
Chapter 3

R&D for Future Particle Physics
Experiments (Task B)

3.1 Introduction
In the past year, great progress has been made on the DREAM project. This project was started
in 2002 with special funds obtained in the context of the Advanced Research Program of the
State of Texas. Since 2003, it has been supported with funds made available in the context of
DOE’s Advanced Detector Research program and, since 2005, the ILC Detector R&D program.
It is a collaborative effort with scientists from UCSD (San Diego), Iowa State University and
INFN Trieste (Italy), led by the TTU group. In this section, we give a brief progress report on
our achievements in the context of this project and describe our plans for the next three years.

The DREAM (Dual-REAdout Module) calorimeter was developed as a device that would
make it possible to perform high-precision measurements of hadrons and hadron jets, while not
subject to the limitations imposed by the requirements for compensating calorimetry [6]. The
detector is based on a copper absorber structure, equipped with two types of active media which
measure complementary characteristics of the shower development. Scintillating fibers measure
the total energy deposited by the shower particles, while Čerenkov light is only produced by
the charged, relativistic shower particles. Since the latter are almost exclusively found in the
electromagnetic (em) shower component (dominated by π0s produced in hadronic showers), a
comparison of the two signals makes it possible to measure the energy fraction carried by this
component, fem, event by event. As a result, the effects of fluctuations in this component, which
are responsible for all the traditional problems in non-compensating calorimeters (non-linearity,
poor energy resolution, non-Gaussian response function), can be eliminated, and an important
improvement in the hadronic performance is achieved.

In 2003, we completed the construction of the detector (which was built in our labs at TTU),
shipped the instrument to CERN and tested it in high-energy particle beams at the SPS. In
2004, another round of testbeam measurements took place. A wealth of experimental data was
accumulated in these tests. Analysis of these data has so far resulted in five papers in the refereed
scientific literature [25, 26, 27, 28, 29]. One other paper is about to be submitted for publication.
These papers can also be found on our website: http://highenergy.phys.ttu.edu
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3.2 Experimental results
In the following, we briefly describe some of the experimental results obtained in the various
beam tests. For a complete overview of all experimental results obtained to date, we refer to the
abovementioned papers.

Figure 3.1: The multiparticle energy resolution as a function of energy, measured with the scin-
tillation fibers and the Čerenkov fibers, and after corrections made on the basis of the measured
Čerenkov/scintillator signal ratio.

The idea to combine the complementary information from dE/dx and from the production
of Čerenkov light has been proven to be a very powerful tool for improving the hadronic ca-
lorimeter performance. The performance of our detector is considerably superior to what is
commonly achieved with hadron calorimeters used in particle physics experiments. For exam-
ple, high-energy (200 GeV) “jets”1 were measured with a resolution better than 4%. Because of
the limited size (the total instrumented mass of the test module was only 1030 kg), fluctuations
in (lateral) shower leakage contributed significantly to the measured resolution. We have shown
that if we made use of the fact that the jet energy was known (thus effectively eliminating the

1In order to study the calorimeter performance for jets, we used the reaction products from interactions by
beam particles in an upstream target. These secondaries have a different momentum spectrum and multiplicity
than the particles resulting from the fragmentation of a high-energy quark or gluon. However, for purposes of
calorimetry, these multiparticle events exhibit the very characteristics that make jet measurements problematic,
since the number, nature and momenta of the secondaries are unknown. However, their total energy is known,
which allows for meaningful measurements.
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contributions of shower leakage to the results), the mentioned resolution could be further im-
proved by a factor of two. Similar improvements may thus be expected for a detector with a
larger instrumented mass than the device tested in this study.

Figure 3.1 illustrates that our correction procedure has almost completely eliminated devia-
tions from E−1/2 scaling. Such deviations are a characteristic effect of non-compensation, and
dominate the high-energy hadronic resolution of almost all calorimeters.

Figure 3.2: The calorimeter response (average signal per GeV) for single pions and high-multiplicity
jets, as a function of energy, before and after corrections made on the basis of the measured Q/S signal
ratio. The response is normalized to electrons.

Perhaps even more important is the fact that the (simple) procedure we developed to correct
event by event for differences in the electromagnetic shower fraction automatically led to a cor-
rect reconstruction of the shower energy, both for jets and for single hadrons, in an instrument
calibrated with electrons, over the full energy range at which the detector was tested. Any-
one who has ever worked with a hadron calorimeter in an experiment will appreciate this very
important feature, which is illustrated in Figure 3.2.

We learned a lot about the detailed functioning of this detector and about the origins of dif-
ferences between the scintillator and Čerenkov signals by studying the shower profiles measured
with these two types of signals. Some results of these studies are shown in Figures 3.3 (for em
showers) and 3.4 (for hadronic ones).

It is well known [6] that the energy deposit profile of an em shower projected on the trans-
verse plane consists of two components, each described by an exponential function. One com-
ponent is the result of multiple scattering of the shower particles, the other one is the result of
Compton scattering and the photoelectric effect. The latter component dominates late in the
shower development, beyond the shower maximum, while the other component determines the
lateral profile in the early, collimated part of the shower. Unlike the scintillator, the Čerenkov
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fibers may be completely blind to this collimated component, namely when the Čerenkov light
generated by these particles falls outside the numerical aperture of the fibers.

Figure 3.3: Ratio between the average Čerenkov and scintillator signals from 80 GeV electron showers,
as a function of shower depth. The electrons entered the detector at an angle φ = 90◦ with the fiber
direction. The curve represent the results of Monte Carlo simulations (a). Signal distributions from the
scintillating (b) and Čerenkov (c) fibers for these electron showers.

The longitudinal profiles, measured with the beam particles incident at 90◦ with respect to
the fibers, illustrate this effect. Figure 3.3a shows the ratio of the signals from the Čerenkov
and the scintillating fibers as a function of shower depth. This ratio gradually increases, since
the early, collimated component, which is not registered by the Čerenkov fibers, represents a
smaller and smaller fraction of the deposited energy as the shower develops. It is interesting to
note that the scintillator signal distribution measured in this geometry consists of two distinctly
different peaks, which are correlated to the impact point of the particles (Figure 3.3b). When
the particles enter the detector in a fiber plane, the sampling fraction for the early, collimated
component is significantly larger than for particles entering the detector in the copper separating
these planes. On the other hand, the signal distribution measured with the Čerenkov fibers
(Figure 3.3c) exhibits only one peak, since these fibers are not sensitive to the narrow component
responsible for this difference.

The lateral profiles of hadronic showers are also characterized by two components. Elec-
tromagnetic shower components, primarily generated by π0’s produced in the hadronic inter-
actions are responsible for a narrow core around the shower axis. This core is typically well
described with a Gaussian function. The exponential tail of the shower profile is dominated by
protons from spallation reactions and neutron scattering [6]. The latter particles are typically
non-relativistic and, therefore, do not produce Čerenkov light.

These effects are illustrated in Figure 3.4. Figure 3.4a shows the two mentioned components
in the lateral profile of showers induced by 100 GeV π+, while the ratio of the Čerenkov and
scintillation signals as a function of the radial distance to the shower axis, depicted in Figure
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Figure 3.4: Measurement data for the radial profile of 100 GeV π+ showers, obtained by combining
event samples from a grid scan. Each point represents the mean value of the signal distribution measured
in a tower at a radial distance r from the shower axis. Results are given for the scintillator signals (a)
and for the ratio of the Čerenkov and scintillator signals (b). To eliminate the effects of differences in the
numerical aperture, only data from towers with plastic fibers are included in diagram b.

3.4b, is indicative for the non-relativistic nature of the shower halo. This effect also forms the
basis for earlier observations that hadron showers are contained in a much smaller radial volume
when measured with Čerenkov light, compared with a medium based on dE/dx measurements.

These differences in the shower profiles have interesting and possibly applicable conse-
quences, for example for the measurement of muons with this detector. High-energy muons
deposit a (usually) small fraction of their energy by ionizing the traversed material, and an-
other fraction by radiating photons and e+e− pairs, which develop em showers. As the energy
increases, the radiative component becomes gradually more important, leading to increased sig-
nals. We have demonstrated that these two components could be separated, by comparing the
signals from the two active DREAM media [25]. This is possible because the Čerenkov fibers
are only sensitive to the radiative component. Since the calorimeter response to this component
is the same as for the em showers with which the instrument was calibrated, the difference be-
tween the two signals tells us, event-by-event, what fraction of the scintillator signals was caused
by ionization and by radiation, respectively. This may in turn lead to a more accurate measure-
ment of the energy loss of high-energy muons in the material they traverse before reaching the
muon spectrometer.

The directionality of the Čerenkov light, as opposed to the isotropically emitted scintillation
light, is also one of the main ingredients of the DREAM 2 studies we started in 2004 at CERN.
The purpose of these studies is to see if and to what extent the signals from a medium that
generates both scintillation and Čerenkov light can be split into these two components. For
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these studies, part of the DREAM calorimeter was modified. The fibers from a readout cell were
split into three bunches instead of the usual two. These bunches contain only scintillating fibers,
only quartz fibers, or a mixture of the two types of fibers, respectively. Different techniques to
separate the two types of light are being tried on this mixture, and the quality of the separation
can be verified event by event with the “pure” signals.

Figure 3.5: The backward/forward ratio of the scintillator (a) and Čerenkov (b) signals generated by 80
GeV electron showers.

The difference in directionality is exploited by reading out the fibers from both ends. The
results are very encouraging. As illustrated in Figure 3.5, the ratio between the signals measured
at both ends of the fiber was found to be more than a factor of 3 smaller for pure Čerenkov light
than for pure scintillator light. By measuring this ratio for mixed signals, the composition of the
light in that mixture could be determined.

A second method that was tested is based on the different time structure of the signals. Since
the Čerenkov signals are faster, even after the signal shaping effects of the PMT and 30 m of
coaxial cable (Figure 3.6), the fraction of the signal recorded in the signal tail, or in the first few
nanoseconds, can be used as a distinguishing factor. We have demonstrated that, by measuring
this fraction for mixed signals, the composition of these signals could be determined, event
by event [29]. We have also shown that, for both methods discussed above, the precision of
the measurements was dominated and limited by photoelectron statistics, 18 photoelectrons per
GeV for the Čerenkov signals.

3.3 Future plans

3.3.1 Improved jet detection in CMS
One of the motivations to embark on the DREAM project was our concern about the quality of
jet detection in the LHC collisions. One of the main design criteria for CMS was the need to
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Figure 3.6: The reconstructed (average) time structure of the Čerenkov and scintillator signals from 80
GeV electron showers in the DREAM calorimeter. The lines are drawn to guide the eye.

obtain excellent resolution for electromagnetic showers (in order to be sensitive to the process
H0 → γγ). And even though CMS has an excellent hadron calorimeter, the e/h values of
this calorimeter and the EM section are so different, that we expect significant difficulties in
obtaining the correct energy scale for processes involving jets. A typical jet deposits about half
of its energy in the PbWO4 calorimeter section. Knowing the em fraction of the signals from the
crystals could be a crucial tool for improving the jet performance.

We are planning to propose to CMS a series of tests with PbWO4 crystals, in combination
with our existing DREAM module. In these tests, we would like to investigate the merits of
modifications to the crystal readout for achieving our goal. This goal is to separate the crystal
signals into scintillation and Čerenkov components, using techniques such as the ones described
in the previous section. The success of these efforts would be determined by our ability to
improve the hadronic performance of the combined detector system (EM + HAD) in this way.

If these tests turned out to be successful (and the needed modifications were practical), we
would then make a proposal to modify the em calorimeter readout as part of a future upgrade
program.

3.3.2 Application of the DREAM technology in an ILC experiment
The DREAM (Dual-REAdout Module) calorimeter was developed as a device that would make
it possible to perform high-precision measurements of hadrons and hadron jets, while not subject
to the limitations imposed by the requirements for compensating calorimetry. The results of our
work so far, some details of which are given in Section 3.2, demonstrate that the complementary
information from dE/dx and from the production of Čerenkov light in the same showers pro-
vides a very powerful tool for improving hadronic calorimeter performance. Given these facs,
we believe that this technique is ideally suited for a detector at the future International Linear
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(e+e−) Collider, where excellent hadron detection (needed for the separation of hadronically de-
caying W and Z bosons) is one of the most important design criteria. For this reason, we have
earlier this year proposed an R&D program in the framework of the ILC preparations. Some
funds have been received to start carrying out this program.

We want to concentrate on two aspects: Optimizing the electromagnetic section (1), and
developing a practical readout system for a detector based on millions of optical fibers (2).

This project will be carried out by an international collaboration led by TTU. Apart from the
original DREAM groups (TTU, UCSD, ISU, Trieste), several other groups have expressed an
interest to join.

3.3.2.1 The electromagnetic section

The benefits of the dual-readout method are by no means limited to fiber calorimeters. Any
medium that generates both Čerenkov light and scintillation light can be used for this purpose.
And since the sampling fraction does not have to have a specific value (as in compensating
calorimeters), there is no reason why a calorimeter based on the dual-readout principle could
not have excellent electromagnetic energy resolution. An attractive and cost-effective option
which we would like to investigate is an electromagnetic section consisting of trapezoidal lead-
glass blocks doped with an appropriate scintillating agent. The concentration of the dopants and
their properties (decay time, spectrum) should be chosen such as to optimize the efficiency with
which the scintillation and Čerenkov signals could be separated from each other. Alternatively,
one could use existing high-Z crystal scintillators with suitable properties (see Section 3.3.1).
In order to make the light yield from the two types of processes comparable, the scintillation
component could be suppressed by means of filters.

We foresee a three-year program for this part of the project, which will be concentrated at
Texas Tech University. In Year 1, we will investigate different options.. A number of small
doped lead glass blocks will be produced and tested, with the electron Van de Graaff accelerator
at Texas Tech University. In Year 2, we will build and assemble a full electromagnetic detector
based on the chosen, optimized technique. In Year 3, this detector will be combined with the
existing DREAM hadron calorimeter, and tested in high-energy particle beams at CERN or
Fermilab.

3.3.2.2 The readout

The fiber-based DREAM calorimeter could in principle form an excellent and cost-effective so-
lution for the hadronic section of a calorimeter system for a Linear Collider experiment. How-
ever, the readout of its many fibers would present a substantial challenge. The scintillating fibers
and the Čerenkov fibers have to be grouped in separate bunches for readout by their respective
light detectors. The prototype that was extensively tested in particle beams was read out with
standard photomultipliers (PMTs), two per tower. The grouping of the fibers was labor intensive
and required the fibers to extend about 50 cm beyond the end of the calorimeter. While this
worked very well in the beam tests, it probably would not scale well with the lateral size of the
calorimeter. We propose R&D on a variety of readout techniques to see if we can identify and
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develop a readout method that is practical and consistent with the requirements of an actual ILC
experiment.

To reduce the amount of work required for separating the fibers into bunches, it is clearly
advantageous if the bunches can be made as small as possible and be directed to their respective
readout elements without too much routing. At the present time, great advantages in that respect
seem to be offered by the use of silicon photomultipliers (SiPM).

These devices consist of many (O(103) per mm2) Si pixels operating in a limited Geiger
mode with a gain of 106. Each pixel is operated in a binary mode, but because of the high pixel
density, each pixel sees on average less than one photon, so that the response is linear. As the
number of photons per mm2 is increased, the pixels have to be made smaller to keep the number
of photons per pixel less than 1. The current state of the art is 2500 pixels per mm2, adequate
for our purposes.

Published tests [30] show that the SiPM have properties similar to the best PMTs in terms of
gain, noise, time resolution, and single-photon detection (good for calibration) but they do not
require high voltage (tens of Volts are sufficient), can operate in magnetic fields, have better sta-
bility under temperature and voltage variations. Their dynamic range (∼ 1000) is more limited
than for PMTs but adequate for our purposes.

The signals from the pixels are read out by aluminum strips connected to the individual
pixels to collect their summed signal. We want to investigate if these strips could be tailored to
form readout patches, each consisting of many pixels but small enough to accept scintillating or
Čerenkov fibers on each patch. There is a trade-off to be made between the number and size of
the patches on the one hand and the number of fiber bunches to be made and routed on the other
hand.

Several other groups working on ILC R&D projects are using SiPMs for light detection. Of
course, we are planning to coordinate our efforts in this context with them.

3.3.3 Calorimeter optimization
Thirty years of experience have taught us that hadron calorimetry is non-trivial. During this
period, progress in our understanding of hadron calorimetry has been entirely due to generic
detector R&D projects of the type carried out by our group.

In most hadron calorimeters, the performance is dominated (and spoiled) by the fact that the
response to the electromagnetic (em) shower component is different from that to the non-em
shower component: e/h 6= 1. Fluctuations in the energy fraction carried by the em compo-
nent (fem), dominate the energy resolution and the (non-Gaussian) lineshape, while the energy
dependence of the average value of fem causes (a usually substantial) non-linearity.

There are two proven ways to eliminate these problems and improve the calorimeter perfor-
mance.

1. Make the calorimeter compensating (e/h = 1)

2. Measure the value of fem event by event and correct for the response differences mentioned
above.
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The compensation mechanism is now well understood. It can be achieved by designing
the calorimeter in such a way that the signals from neutrons, abundantly produced in the non-
em shower component, are boosted to such an extent that they, on average, compensate for
the “invisible” energy resulting from nuclear breakup. In practice, this can be achieved with a
sampling calorimeter with a hydrogenous active medium. The sampling fraction has to be small,
e.g. 2.4% in lead/plastic-scintillator structures, ∼ 10% in uranium/plastic-scintillator.

Such calorimeters work very well, and they hold all world records for hadronic performance.
However, they have a few disadvantages. Because of the crucial contribution of neutrons, one
has to integrate the signals over a large detector volume (1 m3) and a considerable time (100 ns)
to achieve this performance. Also, because of the small sampling fraction, the resolution for em
shower detection is limited. The best em resolutions reported for compensating calorimeters are
∼ 10%/

√
E.

The DREAM (Dual-REAdout Module) calorimeter is not subject to these limitations. By
combining the complementary information from dE/dx and from the production of Čerenkov
light, fem can be measured event by event and the effects of fluctuations in this parameter can be
eliminated. Based on the successes achieved so far, we believe that we can take this approach
one step further, in an attempt to obtain the ultimate hadron calorimeter.

The ultimate limitation on the resolution that can be achieved with a hadron calorimeter is
determined by fluctuations in (in-)visible energy, i.e. fluctuations in the energy fraction that is
used to break up atomic nuclei and thus does not contribute to the measured signals. Fortunately,
this fraction is correlated to the total kinetic energy of the neutrons liberated in this process,
especially in high-Z absorber materials such as lead. Therefore, efficient detection of these
neutrons is key to obtaining the best possible energy resolution. However, unlike compensating
detectors, it suffices to use some reasonable fraction of the total kinetic neutron energy for this
purpose (e.g. , the energy released within 10 ns and closer than 20 cm to the shower axis).

We propose to modify the existing DREAM calorimeter in such a way that a separate mea-
surement of the kinetic energy carried by shower neutrons, E(n), becomes possible. We believe
that the combined information from dE/dx, Čerenkov light and E(n) will maximize the rele-
vant knowledge about the developing showers and, therefore, will provide the ultimate hadron
calorimetry. We propose two avenues to achieve this goal:

1. Replace every second plastic scintillating fiber by a non-hydrogenous scintillating fiber,
e.g. quartz doped with a scintillating agent. A comparison of the signals from these two
types of fibers will provide E(n), since the only difference between these two signals
comes from the neutrons.

2. Replace one or several fibers in each copper tube with fibers that are made specifically
sensitive to MeV-type neutrons, e.g. using boron.

The first method will almost certainly work, but since quartz fibers are very expensive, the
second method has a better potential to provide a cost-effective solution. That’s why we want to
investigate both options.

We envisage that this generic component of our R&D program will couple with the ILC
program in time and that the ideas developed here will come to fruition in an ILC detector.
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