see Fig. 3).
The scintillator distribution exhibits a striking
double-hump structure, that seems as if it is the
result of a superposition of two distributions
with different mean values (Fig. 8a). The variable
distinguishing these separate distributions is
the y-coordinate of the impact point of the
electron. This coordinate was determined with
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Fig. 7. Signal distributions for 40GeV electrons, recorded from
the scintillating (a) and the Cherenkov (b) fibers, with the
DREAM calorimeter in the untilted position, Að2"; 0:7"Þ:

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

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

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

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

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

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

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

ARTICLE IN PRESS

Table 2

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

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

S C S C

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

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

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

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

Fig. 20. The energy resolution as a function of energy,
measured with the scintillating (squares) and Cherenkov fibers
(circles), for electrons entering the calorimeter in the tilted
position, Bð3$; 2$Þ:

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 536 (2005) 29–5146



Hadron and Jet detection



3.1.1. The trigger counters
Two small scintillation counters provided the

signals that were used to trigger the data acquisi-
tion system. These Trigger Counters (TC) were
2.5mm thick, and the area of overlap was 6!
6 cm2: A coincidence between the logic signals
from these counters provided the trigger.

3.1.2. The hodoscope
The impact point of the beam particles in the

DREAM detector was measured with a fiber
hodoscope (HOD). This hodoscope consisted of
ribbons of scintillating fibers oriented in the
horizontal or vertical direction, thus providing
the y and x coordinates of the beam particles. The
fibers were 500mm thick. Their signals were read
out by means of multi-anode PMTs.6 This detector
was installed about 3m upstream of the front face
of the DREAM calorimeter. Using the hodoscope
information, it was possible to determine the
coordinates of the impact point in the calorimeter
with a precision of a fraction of 1mm, depending
on the beam energy. More details about this
instrument, as well as examples of its excellent
performance in these beam tests, are described
elsewhere [12].

3.1.3. The preshower detector
The preshower detector (PSD) consisted of a

5mm thick (1X 0) lead absorber, followed by a
scintillation counter. This simple device turned out
to be extremely useful to eliminate beam contam-
ination and made it possible to obtain data
samples of high purity. Fig. 5 shows the signal
distribution for a 100GeV electron beam. This
beam contained some contamination from pions

and muons, which were responsible for the
minimum-ionizing peak in the PSD spectrum.
Electrons started em showers in the 1X 0 lead
absorber and produced signals that were typically
10 times larger than those from mips. By requiring
PSD signals smaller than 2mips, electrons con-
taminating pion beams were effectively eliminated.
More details about the performance of this
instrument are given elsewhere [12].

3.1.4. The interaction target
For the measurements of single pions, the PSD

was installed right in front of the DREAM

ARTICLE IN PRESS

Fig. 5. Signal distribution for events recorded in the preshower
detector for a 100GeV electron beam.

Fig. 4. Schematic view of the experimental setup in the beam line in which the DREAM detector was tested.

6Hamamatsu R2486, equipped with 16! 16 anode wires for
position detection.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 537 (2005) 537–561542



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

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

5. Experimental results

5.1. Single pions

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

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

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

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

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

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

the scintillation or the Cherenkov light, can be
expressed in terms of the em shower fraction (f em)
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Fig. 9. Signal distributions for 100GeV p" recorded by the
scintillating (a) and Cherenkov (b) fibers of the DREAM
calorimeter, oriented in the untilted position, Að2'; 0:7'Þ: The
signals are expressed in the same units as those for em showers,
which were used to calibrate the detector (em GeV).
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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 

• Reduction of sampling fluctuations → Put more fibers 

- contribute ~40%/√E to hadronic resolution (single pions) 
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Test Beam with the new DREAM modules

9 Pb modules (36 towers, 72 channels), 2 Cu modules (8 towers), 20 leakage counters (Plastic scintillator)



The structures of Pb and Cu modules

Pb Cu
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Electromagnetic Performance



The electromagnetic performance for 40 GeV e- (Cu/fiber)

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

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

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

3.3. Radial shower profiles

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

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

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

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

Fig. 9. The linearity of the copper (a) and lead (b) based fiber calorimeters for em shower detection in the scintillation and Cherenkov channels. See text for details.
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The energy resolution for electrons (Cu/fiber)



Hadronic Performance



The hadronic performance (Pb/fiber)
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The Rotation Method
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4.2 The rotation method for single hadrons

Figure 13a shows a scatter plot of the Čerenkov signals vs. the scintillation sig-
nals measured with this detector for 60 GeV pions. The signals from the leakage
counters were added to those from the scintillating fibers, using the fact that the
measured shower profile indicated that the side leakage at this energy was, on av-
erage, 6.4%. The energy scale for both the Čerenkov and the scintillation signals
is given in units of GeV, derived from the calibration of these signals with electron
showers.

Fig. 13. Signal distributions of the RD52 Dual-Readout lead/fiber calorimeter for 60 GeV
pions. Scatter plot of the two types of signals as recorded for these particles (a) and rotated
over an angle ✓ = 30� around the point where the two lines from diagram a intersect (b).
Projection of the latter scatter plot on the x-axis (c).

This scatter plot shows the data points located on a locus, clustered around a line
that intersects the C/S = 1 line at the beam energy of 60 GeV. This is of course to
be expected. In first approximation, the Čerenkov fibers only produced signals gen-
erated by the electromagnetic components of the hadron showers, predominantly
⇡

0s. The larger the em shower fraction, the larger the C/S signal ratio. Events in
which (almost) the entire hadronic energy was deposited in the form of em shower
components thus produced signals that were very similar to those from 60 GeV
electrons and are, therefore, represented by data points located near (60,60) in this
scatter plot. The fact that the data points cluster around a straight line in this plot is

19

60 GeV π-



The Rotation Method
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The Rotation Method

43Fig. 19. The average calorimeter signal per GeV (a) and the fractional width of the signal
distribution (b) as a function of energy, for single pions and multiparticle events (“jets”). Re-
sults are given for the dual-readout calorimeter signals, obtained with the rotation method.

beam particles took place at a distance of about 75 cm upstream of the calorime-
ter. Low-energy secondaries produced in these interactions may have traveled at
such large angles with the beam line that they physically missed the calorimeter,
as well as the leakage counters surrounding the calorimeter. The effect of that is
larger when the energy of the incoming beam particle is smaller. The increased
side leakage is probably also the main factor responsible for the increased width of
the signal distribution. The difference in the strength of the Čerenkov component
most likely reflects the fact that the average energy fraction carried by the em com-
ponent in hadronic showers increases with energy. Therefore, if the energy of the
incoming beam particle is split between at least six secondaries (our trigger con-
dition for multiparticle events), the total em energy fraction is likely to be smaller
than when the beam particle enters the calorimeter and deposits its entire energy
there in the form of a single hadronic shower.

4.4 Discussion

Notice that we have not used any knowledge about the energy of the beam parti-
cles in the rotation procedure described in the previous subsections. The coordi-
nates of the rotation center were chosen on the basis of the equality of the hadronic

ˇ

Cerenkov and scintillation signals. This implies that the hadronic response at that
point must be equal to that for electrons, which was used to set the energy scale
for both types of calorimeter signals. The described method has thus allowed us to
measure the energy of the beam particles with great precision. The average beam
energy has been correctly reproduced within a few percent for all energies studied,
the fractional width of the signal distribution scaled with E

�1/2 and, most interest-
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FIG. 51: Energy resolutions reported for the detection of electrons(a) and hadrons (b) by RD52 [19, 38], SPACAL [8] and
ZEUS [10].

shower component. These are dominated by fluctuations
in the invisible energy, needed to release the binding en-
ergy of atomic nuclei that are subject to nuclear reac-
tions in the shower development process. Compensating
calorimeters and dual-readout calorimeters both try to
eliminate/reduce the e↵ects 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 di↵erent in compen-
sating and dual-readout calorimeters.

Compensating calorimeters exploit the fact that the
total kinetic energy carried by the neutrons produced in
the shower development is correlated to the total invisi-
ble energy loss. Especially in high-Z absorber materials,
this correlation is quite strong, since a very large fraction
of the nucleons released in the nuclear reactions are neu-
trons in this case. First of all, the neutron-to-proton ratio
is larger in high-Z nuclei (e.g., 1.5 in lead, vs. 1.1 in iron
and copper). Second, and more importantly, the large
Coulomb barrier strongly favors neutrons in the evap-
oration phase of the nuclear reactions. It is estimated
that neutrons outnumber protons by a factor of 10 when
high-energy hadrons are absorbed in lead [53, 54]. The
correlation between the nuclear binding energy losses and
the total kinetic energy carried by neutrons is supported
by the results of Monte Carlo simulations, shown in Fig-
ure 28 for 5 GeV ⇡

� absorption in 238U, the highest-Z
nucleus available in nature. Interestingly, the correlation
is in that case less strong than in lead, since a large frac-
tion of the neutrons in uranium are the result of fission
reactions, and have nothing to do with nuclear binding
energy losses. The advantage of lead over uranium in this

respect was clearly demonstrated by the ZEUS Collabo-
ration [35].

In dual-readout calorimeters, the correlation between
the fraction of the hadron energy carried by em shower
components (initiated by ⇡

0
s, ⌘s, energetic �-rays) and

the nuclear binding energy losses is exploited with the
goal to improve the hadronic energy resolution of the
calorimeter. In this case, perfect correlation thus means
that the total nuclear binding energy losses represent a
fixed fraction of the non-em shower energy.

Apparently, in hadronic shower development the cor-
relation with the total nuclear binding energy loss is
stronger for the total non-em energy (derived from the em
shower fraction) than for the total kinetic neutron energy.
Intuitively, this is not a surprise, since the total non-em
energy consists of other components than just neutrons,
and the total kinetic energy of the neutrons is not an ex-
act measure for the number of neutrons (which is the pa-
rameter expected to be correlated to the binding energy
loss). Data shown in this paper support our conclusion
that the correlation exploited in dual-readout calorime-
ters provides a more accurate measurement of the invisi-
ble energy. Figure 17c shows that the (Čerenkov) signal
from the DREAM fiber calorimeter is actually a super-
position of many rather narrow, Gaussian signal distri-
butions. Each sample in this plot contains events with
(approximately) the same fem value, i.e., with the same
total non-em energy. The dual-readout method combines
all these di↵erent subsamples and centers them around
the correct energy value. The result is thus a relatively
narrow, Gaussian signal distribution with the same cen-
tral value as for electrons of the same energy.



Achievements and Plans
• We have proved that DREAM calorimeter can achieve the excellent energy 

resolutions for both EM and hadrons experimentally. 

• More results such as particle identification, muon detection, crystal study 
for DREAM calorimetry and so on:  

‣ http://www.phys.ttu.edu/~dream/results/publications/publications.html

• For last 15 years, DREAM principle has been proved with experimental data 
and 31 papers were published. 

• In July, a summary paper for 15-year R&D results was submitted to Reviews 
of Modern Physics and is under review. 

• Based on these R&D results, Korea-Italy-China started simulation efforts to 
design the calorimeter for the CEPC project in the beginning of 2017 
(Conceptual Design Report). 

• RD52 (DREAM) project will be newly proposed to CERN in the next year, 
which is associated with the future collider projects. 



Backup



Definitions
• Thermodynamics:  

- Calorimetry: Determining the specific heat of water or other 
substances. 

- Calorimeters: the thermally isolated boxes containing the substance of 
our study. 

• Nuclear and Particle Physics: 

• Calorimetry: the detection of particles, and measurement of their 
properties, through total absorption in a block of matter (In the 
absorption process, almost all particle’s energy eventually converted 
into heat). 

• Calorimeter: a block of matter



Electromagnetic calorimeters are well understood and 
offer very precise energy measurement (e, γ detection)
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“Hadron Calorimeters are usually far from ideal” 

Hadron Shower

11
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either by spallation of high Z nuclei or - in case of 

fissionable material - be evaporated from the highly 

excited fission products.  The few very highly energetic 

neutrons created will travel some distance through the 

stack and then indicate a further spallation. They be- 

have rather similarly to the charged highly energetic 
hadrons.  

Most  of the neutrons are created in an energy range 

between 0.1 and 10 MeV by nuclear evaporation. The 

spectra and the method of calculation are discussed in 

section 2. For  understanding the response to neutrons 

in a sampling structure, one has to consider their mean 

free path. Fig. 7 illustrates the total cross section of 
natural uranium, the fission cross section of 238U, the 

(n, 7) capture cross section of 23Su and the n - p  elastic 

cross section in the energy range from 10 keV to 100 
MeV. The neutron mean free path ranges between 2 and 

5 cm typically, as can be evaluated from the cross 
sections and a weighted material composition. There- 

fore in the energy range considered, neutrons are not 

l i on iza t ion  p r i m a r y  
loss i seconda ry  

, i n te rac t i on  ,mteract ,ons ot 
the  s a m e  k ind  

h a d t o n  I "fi't 

/n 

IntranucLear c a s c a d e  h i g h  emergetic part  C es 
w i t h i n  one r ~ u c t e u s J ~  are s u m m a r i z e d  in the  

(Spa tLa t l on )  " I n te r  - Nuclear Cascade"  

The h i g h l y  e x c i t e d  nucLei m i g h t  

el lher  evapo ra te  o__r u n d e r g o  a 

m a n y  paet ic les f i ss ion  p rocess  

Fig. 6. Step I: Development of an "internuclear cascade". 
From one nucleus an intranuclear cascade releases a few high 
energetic spallation products, which are able to iniciate further 
intranuclear cascade processes. Step II: The highly excited 

nuclei remaining from each intranuclear cascade deexcite. 

III. ENERGY MEASUREMENTS 

NIM A 263 (1988) 136Spallation
Step I

Step II

11Thursday, October 24, 13



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

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

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

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

ffiffiffi

2
p

srms:
The differences observed in Fig. 12 between the

scintillator and Cherenkov signals allow for an
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Fig. 11. Average calorimeter signal as a function of the y-
coordinate of the impact point, for the scintillator (a) and
Cherenkov (b) signals from 100 GeV electrons entering the
DREAM calorimeter oriented in the untilted position,
Að2"; 0:7"Þ: Note the different vertical scales.

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

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



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

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

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

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

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

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

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

S C S C

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

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

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

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

Fig. 20. The energy resolution as a function of energy,
measured with the scintillating (squares) and Cherenkov fibers
(circles), for electrons entering the calorimeter in the tilted
position, Bð3$; 2$Þ:
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the measured scintillator signals, as follows:

S

E

! "

corr

¼
S

E

! "

meas

þ 0:453 1:9#
Qþ S

E

# $

(4)

where 0.453 is the fitted slope shown in Fig. 14b.
Fig. 15 depicts the effect of this correction
procedure. The projection of this scatter plot on
the horizontal axis, i.e. the signal distribution for
the 100GeV p# showers after correction, is shown
in Fig. 16b. The corrected signal distribution is
very well described by a Gaussian fit, with a
s=mean of 2.6%, a large improvement with respect
to the energy resolution of 12.3% measured before
correction (Fig. 16a).

Fig. 17 shows the energy dependence of these
results, obtained by using Eq. (4) at all energies.
Results are shown for data sets 1 and 2 (see
Section 4.1). The square of the resolution is plotted

vs. E#1 in this figure. This is done to make it easy
to see how the experimental data are described by
an expression of the type

s
E
¼

a
ffiffiffiffi

E
p $ b (5)

i.e. , the quadratic sum of a stochastic and a
constant term, which is represented by a straight
line in this plot. Both sets of data are well
described by Eq. (5), with a % 20% in both cases,
while differing in the value of b. As in the case of
em showers [12], deviations from E#1=2 scaling
expressed by a constant term are caused by
sampling non-uniformities depending on the im-
pact point of the particles, i.e. depending on
whether the particles enter the detector in the
copper absorber or in a fiber area. As in the case of
em showers, these non-uniformities are very
sensitive to the orientation of the detector. They
increase steeply when the angle between the fibers
and the direction of the incoming particles
approaches zero. In the ‘‘untilted’’ case, where
the angle between the fibers and the incoming
particles amounted to 2:1&; the constant term b

ARTICLE IN PRESS

Fig. 14. Distribution of the variable ðQþ SÞ=E; and of the em
shower fraction derived on the basis of Eq. (2), for 100GeV p#

showering in the DREAM calorimeter (a). The average
scintillator signal for 100GeV p#; as a function of
ðQþ SÞ=E (b).

Fig. 15. Cherenkov signals versus scintillator signals for
100GeV p# in the DREAM calorimeter, after the correction
given in Eq. 4 has been applied.
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