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Introduction to Calorimeter R&D
To explore the uncharted territory of the Electroweak symmetry breaking energies,
identification of Z, W and Higgs from their respective reconstructed decays is critical.
This requires good lepton identification and very good jet energy resolution so that
reconstructed jet-jet energies can be accurately measured. Dijet mass must be measured
to a precision of ~3 GeV or, in terms of jet energy resolution, σ ( E ) ≈ 0.3 E (E in
GeV). [52]
The most important aspect of the calorimeter is to provide accurate measurements of the
four-momenta of charged and neutral particles, individually and in jets. In the present
parlance of calorimetry, this is best achieved by a Particle Flow algorithm in three
dimensions. [53] The Particle Flow (or Energy Flow) Algorithm consists of following the
tracks measured by the tracking detector into the calorimeter and measuring their
respective energy deposits. These particles, which typically carry ~60% of a jet’s total
energy, are measured with much higher precision by the magnetized inner tracker. The
electromagnetic calorimeter (ECal) is used to measure EM showers, carrying on average
~25% of jet energy, with a resolution of σ ( E ) ≈ 0.15 E . This way, even though the
energy resolution of the hadron calorimeter (HCal) for single hadrons may be no better
than σ ( E ) ≈ 0.6 E , a net jet energy resolution of σ ( E ) ≈ 0.3 E is achievable by using
the HCal to measure only the neutral hadrons, typically carrying merely ~11% of the total
jet energy. Even with the component resolutions given here, the estimated jet resolution
(0.3 here) is dominated by limitations of pattern recognition. Hence, the role of
simulation and algorithm development is crucial.
If realized, a detector for the LC will likely be the first with a calorimeter designed
specifically for Particle Flow Algorithms. [54] It will be a challenge to develop
algorithms under the unique conditions and constraints of the new facility. These will in
turn drive the technology and design choices not only for the calorimeter, but for the
inner tracker and the muon systems as well. For the calorimeter to be able to track and
isolate charged particles in a jet while staying within a realistic budget, some features
favored by traditional algorithms of sampling calorimetry may have to be sacrificed to
gain 3-D tracking or imaging capabilities in the calorimeter. Particularly for the hadronic
calorimeter, collecting a large number of hits with good position resolution will be more
important than estimating the amount of energy associated with each hit. The current
favorite designs for the SiD and Large Detector calorimeters have ~30 layers of ≤ 1 cm2
cells totaling ~30 radiation lengths in the ECal and ~40 layers of 1-10 cm2 cells in the
Hcal. [55, 56]
The Particle Flow scheme clearly requires a highly segmented calorimeter, both laterally
and longitudinally. In principle, once the energy flow is fully accomplished, the longcoveted similar response to electrons and hadrons, namely, e/h ~ 1, should not be
necessary, since energy deposited by each particle will be measured individually.
However, to what extent this can be accomplished needs to be tested both by realistic
simulations, and in beam tests.
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The considerations of cost and the technological challenge in satisfying the desire of
having the entire calorimeter immersed in a 4-5 T magnetic field limit the radius of the
calorimeter in the more popular designs. While a finely segmented calorimeter will aid
muon measurements, the muon system may be required to serve as a “tail-catcher” for
parts of jets leaking through the relatively thin calorimeter.
Several competing technologies have been proposed and are being investigated under a
worldwide collaborative effort. [57] Possible alternatives for the ECal include Si-W,
Scintillator-W, or Scintillator-Pb. Plastic scintillators, Resistive Plate Chambers (RPC),
and Gas Electron Multipliers (GEM) are all candidates for possible active media for the
HCal. Hybrids employing multiple technologies are also possible for both the ECal and
the HCal. UCLC and LCRD proposals aim to study these options, with all groups
working in close collaboration.
Hardware development must proceed in tandem, and in close cooperation with simulation
studies. The design optimization must begin with simulation, while data from test-beam
studies of the prototypes will help fine-tune the parameters of the simulation.
Development of algorithms and extensive studies of a multitude of physics scenarios are
key to designing the detector and charting the physics program. While every group
interested in a specific detector technology accepts the responsibility of testing it in
simulation, the overall plan involves much more. A flexible yet powerful software
environment is required to generate millions of Monte Carlo (MC) events under various
scenarios both within and beyond the Standard Model, simulate detector response to
those under different options, reconstruct the signatures, tune algorithms, and parametrize
detector response for very large volumes of MC events for which full detector simulation
is not feasible. Several university groups, including some primarily involved in
calorimetry, plan to contribute to the common infrastructure, support, and MC production
service for the entire LC community. Increasingly, this effort is converging toward a
global unification. Technical and fiscal considerations favor international collaboration in
the planning and execution of beam tests as well. Recently, an international calorimeter
effort has led to a formal test beam planning document for FNAL. [58]
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Project Overview
The Northern Illinois University(NIU)/Northern Illinois Center for Accelerator and Detector Development (NICADD) [1] group is interested in calorimeter R&D for the proposed
Linear Collider. We propose to develop, in simulation and in prototype, designs for a
hadron calorimeter (HCal) optimized for jet energy measurement using particle-flow algorithms (PFAs). Software simulations/algorithm development and hardware prototyping are
envisaged as the two main components of our efforts. This proposal addresses the second
component while the first is the subject of a separate proposal. The end goal of this research
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project will be the development of reliable performance and cost estimates for scintillatorbased hadron calorimeter options suited for, but not limited to, an e + e− linear collider. This
will be achieved by the construction and operation of a prototype in a hadron test beam.
It is clear that for the Linear Collider to fulfill its physics charter multi-jet final states
√ will
have to be exceptionally well measured. In particular, superior resolutions in jet (30%/ E or
better) and missing energy measurements will be critical for discovery and characterization
of the new physics as well as for precision tests of the Standard Model (SM). The most
promising means to achieving such unprecedented resolutions at the next linear collider is
through particle-flow algorithms [2] which require fine lateral and longitudinal segmentation
of the calorimeter to individually reconstruct the showers constituting a jet. This approach
allows one to make optimal use of the information available in the event: tracker momenta
for charged hadrons and calorimetric energy measurements for photons and neutral hadrons.
The NIU team has been investigating a finely-segmented scintillator-based hadron calorimeter
for some time now. This option capitalizes on the marriage of proven detection techniques with
novel photodetector devices. Absence of fluids/gases and very high voltages inside the detector
aids longevity and operational stability. The main challenge for a scintillator-based hadron
calorimeter is the architecture and cost of converting light, from a large number of channels,
to electrical signal. Our studies demonstrate that small cells (6-10 cm 2 ) with embedded
Silicon Photomultipliers (SiPMs)/Metal Resistive Semiconductor (MRS) photodetectors offer
the most promise in tackling this issue. The in situ use of these photodetectors opens the
doors to integration of the full readout chain to an extent that makes a multi-million channel
scintillator calorimeter entirely plausible. Also, in large quantities the devices are expected to
cost a few dollars per channel making the construction of a full-scale detector instrumented
with these photo-diodes financially feasible.
The very large number of readout channels can still pose a significant challenge in the form
of complexity and cost of signal processing and data acquisition. Reducing the dynamic
range of the readout is a potential solution. Monte Carlo studies have shown that this is
indeed a promising possibility as scintillator cells with an area in the 6-10 cm 2 range are good
candidates for one (digital) or two-bit (semi-digital) readout (see Fig. 1) where the lowest
threshold is set so as to detect the passage of a minimum ionizing particle. Performance
of PFAs on scintillator hadron calorimeter Monte Carlo’s with a minimum of amplitude
information in the form of thresholds also looks very competitive [3]. Thus fabrication of
cheap and compact electronics with just a few thresholds (three in the case of a 2-bit readout)
which will deliver the required performance is a realistic possibility for a scintillator hadron
calorimeter.
In these tasks we have been coordinating our efforts with European groups pursuing similar
interests. This interaction takes place under the umbrella of the CALICE collaboration
[4] which bands together universities and labs, interested in developing calorimeters for the
Linear Collider, from all over the world. We are the only group in the United States, actively
investigating the promising option of a scintillator-based hadron calorimeter.
Results of Prior Research
To date we have received two grants for work related to the project described here. The
project titled “Design and Prototyping of a Scintillator-based Digital Hadron Calorimeter”
was initially submitted as part of the UCLC proposal to NSF in 2003. We were instructed
to resubmit, without change in scope, in 2004. The 2003 submission resulted in a $11K NSF
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Figure 1: Single hadron energy resolution as a function of the incident energy.
“Planning Grant” while in 2004 we were awarded a one year $50K DOE/NSF grant. Please
find below a summary of the covered research:
Tile-Fiber Optimization: Prototype cells of various shapes, sizes, thicknesses, surface treatments and fiber groovings were machined (see Fig. 2) and evaluated together with fibers of
different shapes, dimensions and optical treatments to carry out a comprehensive study of
the following:
(a) Cell processing
(b) Light response
(c) Response uniformity
(d) Efficiency
(e) Cross talk
(f) Ageing
The results of our studies, demonstrating that small scintillating cells are appropriate for a
finely-segmented hadron calorimeter, are published in [5] and [6].
Photodetectors: We propose to use SiPMs/MRS [7] devices as the photodetectors for the
hadron calorimeter. During the course of our investigations we also studied other solid-state
photodetectors like APD’s and VLPC’s [8] but find that the SiPMs are the most suitable
for the finely-segmented calorimeter we have in mind. SiPMs are multi-pixel photo-diodes
operating in the limited Geiger mode. They have high gain (≈10 6 ) but relatively modest
detection efficiencies (quantum efficiency*geometric efficiency ≈ 15%) and therefore deliver
performances similar to (or better than) a conventional PMT. They have a distinct advantage
over the conventional PMTs however, due to their small size (1mm x 1mm), low operating
voltages (≈ 50V) and insensitivity to magnetic fields. On the 1mm 2 sensor surface there are
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Figure 2: The different species of cells and grooves investigated.
typically 1000-1500 pixels (see Fig. 3), each one of which produces a Geiger discharge when a
photon impinges upon it. The energy is therefore proportional to the number of pixels fired.
Typically a minimum ionizing particle (MIP) fires 15-20 pixels (or photoelectrons).
The mounting of the SiPMs on the scintillator tile (see Fig. 4) has a number of beneficial
effects:
(1) Light Output: The light suffers little or no attenuation as it does not have to travel large
distances in the fiber.
(2) Cost: The amount of fiber required (WLS or clear) is drastically reduced.
(3) Simplified Architecture: Since photo-conversion occurs right at the tile one can come
out of the detector directly with electrical signals thus largely eliminating the problems
associated with handling and routing of a large number of fibers.
During the course of our investigations into these photodetectors the following characteristics
were studied in detail:
(a) Working point
(b) Dark rate
(c) Linearity of response
(d) Temperature dependence
(e) Fiber alignment
(f) Medium-term stability
(g) Radiation damage
(h) Immunity to strong B-fields
The results of our studies, showing that SiPMs/MRS are suitable for a scintillator hadron
calorimeter, are documented in [9] and [10].
Test Beam Prototype: The prototyping studies summarized above have pinned down the
configuration of the active layers of the scintillator HCal for us. In collaboration with our
European colleagues we are now moving towards the construction of a 38 layer scintillatorsteel prototype for the testbeam. The proposed prototype, the result of extensive hardware
R&D and simulation studies, will address the following overall goals of our program:
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Figure 3: Pixellated surface of the SiPM sensor (left) and single photoelectron separation observed
with a SiPM (right).

Figure 4: The SiPM sensor mated with a 1mm WLS fiber and embedded in a 3cm x 3cm tile.
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Figure 5: Prototype geometry.
(a) Technology demonstration
(b) Exploration of the full range of readout from purely digital to fully analog
(c) Validation of hadron shower models in MC
(d) PFA development
The active layers of the prototype consist of 5mm thick scintillator tiles sandwiched between
2cm thick steel absorber plates mounted on a movable table. In reality the absorber is split
into three parts: 1.6cm absorber plate and two 0.2cm thick top and bottom skins of the
“cassette” which houses the tiles. Each tile comes with its own 1mm diameter WLS fiber
mated to a SiPM embedded in it. The tiles come in three granularities: 3cm x 3cm, 6cm x
6cm and 12cm x 12cm (see Fig. 5). The 3cm x 3cm cells form the inner core for thirty of
the 38 layers while for the last eight layers only the coarser granularity cells are used. The
granularity of the prototype has been optimized to achieve the goals listed above within a
reasonable budget. As the initial proponents of the finer granularity we are responsible for
the instrumentation of two-thirds (i.e. 20 layers) of the inner core. A 1mm thick co-axial
cable runs from each photodetector to a charge integrating amplifier channel. This single
co-axial cable carries both the bias (on its shield) and signal (on its core). The cables are
supported on a G-10 plate which also has the reflective VM2000 glued to its tile-facing side.
Planned R&D
Prototype Operation: The scintillator hcal prototype will be exposed to a hadron test beam
at Fermilab during the 2005-2007 period [11]. Hadrons in the momentum range 1-50 GeV are
of interest. We propose to collect O(10 6 ) events per setting (energy, angle and particle type)
for a total of ≈ 108 events. With ≈ 10K channels, the prototype is comparable in channel
count to the full calorimetric systems of some of the current collider experiments. Thus a
large investment in manpower and resources will be required. Our expertise and location
implies that we will be playing a major role in the assembly, commissioning and operation
of the prototype. Already one of us (VZ) has been named as one of the two ’Experimental
Contacts’ for the full ILC calorimeter test beam program. Substantial amount of our resources
will also be required to calibrate and analyze the data being collected.
The operation of the scintillator-based hadron calorimeter prototype will deliver a wealth of
information. It is however clear that R&D will need to continue in parallel to carry the design
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forward and optimize it for its realization in an ILC detector. The 2-3 year LC test beam
program will permit us to make incremental changes to the initial design which can then be
tested in the beam without having to assemble an entirely new device. In this regard the two
major areas of concentration will be:
Electronics Development: A detector consisting of a few million channels requires a high
degree of integration. The small size, low bias and magnetic field immunity of the SiPMs has
already allowed us to take the first step towards this goal. The photo-conversion occurs right
at the tile thus integrating the light transport and conversion functions on the tile itself. The
next logical step is to bring an equivalent level of integration to the electrical signal path.
While individual cables per tile are feasible for the prototype containing a few thousand
channels, they are not a viable option for a device with a few million channels. Our objective
is the design and fabrication of a readout system with the required mechanical and electronics
integration such that data from many tiles could be sent off the detector on a few conductors.
The strategy is to have a PC board inside the detector which will connect directly to the
SiPMs and carry the necessary electronics and signal/bias traces. The goal is to have robust
and cheap electronics with the following functionality:
(a)
(b)
(c)
(d)
(e)

Preamplification (gain of 10-20) .
Multiple thresholds (cascading discriminators or time over base are possible options).
Good time resolution.
Electronic charge injection.
Temperature monitoring.

For the full detector the most economical solution will be a custom ASIC which encompasses
all of the above mentioned functionalities. For our R&D studies however we will be interested
in fabricating a prototype system of 500-1000 channels (10% of the channel count for the test
beam hadron calorimeter prototype) with discrete elements. This will help us identify and
solve electrical and mechanical issues associated with such a design at a fraction of the cost
required to develop an ASIC. It will be fairly straightforward to test a prototype of this
system with the current hadron calorimeter prototype under construction. This task will be
carried out in collaboration with Fermilab electrical engineering department.
Calibration: The current calibration system relies on transport of LED light through clear
fibers to the individual tiles. The LED’s in turn are themselves monitored with a PIN-diode
system. For a system with a few million channels this solution can easily get out of hand. Our
objective will be the design and prototyping of a robust calibration system which is scalable.
We propose to do this by separating the relative and absolute calibration functions. For the
absolute calibration we would aim to develop a scheme based on a radioactive source. This
may take the shape of a movable wire source or the deposition of radioactive material near the
tiles themselves. For a quick monitoring of the gain a LED system may still be useful. The
gain of a SiPM can be tracked by monitoring the distance between the photo peaks. Since
only the difference between the peaks is relevant the instabilities in the absolute amount of
light emitted by the LED’s is not a critical issue. This obviates the need for a PIN-diode
monitoring system. Further simplification may be obtained by shining the LED directly on
the tiles. The R&D will focus on the mechanical and electrical aspects of this arrangement.
Of special interest on the mechanical side would be the challenge to keep the layer thickness
to a minimum while on the electrical side the cross talk induced on the signal traces due to
the proximity of the LED will need to be addressed.
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FY2005 activities and deliverables
(1) Assembly of the Scintillator HCal prototype,
(2) Commissioning of the prototype,
(3) Design of integrated semi-digital electronics.
The first year deliverable, in collaboration with our European colleagues, is a commissioned
scintillator hadron calorimeter prototype.
FY2006 activities and deliverables
(1) Operation of the HCal in hadron test beam,
(2) Fabrication and testing of the electronics,
(3) Installation of the electronics in a few layers,
(4) Design of source and LED based calibration system.
The second year deliverable is a prototype accumulating data in a hadron test beam followed
by test runs with the new semi-digital electronics.
FY2007 activities and deliverables
(1) Fabrication and testing of new calibration system,
(2) Installation of new calibration system in a few layers,
(3) Continued calibration, monitoring and data analysis.
The third year deliverable will be a Conceptual Design Report on a scintillator hadron
calorimeter, for the ILCD, based on our test-beam experience.
Existing Infrastructure/Resources
The funds requested in this proposal will be augmented by the following support, from other
sources:
(a) NICADD personnel,
(b) NICADD scintillator extruder line,
(c) NIU machine shops,
(d) Collaboration with Fermilab on electrical and mechanical engineering.
Budget justification
FY2005: Our participation in the assembly and commissioning of the HCal prototype will
involve NICADD staff members (not included in the budget presented here) and a graduate
student (1.0 FTE). Undergraduate students will participate in the task during the summer
months. The equipment and M&S costs relate to photodetectors (SiPMs for two-thirds of
the inner core) and integrated semi-digital electronics design and development (layout, test
boards, power supplies, test fixtures etc.).
FY2006: Operation of the test beam, calibration and analysis of the data, fabrication, testing
and installation of the semi-digital electronics will be done with the additional support of a
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post-doctoral associate (1.0 FTE). Support for 1.0 FTE graduate students will be maintained.
Summer support for undergraduates will be continued. The equipment costs relate primarily
to the fabrication of the semi-digital electronics board for installation into the prototype.
FY2007: Fabrication, testing and installation of the new calibration system constitute the
equipment and M&S costs. This and the continued analysis of the collected data would
require continued support of the post-doctoral associate and graduate student.
The travel funds (2005-2007) will cover costs of travel by group members to collaborating
institutions and for attending conferences/meetings for the purposes of this project only.
The budget takes into account the NIU mandated fringe: 52% and indirect cost: 45% rates.
Three-year budget, in then-year K$ (NIU)
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Total direct costs
Indirect costs (45% of non-equipment)
Total direct and indirect costs

FY2005
0
21.0
4.0
25.0
0.3
25.3
30.0
5.0
10.0
70.3
18.1
88.4

FY2006
43.0
21.5
4.5
69.0
23.1
92.1
25.0
5.0
7.5
129.6
47.1
176.7

FY2007
44.0
22.0
5.0
71.0
23.7
94.7
20.0
5.0
7.5
127.2
48.2
175.4

Total
87.0
64.5
13.5
165.0
47.1
212.1
75.0
15.0
25.0
327.1
113.4
440.5

Broader Impact
Student involvement in research is a critical aspect of the proposed research program. Students can make significant contributions in detector R&D, construction, testing, software
development, data collection and analysis. They are, in the process, exposed to cutting-edge
research techniques and technology which they can utilize in industry or related fields.
The scintillator R&D involves collaborative work with chemists and mechanical engineers.
As an example, faculty and students from NIU engineering department have been involved in
extruder die design and operation. Improvements in this technology are applicable to many
fields which need to detect particles including other sciences and medicine.
NIU runs a vigorous outreach program which visits schools and civic organizations in the
northern Illinois region with the purpose of increasing enthusiasm and public awareness
for science. The presentations emphasize energy and light but also address how scientists
make and interpret observations. Over 10,000 students per year attend these presentations.
NIU/NICADD faculty and staff also volunteer for the Fermilab ’Ask-a-Scientist’ program and
a similar one offered through the NIU outreach website.
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Overview
The colorado group is actively engaged in the design of a scintillator based electromagnetic/hadronic calorimeter
where alternate layers of scintillator tiles are displaced relative to one another by half a tile width in order to improve
the spatial resolution while maintaining the excellent energy resolution. Funding wise we receive a yearly DOE grant.
This year the grant is $291K. In addition I received last year an LCR&D grant of $60K. We discuss here the eﬀort that
has been carried out in our group during 2004 and the work we propose to carry out in the next three years, 2005-2007.
All the results discussed in the progress aspects of this report can be found at http://hep-www.colorado.edu/SUSY.
The resolution of the calorimeter we are proposing is such that it is tailored to be used with the large gaseous
trackers like the US Large Detector, the Tesla Detector proposed by Europe or the GLD detector proposed by Japan.
The design we are proposing here can easily we incorporated into a hadronic calorimeter for any of the detectors
being proposed including the Silicon version. We itemize the topics in which we have been active and discuss them
in more detail later on:
•

SUSY Signal SimulationThis work, being carried out mainly by undergraduates students supported
by University funds through the Undergraduate Research Opportunities Program (UROP), and including high
school students was started about eight years ago and is continuiing. About ﬁfty undergraduate and ten high
school students have worked in this activity during this period of time. This has provided an avenue for the
students to become very well educated in various research techniques like software simulation, least square ﬁts,
error propagation, development of cuts to remove background, etc. They have learned how to use various event
generation packages like ISAJET, PHYTHIA, etc. Some have learned GEANT. You can see their work over
the years in the web address stated above. We have developed a more general method to determine the masses
of the Supersymmetric particles which does not depend entirely on the energy end point method introduced
by our Japanese colleagues [1]. We will not discuss any of this activity in great detail since it is not directly
related to the calorimeter design.

•

Detector Simulation. We have simulated γs and π 0 s in our electromagnetic calorimeter design with
various tungsten and scintillator thicknesses and number of layers to determine their various resolutions. We
propose, using the resolutions we obtained together with the charged particle tracker resolutions and possible
hadronic calorimeter resolutions, to determine how these various resolutions aﬀects the Z and W mass measurement widths in order to optimize the design. This work is being carried out by the undergraduates in our
group under the guidance of Jason Gray with the help of Steven Wagner and should be ﬁnished in 2006. Steven
Wagner was a senior staﬀ member at SLAC who is now an Adjoint Associate Professor at Colorado.

•

Pattern Recognition. We are beginning a computer eﬀort to do pattern recognition on electromagnetic
showers to determine how we can separate single from double photon showers where the photons come from
π 0 s and determine how our pattern recognition limitations aﬀect the resolution. This work will be a multi-year
eﬀort involving the more senior members of our group, including one undergraduate. It will probably carry us
through 2006.

•

Electronics. Paul Beckingham, the electronics engineer in the Joint Institute for Laboratory Astrophysics,
is working with us. He is designing the electronics associated with the Silicon Photo Sensor that we are
planning to use with each scintillator tile in our Electromagnetic Calorimeter Design. We discuss this program
in reasonable detail and will require a multi-year eﬀort probably ending in 2007.

•

Study of Scintillator Elements. We have studied the light output from scintillator tiles with reﬂecting
Tyvek paper and with Radiant Mirror paper to compare the light output. This work is completed.

•

Study of Light Transmission in Scintillating Fibers We studied the light transmission of
scintillating ﬁbers as a function of bending radius. This work is completed. We are making a long term
measurement of ﬁbers to determine whether their transmission properties change with time when bent into
small radii. This work will probably take us through 2006 or longer.
1
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•

Production of Extruded Scintillator. We have received some samples of extruded scintillator from
Fermilab. We are working with the Fermilab-Northern Illinois University (NIU) extruded scintillator group, in
particular Victor Rykalin and Anna Pla-Dalmau, that produce the extruded scintillator to attempt to produce
materials of more uniform thickness than achieved so far. This work will continue in 2005 and last through
2006.

•

Mechanical Structural Design. We have initiated a collaborating eﬀort with the Mechanical Engineering Department in the University of Colorado at Boulder, in particular with Assist. Prof. Hang Jerry Qi,
in order to understand how to construct the modules. This will be carried out through a ﬁnite element analysis
(FEA) technique. This work will be carried out in 2005.

•

Construction of a Module for Test Beams We propose to build a 50cm x 50 cm by 40/45 layer
module in 2006-2007 to insert in a test beam and determine its properties under real conditions. This can not
be carried out until we solve the design details in 2005.

0.1

SUSY simulation

We are continuing our studies, started eight years ago, to determine how best to measure the properties of Supersymmetric particles if they are produced in the collisions. We have determined already, because of beamstrahlung
and bremmstrahlung degradation of the center of mass energy, that the energy end point method does not provide
a correct value of the masses. We have developed a new Chi-Square minimization of the full energy spectrum that
takes into accounts these center of mass energy eﬀects and gives the correct results.
All this work is being carried out by a group of undergraduates working in our group and supported mainly by
University supported programs. Their work is shown in our web page http://hep-www.colorado.edu/SUSY.
We do not describe this work here any further although this work will continue where we now plan to use GEANT
to generate the events in the detector and then proceed with the reconstruction and analysis. This will be a more
realistic representation of the ﬁnal supersymmetric particle mass measurement.

0.2

Detector Simulation

We have started a program to understand the resolution of the detectors being proposed. This requires us to
understand the resolution of every element of the detector and to separate the activities of every part of the detector.
We have developed the code to propagate the charged tracks into the electromagnetic calorimeter following the
magnetic ﬁeld lines. In this manner we can remove the energy deposition in the tiles due to charged tracks. This
is necessary to do a proper reconstruction of the γs from π 0 decays using their electromagnetic showers. In Fig 1
we show how well we can correlate the number of tiles hit by the tracks with the tiles where Geant says energy has
been deposited by muons, electrons, hadrons. This work will be improved and will be used to reduce the confusion
when we carry out the pattern recognition of electromagnetic showers to reconstruct π 0 s. This code was developed
by Jason Gray, who started working in our group as an undergraduate and is now a graduate student with us.
We have started a program to understand the needed resolution of our scintillator based electromagnetic calorimeter design with oﬀset layers. Our design consists of 5cm x 5 cm tiles where alternate layers are oﬀset to make the
eﬀective areas 2.5cm x 2.5 cm. Using GEANT and reconstructing the associated electromagnetic showers from photons, we have determined the resolution of three widely diﬀerent versions of this electromagnetic calorimeter design.
The variations consist of diﬀerent radiator and scintillator thicknesses. These are then associated with the resolution
of the various tracking chambers and hadronic calorimeters being proposed in order to study the W and Z signals
when they decay into hadronic modes. The three electromagnetic calorimeter versions being simulated are:
• 60 layers made up of 1.75mm of Tungsten(1/2 X0 ),2.00mm of Scintillator surrounded by 100µ of Radiant mirror
paper, and 1mm of empty space. The eﬀective energy and spatial resolutions are shown in Figure 2.
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Figure 1: The number of correct tiles hit by muons (left), electrons (center), hadrons(right) propagated into the
electromagnetic calorimeter using the track generated in the tracking chamber. As can be seen our track following
algorithm is quite eﬃcient except in the case of electrons. In the case of hadrons, the tail observed is due to hadrons
interacting in the lectromagnetic calorimeter and the tracking algorithm failing to take this into account.

• 40 layers made up of 2.62mm of Tungsten(3/4 X0 ),3.00mm of Scintillator surrounded by 100µ of Radiant mirror
paper, and 1mm of empty space. The eﬀective energy and spatial resolutions are shown in Figure 3.
• 40 layers made up of 3.50mm of Tungsten(1 X0 ), 3.00mm of Scintillator surrounded by 100µ of Radiant mirror
paper, and 1 mm of empty space. The eﬀective energy and spatial resolutions are shown in Figure 4.
Using a parametric function describing the various resolutions we will study, during the next year, how well we
can separate the W and Z signals using the TPC tracker of the US and European Large detector, of the GLC detector
designed by our Asian colleagues and using the silicon tracker of the American Silicon based detector. This work
is being spearheaded by Jason Gray with three undergraduates under his direction. Steven Wagner will work with
our group to help understand how to use the tracking Fast MC smearing routines.He will work with Jason Gray and
Joseph Proulx. This work will be a main eﬀort in 2005 but may well continue into 2006.

0.3

Pattern Recognition

We have a program to determine the photons energy and direction when they come from π 0 decays. Our
preliminary results are shown in Figures 5,6,7,8. The student doing this work graduated last summer; hence we
have to continue this work with other students and this has stopped our progress. We have now reinitiated this eﬀort
and it will continue through 2006. We will reconstruct these photons in the middle of a Z or W hadronic decay to
determine how well we can reconstruct the π 0 s and ultimately the W and Z.
This result needs to be viewed in the context that in a 500 GeV Z or W hadronic decay only a few % of the π 0 s
have energies above 50 GeV. Most of them are 20 GeV or less.
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Figure 2: The energy(left) and angular resolutions (right) for the electromagnetic calorimeter made up of 1/2 X0
Tungsten and 2 mm Scintillator.
Energy Resolution 3mm, 40 layers

0.16
0.14

s /E

0.12
0.1

0.08

Chi2 / ndf = 8.904 / 10
Y-Intercept = 0.0003908 – 0.0003071
Resolution = 0.1319– 0.001317

o
0 - 13.19%
E
o
30 - 13.88%
E
o
45 - 15.32%
E

0.06
0.04
0.02
0.2

0.4

0.6
1/ E

0.8

1

Figure 3: The energy(left) and angular resolutions (right) for the electromagnetic calorimeter made up of 3/4 X0
Tungsten and 3 mm Scintillator.

0.4

Electronics

We have received a few Silicon Photo Sensors from Russia and an electronic readout schematic with the help from
Felix Sefkow from DESY. We have developed the electronic readout further in collaboration with Paul Beckingham,
the electronics engineer in the Joint Institute for Laboratory Astrophysics (JILA) at the University of Colorado,
Boulder.
We have received as a loan a device just produced by Multi Channel Systems (MCS) [2] that replicates very closely
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Figure 4: The energy(left) and angular resolutions (right) for the electromagnetic calorimeter made up of 1 X0
Tungsten and 3 mm Scintillator.
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Figure 5: These ﬁgures show how the energy distribution of a single 10 GeV γ is diﬀerent from the energy distribution
of the 2 γs from a 10 GeV π 0 . In almost all cases our calorimeter array can detect the 2 γs.

the desired electronics circuit that provides the integral of the pulse which represents the energy being deposited in
the scintillator tile. See Fig 9. These devices have a 2-gain range depending on the magnitude of the input pulse.
We are starting a collaboration with this company to determine whether this circuit can readout accurately the
pulse height from the Silicon Photo Sensors over our desired dynamic range. We have already determined that the
device gives outputs with two diﬀerent gain ranges depending on the integral of the input pulse in the voltage range
associated with our calorimeter and that the height of the output pulse is correlated with the integral of the input
pulse. Our preliminary measurements carried out over the last month shows that the module has a dynamic range
5
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Figure 6: These ﬁgures show how the energy distribution of a single 15 GeV γ is diﬀerent from the energy distribution
of the 2 γs from a 15 GeV π 0 . In almost all cases our calorimeter array can detect the 2 γs.
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Figure 7: These ﬁgures show how the energy distribution of a single 25 GeV γ is diﬀerent from the energy distribution
of the 2 γs from a 25 GeV π 0 . In about 75% of the cases our calorimeter array can detect the 2 γs.

of 5000 which is quite encouraging. We propose to continue this work. Starting in January, 2005 we will begin
to read out these devices using a light emitting photo diode as a light source. Our eﬀort will be to determine the
linearity and the timing characteristics associated with these devices. The module developers are improving their
2-gain range quality to meet our requirements. They are also actively designing a modiﬁcation to their module to
provide a fast timing output. If such a 2-gain plus fast timing pulse module can be developed by MCS, then we will
have the needed electronics to read out a single channel Silicon Photo Sensor in a 1in x 2in module.
At the same time we have begun the design integrating the module provided by MCS but presently without the
6
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Figure 8: These ﬁgures show how the energy distribution of a single 50 GeV γ is diﬀerent from the energy distribution
of the 2 γs from a 50 GeV π 0 . For this particular example we can not observe the 2nd γ. In about 40% of the cases
our calorimeter array can detector the 2 γs.

fast timing signal. This is shown in Figure 10.
If we are successful during our early 2005 measurements to determine that these modules can be used then we
will be able to specify more exactly the various gains and time constants desired for our exact application. If MCS
can provide a prototype that meets our requirements to our satisfaction then we propose to integrate 100 of these
modules into a prototype assembly. This would accept pulses from 100 Silicon Photo Detectors, create low and high
gain range pulse integral outputs as well as a fast timing pulse for every channel. We will then design the additional
hardware to send the data to a computer for analysis. The prototype instrument will also provide the 50v bias for
the Silicon Photo Sensors and the ± 5v adequate for the 100 modules.
We expect, if successfull by the middle of 2005, to be in a position to work with MCS to provide us a large number
of these modules at a competitive price. They are only a relatively small ﬁrm and are interested in collaborating
with us to provide a large number of modules, either by producing them directly or by allowing us to organize the
production through a licensing agreement. We can then begin to organize the production and testing of a large
number of modules. We can expect this work to cover the period of 2005. If successful we propose to order 2,300 of
these in 2006 and 2,300 in 2007 to install into our 50cm x 50cm test calorimeter, 100 tiles per layer and 45 layers, to
place in a test beam.

0.5

Study of Scintillator Elements

We studied the relative light observed from scintillator tiles when covered with Tyvek paper [3] and with Radiant
Mirror paper [4]. This was done using cosmic rays. The results, as shown in Figure 11, indicate that Radiant Mirror
gives us 20% more signal than Tyvek covering the same scintillator tile. This work is now completed and we will
use Radiant Mirror paper to provide the cover to our scintillator tiles. The work is discussed in http://hep-www.
colorado.edu/SUSY/grp_meas.html; it was carried out by graduate student Martin Nagel in collaboration with
undergraduates Jesse Smock and Keith Drake.
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Figure 9: Schematic of electronics to readout the Silicon Photo Sensors as designed by Paul Beckingham.

0.6

Study of Light Transmission in Scintillating Fibers

We measured the relative light tranmission in green shifting scintillating ﬁbers when the ﬁber was bent in a
circle of radius 8, 6, 4 ,2 cm. We used a light emitting diode as the ligth source. The results for 2 and 8 cm
are shown in Figure 12. The same signal amplitude was seen for the case of 4 and 6 cm. This work is discussed
in http://hep-www.colorado.edu/SUSY/grp_meas.html and is completed. This work was carried out by Martin
Nagel and collaborators.
We have begun a long time scale measurement of the light transmission of these ﬁbers over the period of a year
to determine whether the ﬁber bent in the 2 cm radius structure deteriorates on this time scale. We do this by
comparing the light transmission of the ﬁbers in the 8 cm radius and the 2 cm radius as a function of time and
determine whether any diﬀerences appear. This work is being carried out by Martin Nagel and collaborators.

0.7

Production of Extruded Scintillator

We have measured the thickness uniformity of extruded scintillator produced by the Fermilab- NIU group. We
have observed variations of .07 mm in 5 mm thick pieces, mainly near the edges. We have begun a program, in
collaboration with the NIU-Fermilab group, to produce 2 or 3 mm thick pieces with variations in thickness no larger
than .03 mm. and variations in width no larger than 1 mm in 15 cm wide pieces. The measurements we have carried
out so far are recorded in http://hep-www.colorado.edu/SUSY/grp_meas.html. To carry out this work we likely
will need to build a new molding unit; this would be built by the NIU-Fermilab group. This eﬀort will be carried
out during the year 2005. Eric Erdos is working on this with Keith Drake.
8
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Figure 10: Schematic of integrated electronics readout with the MCS module.

0.8

Mechanical Structural Design

This work, to be carried out in 2005, consists of two eﬀorts. First, Tungsten plates as produced presently in
industry are not larger than 100cm x 25 cm with a thickness as we request between 1.75 and 2.62 mm. The width of
the large detector electromagnetic modules vary from about 160 cm to 200 cm. This implies that we need to learn
how join 2 pieces while maintaining the required ﬂatness. It is typical in industry to use a braising process to join
two pieces. At present, it is not clear whether this process will maintain the required ﬂatness of the joined pieces. We
are proposing to carry out this test with the aid of industry. If this does not work we propose to investigate a process
of laminating two such pieces with thin stainless steel plates and using rivets to provide the stiﬀness necessary to
maintain the ﬂatness required by our electromagnetic calorimeter. Eric Erdos is carrying out this work.
Second, Prof. H. Jerry Qi, from the University of Colorado Mechanical Engineering Department, has joined our
eﬀort to help with the Structural Study of the Electromagnetic Calorimeter Modules. Initially he will help us, by
means of computer simulations using Finite Element Analysis (FEA), to determine whether our proposed method of
joining the Tungsten pieces using rivets will maintain the necessary ﬂatness over a width of 160 to 200 cm. Then he
will also help with the design of the construction of the modules. The proposed structure consisting of eight modules
forming an octogon with the beam line as an axis is shown in Figure 13. Each module is about 34cm thick, 160-200
cm wide and 320 cm long on each side of the interaction point ending up with a total of 16 such modules. Each
module consists of about 40 layers, each consisting of a mixture of 3mm extruded scintillator, .15 mm of Radian
Mirror reﬂecting paper on each side, 1 mm of free space and 2.62 mm of Tungsten as shown in Figure 14. The net
weight of each module is ≈ 12 metric tons. The extruded scintillator consists of 5cm x 5cm tiles with wave shifted
scintillating ﬁbers that go to a Silicon Photo Detector imbedded in the scintillator as shown in Fig 14. Wires leading
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Figure 11: The observed signal from 2mm thick scintillator tiles covered with Tyvek and with Radiant Mirror. The
signal from the tile when covered with Radiant Mirror (red) is 20%larger than when the tile is covered with Tyvek
(white).

from the Silicon Photo Detector through the 1 mm free space go to the electronics located on the edge of the detector.
Properly designing and integrating these elements into a detector with proper mechanical stiﬀness to ensure
overall ﬂatness of the detector is critical to the success of the proposed calorimeter. In addition, the procedures
for assembling the detectors into the ﬁnal structure and the mechanism to ensure integral accurate parallelism with
respect to the beam line is also crucial to the success of the detector. Neither the scintillator nor the wires from the
scintillator to the outside can feel any pressure from the Tungsten plates. Hence, during 2005, we propose to carry
out two ﬁnite element analysis:
• Analysis 1Design a module detector with proper loading carrying mechanism so that the ﬁrst few layers of the
electromagnetic calorimeter are protected given the self weight of the module and to ensure that the deﬂections
can meet the stiﬀness requirements. The major challenge in designing the detector comes from the distinct
dimensions between the basic elements such as the 5cm x 5cm scintillator tiles, the 1 mm free space, and the
length (3.2 m) of each module. Also we estimate each module to weigh 12 metric tons. Such a heavy weight
could create a signiﬁcant deﬂection of the detector and may crush the scintillator in the ﬁrst few layers. In
order to study how to overcome these challenges we will carry out a FEA. The iterative design methodology
of concept-design/FEA-analysis/modifying-design will be employed. In addition, in order to ensure that the
proposed design can meet the system requirements, a 50cm x 50cm detector with an initial Al backing followed
by four layers of /relector/scintillator/reﬂector/ space/tungsten will be machined and subjected to mechanical
tests. These tests will consist of compression, tension and three point bending. The test results will be compared
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Figure 12: The light transmission observed from a green scintillating bent in a 2 cm radius (left ﬁgure) and an 8 cm
radius (right ﬁgure). We use a light emitting diode as the source. We see little or no diﬀerence in the signal observed
in the two cases.

Figure 13: Structure of the octogonal arrangement of the electromagnetic calorimeter on which the FEA analysis
will be applied. Each element of the octogon weighs approximately 12 tons.

with the FEA predictions to justify the design and the FEA models, which can the move to the design eﬀort
in item 2.
• Analysis 2We need to design the connecting and supporting elements that connect the 3.2 meter long modules
to form the octogon shown in Figure 13. The proper design of the connecting and supporting elements will
ensure the accurate parallelism of the electromagnetic calorimeter relative to the beam line. Several connecting
11
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Figure 14: Spatial Structure of every layer and scintillator tile arrangement with silicon photo detector in place. The
FEA analysis will take this arrangement into account.

and supporting mechanisms will be designed and analyzed using FEA and the best design will be chosen.
All this computer analysis work we propose to carry out in 2005. We propose that the work in 2006 consists of
building a 40/45 layer calorimeter to place in a test beam to justify the resolution results we have determined with
our simulations and our electronics development. Hence we propose to be ordering the pieces to produce a 50cm
x 50cm by 40/45 layer electromagnetic calorimeter during the three year period 2005-2007. The thickness of the
scintillator and tungsten plates will depend on the results we obtain during the ﬁrst half of 2005.

0.9

The Budget

The main areas of work in the next three years are four:
• To continue with our simulation work to show the eﬀectiveness of our calorimeter design in separating W
and Z hadronic decays. This work will continue to be carried out by a graduate student and undergraduates
supported mainly by University funds. We are requesting funds for the one graduate student, Jason Gray.
• To carry out the development of the electronics for the electromagnetic calorimeter and to purchase 100 silicon
photo-detectors and 100 modules from MCS to develop a proof of principle. This R&D can be applied to any
calorimeter being designed that uses these silicon photo-detectors. The cost of the electronics engineer time
at $100/hour is $20K. The cost of the 100 Silicon Photo Sensors is estimated to be $4K and the cost of the
modules we estimate at $10K. The total is $34K. This cost is for the ﬁrst year only. The cost for the second
and third year is associated with the construction of the test calorimeter to go into a test beam.
• To develop the extruded scintillator program requires the construction of appropriate tooling and die and the
purchase of 60 bars 150 mm wide by 1000 mm long by 2 mm thick. The estimated cost as provided by Fermilab
with labor and indirect charges (16.1% M&S, 30.35% Labor) is $49.83K. This total cost is distributed between
2 years with the tooling, die, some materials and some labor in the ﬁrst year.
• The cost estimate to carry out the FEA to construct the tungsten panels and simulate a module is as follows:
0.5 month of Prof. Qi’s salary which amounts to $4,208, the salary of a student doing a master’s thesis on this
12
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work which amounts to $23K, and the cost of the Tungsten material, etc. which costs $6K. The cost of the
Tungsten for the test beam module is estimated at $85K
The total cost for 2005 is $154,528 and the added overhead of 48.7% is $37,237.

3 Year Budget Table
Duration: 1-1-2005 to 12-31-2007
Principal Investigator: Uriel Nauenberg
ITEM
A. SALARIES AND WAGES
(on Campus)
Faculty:
Prof. Jerry Qi
100% time 0.5 mos. summer
Staﬀ:
Graduate Student:
Jason Gray
50% 9 mos. AY
100% 2 mos. Summer
Mech. Eng. Student(To be named)
50% 9 mos. AY
100% 2 mos. Summer
To be named
50% 9 mos. AY
100% 2 mos. Summer
Total Salaries and Wages
B. FRINGE BENEFITS
Faculty:21.2%
GRAs:3.2%
Total Fringe Beneﬁts

2005

2006

2007

4,208

16,516
7,491

17,135
7,772

15,006
6,806
17,778
8,063
50,026

24,907

25,841

892
1,466

797

827

2,358

797

827
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ITEM
C. PERMANENT EQUIPMENT
100 Silicon Photo Sensors
4,600 Silicon Photo Sensors
100 MCS Electronic Modules
2,300 MCS Electronic Modules
2,300 MCS Electronic Modules
Tungsten Plates for Testing
Lamination Material+Labor
50 50cm x 50 cm Tungsten Plates
Extruded Scintillator Tooling
Extruded Scint. Die Develop.
Extruded Scintillator Panels Prod.
Extruded Scintillator Panels Prod.
500 Scintillator Fibers
2,300 Analog to Digital Con.
2,300 Analog to Digital Con.
Total Permanent Equipment

2005

2006

2007

4,000
46,000
10,000
69,000
69,000
6,000
2,000
85,000
10,000
2,000
18,915
18,915
5,000
23,000
23,000
52,915

246,915

92,000

20,000
1,000
2,794
22,434

10,000
5,000
3,144

5,000
5,000
3,537

Total Other Direct Costs

46,229

18,144

13,537

E. Travel
Travel to Meetings to Present Results
Travel to Test Beams

3,000

3,000

3,000
6,000

3,000

3,000

9,000

154,528

293,762

141,204

37,237

21,415

22,377

191,766

315,177

163,581

D. Other Direct Costs
Electronics Support
Materials and Supplies
Tuition Remission:1 GRA (res)
Tuition Remission:1 GRA (non-res.)

Total Travel
F. TOTAL DIRECT COSTS
G. INDIRECT COSTS(48.7%)
H. TOTAL COST

14
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1

Introduction

In 2004, The University of Iowa group has concentrated their Linear Collider R&D
activities on the simulation of the electromagnetic calorimeter (EMCal) for the Silicon Detector (SiD) at the International Linear Collider (ILC).
An excellent jet energy resolution is essential in order to achieve maximum sensitivity to the physics anticipated from the ILC. It is an important benchmark for
the detector design in general and for the design of the calorimeter in particular,
e.g. optimization of the granularity. A finely segmented detector should be matched
by powerful reconstruction software for which a Particle Flow Algorithm (PFA 1 ) is
a promising approach.
The group, led by Usha Mallik, has been an integral part of simulation efforts at
SLAC, working mainly on reconstruction software necessary for the proof of principle
of a PFA. The milestones achieved in the year 2004 are discussed, focusing on the
contributions from the Iowa group. The future plans for simulation efforts are laid
out.

1

also referred to as ‘Energy Flow Algorithm’

2
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2

The Importance of the EMCal in a PFA

Calorimetry plays an essential role in a PFA in the SiD design. The current goal
of the Iowa group is the development of an algorithm to detect and trace minimum
ionizing particles (MIPs) in the EMCal, and to reconstruct associated showers without assistance from the central tracking system. There are several benefits from this
approach, three of which are discussed below.
1. Electromagnetic and hadronic showers can be separated by analyzing their
shower shapes. However, having a longitudinally segmented calorimeter, the
actual starting point of the shower and the presence or lack of a MIP-track
associated with it can be used as an additional distinctive feature to increase
the separation power.
2. For charged particles in the forward angular region, the number of hits in the
central tracking system is limited by the detector geometry. The extrapolation of identified MIP-tracks to the last tracking layers can be used to assign
unassociated tracker hits and thus improve the tracking efficiency.
3. Charged tracks produced in decays of long-lived particles like K0S , Λ, or possible
SUSY particles only leave a limited number of hits in the central tracking
system. The identification of MIP-tracks can help to improve the detection
efficiency in the same way as described above.
Efficient and precise reconstruction of MIP-tracks in the EMCal are important steps
towards identification of showers from neutral hadrons and reconstruction of longlived particles.

3

Personnel Involved

The SiD effort at the ILC is lead by Marty Breidenbach (SLAC). The University of
Iowa group has been working closely with his group in the simulation effort for this
detector design since 2003 and has made essential contributions towards the proof
of principle of a PFA.
At present, Wolfgang Mader, a postdoc from The University of Iowa, is working full-time on this project together with the simulation software group at SLAC:
Norman Graf, Ron Cassel and Tony Johnson.
Niels Meyer, a new postdoc who has just joined the Iowa group having completed his Ph.D. at the University of Hamburg, will work full-time on the ILC effort.
Matthew Charles, a postdoc previously working on this project, is also rejoining the
effort.
3
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4

Simulation Overview

4.1

SiD Configuration

The simulation efforts are based on the SiD design which is described in detail
elsewhere [1]. The EMCal, which is the main focus of the present effort of the
Iowa group, consists (in the barrel region) of 30 layers of (0.5 × 0.5) cm 2 silicon
cells alternating with 0.25 cm thick tungsten layers. It extends from a radius of
rmin ≈ 127 cm to rmax ≈ 142 cm, representing a total of 20 radiation lengths (X0 )
or 0.8 hadron interaction lengths (λI ). In combination with an effective PFA, the
high granularity will help provide an excellent jet energy resolution.

4.2

Technical Details

In 2004, the detector simulation used at SLAC has been migrated from a GISMO [2]
based simulation to a simulation based on GEANT4 [3]. The configuration of the
detector is described using the XML language. The GEANT4 package is widely
used in high energy physics and provides realistic description of the response of the
individual detector components. The simulation packages previously developed by
the Iowa group had to be migrated to work with the updated detector simulation.
The reconstruction and analysis software is written in JAVA, using the hep.lcd
framework [4]. Simulated events used are stored in the SIO format [5]. The analysis
is presently carried out using JAVA Analysis Studio version 3 [6] (migrating from
version 2) and ROOT [7].

4.3

Event Samples

The SLAC group provided event samples to develop the necessary reconstruction
tools and to test the overall performance of the SiD design. The University of
Iowa group was involved in the testing of event samples and the debugging of the
digitization process.
The event samples used in the simulation effort comprise two categories:
• Single particle samples:
The detector response is simulated for (a) charged pions in a momentum range
of 1 GeV < pπ < 10 GeV and an angular range of 4◦ < Θ < 176◦ , and (b)
events containing decays K0S → π + π − of momentum 10 GeV. These samples
are used to develop and test the algorithms described later in the document.
• Z0 and tt̄ events:
These physics events were used in order to test the algorithms under realistic

4
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conditions, an important step towards developing an effective PFA. These tests
will be extended to other event topologies.

4.4

Future Developments

The SLAC group is working towards implementing a simulation package which will
produce output in LCIO format [8]. LCIO is a general format agreed on by the
ILC community in the US, Europe and Asia. It allows a direct comparison of the
different detector designs and the various simulation efforts. A common format
makes it possible to share reconstruction and analysis algorithms. These tools for
the new framework are currently developed by the SLAC software group (their effort
will be joined by The University of Iowa group).

5

Simulation Effort at The University of Iowa

In this section, the simulation effort of The University of Iowa group is explained
in detail. The group has focused on the development of reconstruction software for
the EMCal, an important ingredient of a PFA.
In the first step, the identification of MIP-tracks in the EMCal within the busy
environment of multi-hadron final states was developed. This part has been finished
in 2004 and was presented to the ILC community on several occasions [9, 10].
The next steps for the PFA are measurement and identification of electromagnetic and hadronic showers. The separation of contributions from charged and neutral hadrons is an important step. This is under development and the current status
is presented.

5.1

Identification and Reconstruction of MIP-Tracks

MIP-tracks leave a very characteristic signature of isolated energy deposits (occasionally accompanied by a close-by second energy deposit due to δ-rays) in the
EMCal. Starting from a seed point which is obtained from the track information
in the central tracking system, they can be tracked with high efficiency as shown in
previous studies by Matthew Charles in 2003.
In 2004, this algorithm has been verified using GEANT4 simulated events. Criteria for identifying MIP seeds independent of the central tracking system have been
developed and tested. The algorithm has been further extended using pion samples
and events containing Z0 -decays and tt̄ physics processes.
The efficiency of the algorithm exceeds 99% for pions that only leave a MIPtrack in the EMCal. In the current detector design, however, about half of the
charged hadrons start showering within the EMCal. For particles with transverse
5
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Figure 1: Resolution of the radial position of the showering point using single pion samples.
Superimposed is a fit with a double Gaussian, where the two individual contributions are shown separately. The resolution of the radial position as obtained
from the core Gaussian is ±0.6 cm corresponding to a reconstruction uncertainty
of ± 1 layer in the EMCal. Physics processes contributing to the tails on the
left and the right side of the distribution have been identified as π → µνµ decays
and scattering processes, respectively.

momentum in excess of 1 GeV (i.e. sufficient to reach the barrel EMCal) an overall
reconstruction efficiency of about 90% was achieved.
The analysis has been further extended to the reconstruction of the showering
point. A precision of ±0.6 cm in the radial position has been achieved as illustrated
in Figure 1, corresponding to ±1 layer in the EMCal. The tails of the distribution
extending to the left and the right side of the peak have been studied and identified
as events containing π → µνµ decays and scattering processes, respectively.

5.2
5.2.1

MIP-Track Fitting
Reconstruction of MIP-Segments

The seed for a MIP-candidate is initially defined as three isolated hits in four consecutive EMCal layers. In very busy events e.g. from tt̄ production, this approach leads
to too many reconstructed MIP-track segments. This is partly due to the overlap of
MIP-tracks with hadronic or electromagnetic showers from other particles.
Therefore, a two-pass algorithm has been developed. The algorithm is applied
once, starting from the inner part of the detector, following the MIP-track as far as
6
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isolated hits are found in successive outer layers. In a second pass, the algorithm
starts from the outer part of the detector, following the MIP-track as long as isolated
hits are found in successive inner layers of the EMCal2 . These MIP-segments are
then matched using χ2 criteria described below.
5.2.2

Association of MIP-Segments

A five parameter helix fit is performed to the EMCal hits of each MIP-segment
found. For every pair of MIP-segments, a two-step χ2 criterion is calculated using
the fit parameters and the corresponding error matrices.
In the first step, only the track parameters (κ, φ0 , d0 , tan λ) are used and the
efficiency (upper curve) for matching MIP-segments and the background rate from
random combinations (lower curve) is displayed in Figure 2(a). By retaining all
combinations with χ2 < 40, an efficiency of ≈ 100% is achieved with a background
fraction below 5%. The z component is not included in the first step, since its contribution exhibits artifacts due to the projective geometry of the EMCal configuration
used in the simulation (for example, when a MIP passing through the EMCal in one
tower of cells is scattered into a neighboring tower).
Instead, in a second step, a cut of χ2z < 80 is used, where χ2z is calculated from
the z component of the helix parameters only, on those MIP-combinations that pass
2

In order to account for detection inefficiencies, gaps of one layer are allowed.
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Figure 2: Integrated χ2 distributions as calculated using the helix parameters
(κ, φ0 , d0 , tan λ) (a) and z (b). The upper curves indicate the efficiency for
associating matching MIP-segments, while the lower curves indicate the background rate from random MIP segment combinations. The background fraction
in (b) is relative to that remaining after requiring χ2 (κ, φ0 , d0 , tan λ) < 40.
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the first selection step just described. This rejects 2/3 of the remaining background
while maintaining high efficiency as shown in Figure 2(b). Pairs of MIP-segments
satisfying these criteria are then combined to a single MIP.
5.2.3

The Use of Tracking System Layers in Calorimeter Tracking

The reconstruction of particles like K0S , Λ, or possible other long lived particles
predicted from theories beyond the Standard Model is challenging in the current
SiD design. In a typical Z0 event, a K0S with an average energy of 5 GeV has a mean
decay length of about 25 cm. Therefore, the charged pions from K0S decays would
not leave any hits in the vertex detector, and would therefore not be reconstructed
by the current tracking algorithm.
The tracking of MIP particles in the EMCal, established by The University
of Iowa group (see Section 5.1), can help increase the reconstruction efficiency of
long-lived particles. The helix fit to the EMCal hits generated by MIP particles is
extrapolated into the central tracking system. Using the extrapolated track, unassociated hits (i.e. hits which have not yet been used for track reconstruction by the
standard tracking algorithm) are picked up with high efficiency. The extrapolation
algorithm has a resolution of better than 1 cm for the last tracking layer, whereas
the average distance between unassociated hits in Z0 events is of the order of 5 cm.
Therefore, they can be associated to MIP-tracks with very high efficiency.
After picking up the hit from the last tracking layer, the track is refitted and the
new track is then extrapolated to the second-to-last tracking layer. In case another
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Figure 3: Invariant K0S mass distribution using MIP assisted tracking as described in the
text. Plot (a) shows the invariant mass distribution as obtained from single K 0S
events, plot (b) shows the corresponding distribution as obtained from Z 0 events.
In (b) the K0S is sitting on top of combinatorial background.
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unassociated hit is found, it is added to the MIP hits and the track is refitted again.
In order to demonstrate the benefits from calorimeter tracking, pion tracks from
neutral kaon decays were reconstructed as described above and fitted in pairs to a
common vertex to form the K0S candidates. The results of the fits are illustrated in
Figures 3 (a) and (b). Figure 3 (a) shows the K0S invariant mass for events from
dedicated K0S event samples; a clear signal is obvious at the nominal K0S mass. The
same algorithm is applied to Z0 events and the result is shown in Figure 3(b). While
the K0S peak is reconstructed at the nominal mass, it has a broader mass distribution
on top of a large combinatorial background.

5.3

Reconstruction of Showers in the EMCal

Currently, the primary focus is on the reconstruction of showers from charged and
neutral hadrons in the EMCal. To be able to study the hadronic showers in a
clean environment, energy deposits from the electromagnetic showers are removed,
presently using truth information. This procedure will be replaced by a more realistic algorithm and the Iowa group will participate with the SLAC group in this
development.
The clustering algorithm currently being developed by the Iowa group is based
on the Minimum Spanning Tree (MST) approach. In this approach, energy deposits
are assigned to a particular cluster on an individual hit-by-hit basis as illustrated
in Figure 4, where 12 consecutive steps of the clustering algorithm are displayed.
To identify clusters from charged hadrons, the reconstructed shower points from the
MIP-tracking algorithm and unassociated hits in the last tracking layer are used
as cluster seeds. Starting from these seeds, the geometrical distance to all EMCal
1
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Figure 4: Illustration of the Minimum Spanning Tree algorithm. Hits assigned to the
cluster are shown as solid circles and unassigned hits as hollow circles. At each
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hit is added to the cluster. If the distance to the nearest hit is large, (# 11),
then the hit is assigned to a new cluster.
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Figure 5: Plot(a) shows the signature of a typical K0S → π + π − decay from a single K0S
event. Plot (b) displays the distance to the closest hit not yet assigned to the
cluster as explained in the text.

hits not yet associated to any cluster are calculated and the closest hit is added to
the cluster. This procedure is repeated until all EMCal hits have been assigned to
clusters. Currently, the hit assignment is based on the geometric distance between
hits. In future, various weighting algorithms will be studied.
An example of the performance of the algorithm for a typical K0S event is shown in
Figures 5 (a) and (b). The section of the detector where the pions from a K 0S → π + π −
decay interact with the EMCal is shown in Figure 5(a). Figure 5(b) shows the
distance to the closest hit not yet assigned to the cluster. The spike around hit
number 70, corresponding to a large geometrical distance, is used as a separation
criterion between the two pions showers.
The current implementation of this algorithm uses the hit coordinates directly
and is therefore largely independent of the detector geometry (e.g. the number of
EMCal layers and cell sizes). Hence, with minimal changes it can also be used with
other calorimeter configurations.
These studies have very recently been shown to the SiD simulation community [10]. The Iowa group was encouraged to pursue these studies and take a leading
role in the MST-based clustering approach; we therefore expect to continue these
studies.

6

Future Plans

Substantial progress has been made during the year 2004 towards the proof of principal of a PFA with important contributions from The University of Iowa group.
However, essential ingredients of such an algorithm are still under development or
missing. The Iowa group is playing a central role and is working in close collabora10
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tion with other simulation groups that are covering different aspects of a PFA.
Our group is an integral part of the simulation effort at SLAC, working closely
with the group of Marty Breidenbach, who is leading the SiD effort. The simulation
tools developed by the Iowa group are aimed at the SiD design. We plan to intensify
our efforts in this area. The achievements of our group are summarized in this
section and the prospects for a future involvement, in both the development of a
PFA and its evaluation studying benchmark physics cases, are laid out.

6.1

Software Development and SiD Design Studies

The Iowa group has made considerable progress in the development of reconstruction
software for the EMCal. A very efficient MIP-tracking algorithm has been developed.
A track fitting algorithm using only calorimeter hits has been developed; its benefits
for particle tracking in general have been demonstrated by reconstructing long-lived
particles with the use of the last layers of the central tracking system. We intend
to carry out studies with other EMCal geometries and investigate their influence on
the algorithms developed.
Reconstruction of hadronic showers in the EMCal has started and the first results
are encouraging. We now intend to intensify these studies with the participation of
Matthew Charles and Niels Meyer.

6.2

Study of Physics Processes

A study of the sensitivity of particular detector designs and reconstruction algorithms to physics observables as well as their impact on the accuracy of specific
physics analyses is essential. We propose to participate in this effort, concentrating
in particular on processes where the reconstruction software developed by the Iowa
group can be applied, i.e. on processes leaving distinct signatures in the EMCal.
The Iowa group proposes to investigate the following benchmark processes where
an excellent understanding of the calorimetry section is essential and which are of
major physical interest at the ILC.
1. Higgs decays to photons, H → γγ
The distinct signature of two isolated photons allows studies of the energy
resolution of single high energetic particles from reconstruction of EMCal hits
only. This decay is of special interest to exploit the Higgs-photon coupling,
which is highly sensitive to heavy charged particles beyond the SM particle
spectrum.
2. Higgs production in WW-fusion with decays H → bb̄
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The signature of two final state jets allows resolution studies of jet energy and
jet-pair mass measurements. WW-fusion is the dominant Higgs production
mechanism at high energies and probes the Higgs-W coupling. The latter is
of special interest when deducing the total decay width in case of light Higgs
bosons.
3. Double Higgs production ZHH
Events from this process may contain up to six jets, allowing to study the impact of calorimeter measurements on combination efficiencies. This process is
essential to study the Higgs self coupling and to establish the Higgs mechanism
as the origin of electroweak symmetry breaking.

6.3

Plans towards a Particle Flow Algorithm

The long-term goal of the Iowa group is to play a key role in the integration of the
various components of a PFA, which takes full advantage of the natural interplay
between all sub-detectors. Such an algorithm is best suited for optimization studies
of the SiD design, e.g. detector geometry or calorimeter segmentation.
The University of Iowa group has been an integral part of the studies so far
by providing an efficient MIP-tracking algorithm and working on general EMCal
reconstruction. These efforts will be intensified by Niels Meyer joining the group.

7

Resources and Budget

Wolfgang Mader has worked almost full time on simulations and algorithms for developing Particle Flow for SiD since he joined the group in March 2004. Niels Meyer,
who graduated from University of Hamburg under the supervision of Professor RolfDieter Heuer (at present Research Director of DESY, Germany), has just joined the
group to start working full time on this project. Matthew Charles has completed
an analysis on BABAR, and expects to rejoin the Particle Flow effort shortly. Two
(equivalent) full time postdocs will be involved in the SiD Particle Flow project from
The University of Iowa. A new graduate student will likely join the effort from late
summer, after moving to the bay area.
The budget is listed below, primarily based on the support for one postdoc. The
postdoc’s salary is taken at $46,000 with fringe benefits at 18% at The University of
Iowa. The second postdoc’s support is obtained by reallocating resources from the
base grant support of the group for BABAR. Travel to the various ILC workshops
for the two postdocs and for Usha Mallik is included for the year at $12,000. The
indirect costs at Iowa are charged at a rate of 26.6% for off-campus activities (the
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postdocs all stay at SLAC where interaction is easier). A total of $83,910 is thus
requested to cover the FY05 cost.
The second year’s budget is anticipated to be similar, with a $2,000 increase in
salary for the postdoc and partial support of $8,000 for a graduate student. Tables 1
and 2 list the breakdown of the budgets.
Table 1: Budget for the First Year R&D. The total costs quoted include 26.6% for offcampus activities.
Item
Salary and Fringe Benefits of Research Associate
Travel to ILC Meetings (2 RAs and PI)
Total First Year R&D

Direct Cost ($)
46,000 × 1.18
12,000

Total Cost ($)
68,718
15,192
83,910

Table 2: Budget for the Second Year R&D. The total costs quoted include 26.6% for offcampus activities.
Item
Salary and Fringe Benefits of Research Associate
Partial Support for a Graduate Student
Travel to ILC Meetings (2 RAs and PI)
Total Second Year R&D

Direct Cost ($)
48,000 × 1.18
8,000 × 1.18
12,000

Total Cost ($)
71,706
11,951
15,192
98,849
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Project name
Development of a silicon-tungsten test module for an electromagnetic calorimeter
Classification
Detector:calorimetry
Institutions and personnel
University of Oregon, Department of Physics and Oregon Center for HEP:
Raymond Frey (faculty), David Strom (faculty), physics undergraduates
Stanford Linear Accelerator Center:
M. Breidenbach (faculty), D. Freytag, N. Graf, G. Haller
Contact person
Raymond Frey
rayfrey@cosmic.uoregon.edu
(541) 346-5873
I. Project Overview
The current LD and SiD detector designs call for a silicon-tungsten (Si-W)
electromagnetic calorimeter (ECal) as the best option for providing the necessary density
and segmentation to implement the particle flow method (PF, formerly called energy
flow) for reconstruction of jets (and taus) at the LC, capable of achieving jet energy
resolution of §0.3/¥Ejet, as recommended by LC physics studies. One of the outstanding
technical questions is how to integrate a silicon detector wafer with its readout
electronics. Since the number of detector pixels for these ECal designs is on order 50
million, a solution to the integration issue, along with the cost of the silicon detectors
themselves, is likely to determine the overall viability of the Si-W approach. A few years
ago, we proposed1,2 a possible solution to the integration problem and have received
LCRD support for two years to pursue this. Our work gives us confidence that we are on
the right path and we propose for the next year to complete the initial phase of the R&D –
to demonstrate the detector concept with prototypes in an electron test beam – and to
move on to the next phase: The development of a full-depth ECal module which
incorporates the features required for a realistic LC detector. This module would be part
of an international test beam study. The full-depth module requires more funding than is
realistically available with the present LCRD program. Hence, its funding is being
pursued separately. Here, we focus on completing the development and initial testing of
the detector components, the goal being to test a few layers of our prototype detectors and
electronics in the lab at Oregon and in an electron beam, hopefully at SLAC.
While we focus on an implementation of our Si-W approach for the SiD design, the basic
ideas and R&D are certainly applicable to other Si-W ECal designs, notably LD.
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Figure 1. Left: Cartoon of 15 cm Si detector segmented into 5mm pixels. The central
rectangle indicates the position and approximate size of the bump-bond array. Right:
Schematic of bump bond pad array and bundles of signal traces entering the array from
the pixels.
The thrust of our project is to integrate detector pixels on a large, commercially feasible
silicon wafer, with the complete readout electronics, including digitization, contained in a
single chip which is bump bonded to the wafer. This is shown in Fig.1. The starting point
for our design uses a pixel size 5 mm across, based on initial PF requirements for photonhadron separation. This gives N~103 pixels per 6-inch wafer. We take advantage of the
low beam-crossing duty cycle (~10-3) to reduce the heat load using power cycling. This
scheme has several important properties:
1. The channel count is effectively reduced by a factor N.
2. The cost, to first order, will be independent of the ECal transverse segmentation.
3. Readout gaps can be small (~1 mm), thus maintaining the small Moliere radius
intrinsic to tungsten.
The first property, we feel, is necessary for any realistic highly-segmented ECal. In this
case, the electronics is likely to be relatively small fraction of the ECal cost. The second
point makes the design flexible, so that one can optimize to meet the physics goals. The
third is an optimization of the physics capability of the ECal at a given (barrel) radius.
For example, the angle subtended by the Moliere radius for an ECal at radius 1.25m with
our design is smaller than one with 3mm readout gaps at 1.7m. Hence, this has a
significant impact on both performance and overall detector cost.
We note that for a Si-W ECal, the features above remain unique to this R&D.
Collaborations. First, within this R&D, the collaboration consists of the Oregon and
SLAC personnel listed above, in addition to V. Radeka of BNL who has collaborated
with us extensively on the electronics design. Our R&D collaboration has been holding
weekly meetings by telephone for over two years. Between Oregon and SLAC the
activities roughly break down as follows:
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1. Silicon detector design, procurement, characterization, and testing (Oregon)
2. Readout chip design, procurement, and testing (SLAC)
Recently, we have begun discussions with the HEP group at UC Davis in connection with
their bump-bonding facility. This appears to be a good possibility, and members of the
UC Davis group will presumably join our R&D effort. In addition to the hardware work,
Oregon plans to continue related simulation and software activities. These include, but
are not limited to, EGS4 and Geant4 studies, comparisons between the two, and
development of PF algorithms. Ultimately, we will use robust PF results to optimize the
calorimeter. The LC community is still a long way from this point, although the recent
focus on a few detector designs is helpful.
Within the ALCPG, Oregon has strong ties to the Calorimeter Working Group3, both in
management and involvement in studies. We report regularly to this group, as well as at
the ALCPG workshops.
We also have good interactions with the proponents of the Si-W ECal of the CALICE
R&D consortium. We note that the goals of the two efforts are considerably different.
While we are pursuing R&D to develop detectors and electronics which we feel will
closely resemble the final ECal, the CALICE effort has focused more on gaining
experience with detector fabrication and in developing a working test beam module.
Since both of these approaches are important, it is premature, and probably counterproductive to merge efforts at this stage. In the meantime, we share our thoughts and
concerns. The level of collaboration will increase as we approach full-module test beam
studies. In fact, both groups are part of a joint MOU for a potential test beam at FNAL.
This document follows with a short progress report of the recent R&D, a summary of the
proposed work, followed by the budget and budget explanation. Most of the details not
presented here are collected at http://www.slac.stanford.edu/xorg/lcd/SiW/ or in the cited
references.
II. Progress Report and Status
Electronics
Significant progress has been made on the readout chip (ROC) design. A block diagram
of the current design for a LC with cold technology is given in Fig. 2 and indicates the
main functional elements of the design. A reset is issued in 100ns if no signal above
threshold (|0.3 MIP) is detected. (The interval between beam crossings is 337 ns in the
TESLA cold design.) Signals above threshold are integrated for a longer time and the
signal charge is stored on capacitors until the end of the bunch train (2820 beam
crossings). The depth of the signal storage is currently set at four, which appears to be
easily sufficient for the expected background rates per pixel in the ECal barrel (although
this may not be sufficient in the low-angle endcap region). The area required per readout
channel is an important parameter in our design, with an important contributor being the
10 pf feedback (and calibration) capacitors on the input stage required to accommodate a
maximum expected signal of |2500 MIPs at shower maximum (at about 10 X0 depth) for
500 GeV electrons4. The dynamic range and MIP resolution are both accommodated
using two ranges, each of 12-bits. The range is selected dynamically by switching in the
584

Ray Frey

Page 4

University of Oregon

appropriate feedback capacitor on the first stage amplifier, a novel feature of this design.
In 0.25 micron technology, the current design uses about 0.03 mm2 per channel, which is
easily accommodated in our layout for a 1024 channel ROC. Another important design
constraint is power consumption (heat). Most of the ROC power goes to the analog front
end, for which the power can be turned off between bunch trains. The duty cycle is
roughly 1/200, which is sufficient to reduce the average power of the entire 1024-channel
ROC to about 20 mW. This is roughly a factor of two below our estimates for the heat
load which would require active cooling. Hence, we plan to carry the heat load to the
edges of the ECal modules passively, via the tungsten radiators.

Figure 2. Schematic of one channel of the ROC optimized for the cold LC.

Figure 3. Prototype silicon detector in the lab at Oregon.
Silicon Detectors
In Fall 2003 we ordered a set of 10 silicon detectors from Hamamatsu Corp. using a
combination of LCRD and SLAC funding. The order was based on a specification
document5 which we developed for potential vendors. A separate document6 discusses
the various tradeoffs necessary to minimize detector noise and inter-channel crosstalk,
retaining an excellent SNR for MIPs of |20. The order was received at Oregon in January
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2004. An image of one of the detectors is shown in Fig. 3. These detectors in principle
meet the requirements for a full Si-W ECal. The hexagonal pixels, 5mm across at
maximum, are clearly visible. The bump-bond array and signal traces, being below the
passivation layer, are not easily visible in this image.

Figure 4. Left: A typical depletion curve for a prototype pixel. Right: Measured signal
charge distribution for cosmic ray data.
We have performed a number of standard measurements of the detectors in our lab at
Oregon, such as capacitance, depletion voltage, and leakage current. A typical depletion
curve is shown in Fig. 4. Such characteristics are entirely as expected.7 The right-hand
panel of Fig. 4 shows a single-pixel signal charge distribution for cosmic ray data. The
pixel was connected to a channel of commercial electronics which has electrical
characteristics very similar to those of the prototype ROC design. The charge scale was
independently calibrated. The MIP peak near 2.0u104 electrons, consistent with
expectations for a fully-depleted 300 Pm thick detector, is clearly visible. Cosmic-ray
triggers for which the muon missed the target pixel enter the distribution as noise, and we
see that this is as expected, with a rms of |1000 electrons.
A significant effort this past year went into the understanding of issues associated with
timing measurement in a Si-W ECal. This became a significant issue in the run-up to the
LC technology decision by the ITRP. In the warm LC, pileup of 2-photon generated
backgrounds can pose a significant problem if the detector does not have timing
resolution comparable to the 1.4ns beam crossing interval. A good timing measurement
with a Si-W ECal could be crucial. Despite initial skepticism from some, we were able to
demonstrate7,8 both in calculation and in measurement in our lab that single-pixel
resolutions of |5 ns are feasible, providing |1 ns resolution for a 30-hit MIP track, and
thereby in principle limiting pileup to about 3 beam crossings.
Tungsten
As reported last year, we found an excellent vendor for tungsten. Using LCRD funds, we
purchased enough 2.5 mm and 5.0 mm thick plates of sufficient size for a full-depth test
beam module. These are at Oregon. Their measured characteristics are fine.
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Evaluation of Progress
We have made good progress during the last year. We have excellent prototype detectors,
and despite the need to move from electronics compatible with warm LC technology to
cold technology, the prototype ROC design is rapidly converging. The expectation is that
the design will be submitted for fabrication of prototype chips in late Spring 2005.

III. Proposed Research
As stated above, SLAC is developing the first readout chip prototypes for a cold LC. It
will be implemented in 0.25 Pm technology. These prototypes will have two rows (out of
32), each having 32 channels, or 64 total. This will save a considerable amount of money,
while allowing functional evaluation. We are currently reviewing various options for
configuring these chips with the Hamamatsu prototype detectors. One option is to bump
bond a few of these chips to the 32u32 bump pad array on the detectors, providing
readout of a contiguous swath of pixels. This will permit initial lab tests, but will also
make a “technical’’ test beam run with a few such detectors a feasible possibility.
To pursue the possibility of such a beam test, we have sent to SLAC a proposal to run in
the End Station A line. A broad range of electron energies can be delivered at very low,
to moderate rates. However, the SLAC beam schedule is highly uncertain at this time.
We have made progress with the design of the gap between layers of tungsten. As
discussed above, this directly affects performance, so we must minimize the gap, but at
the same time produce a robust structure. This design must also integrate the PC board
used to provide power to the readout chips, any external capacitors needed for the power,
and the traces used for control signals and readout of the chip. Our goal, which does not
appear to be impossible, is to achieve a 1mm gap.
As part of the technical test beam preparation, we will need to design and procure the PC
motherboard for the gaps. We will attempt to make these initial boards consistent with
the boards eventually required for the 1mm gaps. We are requesting LCRD funding for
this.
The technical beam test will require a back-end readout of the ROCs. A “data
concentrator” board (eventually an integrated in-detector chip) will be needed for the full
test module, followed by standard VME or equivalent. However, for the initial beam test
we believe we can use a commercial FPGA card which would plug in directly to the PCI
slot of a computer. We can also use this in our lab measurements of cosmic ray or IR
laser response. This card is relatively inexpensive (2k$) and is included in our request.
We intend to pursue a number of improvements which would be included in the design of
a second round of prototype detectors, presumably those which would be used for the
full-depth test beam module. These improvements fall into two general categories: small
modifications to detectors which otherwise closely resemble our current prototypes, and
more substantial departures from the prototypes. The former type includes further
optimization of the width and thickness of signal traces on the detector to optimize SNR.
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For example, the pixels which lie beneath the bump-bond array have an especially large
parasitic capacitance which could be reduced with layout optimizations. The dimension
of the bump array itself may likely need to be reduced to reflect the (new) smaller
electronics channel footprint. The next detectors will need small cutouts on one corner to
allow for a mechanical standoff. And there will need to be a good method for applying
the silicon bias voltage to the detector backsides.
The main example of where a bigger departure may be considered is with the desire to
increase the thickness of the insulation layer between pixels and the metallized signal
traces, thus reducing the capacitance and improving SNR. Our prototypes use SiO2
insulation, and this can not be easily thickened without increasing the entire detector
thickness. (Thicker detectors actually provide signals which are too large, since they then
require a larger front end feedback capacitor, hence a bigger footprint.) Alternatives to
SiO2 are possible commercially, and understanding these possibilities may be useful at
some stage. However, this more closely resembles a generic R&D project, and we don’t
intend to request funding from LCRD at this time.
Preparing a few prototype layers for the technical test beam discussed above will bring to
a close what we might call the first phase of our R&D. The next important goal is to
prepare the full-depth module for the international test beam effort. As mentioned above,
we would incorporate our findings from phase one into the detectors and ROCs for this
module. These would be full 1024 channel ROCs, so will require full secondary readout,
attention to the cooling, a real mechanical structure, and so forth. The goal of the full
beam test is important to the overall LC detector R&D: We need to be able to describe
hadronic showers at the level of detail which the LC calorimeters, with their fine
segmentation, will provide. Once we have validated a simulation code in the test beam,
we can confidently design and optimize our detectors for jet physics at the LC. The ECal
is essential for this, since approximately half of hadrons begin to shower in the ECal. And
we feel that the fine segmentation of our design will provide a very detailed view of the
showers. Since the full-depth module will require funding beyond the current scope of
LCRD, we are seeking funding from the NSF MRI program for the bulk of the required
support.
IV. Budget Explanation
We note that within our R&D collaboration, only Oregon requests LCRD funding.
We include any applicable overhead in our budget numbers given below. At UO, this
applies to equipment only if the cost is less than 5k$.
For the “technical” beam test we request 5k$ for the design and fabrication of mechanical
fixtures.
The lab test equipment request includes the following: Low and high voltage power
supplies (4k$), a probe card and associated fixtures (8k$), test amplifiers (2k$), and clean
room supplies (2k$). The FPGA card (2k$) mentioned above for the back-end readout is
included here.
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For the development of our printed circuit motherboard for the beam test we request 4k$
for its design, 4k$ for its fabrication, and 2k$ for the required wire bonding to the ROC.
We currently employ an equivalent of two undergraduate physics students in our R&D at
the level of 10 hours per week. We request support for 50 weeks per year of support for
each of two students, making about 10k$.
The budgets beyond the first year are completely uncertain at this time, since the
direction of the R&D depends crucially on the outcome of other funding requests to
support the development of the full-depth prototype, and the SLAC budget and beams
schedule.
V. Budget
Institution
Oregon
Oregon
Oregon
Oregon
Oregon
Oregon
SLAC

Year 1
Item
Mechanical design and fixtures for test beam
Probe and custom test equipment for lab
Design and fab. of PC board
Two undergraduate students, at 500 hours each
Travel and shipping (for test beam)
Oregon total
SLAC total

Cost
$ 5,000
$18,000
$10,000
$10,000
$ 2,000
$45,000
$0
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Relevant experience of proponents
The SLAC group has vast experience in design of e+e detectors, including design and
implementation of the readout electronics for most major detector systems for the SLD
detector and several BaBar sub-systems. Of specific relevance, the group led the design
and fabrication of the electronics for the silicon strip detectors for the GLAST
experiment. Graf is co-leader of the American Linear Collider Physics Group (ALCPG)
simulations group and is the leader of the SLAC LC simulation group.
Strom and Frey have each worked on silicon-tungsten luminosity calorimeters for
OPAL (Strom) and SLD (Frey). Strom in particular was a key person in the OPAL
silicon-tungsten development. Frey is co-leader of the ALCPG and SiD calorimeter
working groups. Strom is co-leader of the test beam coordination sub-group of the
ALCPG working group. They have extensive experience using simulation codes such as
EGS4 and GEANT to analyze and characterize detectors.
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Digital Hadron Calorimetry for the Linear Collider using GEM based Technology
1. University of Texas at Arlington, 2. University of Washington, 3. Changwon
National University, Changwon, Korea, and 4. Tsinghua University, China.
Andrew Brandt1, Kaushik De1, Venkat Kaushik1, Jia Li1, Mark Sosebee1, Andy
White1,a, Jae Yu1,b, Tianchi Zhao2, Changhie Han3, Li Jin4, Yulan Li4, Yongfang
Lai4, Yue Qian4
a
GEM detector contact: awhite@uta.edu, (817) 272-2812, (817) 272-2824 (FAX)
b
Simulation & Software contact: jaehoonyu@uta.edu, (817) 272-2814, (817) 2722824 (FAX)
1. Introduction. GEM-based Digital Hadron Calorimetry.
We have been developing the implementation of digital hadron calorimetry for future
Linear Collider detectors using Gas Electron Multiplier technology [1]. This is a critical
and essential development for future experiments that will rely on the Energy Flow
Algorithm [2] approach to achieve the required jet energy and jet-jet mass resolution. The
ionization signal from charged tracks passing through the drift section of the active layer
is amplified using multiple GEM foils (double or triple). The amplified charge is
collected at the anode, or readout pad, layer, which is at ground potential. This layer is
subdivided into the small (~1cm x 1cm) pads needed to implement the digital approach.
The potential differences, required to guide the ionization, are produced by a resistor
network, with successive connections to the cathode, both sides of each GEM foil, and
the anode layer. The pad signals are amplified, discriminated, and a digital output
produced. The GEM design allows a high degree of flexibility with, for instance,
possibilities for microstrips for precision tracking layer(s), variable pad sizes, and
optional ganging of pads for finer granularity future readout if required by cost
considerations. Fig.1 shows how the GEM approach is incorporated into a digital
calorimeter scheme.
2. Progress report on GEM/Digital Hadron Calorimetry Development
2.1 Results from GEM prototypes
We have benefited from LCRD and DoE/ADR support for the past two years. Previously
we reported initial results on signal characteristics and gain from a small prototype GEM
detector. Here we give an update of results from the past year. These have been collected
using the detector shown in Fig.2, using the anode pad layout shown in Fig.3.

Figure 1. GEM-based digital
calorimeter stack.

Figure 2. Prototype GEM
detector.
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Figure 3. Nine pad anode layer.

Using multi-pad readout we have studied the crosstalk between neighboring cells. A
typical (but rarely occurring) situation is shown in Fig.4. The large peak is the signal on
the central pad of the 3x3 arrangement. The up-down peaks of the second trace are the
crosstalk signal on an adjacent pad. We have reproduced these peaks using direct signal
generator pulse injection. The results are shown in Fig.5. We have also used collimated
gamma rays from a Cs137 source to study signal sharing between adjacent pads. A typical
sharing of signals between pads is shown in Fig.6. Note the absence of a “down” peak as
seen for a crosstalk signal.

Figure 4. Crosstalk signal.

Figure 5. Generation of crosstalk.

Figure 6. Signal sharing.

We have also looked into the effects of changing the proportion of Argon in our
Argon-CO2 gas mixture. We find that we obtain a factor of three increase in signal size
changing from a 70/30 mixture to an 80/20 mixture. The latter mixture has given very
stable detector performance over weeks of operation with no discharges. We therefore
expect minimum signal sizes for MIPs in the range 15-20fC using the 80/20 mixture;
minimum signals in this range ease the design of the front-end ASIC described below.
2.2 Development of large-area GEM detectors
For the full-size testbeam module, and final elements of a GEM-based DHCAL system,
we are targeting ~1m x 30cm detector panels. We have been working in two main areas:
the mechanical aspects of large GEM-layer assembly, and the fabrication of large area
GEM foils. The layer assembly has required development of tools to hand large area
foils, and present them flat for integration into a detector. We have also developed initial
components for the detector walls (1mm and 3mm heights are required), gas in/outlets,
and spacers to maintain the separation of the foils. Further valuable information will be
learned in the assembly of 30cm x 30cm detectors, for which 3M foils will soon be tested
at UTA and Tsinghua University, China. Figure 7 shows a large test GEM mechanical
assembly which is close to its completion.

Figure 7. Large Area mechanical prototype.
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Figure 8. 3M Gem foil roll.

The second principal development involves production of large area GEM foils ~1m x
30cm. We have been working with the Microinterconnect Systems Division of 3M
Corporation, Austin, Texas to extend their production capability to large area foils. At
present their etching window is approximately 30cm x 30cm – to be used for our next
prototype. A modification will allow sections of 1m x 30cm to be produced. Verification
is needed of the required GEM hole alignment between the two sides of a foil to meet
tolerance. The processing system shown in Fig. 8 can produce up to 500 feet of foils on a
single roll.
3.0 Progress Report on Simulation and Detector Performance Results
3.1 Implementation of GEM Geometry
The UTA group has successfully implemented a double GEM layer geometry into the
existing Mokka [3], a GEANT 4 [4] based simulation package, replacing the scintillation
counter sensitive layers in the TESLA TDR hadronic geometry (stainless steel/
scintillation counter) with the double GEM layer structure shown in Fig.9.a. We
retained all other detector structure the same as in TESLA TDR detector design [5]. In
order to optimize computer CPU resources, we have implemented a simplified version of
the GEM instead of detailed geometry as shown in Fig.9.b. A comparison using single
75 GeV pion events shows virtually identical energy deposit in half the CPU time for the
simplified mixture version compared to a detailed geometry of a double GEM structure.
Based on this study, we have decided to use the simplified geometry for further studies.

Figure 9. (a) Detailed double GEM geometry. (b) Simplified GEM geometry.

3.2 Double GEM Digital Calorimeter Performance
Using the established simulation and analysis software, we have completed the study of
double GEM based calorimeter performances in analog and digital readout modes with a
realistic threshold value at 98% of a MIP, using single pion samples whose energies
range from 5 GeV to 100 GeV. The intrinsic gain of the double GEM sensitive layers
was chosen to be 3000, the value measured from our prototype, which is within 15% of
other measurements. The results from these studies have been compared to TESLA TDR
detector performance studies based on Mokka. The resolution obtained from our studies
of TESLA TDR detector is consistent with results from other studies, if an energyindependent EM and Hadronic relative normalization factor of 0.65 is used.
We used the same data set generated for the analog studies of GEM calorimeter to
perform digital studies. Fig.10.a shows a profile plot of E vs N for hit-to-energy-deposit
conversion. Fig.10.b shows the scatter plot of energy vs number of hits, which
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demonstrates the linearity of the detector in its digital readout mode. As expected
saturation in the number of cells hit begins to appear at the higher energy deposits due to
larger energy densities in a cell. It has been observed in our study that 85% of the cells
are hit once for 5 GeV single pion showers while this fraction decreases to 74% for 100
GeV single pion showers. A study of number of hit cell vs layer number for 50 GeV pion
shows that it directly mimics the energy deposit distribution along the layer, providing
direct evidence and confidence that a GEM based calorimeter can be used as a digital
calorimeter properly representing energy deposit of showers. We used the number of hit
cells versus energy deposit to extract the hit-to-energy-deposit conversion factor for
digital readout mode analysis.

Figure 10. (a) A profile plot of energy deposit vs number of cells hit used for hit-to-energy-deposit
conversion. (b) A scatter plot of energy deposit . A saturation at the higher energy deposit is seen.

More sophisticated procedure for fitting the responses from EM and Hadronic
components had to be developed to accommodate the changes in energy deposit
distributions for analog and digital modes. The energy deposit measured in analog mode
shows a remaining large tail due to Landau fluctuations. These large fluctuations are
suppressed in digital mode since the tail on higher energy deposit within a cell is still
counted as one hit forcing the distribution Gaussian. Fig. 11.a and b show distributions of
energy deposit by 50 GeV pions for analog and digital modes, respectively.
Figure 12 shows the energy deposit of a 50 GeV muon in the GEM calorimeter (red

Figure 12. Energy deposition of a 50GeV muon
Figure 11. Energy deposit of 50 GeV pions (red circles)
(red histogram) and the cut efficiencies as a
in GEM DHCAL (a) in analog and (b) in digital modes.
function of discriminator threshold (dark red).
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histogram) and the MIP efficiency as a function of discriminator threshold (dark red).
The arrows indicate the threshold and the corresponding efficiency. From this study we
find that 0.23 MeV for muon energy deposit gives 95% MIP efficiency. The performance
of GEM DHCAL with thresholds has been completed without incorporating realistic
noise measurements. The above studies of GEM DHCAL performance were carried out
by two Master's students. The results from the data analysis have been documented in S.
Habib's [6] and V. Kaushik’s Master's theses [7].
Performance studies show that GEM calorimeter responses for analog and digital are
very closed to each other as we expected. The resolution curves of TESLA TDR detector
(red) in analog readout mode and GEM calorimeter in analog (blue) and digital (green)
modes with 98% threshold are shown in Fig. 13.a. The single pion energy resolution of
the GEM digital calorimeter is comparable to that of TESLA TDR and other detector
studies (triangles) for most the energy ranges except at low energies. This is reflected in
the resolution function as the digital mode showing larger sampling terms (~70%) with
relatively smaller constant term. On the other hand, the GEM analog mode resolution is
significantly worse than other detectors or than the digital modes. This behavior is caused
by the large remaining Landau fluctuation in energy deposit as discussed above.
3.3 Test of Jet Energy Improvements Using EFA and GEM DHCAL
Once the final single particle energy resolution is known, it is straightforward to apply
these functions to smear particles in a jet to test the performance of EFA and the given
calorimeter technology. We used Pythia to generate tt to 6 jet events to test the
performance. In order to carry out the study, we had to define a “jet'” in simulated events.
In the absence of an official applicable jet algorithm, we took a simple cone algorithm of
size ∆R=0.5 around the direction of the final state parton to define a particle jet. We then
took each particle and smeared its energy using the parameters of single particle
resolution functions, and add all smeared particle energies inside the cone for measured
jet energies. This procedure is slightly changed for EFA jet energy resolution. We
smeared the energies of all charged particles by an expected tracker momentum
resolution, ∆p/p = 10-5, and all electromagnetic particles, including hardons whose final
states are EM particles, such as π 0 and η 0 , with an EM calorimeter resolution, 15% / E .

Figure 13. (a) Energy resolution for TESLA TDR (blue), GEM analog (red), GEM digital (green)
modes and other detectors (triangles). (b) Jet energy resolutions using various detector
techniques. Blue line represents GEM digital with EFA.
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As shown in Fig. 13.b, EFA based jet energy resolution using GEM DHCAL (blue line)
demonstrates the best resolution with the sampling term at around 30% which is
consistent with the expectation.
3.4 Energy Flow Algorithm Development
Improvement in jet energy resolution can be obtained using the energy flow algorithm.
For EFA to work, one of the most important procedures is the subtraction of calorimeter
energies that correspond to charged tracks whose momenta are measured in the tracking
system. Since any algorithm of such subtraction must work very efficiently in simple
cases, we have carried out a preliminary EFA studies in two step process. First we
determine the best algorithm to identify the centroid of a hadronic shower using single
pion events. We explored three distinct methods for centroid determination. The three
methods are: (a) Energy weighted method, (b) Simple averaging and (c) Density
weighted method. A study shows that while all three methods seem to perform well,
density weighted method seems to perform the best for digital methods. We then proceed
to two pion shower cases in a GEM based detector in its digital mode using full detector
simulation in Mokka through multiple iterations of matching calorimeter and tracker
positions to draw the cone of size ∆R=0.1 (half the distance between any two particles).
4. Proposed Plan of work
4.1 30cm x 30cm multi-channel prototype
As the first step toward large scale GEM detector development, we will construct a stack
of five double-GEM 30cm x 30cm detectors. We plan on using three of the 32-channel
Fermilab preamp cards, already used for our earlier prototype, as the front-end readout.
We will read out a central area of 96 channels per detector, as shown in Fig.14.

Figure 14. Schematic of anode
layer and front end electronics for
the multi-channel prototype.

4.2 Discriminator and DAQ system for five double-GEM stack
As reported above, we have been using 32 channel Fermilab QPA02 ASIC card to test
prototype double GEM detectors at UTA for some time. Total of 15 cards are needed to
readout the 500 channels of the cosmic ray stack and will be mounted directly on to each
layer of the stack. Fermilab has agreed to assemble enough cards for us using the existing
QPA02 chips. We expect the cost of making such cards will be small. The output signals
from the amplifier cards will be sent to discriminator boards which contain discriminator
chips, multiplexer stages and data output interface. The output from the discriminator
boards will be readout by a DAQ card in a PC controlled by LabView. The discriminator
boards and DAQ system will be developed at the University of Washington.
4.3 Studies with five layer double-GEM stack
The stack will be used to examine the following items: single cosmic tracks hit patterns,
hit multiplicity (vs. simulation), signal sharing between pads (e.g. vs. angle), efficiencies
of single DGEM counters, effects of layer separators, operational experience with ~500
597

channel system, as a possible test-bed for ASIC when available (rebuilding one or more
DGEM chambers).
4.4 Test beam module development, construction, and testing
The principal task for the next three years will be the construction and testing of a full
size (1m3 ) GEM-based digital hadron calorimeter stack with a total of 40 longitudinal
layers. This is an essential step in the development of linear collider detector technology,
in order to (a) demonstrate the viability of this technique (in parallel with the scintillator
and RPC-based approaches), and (b) make critical, energy density measurements with
fine granularity (~1cm x 1cm), to tune GEANT4 as a reliable tool for EFA development.
The testbeam stack will be built at UTA using the 1m x 30cm GEM foils. There will thus
be 3 double-GEM panels for each of the forty 1m x 1m layers.
The 1m3 beam test module, if fully instrumented, requires approximately 400,000
readout channels assuming 1cm ×1cm readout pads. The Fermilab-PPD electronics group
is developing a 64 channel ASIC, Fig.15, that has an adjustable amplifier gain and can be
used to readout both RPCs and GEM detector planes. This ASIC will receive signals
from readout pads, discriminate signals, and tag hits in time to facilitate shower
reconstruction. It also has a serial I/O control, serial data output line and a trigger output
as shown in the block diagram below. Each ASIC can readout a 8 x 8 detector pad array.
We currently envisage that we will have 6 large multilayer printed circuit boards to
readout a 1m2 detector plane as shown in Fig.16. Each board will host 24 ASIC chips.

Figure 16. ASIC locations on
1m x 1m plane.

Figure 15. ASIC layout.

We will start evaluating the ASIC design once the prototype chips become available
(expected in late 2005). We will develop a front-end readout board design for the 30 cm x
30 cm double GEM cosmic ray chambers that we will construct in FY2005. This board
requires 16 ASICs. When the GEM foil of final size (32 cm x 96 cm) becomes available
in FY2006, we will extend the board size to 48 cm x 32 cm and design a readout system
for the 1 m x 1 m plane of the 1 m3 beam test module. It will require 6 boards to readout a
detector plane as shown in bottom of figure 16. We expect that the design of these frontend readout boards will be somewhat different for GEM and RPC in some mechanical
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aspects. The work for prototype ASIC chip testing and the front-end readout board
development will be shared between UTA and UW. We will coordinate our effort for
developing front-end boards for GEM with the RPC group at Argonne.
For the beam test module, the output signals from the front-end boards will first be
processed by the data concentrator boards and then sent to VME cards. These stages of
the readout system will be identical for GEM and RPC. The funding for the test beam
stack and associated electronics is currently the subject of a NSF-MRI proposal.
4.5 Determination of Detector Parameters.
A study in detector granularity for GEM detector will be conducted to determine cell
sizes that can be accommodated without compromising EFA performance of the detector.
This will also be the same for other parameters, such as absorber thickness, sensitive gap
size, on-board readout electronics sizes, and mechanical support structures. This will be
carried out as part of the recently initiated LC detector initiatives in both the silicon
detector (Si-Detector) and the Large Detector concepts.
4.6 Continuation of Energy Flow Algorithm Development
The current level of EFA development is very rudimentary since the clustering
algorithms for associating the track with the corresponding shower is simply a cone
drawn around the centroid of the shower [7]. Given the erratic behavior of hadron
showers, the algorithm should be more flexible in its areas of subtraction of shower
energies. We will work closely with Argonne National Laboratory and other groups in
EFA development. Once a reasonably performing algorithm has been developed, we will
move on to a multi-jet environment to test performance of the algorithm.
4.7 Implementation of Cosmic Ray Stack Geometry
Since the hardware development effort will move onto constructing a 30cm x 30cm five
layer cosmic-ray stack and taking data, it is necessary to have software and simulation
evolve to support this activity. In order to compare the performance of the cosmic-ray
stack with expectations from simulation, the new geometry needs to be implemented in
the simulation package. In addition, cosmic-ray data analysis software must also be
developed. The data from the cosmic-ray stack and the simulation can then be used for
development of tracking algorithms through the calorimeter. These studies will need to
be done in both analog and digital modes to compare performances.
4.8 Implementation of Testbeam Stack Geometry and Software Development
We expect to participate in a testbeam experiment [8] on the 2006 – 2007 time scale,
contingent upon availability of funds. The geometry for testbeam experiment must be
implemented and the corresponding software for reconstruction and analysis must be
developed ahead of the actual data taking. Currently, Northern Illinois University has
developed a testbeam simulation package. We plan to exploit the existing package and
implement our GEM geometry into the system for the initial studies in the testbeam
stack. Studies will also have to be conducted to determine particle types, energy range
and statistics for adequate precision for the testbeam needs.
4.9 Discharge Study
One of the fundamental properties of the GEM detector we need to understand is the
discharge probability in a given GEM gap, which might damage the GEM foil, thereby
disabling the affected area. In addition, the possibility of low energy ionization electrons
spiraling through the gas gap due to the configuration of electric and magnetic fields,
causing large signals needs to be looked into to determine the method to prevent or
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minimize this effect, if present. For this study, a new simulation program Garfield [9] is
being implemented for this study since the current GEANT based simulation program we
use, Mokka, does not allow this level of detailed studies.
4.10 World-wide Linear Collider Test Beam Coordination
Yu has been asked to lead the American Linear Collider Test Beam working group. He
has taken initiatives in putting together a report [10] on current World-wide LC testbeam
effort and a planning document [8]. This report has been completed recently and been
released to the World-wide LC community. This testbeam effort should continue in the
next 2 – 4 years to help determine technological choices and the conceptual and technical
design reports on both the LC detector initiatives.
5.0 Timeline for proposed work
FY05 - 30cm x 30cm detector stack
- Develop test 1m x 30cm foils
- Prototype run of ASIC and its testing
- NSF- MRI Æ start of 1m3 test beam GEM module development and construction
- GEM, SPICE, Garfield and Test Beam simulations
FY06 - Completion of 1m3 test beam GEM module
- Begin program of GEM/RPC beam tests
- Further EFA development
FY07 - Further beam tests, data analysis, GEM-DHCAL calorimeter system design
6.0 Facilities, Equipment, and Computing Resources
The UTA HEP group has a 10,000 ft2 detector construction facility, an excellent
mechanical workshop, and a very high performance parallel computing farm. In late 2005
these facilities will be integrated as part of a new $40M Physics and Chemistry Research
building.
7.0 Budget and Discussion The budget request is given in the table below.
Personnel We request support for a post-doctoral associate for six months, for each of
the three years. The UTA postdoctoral fellow supported will be Dr. Jia Li who has been
working on our GEM prototypes, drawer assembly techniques, and calorimeter module
design. We also request support for two months of engineering support in FY05 at UW
for electronics design and development for the cosmic stack. We request support for a
graduate student in FY06-07 to work on the testbeam stack, and analysis of data from the
testbeam.
ITEM
0.5 Postdoc
Fringe
Engineer (2 months)
Fringe
Graduate student
Fringe
Cosmic Ray Teststand
Discriminator Boards
Travel
Materials and Supplies
Direct costs
Indirect costs
TOTAL

FY05
21000
6300
11500
3450

FY06

FY07

22050
6615

23152.5
6945.75

21600
9720

22680
10206

10,000
6,000
8000
8000
8000
10000
5000
5000
76250
72985 75984.25
28920 35032.8 36472.44
105170 108017.8 112456.7
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Equipment We request support to construct the cosmic ray test stand to be used with the
stack of five 30cm x 30cm double-GEM chambers. We also request support for the
discriminator boards for the same setup to be developed at UW.
Travel For each year we request a limited amount of travel support to attend Linear
Collider Workshops and meetings, during this development phase for the Linear Collider
Detector. We also request support for one foreign trip each year to attend the LCWS
conference or meeting(s) of the CALICE collaboration [11], of which UTA is a member.
We have specific responsibilities that involve travel as follows: (1) Andrew White is the
U.S. CALICE Steering Board representative, and (2) Jae Yu is the chairperson of the
CALICE Technical Board, and the ALCPG testbeam coordinator.
9.0 Broader Impact
This project has already had an impact in a number of areas. Two graduate students have
obtained MS degrees with the studies on GEM detector performances and EFA
development using simulated data. Currently, four undergraduate students are working on
prototype development and simulations.
Andrew White and a UTA condensed matter colleague have developed a high
resolution Positron Emission Tomography system using GEM foils that is the subject of a
patent application. We are also discussing the possible applications of GEM foils in very
large area radiation detectors for homeland security applications.
UTA has an active Quarknet educational program that has evolved into an expanding
program of installing cosmic ray detectors in local high schools. We are currently using
scintillation counters, but anticipate having students work with GEM foils once they are
made for our project in larger quantities. The students we are working with are drawn
from the Hispanic population of Fort Worth, Texas in an effort to increase the number of
such students pursuing careers in science.
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6.9

Calorimetry

6.9: Development of Particle-Flow
Algorithms and Simulation Software for the
ILC Detector(s)
(renewal)
Calorimetry
Contact person
Dhiman Chakraborty
dhiman@fnal.gov
(630) 840-8569
Institution(s)
Argonne
Fermilab
Iowa
NIU
Oregon
SLAC
U.T. Arlington
Funds awarded (DOE)
FY04 award: 35,000

New funds requested
FY05 request: 94,200
FY06 request: 154,900
FY07 request: 156,800
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xKvk|vyt*m2~(k2} ')*' +Cpn} vyt^oqkÎIvypnmR}¿Çvq\tJ\oqt^xyt,}Î,tPm2~ k 2©mo?k 3 ÊmxymR}Ê Æ¯psvqx?k6oqmR}\p{ÎÖ\t^Î,k.Æupn} vym í Kt,vqx^ ê \pnx
rt;k2}x*vqk|vvq\t¬6p Kt4vrukxyxJrzxUv¨Ê@t¯rut^kxUzoyt;%psvy\pn5
} 4  Ã*t^ÒYÇÑmo^ÇDps}®vqt,oqrux¨m26~ Kt4v¨t,}t,oqRÆoqt^xymRlnz6vypnmR}¿Ç
} Kt4v%t,}t,oqRÆrt;kRxyz\oqt,rut,} v%Î,k2}}\m2v?Ê@tJkRÎ\pnt,t^¯ÊTÆ«kR} Æ
7 ý 8 :9 <; = 8ý 8 pn}9Ã*t^Ò Þ6zÎ¬\pnR\oqt^Î4p{xypsm}«ps>
$t ,6pnxUvypn}\Î,kRlsmoypnrut4vqt,o ps}vq\tPk2Ê@xUt^}Î4tLm2~$k*ÉTps}\t^r¯k|vyp{Î,kRlslnÆ¨m|t,oÎ4mR}@xKvqoqkRps}\t;t,t,} v vym@mlsmRÆR ÞTpnrupsl{k2o \oqt^Î,pnxypnmR}
ps}±rut^kxUzoyt^rt^} vqxJm2?~ Kt,vk2}Frup{xyxypn}\rumRrut,} vyzr %pnlslºÊ@t9Î4oqzÎ4p{k2l ~mo6p{xqÎ4m|Rt^oyÆkR}±ÎkRoqkÎIvyt^oypnÅ^k2vypnmR}Cm2~
xUt^Rt,ok2lm2vq\t,o }\t^!\TÆ6xUp{Î,x(\oqm6Î4t;xyxyt^x(kRx(?t,lnlTkxD~mRo \oqt^Î4p{xypsm}¨vyt;xKvx m2~\vq\t×Þ vqkR}\kRoqÍm66t,l0 Þ6zÎkRrYÊ\psvypnmRz@x
Ú
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mR&Ê Kt;ÎIvypnRt;x×\l{kRÎ,txUvyoqmR}\6t,r¯k2}@\xPm}vy\tt,oy~mRoqrukR}Î4tYm2~ vytÎ^k2lnmRoqpsrut4vqt,ox%?mRoqÉ pn}\«pn}Î,mR} Kz\}@ÎIvypnmR}C%pÛvq
vy\tJvqoqkÎÉ pn}\uxUÆ6xUvyt^rk|vLvytÐKÌ(jÖÇkR}¬oqt 1 z\pnoqt^x%6t^Rt,lnmRrt^} vLmR~D}\t^ kRlsmRoqpÛvq\r¯xLk2}vyt;Î\}\mlsmRÆR
ê \tPrumxUvL\oymrupnxyps}¨rut^k2}@x vqmkÎ\pst^Tps}\xUz@Î«z\}\\oqt^Î,t^6t^} vyt^ Kt4v%t,}\t^oyÆoqt^xymRlnz6vqpsm}xp{xºvy\oqmRz\«kRoUvqpnÎ,lst 
 m|QkRlsmRoqpÛvq\r¯x ý  â6ë ¿ë  â6ë k|vUvqt,ru6vxJvymxyt,kRoqk2vyt^lsÆp{6t,} vqpÛ~ÆCps}±k Kt4v¨psvqxYÎk2oqRt;$Ç$t,lnt^Î4vyoqmRr¯k2}\t4vqpnÎRÇ
k2}¬}\t,z6vqoqkRlkR6oqmR}9Î4mrmR}t,} vqx^Ç6ps}9mRo6t^o vqmz@xUtÖvy\tJÊt^xUv%rt;k2}x?vqmrut;kRxyz\oyt*t^kÎÑ: .Ö}k.t,ok2RtÇR}\t^z6vyok2l
kR6oqmR}@x«Î,kRoyoqÆ!m}\lsÆ 4 ÚRÚ  mR~Yk Kt4v  x¬vymRvqk2lÖt,}\t^oyÆRÇL%\p{Î©Î,kR}mR}\lnÆ Ê@tCrt;kRxyz\oqt^ %pÛvqvytoqt,l{k|vypnRt^lsÆ
@mTmRo*oqt^xymRlnz6vypnmR}mR~vy\t  j?kRl ê \tvyokRÎÉt,oÖpnxÖzxyt^vqm¬rut^kxUzoyt%pÛvqrYz@ÎÊt4vUvqt,oJ\oqt^Î,pnxypsm}vytÎkRoyt^
Î4mRrumR}\t^} vqx ý 4   m2~ Kt,v?t^}\t,oqRÆ Ç k2}vq\tPt^lst;ÎIvqoymrukRR}\t,vyp{Î%Î,kRlsmoypnrut4vyt^o ý ìLj?k2l vymYrt;kRxyz\oqt%vy\tÖ\\mRvymR}@x
%pÛvq 7 ý 8 9 <; Ú;ÿ = 8 ý 4 í   mR~ Kt,vºt^}\t,oqRÆ  ê \t×lnt4~v?k2}t,lm2~Ñâ(ps@ Ú xy\m|×xvy\t×rumrt^} vyz\r 6p{xKvqoypnÊ\z6vqpsm}
m2~$k2oyvyp{Î4lnt^xps}¬kJoqt,oyt;xUt^}vk|vqpst%rYz\lsvyp Kt4v?\TÆTxyp{Î,x \oqm6Î4t;xyx mR~Ñps} vqt,oqt^xUv^ .Ö}«k.Rt,ok2tRÇ|m}\lsÆuk¨xyr¯k2lnl\~okRÎIvqpsm}um2~
k Kt4v  x(t^}\t,oqRÆ*pnx Î^k2oqoypnt^JÊTÆJk2oyvyp{Î4lnt^xD%psvyYrumrt^} vqkÖRoqt^k|vqt,o$vqk2} í  Ã*t,ÒY ê \t?oqpsv(k2}t,l m2~@â(pn Ú xUm|×x
*
vy\t\oqt^Î,pnxypnmR}xLmR~(t^}\t,oqRÆ¯rut^kxUzoyt^rt^} v×Ê Æk¯Î,k2lnmRoqpnrt,vyt^o^Ç\kR}¬rumrt^} vyz\r rut^kRxyz\oqt,rut,} v%ÊTÆ¬kvyokRÎÉt,o;ÇTm2~
xUpn}\RlntÎk2oqRt;¬@kR6oqmR}x^Ç\kRx?~z}ÎIvqpsm}x%m2~(vyt,pno×rumRrut,} vqkupn}mR}\t}mRrups}@k2l¿6t,vyt;ÎIvymo×6t^xypnR}Ñ Ít^kRxyz\oqt,rut,} vx
~oymr vy\tuvqoqkÎÉRt^oJkRoyt¯k2v¨lst;kRxUv*vK?mmRo6t^oqx ý m}\t¯mRo6t^o m2~?r¯k2R}pÛvqz6t¯rumRoqtu\oyt;Î4p{xUtuvqk2}®vq\mxyt~oymr vyt
Î,k2lnmRoqpnrt,vyt^oJ~mRo¨kRoUvqpnÎ,lst;xÊt,lnm| í  Ã*t,Ò ý Ú   Ã*t^Ò (ë }t4v Kt,vYt,}\t^oyÆoqt^xymRlnz6vypnmR}FmR~ ý 8 >9 <;  = 8 pnx
vyTzxP\t,t,rut;kRÎ\pnt,|k2ÊlstÊTÆ9zxUpn}\¯vq\t  j?k2lDmR}\lnÆ«vqm¬rut^kxUz\oqtJvyt¨}\t,z\vyok2l¿@kR6oqmR}x×%pÛvq7  7 ý 8 /9  ; = 8 
 m|?t,Rt^o^Ç¿vy\p{x%pslnl?Î,t,oyvqkRps}\lnÆ®oyt 1 zpsoqt¯$t ,Tvyt^}xypst¬k2}!xUpnrYz\lsvqkR}\t,mzx¨m6vypnrupsÅ;k|vqpsm}±m2~P6t,vyt^Î4vymo6t;xUpnR} kR}
vyz\}\pn}\um2~ k2lnRmoypsvyr k2ok2rut4vqt,ox,

â(psz\oqt Ú w×Ì¿t4~v^wLvq\trmrut,} vyz\r 6p{xUvyoqpsÊ\z\vypnmR}mR~k2oyvyp{Î4lnt^xPps} ')?' + 22  Kt4vx*t,Rt^} vqxPk2v = ÿ  Ã*t,ÒY
Ï%pnR v^wºvyt¨~okRÎIvqpsm}k2lDt,}\t^oyÆ ý rmrut,} vyz\r oyt;xUmlsz6vqpsm}m2~ k2}t-,\Î4t,lnlnt,} vÖÎ,kRlsmoypnrut4vqt,oPkR}9vyk2vÖmR~ k«RmTm69vyokRÎÉRt^o
kRx?~z}ÎIvqpsm}x%m2~(k2oyvyp{Î4lntJrumRrut,} vyzr9
ë Î,kRlsmoypnrut4vyt^oY6t;xUpnR}\t;®~mRo  â6ëPxYrYzxUvYÊt(%}t,lnÆFxyt,rut,} vyt;FÊ@mRvyFvyok2}@xUt,oxUt^lsÆkR}±lnmR}\pÛvqz6pn}k2lnlnÆ~mo
  xU\m|?t,oPoyt;Î4mR}@xKvqoyzÎ4vypnmR}ÑÇxUt^k2ok|vqpsm}m2~}\t^z6vyok2l(k2}Îk2oqRt;9Î,lsz@xKvqt,ox,Çk2}kRxqxUm6Î4p{k|vqpsm}m2~ vytÎkRoyt^
Î4lnzxKvqt,oxvym±Î4moyoqt^xy@m}6pn}\vqoqkÎÉ6x, ê \p{xuoyt 1 zpsoqt^xoqt^k2lnp{xKvqpnÎ9xUpnrYzlnk2vypnmR} m2~Ö@k2oyvymR} xUm|ºt^ot^Rmlsz6vqpsm} kR}
m2~?vy\t96t4vqt^ÎIvqmRo  x¨oyt;xUmR}xytuvymvy\t«@k2oyvyp{Î4lnt^xkxyxypn}\vy\oqmRzRFpÛv;ëPÎ,Î,z\ok|vytxUpnrYz\l{k|vqpsm}Foyt^lspnt^xt^k.TpslnÆm}
k2}kRlsÆ6xypnxJmR~L\k2vqk9~oqmRr Ê@t;k2r vyt^xUvYmR~LoymRvym2vKÆTturm66zlst;x, ê \t¬6t,vyt;ÎIvymo¨mR\vypnrpnÅ^k2vypnmR}Foqt 1 z\pnoyt;x*vy\t¬xypnr 
z\lnk2vypnmR}ÑÇDTpnxyzk2lnpnÅ^k|vqpsm}ÑÇDkR}±k2}@k2lnÆTxyp{xJkRÎÉ|k2t^xÖvymÊ@t«ps\lsÆ  $t ,6pnÊ\lntRÇ(%\pnÎ±Î^k2lnlnxJ~moYÎ,kRoyt,~z\l 6t;xUpnR}±kR}
psru\lnt,rut,} vk|vypnmR}9m2~(vyt¨xUmR~vK?kRoyt*pÛvxUt^lÛ~K
Ò t,oqÆCl{k2oqRt¯}Tz\rÊ@t^oqxYm2~×t,t,} vqx¨%pslnlº@k.Rt¯vqmÊ@t9xUpnrYzlnk2vyt^±vymt^.kRlsz@k|vytÎ4mRrut4vqps}\®6t4vqt^Î4vymRo6t^xypnR}xY p{x 
k  p{xÐKÌ(j \TÆ6xypnÎ^xmkRlnx^ jºk2okRÎ4vyt^oypnÅ^k2vypnmR}§mR~xUpnR}@k|vyzoyt;xkRoyp{xUpn}\ ~oymr \oqmTÎ,t^xqxUt;x¬oyt;6pnÎ4vyt;§ÊTÆ©xymRrut
$t ,Tvyt^}xUpnmR}@xum2~Pvq\tCÞ6Í %pnlslPoyt 1 zpsoqt9xypnrYz\lsvqkR}\t,mzx¯Î4m|t,ok2Rtm2~JÊ\oqmkR!oqkR}\Rt;xum2~*z\}6t,vyt,oqrups}t^¥kRoqkRrt 
vyt,ox^  kRoqkRrt,vyoqpsÅ^t^«~<kRxUvÖxUpnrYzlnk2vypnmR}\oqmRRok2r¯xL%pnlsl¿vyTzxPk.RtJvqm¯Ê@t6t,t,lnmRt^9mR}Î,tvytYk2lnRmoypsvy\r¯xLk.t
xKvk2Ê\lnpsÅ^t^$  kRoqkRrt,vyoqpsÅ;k|vqpsm}«m2~  â6ëÖxL%pslnlÑoqt 1 z\pnoyt*rYzÎ9?mRoqÉÇ\kR}pnx%m}\tJm2~(mRz\o%Ét,Æ«m&Ê Kt^Î4vypnRt^x^
í
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|h bZ\¼Dg h¬½(Z`2a
ê \tPpnrukRÎ4v?mR~Ñvy\t*\oqmRmxyt^¯oqt^xyt^kRoqÎ¯p{x?}\m2v?lspnrupÛvqt^¬vymuÎ,kRlsmoypnrut4vyoqÆuk|v?vy\t*ÐKÌ(jÖ6ÌÑt;xyxymR}@xlnt^k2oq} v ~oqmRr vq\pnx
t$,6@t^oypnt,}@Î4tÖkRoyt*lnpsÉt,lnÆvqmu\oym|t×|k2lnzk2ÊlstJk|vLm2vq\t,o?~z6vqz\oytJ*ì ,6t,oqpsrut^}vk2l  pnR9ì}\t^oyÆu$t ,6@t^oypnrut,} vqxLkx ?t,lnl
çCt«@k.RtukRFmTmTFxyzÎ,Î,t^xqx¨xym~<k2oYpn}±pn} mRlnTps}\ÆmRz\}\xUvyz@6t,} vqx¨~oymr 6p #t,oqt,} v6p{xyÎ,pslspn}\t^xYps}±mz\oYÏ È
kRÎIvqpsTpsvypnt^x^Ç×%\p{Î©?tCÎ,mR}xypn\t,ok2}§pnru@moUvk2} vkxUt^Î4vmR~YmRz\o9oqt^xyt^k2oÎ¥\oqmRRok2rQÐH}6t,t;$Ç*rYzÎ§mR~¨vyt
ps}\psvyp{k2lÖÎ4m66pn}\F~mRo¯vq\t~z\lnl  6t,vyt;ÎIvymo¬xypsrz\lnk2vypnmR}¥\oqmRoqkRr k2} rumxUv«m2~Jvqk|v«~mouvy\tvyt^xUv  Êt^k2r rum66z\lnt
xUpnrYz\l{k|vqpsm}\oqmRRok2r 6t;xyÎ,oypnÊ@t;pn}vy\t}\-t , vJxUt;ÎIvqpsm}ºt^oyt6mR}tYÊTÆÍÞxUvyz6t^} vqx^ÇÑÍo^*ÍÎ4ÐH} vqmxyk2}Ío^
ÍÎ;jºmoyrup{ÎÉÇoyt;xUt^Î4vypnRt,lnÆRLç\pnlntÍo;%ÍÎ4ÐH} vym xU@kRxPxyz\Êxyt 1 z\t^} vylnÆ96t;Î4p{6t^9vqm¬Î4m} vypn} zt¨%pÛvqmRzo×RoqmRz\¿Ç
Ío^ ÍÎ.jºmRoqrp{ÎÉÇkjºmru\z6vyt^o?Þ6Î,pst^}Î4tPruk KmRo;ÇRkx vk2ÉRt^}uz\¬/k Kmps} vºkR\@mps} vqrt^} vºÎ4m  ~z\}@6t^¯ÊTÆ à Ðyj?ëÖÈÖÈ
k2}Þ6Ì¿ëPjvym¯?mRoqÉ¯~z\lnl  vqpsrutYkx%k¯xKvk #\oqmRoqkRrurt^oLmR}9ÐKÌ(j©6t4vqt^ÎIvqmRoPxypnrYz\l{k|vqpsm}9xym2~vKLk2oqt6t,t,lnmR\rut,} v;
.Öz\o¬oymz\§oqt,\oqt^xyt,} vqxk2}§-t ,\Î4t,lnlnt,} v9rup ,m2~Ypn}6pnTpn6z@k2l{x¬~oqmRr 6p #t,oqt,} v9}@k|vypnmR}@k2lPmoypnRpn}x^ÇPk2}@ºtFxyt,t,É
k2oyvyp{Î4pnk|vqpsm} ~oqmRr vq\t%pn6t;xKv«mxqxypsÊ\lntxUt^Î4vyokmR~ÖRt^}6t^o^Çºt4vy}\pnÎ,pÛvKÆÇ t,mRoqkR\\p{Î«moypnRpn}ÑÇ kR}!lnt,t,l{xm2~
\TÆTxyp{Î,k2l$kRÊ\pslnpsvKÆR
ÐH}vqt,o  pn}xUvypsvyz6vqpsm}k2lÎ4mlsl{k2ÊmRok|vqpsm}ÑÇR%psvy\pn}¯vq\t é Þ«kRx ºt^lslkRxºkRÎ,oym xyx }@k|vypnmR}@k2lÊmRz}\k2oqpnt^x^Çp{x k¨~z\}\kRrt^} vqk2l
oyt 1 zpsoqt,rut,} v¯~mok±\oqm Kt;ÎIv¬mR~vy\p{x}k|vqz\oytCk2}¥r¯k2}\psvyz6tvym xyzÎ^Î4t,t;$ ç®tk.tÎ4mrtvym!kR\\oqt^Î4p{k|vqt
t^k2oqlnÆ¬vq\t|kRlsz\tm2~?xUkRoypn}\«}m2vJmR}\lnÆ9vy\toyt;xUzlÛvx,ÇÊ\z6vk2lnl xUmz\oÎ4tYÎ,mT\tRÇ$zxqk2t¨ps}@xKvqoyzÎ4vypnmR}x^Ç$k2}C\k|vk %lnt^x
~oyt^t,lnÆR ë×lnl$m2~Ñvq\tJoyt;xUzlÛvx?\t^xqÎ4oqpsÊt^¬ps}vy\t*}\-t , v×xyt^Î4vypnmR}kRoyt*Î,kRoyt,~z\lslnÆ«6m6Î4zrt^} vyt^mR}mRz\oL?t,Êk2tRÇT%pÛvq
Î4mRru\lnt4vqtpn}xUvyoqzÎIvqpsm}x*~mRoJpn}xUvqk2lnlnps}\kR}oqz\}\}\pn}\9vytuxypnrYz\l{k|vqpsm}®xym2~vKLk2oqtRÇ$t ,\kRrlst;x,ÇÑkR}Cxqk2ru\lnt¯\k|vk
%lst;x, ÙsÚIÜ âz\oyvy\t^oyrumRoqtRÇ ?tPk2oqtPÎ4mrurpsvUvqt^«vymYt^} vyt,oyvqkRps}ps}\Yoyt 1 zt^xUvqx ~mo?xypnrYz\l{k|vqpsm} KmRÊx ~oymr k2}TÆm2vqt,} vyp{k2l
zxUt^o^ Ù ;Ü ÐH}@6t,t;$Çmz\o oymz\¯p{x oqt^xy@m}xypsÊ\lnt%~moºr¯k2pn} vqkRps}\pn}\vq\tPoym66zÎ4vypnmR}«t,oxUpnmR}umR~$vy\t*Î4z\oqoyt^} vºëPÌ j  Ã
xKvk2}\kRoq!6t4vqt^ÎIvqmRouxUpnrYzlnk2vypnmR}!oymRok2rÇ k2} vy\t\oqpsr¯kRoyÆF\oqm|Tpn6t^oYmR~PÊ@t^}Î\r¯k2oqÉ xqk2ru\lnt^x^ÇkRxºt^lsl%kx
xUt^Î,pnkRlÖoqt 1 z\t;xKvx«~mo¬vq\tCt^} vypnoyt®ë×rut,oqpnÎ^k2}©Ì j Î4mrurYz\}\psvKÆR ê \p{x9oyt  t^Î4vqxmRz\oxKvqoym}\!Î,mRrurupÛvqrt^} vvqm
~mxUvyt,oqpn}\®vy\txy\pnoypsv«m2~¨Î,mRlnlnkRÊ@moqk2vypnRt9}\t4vK?mRoqÉTps}\±kR} ps} vyt^o  pn}xKvqpÛvqz6vypnmR}@k2lP@k2oyvy}\t^oqxy\pn kRrm}\ k2lnl×zxyt,ox^
ÞTmRrutLm2~vy\t×~z\}\x oyt 1 zt^xUvyt^pn}vq\t í }uk2}  oÆRt^kRoqx(%pnlsl@Ê@t%z@xUt;Yvqmt,}\@k2}Î,t%mRz\oÎ^k2kRÊ\pslnpsvKÆ¨vymJ\oqm66zÎ,t
lnkRoytÖmRlnz\rut^x?m2~ xUpnrYzlnk2vyt^9\k2vqkps}oqt^xy@m}xytÖvqmvy\t¨kR}vqpnÎ,ps@k|vyt;9ps}Î,oyt;kRxytÖpn}6t,r¯kR}\x?~oqmRr vq\tzxyt,ox,
à Ð é kRx%kR}9kÎIvqpstÖmz6vyoqt^kÎ¬\oqmRoqkRr%psvyk6t^\pnÎ^k|vyt;Î4mTmRo6pn}k|vqmRo;DëPÎ4vypnTpÛvqpst;x%ps}@Î4lnz6tJTpnxypÛvx?vym¯xqÎ\mTmRl{x
k2}Î4pnTpnÎJmoy k2}\pnÅ^k2vypnmR}x?pn}9vy\t¨oqt,psm}9kR}9\mxUvypn}\¯m@t^}9mRzxytt,t,} vqx?vqm¯\oymrum2vytz\Ê\lnpnÎ¨k.Lk2oqt,}t^xqxºkR}
ps} vyt^oyt;xKvºps}9xyÎ,pst^}Î4t ê \tÖ\oqt^xyt,} vqk2vypnmR}x^Ç%pnÎ«z@xUzkRlslnÆps}Î,lsz@6t*\t,rumR}xUvyok|vqpsm}x^ÇR\pnR\lnpnR v vq\tÖpnru@moUvk2}Î,t
m2~6~z\}k2rut,} vqkRl xqÎ4pnt,} vqp %@Î oyt;xUt;k2oÎk2}pst vyt?kRz6pnt,}Î,tºk%lspnruxUtºm2~6vqt^Î\}\p 1 z\t^xDzxyt^pn}Y-t ,6@t^oypnrut,} vqk2vypnmR}
k2}Cps} vqt,oq\oyt,vqk2vypnmR}mR~Lk|vqk¯ë?vUvyt^}\kR}Î4t«k2v*vq\t^xyt¯\oqt^xyt,} vqk2vypnmR}x*-t ,6Î,t,t;\x Ú  Ç   t,oYÆRt^kRo^uÍt^rYÊt,oxJm2~
mRz\ovqt^kRr kRlnxymRmlsz\} vqt,t,oYps}!ât,oqrupsl{k2Ê  x qëPxyÉ  k  Þ6Î,pst^} vyp{xKv "oymRok2r kR}±xUpnrupsl{k2ot,t,} vqxm #t^oyt;®vy\oqmRzR
à Ð é  x%mz6vyoqt^kÎ¬?t,ÊxUpsvyt
`
 gT[^¾(Xa;[bÂ » h|]<b@h  gT[;gTZ6h|
Ít,rÊ@t^oqx¯mR~ à Ð é Ç?ë à Ì Ç?Þ6ÌDëPjÖÇºkR} éPê ë Ê@t^kR}¥Î,mRlnlnkRÊ@moqk2vypn}\FmR}  â6ëÖx,Ç%xypsrz\l{k|vypnmR}@x,ÇLk2}xym2~vKLk2oqt
6t,t,lnmR\rut,} v?$t #mRoyvqx?ps}9ËkR}Tzk2oqÆRÇ í   í  ÞTt,t,ok2lm2vq\t,oLRoqmRzxk.tÖxyps}@Î40t KmRpn}\t^¬vy\t*$t #mRoyv^Ç6kR}«lnps}ÉTx?k.t
Ê@t^t,}t^xUvqkRÊ\lsp{xy\t^%pÛvqìz\oqmRt^kR}Î4mlslnt^kRRz\t;x?%\mukR9Êt,t,}kÎIvypnRtJpn}9vy\p{x%k2oqt^kuk2lnoqt^kR\ÆR ê \toyt;xUzlÛvx?vyk2v
t,rut,oqRt;®vy\oqmRz\!6p{xyÎ,zxqxUpnmR}xk|vumRzooqt,z\lnkRoylnÆFxyÎ\t;6z\lnt^±rut^t4vypn}\ x@k.Rt«Êt,t^} \oqt^xyt,} vqt^ k2vYvytj?kRlsmo
Î4mR}\~t,oqt,}Î,t^x^Ç(ìLj?â6ë k2}!ëPj?â6ë rut,t4vqps}x^ÇDvq\tëPrut,oqpnÎ^k2} Ì(jQ?mRoqÉ6xUmRx^ÇDkR}±k|vvy\tÐH}vqt,oq}k|vqpsm}k2lºÌ(j
 TÆ6xUp{Î,xLk2}@ÈÖt4vqt^ÎIvqmRo×ç®mRoqÉ6xUmRx^
ê m|Lk2ovy\t*mR\vypnrpnÅ^k2vypnmR}m2~Ñvq\t  j?k2l$6t;xUpnR}¿Çvq\t à Ð é k2}ë à Ìvqt^kRrux?k.tPxUvqk2oyvyt;«pn}TRt^xUvypnk2vypn}\YÊm2vq
k2}kRlsm ý Î4t^lslt^}\t,oqRÆrut^kRxyz\oqt,rut,} vx kR}¬\pspÛvk2l ý \psvL\t,}xypÛvKÆurut^kxUzoyt^rt^} vqx rut4vq\m6\xºkx~z}ÎIvqpsm}x mR~Ñvyt
Î4t,lnlDxypnÅ,tR .Öz\oP\oyt^lspnrups}@k2oq(Æ %}\ps}\ xPxyz\Rt^xUv%vyk2vP%psvyxyz «Î4pnt,} vylnÆxUr¯k2lnl¿Î,t,lnlnx^Çvq\tY6pnRpsvqkRl¿rut4vq\m6ÆTpst^ln\x
krumRoqt«\oqt^Î,pnxyt¬rut^kxUzoyt^rt^} vm2~%vq\t9kR6oqmR}!t,}\t^oyÆRÇ p tRnÇ  z@ÎIvyz@k|vypnmR}@xpn} \psv¯6t,}xypsvKÆ k2oqt¬xUr¯kRlslnt,ovykR}
vy\m xUt«pn}Fvytxqk2ru\lnt^Ft,}t,oqRÆmR~PkkR\oym}\pnÎ¬xU\m|?t,o; é xyt«m2~×lnm6Î,k2lº\psv6t,}@xUpsvKÆFps}±lnpst^z m2~Lvq\t6t^@m xUpsvyt;
t,}\t^oyÆvqmºt^psvyt«Î,k2lnmRoqpnrt,vyt^oÖ\psvqxJoqt^xyz\lsvqxJpn}®xyz\t,oqpsmoJt,}\t^oyÆ9oqt^xymRlnz6vqpsm}Ck2}@l{k|vqt,ok2l Î4m}vk2pn}\rut,} vJm2~
xUpn}\Rlnt9kR6oqmR} xU\m|?t,ox^ ê ºm®ps}@6t,t,}\t,} v¬k2\oym kRÎ\t;xvym®vq\tpsru\lnt,rut,} vk|vypnmR} m2~*k  â6ë@k.Rt¬t,ln@t;
psru\oqm|RtmRz\oz\}6t^oqxUvqkR}6pn}\®m2~×vq\tmR6vqpsr¯k2l%Î,t,lnl×xUpnÅ,t;xkR}!t,mrt,vyoqÆ®~mRouÊ@t;xKv¯ÎkRoyt^  }\t,z6vqoqkRl k6oqmR}
xU\m|?t,oLxyt,kRoqk2vypnmR}¬pn} Kt4vx%%pÛvq\pn}vq\t¨Î4m} vy$t ,Tv×mR~(xymRrutxUt^Î,p %@ÎJm|t,ok2lnl\t4vyt;ÎIvqmRo%kRoqkRrt,vyt^oqx^


605

çCt%pslnlD}m| Ê\oypnt  Æxyz\rur¯k2oqpsÅ^t¨mRzo  j?kRlDm6vypnrupsÅ;k|vqpsm}k2}k2lnRmRoqpsvy\r 6t,t,lnmR\rut^}vÖt$#mRoyvqx^ ê \t  j?k2l
rYzxUvYÊt«mR6vqpsrupnÅ,t;®vymkÎ\pst^RtÇ¿%psvy!6zt¬Î4m}xUp{6t^oqk2vypnmR}Fm2~×Î4m xKvx,ÇDÊ@t^}\t$%vqx^Çk2}®oqpnxyÉ6x,ÇDvy\t¬Ê@t;xKvÊk2l{k2}Î,t
Ê@t,vKºt^t,}«vq\toqt^Î4m}xUvyoqzÎIvqpsm}¬k2}t,}t,oqRÆuoyt;xUmlsz\vypnmR}¬mR~D}\t^z6vyok2l  kR6oqmR}  pn}\psvyp{k|vyt;«Î4lnzxUvyt^oqx?pn}9kKt4v;Çk2}¬vyt
k2Ê\pnlspsvKÆ9vym9xUt^k2ok|vqtvy\t^r ~oymr vy\tÎk2oqRt;Î4mRrumR}\t^} vqx^ ê \p{xÖpnxÖps} vqpsr¯k|vqt,lnÆoyt^lnk2vyt;9vymvy\>t %oqxUv*xUvyt^pn}
vy\t×6t^Rt^lsm\rut,} vm2~$kJk2oyvyp{Î4lnt ! m| k2lnRmRoqpsvy\r¹kx 6t^xqÎ4oqpnÊ@t;Êt,lnm| ê \t%t,lnt,rut^}vxk2oqtL\pnR\lnÆYpn} vyt,o  oyt^lnk2vyt^ÑÇ
k2}!rYzxUv«Ê@tm6vypnrupsÅ^t^ xUpnrYz\lsvqkR}\t,mzxylsÆ ëPls/l %z\oqt^xupn}!vq\pnx¯xyt^Î4vypnmR} ºt^oyt9Rt^}\t,ok|vqt^!zxUpn}\ ÃJì ë àPê  
ÊkRxyt^F~zlsl  \t4vyt;ÎIvqmRo¯k2} vyt;xKv  Êt^kRr xUpnrYz\l{k|vqpsm}!\oqmRoqkRr¯xYk2}@ oqt^Î4m}xUvyoqzÎIvqpsm}!k2lnRmoypsvy\r¯x6t,t,lnmRt^±ÊTÆ
mRz\oLRoqmRzÑ
WYZXºZ6Ý [;bh.Ý g h \Z`2a^] @g !g ¼(]<Z Dh|b  g h.a^]<gT[  ê \t¨\t4vyt;ÎIvqmRoPxypsrz\l{k|vypnmR}kR}k2}kRlsÆ6xypnxLmR~ \TÆTxyp{Î,x%t^Rt,} vx
%psvy\pn}uvy\tÖËk.|kJë×}kRlsÆ6xypnxºÞ vyz\psm ý Ëë*Þ  ÊkxUt;xym2~vKLk2oqtLt,}TTpsoqmR}rt^} v \t,Rt^lsm@t;uk|vºÞ6ÌDëPjÖÇRp{x  $t ,6pnÊ\lnt
pn}¥vy\t®Î\mRp{Î4tmR~kRÊxymRoqÊ@t^o«k2}kÎIvypnRtrut;6pnk±vKÆ tkR} vy\p{ÎÉT}\t^xqx¯%psvy\pn}vq\tlnpsrupsvqxm2~Jvy\t  j?k2l
Rmlszrt? .Öz\o oymz\¨kxDz6v vymRt4vq\t,o k*ÃJìºë àÖê   ÊkRxyt^¨\t4vyt;ÎIvqmRo xUpnrYzlnk2vypnmR}¨kÎÉ|k2Rt?Î,kRlslnt^Ì(j?ÈJÃ 
vym9?mRoqÉ9%psvyps}Cvy\p{xJt,}TTpnoym}\rut,} v^Ç$k2}@\oqm66zÎ4t;r¯k2}TÆ\k2vqk9xUt,vqxJxyk2}\}ps}\9k¬ok2}RtYmR~ºÎ4t^lslxykR@t;x
k2}@9xypnÅ,t^x^Ç\k2}@¬t^Rt,} vLvKÆT@t;x ý xypn}\RlntJk2oyvyp{Î4lnt^x%kxLºt^lslÑkxLÊ@t^}Î\r¯k2oqÉ«\TÆ6xUp{Î,xLoym6Î4t;xyxyt^x  ê t^k2r¯x?~oqmRr
à Ð é ÇÑë à ÌÇ¿Þ6ÌDëPjÖÇ kR}xqkRx^ÇkR}ÐHm|Lk\Çk2oqtuxKvqz6ÆTps}9k%pn\t|k2oqpnt4vKÆm2~?t,Rt^} vqx*xUpnrYz\l{k|vqt^%pÛvqvq\pnx
kÎÉ.kRRtç®tu%pslnlmR\vypnrpnÅ,tvq\t  j?kRl Ê ÆCÎ4mRrukRoypn}\6t,}@xUtur¯k|vqt,oqpnkRlnx ý t @uç vymlst;xyx\t,}xytumR}\t;x
ý t @«Þ vqkRps}\lnt^xqx¨Þ vqt,t,l kRxJkRÊxUmoyÊt,ox^ÇÑk2}®xyÎ,ps} vqpslnlnk2vymo  6x,kx  ÊkxUt;6t,Tp{Î4t;x ý tR uÏ  jÖÇ¿ÃJì Í kx
kRÎ4vypnRtrt;6p{k\ jºmR} vqkRps}\rut^}vm2~Pk6oqmR}\p{Î«xy\m|ºt^oqx^Ç 6t,}xypsvKÆ®mR~P\psvqx^ÇxUpn}\lst  kRoUvqpnÎ,lstk2} Kt,vt^}\t,oqRÆ
oqt^xymRlnz6vypnmR}xY%pslnl?Ê@tzxUt; kRxt,oy~mRoqrukR}Î4t¬rt;kRxyz\oqt^x^ÞTz\ÊxUvqkR}vqpnkRlºoymRoqt^xqxkRxYÊ@t^t,} ruk6t¬pn}±vq\pnx
6pnoyt;ÎIvqpsm} k2lnoyt;kR6Æ ê \t¬lnt4~vk2}\t^l mR~PâDpn í xUm|×xvyt¬t,}t,oqRÆoqt^xymRlnz6vqpsm} kRxYk~z\}ÎIvqpsm} m2~Pxypn}\Rlnt
  t,}\t^oyÆRÇÑt;xKvqpsr¯k2vyt^®zxypn}\\pÛvY\t,}xypÛvKÆCºt^ps vypn}\Ç$~moJvKºm6p #t,oqt,} vlnk2vyt,ok2lxyt,rut,} vqk2vypnmR}x*m2~?vyt
xqÎ4pn}vqpslnl{k|vymoLmR6vqpsm}ÑÇ\k2}¬vyt\oym@m xUt;¬xyt,rt^} vqk|vqpsm}«~mo×kYoqt^kRlsp{xKvqpnÎ*Ï  j6t;xUpnR}Ñ ê t*oqpnR v?@k2}\t^l$m2~
â(ps@ í xUm|×x×vq\t6t^}xypÛvKÆ  ºt^psvqt^kR}\RzlnkRo×%pn6vyx*m2~ xypn}\Rlnt  kR\oym}xU\m|?t,ox×kx×~z\}@ÎIvypnmR}@xÖmR~ vy\t^pso
rumRrut,} vkpn}9oyt;kRxymR}kRÊ\lsÆ¯oqt^kRlsp{xUvyp{ÎÖxqÎ4pn} vypnlsl{k|vqmRo  kR}kRx  ÊkRxyt^«\t^xyps}x, ê \tJrumRoqtJoyt;k2lnpnxUvyp{ÎÖkRx  ÊkRxyt^
Rt^mRrut4vqoyÆk2}¬vy\t¨xqÎ4pn} vypnlsl{k|vqmRo%6t;xUpnR}z\}\t,o×Î4m}xypn6t^oqk2vypnmR}RpnRtÎ4mr@k2ok2Ê\lntÖoqt^xyz\lsvqx^

â(psz\oqt í w jºmRrukRoyp{xUm}xum2~¨xqÎ4pn} vypnlsl{k|vqmRo«6x^ kRx¬kRx¯vq\t  j?k2lÖkÎIvqpstrut^6pnz\r¹ÌÑt,~v^wCvy\t~oqkÎIvqpsm}k2l×t^}\t,oqRÆ
qo t^xymRlnz6vypnmR}¯mR~$xypn}\Rlnt   z@xUpn}\Y6t^}xypÛvKÆ  ºt^psvqps}¨Î4lnzxKvqt,oqps}¨ps}xyÎ,ps} vypnlnlnk2vymRo?k2}u kRx  Ê@kRxyt^Rt^mRrut4vqoyÆ Þ6Î,ps} vqpslnlnk2vymo
vypnlnt^x?m2~ Ú Î4r ý xKvk2ox pnx?}\mRv?k¨oqkÎIvyp{Î,kRl\oqmRmxypsvypnmR}ÑÇ Ê\z6vLpÛvLp{xºxUvyz\pst;¯vymz\}6t^oqxUvqkR}uvq\t*\t,t,}6t^}Î4t*m2~Ñt^}\t,oqRÆ
oqt^xymRlnz6vypnmR}m}l{k|vyt^oqkRl(xyt,rut,} vqk2vypnmR}mR~vy\tukRÎ4vypnRtlnk.Æt,o×~mo*kRpnRt^}Î\mpnÎ,tYm2~ vqt^Î\}mRlnmRRÆ*ì Rt^}vy\tuoqt^kRlsp{xKvqpnÎ
Î4r xyÎ,ps} vypnlnlnk2vymRoºmR6vqpsm} ý Î,psoÎ4lnt^x m #t,ox kYxUmrt^%k|vºÊ@t,vUvyt^oºoqt^xymRlnz6vqpsm}uvykR}«k Ú Î,r kxÎ4m}&%Rzoqk2vypnmR} ý x 1 zk2oqt^x
z\}\t,o¨vq\p{xYkRoUvqpnÎ,z\l{k2o¨?t,pnR vypn}\xqÎ\t,rut ê t«vK?mk2oqt¬Î4mr@k2ok2Ê\lnt¯k|vY\pnRt,oYt^}\t,oqRpnt^x^Ï%pnR v^wvy\t96t,}@xUpsvKÆ 
?t,pnR vyt; k2}\z\l{k2oY%p{Tvq mR~PxUpn}\Rlnt   xy\m|ºt^oqxkRxY~z\}Î4vypnmR}!mR~×vyt,pnorumrt^} vqk\Ç pn}  j?k2l{x%pÛvq Î,r x 1 zk2oqt
xqÎ4pn}vqpslnl{k|vymoJvypnlst;x ý Î,psoÎ4lnt^x k2}@vq\mxyt¯%psvy Ú Î4r x zk2oqtukRx  ÊkRxyt^CÎ4t,lnl{x ý vyoqp{k2}\lst;xJ~mRo Ã*t,mRr Ú "9kR}Fx zkRoyt;x
~mRo qÃ*t,mr í "  ê \t qÃ*t^mRr í "uÎ4m&} %z\oqk2vypnmR}pnxL~<kRpsoq1 lnÆÎ4lnmxyt*vymuvq\t¨Ï  j©6t;xUpnR}Î4zoyoqt,} vylnÆ«z\}@6t,oPÎ,mR}xyp{6t,o1 k|vqpsm}Ñ
.Pvyt,o×6t^}xUpsvKÆ  ?t,pnR vqps}\uxqÎ\t,rut^xLoqt,r¯kRps}vymuÊtps}TRt;xKvqps k|vqt^$
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WYZX a^h.ZcD[ @g h|[^gCÁh|Z\c$¾(X<Z\h.]<a \ïºb@c(Á@]<a^¾(¼D]cDZX?[;gTÁ !g ca;Z6a^]b@c  ç®tY\l{k2}vym¬m6vypnrupsÅ^t¨vq\t  oqkR}Tz 
l{k2oqpÛvKÆmR~?Î4t^lsl{x*~mRo*vq\turm xKv\oqmRrup{xUpn}\  â6ëÖxJ p{x  k  Tp{x×vq\t¯kRÎIvqpstrut;6pszr vyt;Î\}\mlsmRÆ ý xyt,tvytlnt4~v
kR}\t,lÑmR~ â(pn í Lê \trut4vq\m6\x×6t^Rt,lnmRt^9\t^oytkRoytJRt^}\t,ok2lnpnÅ^k2ÊlstÖvym«6p #t,oqt,} v%vymRvqk2lD6t4vqt^ÎIvqmRo%t,mRrut 
vyoqpnt^x^Ç;p0 tRnÇRÞTpnÈ ý %pnÎ¨z@xUt;x¿xypslnpnÎ,mR}Lk|~t^oqx~mo¿vqoqkÎÉTps}\ Ç.Ì¿È ý %\p{Îzxyt^x ê  j?x~mo¿vqoqkÎÉTps}\ Ç;t4vÎ2 ê t
ÊkxUp{Î?@t^oU~moyr¯k2}@Î4tLrut^kRxyz\oqtºt,oqt?p{x(vyt×k2Ê\pnlspsvKÆvqm¨xUt^k2ok|vqt?xy\m|?t,ox¿pn}\psvyp{k|vyt;Ê ÆÎk2oqRt;Yk2}@Y}\t^z6vyok2l
k6oym}x  vq\tJÉRt,ÆvqmkR} Æ  â6ë¨ ÐH}6t,t;$Ç6ps~Dk2lnlvy\tJÎ4t^lslt,}t,oqRpnt^xpn}k Kt4v%Î4mz\l{«ÊtP~z\lnlnÆ¬xUt^k2ok|vqt^¯kR}
Î4moyoqt^Î4vylnÆkRxqxUpnR}t^vym9vy\t¯@k2oqt,} vk2oyvyp{Î4lntRÇ$vq\t,}±k Kt4vt,}\t^oyÆoyt;xUmlsz6vqpsm}mR~ 7 ý 8 9 <; Ú;ÿ = 8 ý 8 pn}
Ã*t,Ò Î4mz\l{ÊtPkÎ\pst^Rt;$¿ÐGv vqz\oy}@x mRz6v vqk|v vy\t%lnpsrupsvypn}\~<kÎIvymo ps}uvq\t%m|Rt^oqkRlsl Kt,v t,}\t^oyÆ¨oqt^xymRlnz6vypnmR}pnx
vyt×Î4mR}\~zxUpnmR}vyt^oyrQk2oqpnxyps}P~oqmRr8pnru@t^oU~t;ÎIv kxyxym6Î4p{k|vypnmR}6z\tLvqm %@}\pÛvqt%Rok2}Tz\l{k2oqpÛvKÆkR}Yrup{xykxyxypnR}\rut,} v;
â\oqmRr¹vy\tPoyt;Î4mR}@xKvqoyzÎ4vypnmR}uk2lnRmoypsvy\r  x @mps} v mR~Tpnt,Ç pÛvp{x vq\p{x vyt^oyr¹vyk2v mxyt^x vq\t%Ê\pnRRt;xKv Î@k2lnlst^}\Rt
¬c(Z\X<bÁ Ñ
[ ¼(]<Á]a^ZX h|gTZ\¼(b@¾Da¯Â0b@h«a Dg WZ\X  ê \t 1 zt^xUvypnmR}Fm2~%mR\vypnrukRl   ®Rok2}Tz\l{k2oqpÛvKÆp{xpn} vypnruk2vyt^lsÆ
oqt,l{k|vyt;«vqmuvyk2v×m2~(vy\toqt^k6mRz\vLrut,vy\m6$Ç\%pnÎ}\t^t^\x?vqm¯Ê@tt^.kRlsz@k|vyt;¬ÊTÆ9Î4mRrukRoypn}\ Kt4v×oqt^xymRlnz6vypnmR}@x
%psvy©Êm2vq kR}k2lnmR k2}§\pspÛvk2lJoyt;kR6mz6v^ ë?vvy\t®$t ,Tvqoyt^rt(Ç y\pspÛvk2l " oqt^kR\mRz6v9rt;k2}x9k!xypn}\Rlnt  Ê\psv
UÆt^x  }\
m "L6t^Î,pnxypsm}JmR}%\t,vy\t^o¿mRoD}\m2v(kLrpn}\pnrYz\repnmR}\pnÅ,pn}\×@k2oyvyp{Î4lnt ý ÍÐ  kx$kRxqxyt^*vyoymz\Rk%pst,}
Î4t^lsl0 ÞTpn}Î4tJxyzÎ¬6pnRpsvqkRlrut;kRxyz\oyt^rut,} vqx?k2oqt×lnt^xqx?xyzxqÎ4t^6vypnÊ\lntPvqmÌDk2}\kRz¬k2}@«k2vy  lst^}\2vq  zÎ4vyzk2vypnmR}x
vy@k2}«~zlsl ý Ú.í Ú;ÿ ÊpÛv kR}k2lnmR¨rut;kRxyz\oyt^rut,} vqx^ÇpÛv%Î4mz\} vypn}\Ykxºxyr¯k2lnlst^o?xy\oqt^kuvykR}«t,}t,oqRpnt^x?xykRrlst;x
pn}vq\t¯kRÎIvqpstrut;6pszr9çCtuk.txy\m|%}vqk|vJ~moJxyr¯k2lnl Î4t,lnl xUpnÅ,t;x ý  Ú  Î4r Ç$vq\tu} zrYÊt,oJm2~ºÎ,t,lnlnx
\psv¨pnxkxyz\t,oqpsmo*t;xKvqpsr¯k2vymRoJmR~ºt,}t,oqRÆm2~%xyps}\lstk6oym}x*Ê@t^lsm| í  Ã*t,Ò ý %\t,oqturmoytvy@k2} ÿ  m2~
vytkRoUvqpnÎ,lst;xPpn}CvKÆ pnÎ^k2l Kt4vqx*pn}rz\lÛvqp Kt,vt,Rt^} vqxÖm2~ pn} vyt,oqt^xUv*kRoytÎ4m}Î4t^}vqoqk2vyt; vqm¬vqoqk6pÛvqpsm}k2l k2}@k2lnmR
xqk2ru\lnps}\@ÞTps}@Î4t«vq\t¬xyk|vqpnkRlºxy\oqt^kR®mR~%kxU\m|?t,opn}Î,oyt;kRxyt^xpn} klnt^xqx  vykR}  lspn}\t^kRo\oqmRmRoyvypnmR}®vympsvqx
t,}t,oqRÆRÇ.vq\t×kR\.kR} vqk2t oqk6zk2lnlnÆJ\pnxqk2\t^kRoqx k2v ps\t,o t,}t,oqRpnt^x^¿ç®0t %@}vyk2v kJxyt,rup  6pnRpsvqkRlToyt;kR6mz6v
k2lnlnm|%ps}\rYz\lsvypn\lntPvq\oqt^xy\mRl{\x vymÎ,lnkxyxyps~Ævq\tJ\psvLxUvqk2vyzxºm2~DkÎ4t^lsl$Î,kR}«Êt*-t #t;ÎIvqpst,lnÆz@xUt;¬Î4mz\} vyt^o vq\pnx
}\m}  lnpn}\t^kRoypsvKÆR ê \p{x%xUz\@moUvx?vy\tÎ,mR} vyt^}vqpsm}¬vqk|v%vq\t6ÆT}k2rup{ÎJoqkR}\Rt*xykÎ4oqp %Î4t^pn}moq6t^o?vym¯kRÎ\pnt,t
%}\t^oPxyt,Rrut^}vk|vqpsm}¬p{x%}\m2v%lnpsÉt,lnÆ¯vym¯Tz\oyv%zx×k2v%kRlsl0

â(psz\oqt  w ê \t%~okRÎ4vypnmR}kRl\oyt;xUmlsz\vypnmR}¯m2~Ñxyps}Rlnt   t,}\t^oyÆz@xUpn}\~z\lnlk2}kRlsm ý Î4pnoqÎ,lst;x Ç Ú- ÊpÛvº\pspÛvk2l ý x 1 zkRoyt;x ÇkR}
í  Ê\psv×6pspÛvk2l ý vyoqpnkR}\Rlnt^x oyt;kR  mRz\vqx^Dç®t %}vy@k|v  vy\oqt^xy\mln\x ý p tR í  ÊpÛvx p{x%mR6vqpsr¯kRl
ÐGv«r¯k.Æ±Ê@toyz\t,} vuvym±Î4m}xUp{6t^oÊm2vq vy\tÊt^xUv¬k2}kRlsm®kR} vq\tÊ@t;xKv¬\pspÛvk2l%Rt^oqxypnmR} mR~Övq\t  j?k2l
~mRoJt^Rt,} vqzk2l(t,|k2lnzk2vypnmR}%psvyCvyt;xKvJÊ@t;k2r¯x*\oqm| p{6t;Ê@mRvyC\oym|tYm2vqt,} vyp{k2lnlsÆÎ^k2kRÊ\lstm2~ºrt^t4vqps}\vyt
t,}t,oqRÆ«oqt^xymRlnz6vypnmR}oyt 1 z\psoqt,rut^}v;ÞTzÎ9vyt;xKvqps}\¯Î,mRz\l{xU\zoL~z6vyz\oqt¨kR\.kR}Î4t;xLps}9oqt^kR\mRz6vLvyt;Î\}\mlsmRÆR
ÿ
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» Z6h.a^]`RXg(b  Z\X<Ábh|]<a   [ â\mRoºvyt %@oqxUvºvqpsrut*ps}Î,kRlsmoypnrut4vqt,oº\t,Rt^lsm\rut,} v^ÇTpsv%pnx?}\t;Î4t^xqxqk2oqÆYvqmYvk2ÉRtÖps} vqm
kRÎ^Î4mz\} v¯vy\toqt^Î,mR}xUvyoqzÎ4vypnmR}¥k2lnRmRoqpsvy\r¯xupn}¥\t^xyps}\ps}Fvy\t\t4vyt;ÎIvqmRo ý x   m| mTmT!vyt Kt4v¬t^}\t,oqRÆ
oqt^xymRlnz6vypnmR}F%pnlslºÊ@t¬\t,t,}\xz\lsvypnr¯k|vyt^lsÆ®mR}F\m| ?t,lnl vyt  â6ë p{x~moyrz\l{k|vyt;Fk2}®vqz\}\t^Ñ9ç®t«k.t
pnrlst^rt^} vyt^ÑÇ\kRx vy\t %oxKv%xKvqt,m2~¿k  â6ë¨ÇTk2}9k2lnRmoypsvy\rQvy@k|vL\oym66z@Î4t^x y\oyt  Î,lsz@xKvqt,ox "JmR~DÎ,kRlsmoypnrut4vyt^o
Î4t^lsl{x(zxyps}\Öt,}\t^oyÆk2}lnm6Î,kRl 6t^}xypÛvKÆ¨kx¿?t,pnR vqx^ ê \t?zxyt,o Î,kR}Î\mTmxyt vq\tº@k2ok2rut4vqt,ox¿xyzÎkxÑvq\oyt;xU 
mRl{\x^Ç2}\t^ps ÊmRoq\mTm6Y6-t %}\psvypnmR}xt4vqÎR ê t^xyt?oyt;Î4lnzxKvqt,ox xUt^oyt?kx k 1 zkxUp  t,mrt,vyoqÆ  pn}6t^@t^}6t,} v xUt,v m2~
mR<Ê Kt^ÎIvx~mo vq\tJxUz\Ê@xUt 1 zt,} vºxUvyt,@x, ê \t*xUt;Î4m}«xUvyt,¬pnx vym$t ,Tvyok2mRl{k|vqt×vyt×vyokRÎÉ6xºk2}¯r¯k2vqÎ¯vq\t,r vqm
\oqt^Î,lszxUvyt^oqxP%\t,}t,Rt^oÖkR\\oqmR\oqpnk2vytÇxUm«vyk2vÖvq\tYt^}\t,oqRpnt^x%mR~ k2lnlDÎkRoyt^  k6oym}  ps}\zÎ4t;¬\oqt^Î,lsz@xKvqt,ox
Î,kR}¬ÊtÖoqt,lnkÎ4t^«%pÛvq«vyt*Î,mRoqoyt;xUmR}\ps}\¨vyokRÎÉrmrut,} vqk ê tPvq\pso¬xUvyt^¬p{xºvymYp{6t^}vqpÛ~Æuvq\tJ\\mRvymR}@x
ÊTÆ«xUm|ºt^o  xU@k2t×k2}kRlsÆ6xypnx ps}¬vy\tJì?j?kRl ê \t %}k2l$xUvyt^¬pn} mRlnRt;x Î4mrYÊ\pn}\pn}\¨vq\tÖvyokRÎÉrmrut,} vqk%pÛvq
\\mRvym}«k2}u}\t^z6vyok2lkR6oqmR}ut^}\t,oqRpnt^x vqm¨\oqm66zÎ4tP\ps  \oyt;Î4p{xUpnmR} Kt4v?t,}\t^oyÆYrut^kxUzoyt^rt^} vqx^? .Öz\omkRl
p{x vqmurpn}\pnrupsÅ^tÖvq\tJ6t,t,}\t,}Î,t*mR~Dpnru\lst^rut,} vqk2vypnmR}x?m2~¿vy\tJ\pnR  lnt,Rt^lkRlsmRoqpÛvq\r¯x m}6t,vyt;ÎIvymoLRt,mr 
t4vqoyÆ\t4vqkRpsl{x^ ê \p{x*%pslnl Roqt^k2vylnÆ~<kÎ4pnlspsvqk2vytumRoyvqk2ÊpslnpÛvKÆmR~vytukRlsmRoqpÛvq\r¯xJkRÎ4oqmxqx×oqt,psm}k2l(ÊmRz\}k2oqpst;x
k2}@!6t,vyt^Î4vymo6t;xUpnR} Î\mRp{Î4t;x,®ÐH} k\6psvypnmR} vqmvq\toyt;Î4lnzxKvqt,oqps}Ck2lnRmoypsvyr ~oqmRr à Ð é Ç ºtk2lnoqt^kR\Æ
k.tuxyt,@k2ok|vyt\oqt,lnpsrupn}k2oqÆÎ,mT\t^x*~mRoYpn6t^} vyp %@Î,k2vypnmR}®m2~?vyokRÎÉxyt,rt^} vqxJrups}psrz\r  pnmR}\pnÅ,pn}\  kRoUvqpnÎ,lst;x
ý ÐHm|Lk Ç$\oqmRkRk|vqps}¯vy\tvyokRÎÉ6xPvy\oqmRzRvq\t¯Î,kRlsmoypnrut4vyt^o×vk2ÉTps}t^}\t,oqRÆlnmxqxÖpn} vymkRÎ^Î4mRz}v ý â à ëÖÌÇ
à Ð é Ç\\mRvymR}oqt^Î,mR}xUvyoqzÎIvqpsm} ý Þ6ÌDëPjÖÇ k2}@xykx Çk2}9oqt^Î,mR}xUvyoqzÎIvqpsm}9~oymr vyt^xyt¨m2~  â6ë Kt,vqx ý ë à ÌÇ
à Ð é @çCt¨kRoyt*}\m|©?mRoqÉTps}Yvqm«Î4mRrÊ\pn}\t*vy\t;xUtJ\pnt^Î,t^x%pn} vym¯k~z\lslnÆ«~z}ÎIvqpsm}k2&l Kt,v  %}6pn}\«kRlsmRoqpÛvq\r
ê \t  â6ë 6t^Rt,lnmRt^k|v à Ð é Ç6@t^oU~moyr¯xº~z\lnl Kt4v%oyt;Î4m}xKvqoyz@ÎIvypnmR}¬zxUpn}\uÍmR} vqtj?kRoylnm Uvyoqz6vy "¨~mRo?vyokRÎÉ
r¯k|vÎ\ps} ê \tPoqt^xyz\lsvm2~vy\p{xºpnxºxU\m|%}upn}«â(ps@  Dç®tÖxyt,t×vyk2vvy\p{x  â6ë§k #mRo\xk    psru\oqm|Rt^rut,} v
pn} Kt,v×t,}\t^oyÆ«oqt^xymRlnz6vypnmR}9Î4mRrukRoyt;«vqm¯kYvqoqk6psvypnmR}kRl$\z\oqt,lnÆ¬Î,kRlsmoypnrut4vyoqp{ÎPrut^kxUzoyt^rt^} v^

â(psz\oqt  w ê \tCt^xUvypnruk2vyt; Kt4vt,}\t^oyÆ!}\moyr¯k2lnpnÅ,t^ vqm±vytvqoyz\tt,}\t^oyÆ pn} ')?'+  22   Kt4vx¬t^Rt^}vx¬k2v
ÿ  Ã*t,Ò8t^Rt^}vx%zxyps}¯\z\oqt,lnÆÎ,kRlsmoypnrut4vqoyp{Î*rt;kRxyz\oqt,rut,} v ý lnt4~v k2}@¬vq\t  â6ë 6t,t,lnmRt^k|v à Ð é ý oqps v 
=
ê \t¬Î^k2lnmRoqpsrut,vyoqpnÎt^xUvypnr¯k|vqpsm}®z@xUt;xvyokR\pÛvqpsm}k2lkR}k2lnmRt,}t,oqRÆrut;kRxyz\oyt^rut,} v^ÇD%\pslnt¯vq\t  â6ë zxUt;x¨xyt,rup  6pnRpsvqkRl
ý í  ÊpÛv rt;kRxyz\oqt,rut,} vLps}9vypnx×Î^kRxytR ê \t  â6ëeÎ^k2}9Ê@tzxyt^9pn}9kR}k2lnmRrum66t¨kRx??t,lnl à mÉTpn}\t,r¯k2vyp{Î%\vUvqps}\¯Ê@kRxyt^
mR}9t,t,} vLvym@mlsmRÆ«p{xLzxyt^9ps}t^pÛvq\t,o%rut^kxUzoyt^rt^} v^
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ê \t à Ð é RoqmRz¬kx%k2l{xUmr¯kR6txyps}\p %Î,k2} v%Î4m}vqoypnÊ\z6vqpsm}x?vym¯Ì j6t,vyt^Î4vymo×xUpnrYz\l{k|vqpsm}xym2~vKLk2oqt*\z\oypn}\vyt
kRxUv  ÆRt;k2ox,DçCt*@moUvqt^k2}¬k.Rt×Êt,t^}¬r¯k2pn} vqkRps}\pn}\uk2lnl@mR~Ñvyt*Î,z\oyoqt,} vLë×rut,oqpnÎ^k2}¬xym2~vKLk2oqtPm}¯vyt*Ì¿ps}Tz&,
\lnk2vU~moyr ÞTps}@Î4tPrup{ Kí  í Ç2?t×k.t%Ê@t^t,}«oym6Î4t;xyxypn}\¨xUpnrYzlnk2vypnmR}¯oqt 1 z\t^xUvqx ~oymrxyt,t,ok2l\oymz\x t^}\kRRt^pn}
Ì(jFÏ ÈÇ.mR}ÌÑpn} z<,~<k2oqrux k2v à Ð é kR}Yâ à ëPÌ|ç®tLmRoqkR}\psÅ^t^¨kPºmoyÉ6xy\mRk|v à Ð é2à Ðyj?ëÖÈÖÈpn} à m|Rt^rYÊt,o;Ç
í  í ý ñ 2õò Rô ðTð ùGõ$ò ºùð ÇvqmÊ\oqps}\vy\tRoqmRz\xvymRt4vq\t,o;Ç(Î@k2oyvYk\l{k2}ÑÇ k2}@±xUt,vmRz\vYps} kR}
mRoqk2}psÅ^t^®r¯k2}\}\t^o^ ê \p{xYLkRx¨~mRlnlsm|?t^FÊTÆ±xUpnrupsl{k2oºmoyÉ6xy\mR@x¨k|v¯Þ6Ì¿ëPjQpn} í   kR} k2vë à Ì©pn} í  
â\mRlnlnm|%ps}\«kRoyt¨vy\tuxUpnrYzlnk2vypnmR}xym2~vKLk2oqt¨\oqm Kt^Î4vqxP%\t,oqt¨?tYk.t¨r¯kR6tYxyz\ÊxUvqkR} vyp{k2l(\oymRoqt^xqx%k2}\mRt¨vqm
oyt^rukRps}Î4mrurpsvyt;$w
Ñ] C¾(X<Z6a;]<bc!bÂ×ÂG¾DXXº¼(g a^gT`2a;bh`RbcD`g (a^[  çCt @k.Rt 6t^Rt,lnmRt^ÑÇps}8Î,lsm xUt±Î4mlsl{k2ÊmRok|vqpsm}%psvy mz\oÎ,mRl 
lnt^k2z\t^x$k2v(Þ6ÌDëPjÖÇ,k%xKvk2}  kRlsm}\tÃJì ë àÖê   ÊkRxyt^*xypsrz\lnk2vypnmR}JkÎÉ.kRRt ê \pnx¿kRÎÉ|kRRtRÇ,}k2rut^ qÌ(j?ÈJÃ  "Ç
~z\lnlsÆ«Î,mRru\lnpst;x %psvy«vy\t*rumT\t,l\z6v?~mRoyvy«ÊTÆvy\t*ëPÌ j  Ãexypsrz\lnk2vypnmR}«oymz\ÑÇTk2}¬kR\\xºxUt^Rt^oqkRlzxyt4~z\l
~z\}Î4vypnmR}kRlspsvypnt^xvympÛv; Ù  Ü ÐGv\oqm66zÎ,t^x Uok. "«pÛv¨mz6vy\z\vJpn}®vy\tulsmÊk2lnlsÆkÎ,Î,t,6vqt^®Ì(jºÐ .~moyr¯k2vJkR}
xyz\\mRoyvqxL\oqm Kt;ÎIvypnRt*Rt^mRrut4vqoypnt^xºpn} DÇkRxL?t,lnl$kRxL}\m}  oym Kt^ÎIvqpstPm}\t^x?%psvyÎ4t^lsl{xLm2~ Î4mR}@xKvk2} v?lnpn}\t^kRo
6pnrut,}xypsm}x^ºë%~vqt,oÖ$t ,Tvyt^}xUpnRt*vqt^xUvypn}\Çvy\p{x%kÎÉ.kRRtJkx%Ê@t^t,}k6mR6vqt^kRx?vq\tYxUvqkR}\k2o¬~mRoPëÖÌ(j  Ã
â(psz\oqt ÿ xy\m|×x%k2}9$t ,\kRrlstJt,t,} v×6p{xU\l{k.Æ¯~oqmRrÌ j?È*Ã  

â(psz\oqt ÿ w ÞTp{6tTpst^ ý lst,~v kR}9t,}9Tpst^ ý oypnR v mR~ kR} ')*' +    '!#"$
vytYÞ6È86t,vyt^Î4vymo×xUpnrYz\l{k|vqt^9zxyps}vq\t¨Ì(j?ÈJÃ  \oqmRRok2r \ t,Rt^lsm@t;k2v à Ð é 

Kt4vx%t,t,} vPk|v

 

=

ÿ  Ã*t,Ò pn}

Ñ] C¾(X<Z6a;]<bc!bÂ%a^gT[^a qÝ gTZ  (h.b@a^b@a  g  b¿¼D¾(X<gT[ â\z\oyvy\t^o^ÇkRx rut,rÊ@t^oqx mR~@vq\tÖj?ëPÌ¿Ðyj?ì®Î,mRlnlnkRÊ@moqk2vypnmR}
ý j?ëPlsmoypnrut4vqt,o9~mRo9vytFÌ¿ÐH}\t^kRojºmlslnp{6t,o9%pÛvq ì lst;ÎIvqoym}x,Ç Ù í^Ü ÇJkR}§pn}kÎIvqpst®Î,m m@t^oqk2vypnmR}§%psvy mRzo
ìzoym@t;k2}FÎ4mRlnlnt^k2z\t^x^Ç$?t@k.Rt\oym66z@Î4t^FkÃJì ë àPê   ÊkxUt;xypsrz\l{k|vymoJ~mRoJvq\t«6t4vqt^Î4vymRooymRvym2vKÆTt
rum66z\lnt×vy@k|vºp{xº$t ,6@t;ÎIvqt^vymÊ@tÖ$t ,6mxyt^vymYvyt;xKv Êt^kRr¯xºk2vºâ\t^oyrupnlnkRÊ«m|Rt^o kt,oqpsm6um2~  ÆRt^kRoqx xKvk2oyvypn}\
pn}Crup{ Hí  ÿ  ê \p{x*\oymRok2rÇ$Î,kRlslnt^  ê ÄLÍmRÉTÉ|k"¬pnx*Ê\zpslsvmR}Fk2}CkRlÛvqt,oq}k|vqpstxypsrz\l{k|vypnmR}~oqkRrut,?mRoqÉ
Î,kRlslnt^ yÍmÉTÉ.k "\Ç26t^Rt^lsm@t;¨pn}6t,t,}@6t,} vylnÆ¨ÊTÆmRzo ì z\oqmRt^k2}Î4mRlnlnt^k2z\t^x^Dâ(pnRz\oqt xy\m|×x(k2}$t ,\k2ru\lnt
t,t,} vÖ6p{xy\lnk.Æ¬~oymr k«xUvqkR}  k2lnmR}\t¨ÃJìºë àPê   Ê@kRxyt^9\oqmRRok2r vym«xypsrz\lnk2vytYkvqt^xUv  Ê@t;k2r rumT\z\lst ý vypnx
\oqmRoqkRr pnxLzxyt^kx%kÎ,oym xyx  Î\t^ÎÉ~mRo ê ÄLÍmÉTÉ.k  Ù ÿ.Ü
ç®t«k2oqt?t,lnl mR}CmRz\oLk.ÆvymÎ4mrYÊ\pn}\pn}\vy\tuÊt^xUv~t^k|vqz\oqt^x*m2~LÌ(j?ÈJÃ  k2}®ÍmRÉTÉ|k\ ê \tu}\t, U}\-t ,Tv
Rt^}\t,ok|vqpsm} "xUpnrYz\l{k|vqpsm}\oymRok2r pn}Î4moymRok|vqt^xLkurumRoqtkR6|k2}@Î4t^ %ÖÍÌ  ÊkRxyt^9Rt^mRrut4vqoyÆ6t^xqÎ4oqps\vypnmR}
xyÆTxUvyt^r§ÌÑpnÉRtpÛvx¯\oqt^6t;Î4t;xyxymRox,Ç pÛvxyz\\mRoyvqxuoqz\}  vypnrutRt,mrut4vyoqÆ!xy@t;Î4p %@Î,k2vypnmR}ÑÇ?Ê\z6v«m #t^oqx¯k®%p{6t,o
ok2}\t*mR~ mR6vqpsm}x%k2}t;kRxypst^o×Îk2}Rt^x?vqm¯Rt^mRrut4vqoypnt^xLzxypn}\¬ÃJÈÖÍÌ ý Ã*t^mRrut4vqoyÆ9ÈPt;xyÎ,oypn6vypnmR}ÍkRoyÉ  z\
Ì¿kR}\Rz@k2Rt Ç6k¯Ã*t^kR}v   xUt^Î,p %ÎÖ-t ,Tvyt,}@xUpnmR}9m2&~ %ÖÍÌ ý 't %Pvyt,}@xUpnÊ\lnt¨Ík2oqÉ  z\Ì¿kR}\Rz@k2Rt 
 



609

â(psz\oqt w ÞTpn\t×Tpst^ mR~k í Ã*t,Ò ) kxyxypn}\Jvy\oqmRzR¯kJ}\t^kRo  %}kRl6vyt;xKv  Êt^kRrQoymRvym2vKÆTt%rumT\z\lstÖxUpnrYz\l{k|vqt^zxyps}
vytYÃJì ë Öà ê   ÊkRxyt^xUpnrYzlnk2vypnmR}9 \oymRok2r 6t^Rt^lsm@t;k2v à Ð é 
Ñ] C¾(X<Z6a;]<bc!bÂ%a (g[;]<ÁcDZX g$a,h|Z\`Ra^]<bc (h|bÑ`RgT[;[ÂGbX<Xb u]cDÁ®gTcDg h|Á ¼(g ºb@[;]a;]<bc  ÐH}¨kR}\m2vq\t,o$t^}6t;k.RmRo;Ç
?tÖk.t*\t^xyps}\t^k2}Î4m66t^«vy\t%oxUv?t,oxUpnmR}«mR~(kkRÎÉ|kRRtRÇTÎ,kRlslnt^ yÈÖpsp{Þ6psr "\Ç vqmuxypnrYz\l{k|vqtPvq\tÎ4mR} 
Rt^oqxypnmR}mR~ t,}t,oqRÆ6t^@m xUpsvqxJ\oqm66zÎ,t^CÊ ÆÃJìºë àÖê  vqmt,lnt^ÎIvqoym}\p{ÎYoqt^k  mz6vqx^ Ù Ü ê \p{xJkÎÉ.kRRtm#t,ox
vyt¯zxUt^o¨kxUpnru\lstÇ  -t ,6psÊ\lntRÇ(k2}FxUvqkR}\k2oLk.ÆvqmxypnrYz\l{k|vqtvq\t¯$t #t^Î4vqxmR~ºvq\oqt^xy\mRl{\x^ÇÑ}\mRp{xytRÇ¿Î,oym xyx 
vqkRlsÉÇ pn}\t «Î4pnt,}@Î4pnt^x^Ç(k2vUvyt^}Tzk|vqpsm}ÑÇ k2}Cvypnrups}Ç vy@k|vkRoyt¯pn}TRmRlnRt;®ps} xyps}k2lºÎ4mRlnlnt^ÎIvqpsm}ÑÇ(\oymk2 k|vqpsm}ÑÇ
k2}@Î4m} t,oxUpnmR} ý 6pspÛvqpsÅ;k|vqpsm} ÖÐH}t^xqxUt^}Î4tÇ@psvk2lnlsm|×xLvq\tzxUt^o×vqm¬rum66t,l k2}kRoyÊpÛvqoqkRoyÆ¬vyok2}xU~t,oP~z\}Î 
vypnmR}~oqmRr vyt*t^}\t,oqRÆ«\t,mxypÛvqt^¬k2vLvy\tÎ4t^lslvqmvq\tÎ4moyoqt^xy@m}6pn}\ yoqk.§\k2vqk "\ ÈPpnRpÞTpnrÎ,kR}¬ÊtJzxUt;
t,psvyt,o¯pn} kFxUvqk2}@  kRlsm}\t9rm66t9vqmC\oqm66zÎ,tk®t,oxUp{xUvyt,} vumRz6vq\z6v;Çºmoukx¯k2} mR}  vy\t   Æ \oqt,\oqm6Î4t^xqxymRo
vym9vq\tuoyt;Î4mR}@xKvqoyzÎ4vypnmR}oymRok2rÐH}®xUvqkR}  k2lnmR}\trumT\tRÇÑpsv\oym66z@Î4t^x*mz6vy\z\vJpn}Cvy\t¯xqk2rutY~moyr¯k2vJkx
vy@k|vPt^} Tp{xykRRt;¬~oqmRrvy\tYoyt;k2l¿6t,vyt;ÎIvymo ý -t ,\Î4t,\v^Çm2~ Î4mRzoqxytRÇ6vq\txypnrYz\l{k|vqpsm}9mz6vyz6vÖk2l{xym«Î4mR} vk2pn}xLvyt
yÍmR} vyt9j?kRoylnmvqoyz6vq "\Ç %\p{Î±vq\t¬oqt^kRlº\k2vqk\m t;x¨}\mRv  à mC\pnR Î4l{k2pnr vymvy\t@t^oU~moyr¯k2}@Î4t«mR~%kR}
k2lnRmoypsvyr Î,kR}±Ê@t9xUzÊxKvk2} vyp{k|vqt^F%psvy\mz6vkoyt;k2lnpnxUvyp{Î¯kRÎ^Î4mRz}vqps}m2~Lvy\t9k2Êm|Rt  rut,} vqpsm}\t^F6t,vyt^Î4vymo
$t #t^Î4vqx^ ê Tzx^Ç\ÈPpnRpÞTpnr \l{k.Æ6xLku psvqkRl$oymlstÇ\k2}9kxLÊ@t^t,}Lk2oqrlnÆ«?t,l{Î4mrt;¬ÊTÆ¯vq\tzxyt,o×Î,mRrurYz\}pÛvKÆ
?mRoqln6%p{6t?ç®t¨-t ,Tt^Î4vÖpsv×vym¬Ê@tzxUt;9~mRoPvy\tYxypnrYz\l{k|vqpsm}m2~ Ê@mRvyvq\t¨|k2oqpnmRzxLvqt^xUv  Ê@t;k2r \oqm2vymRvKÆT@t;x
k2}@¬~zlsl  \t4vyt;ÎIvqmRo×6t;xUpnR}x^
ë§xUzrr¯kRoyÆm2~$oqt^Î4t^} v oyt;xUzlÛvx ~oymr¹vq\tÖkRÊ@m|t×kRÎ4vypn psvypnt^xºÎ,kR}¯Ê@tP~mRz\}upn}¯vq\t  oyt;xUt^}vk|vqpsm}x r¯kR6tPÊ Ævyt
\oym Kt^Î4v?lnt^k6t,o;Ç6mR}9Ê@t^k2ls~ m2~Dvy\t à Ð é |à Ðyj?ëPÈ*È8oymz\ÑÇ\k|vLvq\tÐKÌ(j?È  ÿ rut,t,vypn}\«k|v  k2oqp{x, Ù ,Ü
ë×rumR}\¬vy\trut,rÊ@t^oqxÖm2~ mz\o*RoqmRz\?t@k.RtYk6t 1 zk2vytY-t ,6@t^oypnt,}Î,tYpn}CÎ^k2lnmRoqpsrut4vqt,o*k2o6Lk2oqtRÇ@t,lnt^ÎIvqoym}\p{Î,x^Ç
oyt;Î4mR}@xKvqoyzÎ4vypnmR}¥xUmR~vK?kRoytÇ?kR}k2lnRmoypsvyr 6t,t,lnmR\rut^}v;eçCtkR} vyp{Î4pnk|vqtÎ4lnmxytÎ4mRlnl{k2ÊmRok|vypnmR} %psvy§mRvy\t^o
RoqmRz\x %psvy«xypnrpnl{k2opn} vyt,oqt^xUvqx^ ëPÎIvqpst×lnps}\É6x k.Rt%Êt,t^}¯t^xUvqk2Êlsp{xUt^u%psvy«ë à ÌÇTÞ6Ì¿ëPjÖÇ â à ëPÌ Ç È*ìºÞ äÇkR}
xUt^Rt,ok2lz\}\pnRt,oxypÛvKÆuRoqmRzxpn}Î4lnz6pn}\vy\t¨j?ëPÌ¿Ðyj?ì rut,rÊ@t^oLps}xUvypsvyz\vypnmR}x^ çCt*k.RtÖ\oqmT\zÎ4t;$Ç%psvyRoqmRz\@x
kRÎ4oqmxqxJvq\t¬?mRoqln±kxYxyps}k|vqmRoqpst;x,Ç koyt^lspnrups}kRoyÆ Uoqt 1 z\pnoqt,rut,} vqx6m6Î4z\rut^}v "~mRovytxypsrz\lnk2vypnmR}!xym2~vKLk2oqt
xUz\psvyt*~moLvy\tÐKÌ j§6t,vyt;ÎIvymo ý x  Ù þ Ü
 

þ
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ê \t*xUvyt;kR6Æu\oqmRoyt;xyxvyk2v??t*k.Rt*kRÎ\pnt,t^«xym¨~<kRoºkx?Ê@t^t,}¬r¯k6tÖmxqxypsÊ\lnt*Ê Æu~z}6pn}\oqt^Î,t,pnRt;¯oyt;Î4t^pst^
~mRoÖvy\p{x*\z\oq@m xUtu6z\oqps}¬vq\t@kRxUv  %@xyÎ^k2l ÆRt;k2ox%~oqmRr È .*ìkR} à Þ6â?Ç$ps}FkR\\pÛvqpsm}vymRt^}\t,oqmRzx^ÇÊ\z6vlnt^xqx
xUt^Î,p %@ÎRÇ ~z\}6pn}\~oymr vq\tÈPt^k2oyvyrut,} vm2~Pì \zÎ,k2vypnmR}ÑÐH} âDä í   í ?t¬oqt^Î,t,pnRt^  ÿ  ~oqmRr vyt9È .*ì
z\}6t^oÖpsvqxJëP\.kR}Î4t;ÈÖt4vqt^ÎIvqmRoÏ%t;xUt;k2oÎ\oymRok2rJë×}t-,6\lsmoqk2vymoyÆ9Rok2} vPmR~ þ  ÿ QLkRx*k.Lk2o6t^ÊTÆvyt
à Þ6â!ps}~mRlnlsm|%pn}\ÆRt;k2o; â(pn}k2lnlnÆRÇ6l{kRxUvLÆt^kRo ý âDä í   ?tJºt^oytk.Lk2o6t^ ÿ e~mRoLmRzo×xUpnrYz\l{k|vqpsm}9xym2~vKLk2oqt
k2}9k2lnRmoypsvy\r \t,Rt^lsm\rut,} v×kRÎ4vypn psvypnt^x^
ëPÎIvqpsTpsvypnt^x¬mRz6vqlspn}\t^¥pn}¥vypnx¬\oym@m xykRl×k2oqtxUÆT}\t^oypnxUvyp{Î9%pÛvqvyt\oqmRmxqk2l{x~mRo«kRoq\?kRoyt\oqm2vqm2vKÆT\pn}\Fm2~
6p #t,oqt,} vÖvyt^Î}\mRlnmRÆ9Î\mpnÎ,t^x^×ç®t%pnlsl Î4m} vypn} zt¨vymoyt^r¯k2pn}ps}CÎ4lnmxytYÎ4m}vkRÎ4vÖ%psvyvq\tYoymz\xPps}TRmlst^pn}
k2o6Lk2oqtÖ6t^Rt,lnmRrt^} v?~moLvy\t¨ìLj?k2lÑkR}«vq\t  j?kRl
 Z\`]<X<]<a^]g [ *À$¾D]  !g cauZ\c(¼ ua Dg h  g [;b¾¿h|`RgT[
ê \t?~z\}6pn}\Joyt 1 z\t^xUvyt;¨\t^oytL%pnlsl6Êt%k2z\rt^} vyt^YÊTÆvy\t?~mlslnm|%ps}*xyz\\mRoyv^Ç|vqm2vk2lnps}\Jk2\oym ,6pnr¯k|vyt^lsÆ ÿ  uÇ
~oymr m2vq\t,o×xymRz\oÎ4t;x,w
ý k à Ð é |à Ðyj?ëPÈ*È8t,oxUm}\}\t,l0Ç
ý Ê ë à Ì  Þ6Ì¿ëPj§@t^oqxymR}}\t,l0Ç
ý Î jºmRru\z\vypn}\¯k2o6Lk2oqtÖkR}xUz\@moUv%\oqm|Tpn6t;¬ÊTÆ à Ðyj?ëPÈ*ÈYÇ
ý     j ºé ât,oqrupsl{k2ÊFÌÑpn}T&z ,~<k2oqr ý oyz\}FÊTÆ à Ð é @t^oqxymR}\}t,l  ê \t^xyturukÎ\pn}\t^xkRoytoyt^lnk2vypnRt^lsÆmln$ÇD%pÛvq
t,o  j ºé  Î,k2@kRÎ4psvKÆ¯oqmRz\\lsÆ«k %\~vqm2~Dvy\m xUtJoqt 1 z\t^xUvyt;¬pn}9vy\p{x%\oqmRmxqk2l0

  Z\`2a;] Ñ]a;]<gT[uZ\c(¼¼DgTX<] @g h|Z6Ý X<gT[

ÈPz\oqpn}\Lvy\t:%oxKv¿Æt^kRo$ºt%pnlnlÎ4m}Î4t^} vyok|vyt m}*vKºm%vq\pn}\x^Dâ(pnoqxUv^Ç.6t^xypnR}¨k2}@6t,t,lnmR\rut,} vÑmR~T?t,lnl  xUvyoqzÎIvqz\oqt^
 â6ëPxÖvqk|vÎ,kR}Êtt;kRxypslnÆmRoyvyt^CkRÎ,oym xyxÖ6t4vqt^ÎIvqmRo6t;xUpnR}®6t4vk2pnlnx^ÇÑkRxJ6t;xyÎ,oypnÊ@t;Êt4~moytYÄ?m2vyFk2}@k2lnmR¬kR}
6pspÛvk2lTRt^oqxypnmR}x ý ~mRo(vq\tLkR6oqmR}pnÎºxUt;ÎIvypnmR} mR~vyt?kRlsmRoqpÛvq\r¯x,Ç.%\p{Îpst t^}Î4mz\oqkRRpn}\×\oqt,lnpnrpn}kRoyÆoqt^xyz\lsvqx^Ç
%pslnlRÊt ~z\oyvy\t^o¿pn}TRt^xUvypnk2vyt;*kR}*mR6vqpsrupnÅ,t;$ Þ6t^Î4m}$Ç.Î4mrlst,vypnmR}m2~Tvq\t ÈÖpsp{ÞTpnrekRÎÉ|kRRt xUmLvq\t kRlsmRoqpÛvq\r¯x
Î,k2} Ê@tvyz}\t^ mR} ps}\z6v¯vyk2vuÎ,lsm xUt^lsÆ±oqt^xyt,rÊ\lnt^xoyt;k2lL\k|vk\!Ä?t^kRr vyt;xKvu%pslnl%\oqm|Tpn6t9k2} mR\mRoyvyz\}pÛvKÆFvqm
z\}6t^oqxUvqkR}¬}m2v%mR}\lnÆ«vq\t¨6t,vyt^Î4vymo%k2o6Lk2oqtRÇ Ê\z6v%vyt¨xUpnrYz\l{k|vqpsm}9kR}9oyt;Î4m}xKvqoyz@ÎIvypnmR}9xUmR~vK?kRoytJkRxL?t,lnl0
ê \t %oqxUv¯ÆRt;k2ou6t,lnpst,ok2Ê\lnt9%pslnl%Ê@tk %oxUvt,oxUpnmR} m2~*kFÎ,lnkxyxm2~*k2oyvyp{Î4lnt ! m| kRlsmRoqpÛvq\r¯xÊ@kRxyt^ mR} ~zlsl
xUpnrYz\l{k|vqpsm}k2}@oqt^Î,mR}xUvyoqzÎIvqpsm}m2~ vy\t¯Î,kRlsmoypnrut4vqt,oJk2}vy\tvyokRÎÉTpn}\xyÆ6xKvqt,r¨ÐH}FkR\\pÛvqpsm}ÑÇvy\t¯xUvqkR}\k2o
ÃJì ë àÖê   ÊkRxyt^Fxypsrz\l{k|vypnmR}®~<kÎ4pnlspsvKÆ ý ~<k2oqr *xUt^oyt,o %pslnl Êtk.|k2pnl{k2Ê\lntu~mRoYvymvq\t«t,} vqpsoqt«ÐKÌ(jQÎ,mRrurYz\}pÛvKÆ
vy\oqmRz\k*?t,Ê  ÊkRxyt^oqt 1 z\t^xUv(~mRoqr9 Ù |Ü ë×l{xymÇ|vq\t ê ÄLÍmRÉTÉ|kÖxypnrYz\l{k|vqmRo %pnlsl6Ê/t %}kRlspnÅ,t;6zoypn}\*vy\p{x t,oqpsm6$
  Z\`2a;] Ñ]a;]<gT[uZ\c(¼¼DgTX<] @g h|Z6Ý X<gT[
ë×kRoUv?~oymr $t ,Tvyt^}xUpnRtÖvyz}\ps}mR~Ñvyt*kRlsmRoqpÛvq\r¯x,Ç6Î4mru\oyt^\t,}@xUpnRtPxUvyz@6pst;xLm2~DÎ,oypsvyp{Î,kRl\TÆTxyp{Î,xº\oym6Î,t^xqxUt;x %pnlsl
k.Rt?vymÊtPÎ^k2oqoypnt^mRz6vpn}¯mRo6t^o vymz\}\t,oxKvk2}vyt%psrukÎIv mR~@vq\tPÎ,kRlsmoypnrut4vqt,o t,oy~mRoqrukR}Î4tLm}vq\t×\TÆ6xypnÎ^x
\oymRok2r m2~(vyt¨ÌÑpn}\t^kRoÖjºmRlnlsp{6t,o; ê \t;xUt¨xUvyz\pst;x%%pslnlÑt^rlsm|Æ«Êm2vq9vy\tYkR}k2lnmRuk2}@6pnRpsvqkRlÑRt^oqxypnmR}x?m2~ mRzo
 â6ëPx^ ê \tYxyt^Î4m}ÆRt;k2o×6t^lspnRt^oqkRÊ\lnt^x%%pnlslDÊ@t¨~z\oUvq\t,o*6t,t,lnmR\rut^}vÖm2~  â6ë  ÊkxUt; Kt,v  oyt;Î4m}xKvqoyz@ÎIvypnmR}kR}
k¯6t4vk2pnlst;kRxqxUt;xyxyrut,} v×m2~ \TÆ6xUp{Î,x×oyt;kRÎ6xPÎ,kRlsmoypnrut4vqt,o%t,oy~mRoqrukR}Î4tJ~mo×vq\t¨ÐKÌ(j©%psvyk«Î,lst;k2oPxUvqk2vyt^rt^} v
mR}vy\t¨6t;xUpnok2Ê\pnlspsvKÆ¯m2~ ku6pnRpsvqk2l¿mRo%k2}kRlsmm6vypnmR}~mRoLvq\tk6oym}\p{Î*Î^k2lnmRoqpsrut,vyt,o;
  Z\`2a;] Ñ]a;]<gT[uZ\c(¼¼DgTX<] @g h|Z6Ý X<gT[
ÐH}¬vq\t*vy\pnoqÆRt;k2o?ºtJ%pnlsl$t^rYÊkRoyÉum}¬vq\t6t,t,lnmR\rut,} vLm2~(k2ok2rut4vqt,oqpsÅ^t^xUpnrYz\l{k|vqpsm}x?m2~Ñvq\tkRoUvqpnÎ,lst   m|
k2lnRmRoqpsvy\r¯x^ ê \tvyt;Î\}\mRlnmRÆ®kR} t,mrt,vyoqÆ®kRoyt$t ,6t^ÎIvqt^ vym®k.Rt«Êt,t^} }@k2oqoym|?t^F6m|%} ÊTÆFvqk|vvypnrut
xUt,vUvypn}\vq\t¬xUvqk2tu~mRoYxyzÎ±kRoqkRrut4vyoqpnÅ,t^~<kRxUvxypsrz\l{k|vypnmR}®~mo¨$t ,Tvyt^}xypst¯\TÆTxyp{Î,x¨xUvyz\pst;x,Ä?Ævq\t«t,}@Fm2~
vy\t¯vq\pnoq±Æt^kRoºt«-t ,6@t;ÎIvYvqm\oqm66zÎ4tÇ ps} Î,mRlnlnkRÊ@moqk2vypnmR}®%pÛvq m2vq\t,oRoqmRz\x^ÇDk~<kRxUvxUpnrYzlnk2vypnmR}±\oqmRoqkRr
ÊkRxyt^¬mR}  â6ëPx^ ÐH}kR\6psvypnmR}¿Ç6$t ,Tvyt^}xUpnRtJÊt,}ÎrukRoyÉTpn}\m2~(Î,oypsvyp{Î,kRl$\TÆ6xUp{Î,x?\oqm6Î4t^xqxyt^x^ÇTkx?ºt^lslÑkxLt,Rmlsz\vypnmR}
m2~D@k|vUvqt,oq}  oyt;Î4mR}\psvypnmR}kR}oyt;Î4mR}@xKvqoyzÎ4vypnmR}9k2lnRmRoqpsvy\r¯xL%pnlslÑÎ,mR} vypn}Tz\tR

611

¾(¼DÁg aLî;¾([,a;]_ `RZ6a;]<bc
ê \ t %oxUvÖÆRt;k2o xÖkRÎ4vypn psvypnt^xÖoqt,Rmlst¨k2oqmRz\}@vy\t6t,t,lnmR\rut^}v*m2~ @k2oyvyp{Î4lnt ! m| kRlsmRoqpÛvq\r¯xPkR}xypsrz\l{k|vypnmR}¿
ê \pnxº%pnlslpn} mRlnRt à Ðyj?ëPÈ*È xUvqk #rut,rÊ@t^oqx ý }m2vLps}Î,lsz@6t^ps}¬vy\t*Ê\z\Rt4v%xy\m|%}«\t^oyt Ç6k2} Ú   â ê ì mxUv 
6m6ÎIvymoqkRlkRxqxymTÎ,pnk2vyt*.Ö6vqpsrupnÅ^k2vypnmR}¬kR}¯6t4vk2pnlst;¯t,oy~mRoqrukR}Î4tÖxKvqz6pnt^xºm2~$vytÖk2lnRmoypsvyrQ%pnlslÊt*Î^k2oqoypnt^mRz\v
ps}vq\txyt^Î,mR}9ÆRt;k2o×ÊTÆ Ú   â ê ìRokR6z@k|vyt¨xUvyz@6t,} vÖkR} Ú   â ê ì@m xKv  \mTÎ¨%pÛvqkR\\pÛvqpsm}k2l¿xyz\\mRoyv×~oqmRr
à Ðyj?ëPÈ*È©xUvqk #( ÈÖz\oypn}\Jvq\t%vypsoÆRt^kRo^Ç2vy\t×6t^Rt^lsm\rut,} vm2~k2ok2rut,vyt,oqpnÅ,t^xUpnrYzlnk2vypnmR}x %pnlsl@Ê@t×xyz\\mRoyvyt;
Ê Æ Ú   â ê ì @m xKv  \mTÎRÇ?vymRt4vq\t,o«%psvy Ú   â ê ì oqk6zk2vytxUvyz6t^} vqx^8jºmrurYz\}\p{Î,k2vypnmR}¥m2~\oqmRoyt;xyxukR}
t$,\Îk2}RtPmR~Dp{6t^kx?vy\oqmRzR9ps} vyt^oy}@k|vypnmR}@k2lºmoyÉ6xy\mR@xºkR}Î,mR}6~t^oyt^}Î4t;x?%pslnl$Ê@t¨Î,oyz@Î4p{k2l~mRo%mz\oLt,}6t;k.Rmo vqm
k.Rtuk¬lsmÊk2l pnrukRÎ4v^uçCt¯t;xKvqpsr¯k2vyt~mRz\o¨\mRrut^xUvyp{Îvyoqpsxk2v Ú  ÿ  t;kRÎFk2}vK?mpn} vyt,oq}k2vypnmR}kRlDvqoypnxk2v
í    t;kRÎ¬6zoypn}\¨vq\t %oqxUvLÆRt^kRo^Ç k2} Ú  ÿ vqpsrut^xLkx r¯k2}TÆupn}«vytJxyt^Î,mR}¬k2}uvq\pnoq¬ÆRt^kRoqx^ ê \tÖt 1 z\psrt^} v
Î4mxUv¬kRÎ^Î4mz\} vqxu~mo¬k í   j ºé ÌÑpn} <z , rupn}\p  ~<k2oqr %lntxyt,oqRt^o¯%\pnÎ%pnlnlPÊt}\t^t^6t;¥ps}t;k2oqlsÆ â¿ä  vqm
k2z\rt^} vYvyt9kRlslnm6Î,k|vqpsm}±~oqmRr â\t^oyrupnlnkRÊÑÇ kRxYvytxypnrYz\l{k|vqpsm}!xUt^oyTp{Î4tt,} vyt^oqxkxyt,oqpsmzx\oym66z@ÎIvypnmR} \kxUt
ê \pnx%k\6psvypnmR}kRlÑÎ,kRkRÎ,pÛvKÆ«%pnlnl$k.Rt*vymuÊt¨6mRzÊ\lst;vym|Lk2o¯vytt,}9m2~ âDä í   
â\oqps}\tPÊt,}\-t %\vqx?vqmt,oxymR}\}\t^lk2v à Ð é  x?rukR}\k2vyt^¬oqk2vyt*m2~ ÿí  m2~(xykRlnkRoyÆÇ kR}«pn}6pnoyt;ÎIv%Î4m xKvxºk2vºvq\tÖm #  xypÛvqt
oqk2vytYmR~ í  ý pn}xKvqt^km2~ vy\tzxyzk2l  ÿ  Çxypn}Î4tvy\toqt 1 z\t^xUvyt;t,oxUm}\}\t,l(%pnlsl ?mRoqÉpn}m «Î4t^xJk2v*â\t^oyrupnlnkRÊ
k2lnlsm6Î,k2vyt;¬xy@t;Î4p %@Î,kRlslnÆ«~mo%ÐKÌ(jÏ QÈ k2oqtÖpn}Î,lsz\t^pn}¬vq\toyt 1 z\t^xUvyt;kRrmz\} v^
 ¿h|gTg g Z\h¬Ý ¾D¼(Á@g a (]c a DgTc g Z\h 
ÐGvqt,r
âDä í  ÿ â¿ä í   âDä í   ê m2vk2l
 Ú 
 í í
  ÿ
m xKv  6m6Î4vymRok2lëPxqxUm6Î,pnk2vyt^x
Ú;í  
 í þ


þ
Ã*okR\zk|vqtÞTvyz6t^} vqx


í6Ú
í6Ú




}é 6t^oyoqk6zk|vqtJÞTvyz6t^} vqx



ê m2vk2l¿Þ6kRlnkRoypnt^xLkR}¬çFk2t^x
Ú
 í
ÿ Ú Ú 
â\oqps}\tÄºt^}\$t %vqx
í   þ
í  ÿ
íRÿ  í
  ÿ
þ ÿ ÿ
  
ê mRvqkRl¿Þ6k2l{k2oqpst;x,ÇTçFk2t^x%k2}@âoypn}\RtÄ?t,}$t %\vx
í 
í  þ  ÿ

þ  
ì 1 zps\rut^}v
íRÿ  
í   
 Ú 
ê ok.Rt,l
Ú  
Ú;ÿ  
Ú;ÿ 




.Pvy\t^o×6pnoyt;ÎIvPÎ4m xKvx
ê m2vqkRlÑ6pnoyt;ÎIv×Î4m xKvx
  þ
Ú;í þ  Ú
Ú.í  í í  Ú
ÐH}6pnoyt;ÎIvPÎ4m xKvx ý í  mR~D}\m}  t 1 z\psrt^} v
Ú 
í þ
í
  þ
  í
ê m2vk2lÑ6pnoqt^ÎIv×kR}9ps}\psoqt^Î4v%Î,mxUvqx
Ú;ÿ  
Ú.ÿ  þ   ÿ 
    

ÙsÚ4Ü¨ê \t à Ðyj?ëÖÈÖÈ ?t,Ê k2tRÇ \oqt^xyt,} vqk2vypnmR}x^Ç \mTÎ,z\rut,} vqx^w ñ  2õ$òRô ðTðºù0õ$ò ?ù ð $ Rk }
ñ  2õ$òRô ðTðºù0õò Lù ð Tô$.ñTø2ð Ç
Ù í.Ü ñ   ûTø ?ùò;õùH÷÷Tø RôTøò ùñ|ó$ø Ç
Ù |Ü ñ   2õ$òRô ðTðºù0õò Lù ð  4 ;ó ø.ðTòIó Ç
Ù  Ü ñ   2õ$òRô ðTðºù0õò Lù ð  4 øòóôTø|ð ú  Ç
Ù ÿ.Ü ñ   2õ$òRô ðTðºù0õò Lù ð  4 ;ó ø.ð ! ô.ó  Ç
Ù Ü ñ   2õ$òRô ðTðºù0õò Lù ð ð@ò.ú@ò TòIó  "ò^úò #\ò4ó×ùGñ|ó$ø Ç
Ù ;Ü ñ   ûTø ?ùò;õùH÷ ô\ô6ø\ò Rû2õ6úò2ø|ð$$% %$& Ç
Ù þ Ü¨ê \tJÐKÌ j6t,vyt^Î4vymo%Þ6psrz\lnk2vypnmR}Ï%t 1 z\pnoqt,rut,} vqx%\mTÎ,z\rut,} v^w ñ ÷6û RóPùyøò^õTô  RûTø ø\ò|ð ?ùKû ú  yâ\z lsl
ÞTpnrYzlnk2vypnmR}x "  qÞTpnrYz\l{k|vqpsm}9Ï×t 1 z\pnoyt^rt^} vqx%ÈÖmTÎ,z\rut,} v "
Ú
612

6.10
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(new proposal)
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Energy resolution at 1 GeV (per cent)
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6.14: Construction of a Prototype Hadronic
Calorimeter with Digital Readout
(new proposal)
Calorimetry
Contact person
José Repond
repond@hep.anl.gov
(630) 252-7554
Institution(s)
ANL
Boston University
Chicago
Fermilab
Iowa

New funds requested
FY05 request: 105,000
FY06 request: 130,000
FY07 request: 55,000
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Construction of a Prototype Hadronic
Calorimeter with Digital Readout
(LCRD)

Calorimetry

Contact person: José Repond
e-mail: repond@hep.anl.gov
phone: (630)-252-7554

Argonne National Laboratory
Boston University
University of Chicago
Fermi National Accelerator Laboratory
University of Iowa
FY 2005: $105,000
625

Project name
Construction of a Prototype Section of a Digital Hadron Calorimeter
Classification (accelerator/detector:subsystem)
Detector
Institution(s) and personnel
Argonne National Laboratory: Gary Drake (electronics engineer), Steve
Kuhlmann (staff scientist), Steve Magill (staff scientist), Brian Musgrave
(scientist emeritus), José Repond (staff scientist), Dave Underwood (staff
scientist), Barry Wicklund (staff scientist), Lei Xia (postdoctoral research
associate)
Boston University: John Butler (professor), Meenakshi Narain (professor)
University of Chicago: Mark Oreglia (professor)
Fermilab: James Hoff (electronics engineer), Abderrezak Mekkaoui
(electronics engineer), Ray Yarema (electronics engineer)
University of Iowa: Edwin Norbeck (professor), Yasar Onel (professor)
Contact person
José Repond
repond@hep.anl.gov
(630)-252-7554

Project overview
We propose to construct a 1 m3 prototype section of a digital hadron calorimeter. The
section will consist of 40 steel plates, each 20 mm thick, interleaved with Resistive Plate
Chambers (RPCs) as the active medium. The segmentation of the readout will be
extremely fine, 1 cm2 laterally and layer-by-layer longitudinally. The electronic readout
will be reduced to a single bit per readout channel. This novel idea of a so-called digital
hadron calorimeter (DHCAL) will be tested thoroughly in test beams at Fermilab. The
tests will be either in stand-alone mode or together with a prototype of the
626

electromagnetic calorimeter placed in front of the DHCAL. The proposed technology of a
digital hadron calorimeter with RPCs is equally applicable to all three International
Linear Collider detector design efforts, namely the SiD, the Large, and the Huge
detectors.
The purpose of constructing a prototype section and subsequent tests in particle beams
are:
-

-

-

-

-

-

Test of a calorimeter with RPCs: even though RPCs have been employed in a
large number of HEP experiments, to date no calorimeter with RPCs as active
medium has been built and tested. Our tests will validate the use of RPCs in
calorimetry.
Tests of the novel idea of a DHCAL: in simulation studies of a DHCAL the
resolution obtained for hadrons is comparable to the results obtained with analog
readout. Experimental verification of this and validation of the concept of a
DHCAL is needed.
Study of design parameters: measurements with different configurations of the
prototype section will provide a better understanding of the dependence of the
response to the various design parameters, such as the choice of absorber, the size
of the active gap, the segmentation of the readout, etc.
Measurement of hadronic showers: traditional calorimeters measure energy
with a coarse segmentation, thus integrating over large volumes. Our DHCAL
prototype section will measure hadronic showers with unprecedented spatial
resolution, thus providing very detailed information on hadronic showers.
Validation of Monte Carlo simulation of hadronic showers: the measurements
obtained in a particle beam will be essential to validate the Monte Carlo
simulation of hadronic showers. To date differences of up to 60% are observed
when comparing the results on shower shapes based on different MC models of
the hadronic shower. The design of a detector for the International Linear Collider
is driven by the application of Particle Flow Algorithms for the measurement of
hadronic jets. A realistic simulation of hadronic showers is a prerequisite for the
development of a reliable design of such a detector.
Comparison with an Analog Hadron Calorimeter: Currently the CALICE
collaboration is assembling a prototype section of a hadron calorimeter using
scintillator tiles and analog readout. The lateral size of the tiles is about a factor of
10 larger than the readout pads of the DHCAL.

The present proposal is a follow-up on last year’s proposal. The current overall status of
the project is briefly summarized here:
-

R&D concerning the RPCs is essentially complete. A design to be used for the
prototype section has been developed.
A concept for the electronic readout system has been proposed. The cost of the
readout is approximately $1.4/readout channel.
The front-end of the electronic readout is based on a custom ASIC. The design of
the ASIC, contributed by Fermilab, is nearly complete.
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-

The mechanical structure, consisting of a movable table and the absorber plates,
has been designed and is currently being assembled at DESY.
A detailed document outlining the special needs for test beams has been submitted
to the Fermilab directorate.

Achievements in previous years
Our project was initiated in 2002. In the following we shall briefly highlight the major
achievements since then:
1)

2)
3)
4)

5)

6)

7)
8)
9)

10)

We have constructed ten chambers using as resistive plates glass of 0.85 and 1.10
mm thickness. The chambers feature either one or two gas gaps and have
resistive paint layers with surface resistivity varying between ~100 kΩ and ~50
MΩ. The designs of the chambers vary significantly, with some chambers
featuring only one glass plate, others having only one or no resistive layers. The
active area of the chambers is approximately 20x20 cm2. A larger chamber with
an area of 30 x 90 cm2 has also been built.
The electronic signal induced on the pick-up pad(s) has been characterized with
respect to its timing characteristics and charge using a high resolution digital
oscilloscope.
A cosmic ray test stand was built.
The chambers were tested extensively with a single readout pad of 17 x 17 cm2.
The signals were measured with an ADC and also shaped, amplified,
discriminated and counted. The chambers were found to be very quiet (the noise
rate is about 50 Hz) and highly efficient (>95%) in both avalanche and streamer
mode.
The chambers were tested using different gas mixtures. For each mixture the
overall efficiency and the fraction of streamers was determined as a function of
applied high voltage. A default mixture for running in avalanche mode was
established.
The efficiency as a function of position on the chamber was measured at the
University of Chicago. As expected, the efficiency showed a dip at the location of
the spacers holding the glass plates apart. The loss of efficiency is consistent with
being limited to the area of the spacers.
A high voltage system based on the Cockcroft-Walton technology has been
developed. First prototypes of the HV system have been tested with our prototype
chambers and they performed satisfactorily.
The mechanical properties of the glass were measured to establish the bending
due to gas pressure and the electric force.
A VME based multi-channel readout system has been designed, fabricated and
assembled. The software for the data acquisition has been written and the system
has been commissioned to take either triggered cosmic ray data or untriggered
events for noise measurements.
The chambers were read out with 64 pads, each of 1 cm2. The signals were
analyzed with an ADC system. The lateral distribution of the induced charge
around the pad hit was measured.
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11)
12)
13)

14)
15)

16)
17)
18)

The hit multiplicity as a function of particle detection efficiency (adjustment of
the discriminator threshold) was measured for several chambers based on
different designs and as a function of applied HV.
Lower limits on the rate capability of the chambers were measured as a function
of applied high voltage using a radioactive source, providing the rate, together
with cosmic rays for the efficiency measurement.
A conceptual design of the readout system for a 1 m3 prototype section has been
developed. The system is based on a front-end ASIC and contains a data
concentrator, a data collector, and a timing and trigger system. Preliminary costs
for the various subsystems of the electronic readout have been estimated. The
design accommodates both RPCs and Gas Electronic Multipliers (or GEMs) as
active detectors. The latter are currently being investigated by the University of
Texas at Arlington.
The design of the front-end ASIC has been specified in a detailed document. The
engineering of the chip has been started and is being provided by Fermilab. The
digital part of the chip is complete.
The response of the 1 m3 prototype to single particles of various energies has been
simulated using the GEANT4 package. Comparison of the response to electrons
and pions using scintillator or RPCs as active medium showed that both
electromagnetic and hadronic showers appear narrower when using RPCs. The
reasons for this different behavior have been established. The narrower showers
constitute a clear advantage for the application of Particle Flow Algorithms.
In collaboration with other institutions developing calorimeter prototypes for the
ILC, a technical note detailing the needs for test beams has been drafted and
submitted to Fermilab.
Progress with our R&D activities has been presented at meetings of the Linear
Collider community and also at conferences dedicated to detector developments.
A digital hadron calorimeter with RPCs as active medium has been chosen as the
default option for the SiD detector design effort.

Description of project activities in the following years
For FY2005 we plan the following activities:
1) We will construct additional large chambers with dimensions matched to the
planned prototype section.
2) We will test the performance of these chambers, in particular the uniformity of the
response.
3) We will develop a design for the 1 m3 prototype section and start constructing the
first chambers.
4) We will design and prototype the front-end boards containing the readout pad and
the front-end ASIC.
5) We will complete the design of the ASIC and submit the design for a prototype
run.
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6) We will measure the performance of the prototype ASIC in great detail using
specially designed test fixtures.
7) We will design and prototype the data concentrator boards.
8) We will design and prototype the VME based data collector system.
9) We will design and prototype the timing and trigger system.
10) We will design and prototype the high voltage distribution system
11) We will develop a gas distribution system.
For FY2006 we plan the following activities. These activities will in part be supported by
a separate MRI proposal submitted to the NSF. The dollar amounts are quoted excluding
contingencies:
1) We will build the RPCs for the prototype section. We foresee building 120
chambers plus of the order of 10 spares.
2) We will build the electronic readout system for the prototype section including the
front-end ASICs ($225k), the front-end readout boards ($50k), the data
concentrator boards containing FPGAs($85k), and 40 VME cards ($60k) for data
collection.
3) We will purchase low voltage power supplies ($50k), optical fibers and other
transmission cables ($5k) and 2 VME crates with power supplies ($15k
4) We will build or purchase the High Voltage and gas distribution systems.
The following activities are planned for FY2007:
1)
2)
3)
4)

Transportation of the chambers to the Fermilab test beam.
Assembly of the prototype section.
Testing with particle beams.
Detailed Monte Carlo simulation of the response of the prototype section to single
particles.
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Responsibilities as currently assigned
Argonne National Laboratory

Construction of chambers
Overall electronic system design
Test fixtures for front-end ASIC
VME based data collector system
Transportation of RPCs to test beam
VME based data collector system
Data concentrator boards
Front-end ASICs
Front-end readout boards
High voltage distribution system
Gas distribution system
Timing and triggering system
Data acquisition and VME programming

Boston
Chicago
FNAL
Iowa
UTA*
Washington*
*

not part of this proposal

Engineering and technical effort during FY2005
Engineering and technical support will be needed for the following tasks:
1. The design and construction of chambers for the prototype section.
2. The design and prototyping of the readout system for the prototype section,
including the development of the front-end ASIC (provided by Fermilab), the
design of the front-end board (located on the RPCs), the data concentrators and
the data collector systems.
3. The design and fabrication of test fixtures for the prototype ASICs.

Current and Pending Support
The following concerns the Argonne Linear Collider Detector R&D group only. The
funds are being used to support one postdoctoral research assistant, the design efforts
(engineers) and the prototyping of parts of the electronic readout system.
Current
Project:
Funding agency:
Program:
Status:
Duration:
Amount:

Precision Measurements of Hadronic Showers
Argonne National Laboratory
Laboratory Directed Research and Development (LDRD)
Awarded
One year
$181,500
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The following concerns the Argonne Linear Collider Detector R&D group only. The
funds are being requested for the front-end electronics of the prototype section. The
proposal is being submitted jointly with the University of Oregon and the University of
Texas at Arlington.
Pending
Project:
Funding agency:
Program:
Status:
Duration:
Amount:

Development of Calorimeter Prototype Modules for
International Linear Collider Test Beam Program
NSF
MRI
to be submitted
3 years
$950,000

Broader Impact
The challenges raised by the linear collider physics program promote the development of
new detector technologies. The necessary fine granularity of the hadron calorimeter
requires a novel technical approach. The proposed digital hadron calorimeter with
Resistive Plate Chambers as active medium fulfills the physics criteria, but has never
been built and tested before.
These technological challenges require close collaboration between industries,
universities and national laboratories. The project involves a number of graduate and
undergraduate students associated with the universities participating in this proposal. At
Argonne the project will attract participation from high school teachers and summer
students.
The detailed measurements of the response to single particles will further the
understanding of hadronic showers and provide a unique data base for comparison with
simulation. The results from this program will be disseminated through national and
international conferences and workshops and published in peer-reviewed journals.

Facilities, Equipment and other Resources
All institutions included in this proposal have outstanding electronic engineering
capabilities and electronic design facilities. Mechanical work will be mostly done at
Argonne. The latter has a mechanical shop with many years of experience in designing
and constructing calorimeters for high energy physics experiments.
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Budget and budget justification
Institution
Argonne

Boston

Chicago
FNAL
Iowa

All
Total

Item
Summer students,
other professionals
Engineering
M&S for (prototype)
electronics
Transportation of
RPCs to testbeam
Students, other
professionals
Engineering
M&S for (prototype)
electronics
Engineering
M&S for (prototype)
electronics
Engineering
Students, other
professionals
Engineering
M&S for HV and gas
system
Travel

FY2005

30,000

FY2006
Supported
from
base funds
40,000

FY2007

20,000
5,000

5,000

5,000

5,000
15,000

5,000
20,000

5,000

5,000
15,000

5,000
20,000

5,000

5,000

Funded elsewhere
5,000

5,000

5,000
15,000

5,000
20,000

5,000

5,000
105,000

5,000
130,000

10,000
55,000
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6.16: Dual-Readout Calorimetry for the ILC
(new proposal)
Calorimetry
Contact person
Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Institution(s)
U.C. San Diego
Iowa State
Texas Tech

New funds requested
FY05 request: 50,000
FY06 request: 120,000
FY07 request: 80,000

6.16

634

Dual-Readout Calorimetry for the ILC
Classiﬁcation (subsystem)
Calorimeter
Personnel and Institution(s) requesting funding
Texas Tech University: N. Akchurin, H. Kim and R. Wigmans
University of California at San Diego: H.P. Paar
Iowa State University: J. Hauptman and J. Lamsa
Collaborators
A. Penzo (INFN Trieste, Italy)
Collaborating personnel will work on the project but are not requesting funding here.
Project Leader
Dr. Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Project Overview
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 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 π 0 s 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.
The results of our work so far, details of which are given in the section “Results of Prior
Research” demonstrate that the complementary information from dE/dx and from the production of Čerenkov light in the same showers provides a very powerful tool for improving
hadronic calorimeter performance. In the proposed project, we would like to study how this
principle could be optimally applied in a practical 4π detector for an experiment at the ILC.
We want to concentrate on two aspects:
1. The electromagnetic section
2. The readout

1
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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.
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 dopants and doping techniques.
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.
The readout
The ﬁber-based DREAM calorimeter could in principle form an excellent and cost-eﬀective
solution for the hadronic section of a calorimeter system for a Linear Collider experiment.
However, 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 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 were developed a few years ago by a group from the Moscow Engineering and
Physics Institute, in collaboration with the ”Pulsar Enterprise” and the Lebedev Physical
Institute. They consist of many (approximately 1000 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 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. The signals from the pixels are readout 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
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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.
Published tests (B. Dolgoshein et al., Int. Conf. on New Developments in Photodetection,
Beaune, France, June 2002) 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 stability under temperature and voltage variations. Their dynamic range
(∼ 1000) is more limited than for PMTs but adequate for our purposes.
Also for this part of the project, we foresee a three-year program. UCSD will be the lead
institution for this part. In Year 1, we will investigate SiPM’s properties using light sources.
Especially spatial uniformity of response, linearity, spectral respsonse, and stability under
voltage and temperature variations are of interest. In parallel and as a possible alternative,
we will investigate standard multi-anode PMTs. In Year 2, we will build a small version of
the DREAM calorimeter, using existing spare material from the existing project, and equip
it with the readout chosen on the basis of the Year 1 R&D. In Year 3, this calorimeter will
be tested in high-energy particle beams at CERN or Fermilab.
Broader Impact
This proposal, if funded, will contribute to the knowledge base in our respective Physics Departments. The beneﬁciaries of that will be postdocs, graduate students, and undergraduate
students participating in the research funded in this proposal.
One of us (Hans P. Paar) is co-director of NSF’s REU (Research Experience for Undergraduates) program located in UCSD’s Physics Department. Through this program, we will recruit
undergraduates, generally from disadvantaged backgrounds, to participate in our research program. This includes taking them with us to an accelerator laboratory such as FermiLab or
CERN where they can experience ﬁrst hand the atmosphere of forefront research.
As in the case of the DREAM project, we will involve TTU Quarknet treachers and their
highschool students in construction, tests and analyses, where possible.
Faculty will recruit junior and senior undergraduates to participate in our laboratory based
research. There they will use the state-of-the-art equipment to which this Grant has contributed.
Undergraduates working in our labs will often present their research at an Undergraduate
Research Conference, attended by their peers and faculty supervisors. Here they learn what
it means to stand up and present your results and answer questions ”on your feet”.
Results of Prior Research
This project, known by its acronym DREAM (Dual-REAdout Module) was started in 2001,
with a grant ($150K) received by the project leader in the context of the Advanced Research
Program of the State of Texas. In 2002, this grant was supplemented by funds from DOE’s
Advanced Detector Research program. Since then, the proponents have received a total
amount of $340K from the latter source, in four installments.
We have used these funds to construct and test a generic prototype, which was intended to
test the dual-readout principles and measure the extent to which the performance of hadron
calorimeters could be improved by making use of these principles. The detector is based
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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. The total instrumented mass is 1030 kg (depth 10 λint ),
and the 36,000 ﬁbers are read out by 38 PMT’s.
This detector was built in the Physics department of Texas Tech University and then shipped
to CERN, where it was tested with high-energy pions, electrons and muons in the H4 beam
of the Super Proton Synchrotron. CERN allocated three testbeam periods to this project,
during the summers of 2003 and 2004.
The results of these tests are described in a number of papers. Three papers have already
appeared in the scientiﬁc literature:
• N. Akchurin et al., Muon Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A533 (2004) 305–321.
• N. Akchurin et al., Electron Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A536 (2005) 29–51.
• N. Akchurin et al., Hadron and Jet Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A537 (2005) 537–561.
A fourth paper has been accepted for publication:
• N. Akchurin et al., Comparison of High-Energy Electromagnetic Shower Proﬁles Measured with Scintillation and Čerenkov Light,
Accepted for publication in Nucl. Instr. and Meth.
Two other papers are in an advanced state of preparation. The DREAM project was also
presented in two talks at the XIth International Conference on Calorimetry in High Energy
Physics (Perugia, Italy, 2004). In his summary talk, the speaker called DREAM the most
signiﬁcant new development in calorimetry in recent history. All papers can also be found at
the website of the DREAM project: http://www.phys.ttu.edu/dream/
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
calorimeter performance (Figure 1). The performance of our detector is considerably superior
to what is commonly achieved with hadron calorimeters used in particle physics experiments.
For example, high-energy (200 GeV) jets were measured with a resolution better than 4%
(Figure 1b). 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 contributions of shower leakage to the results),
the mentioned resolution could be further improved by a factor of two (Figure 1c). Similar
improvements may thus be expected for a detector with a larger instrumented mass than the
device tested in this study.
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
correct 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.
Anyone who has ever worked with a hadron calorimeter in an experiment will appreciate this
very important feature, which is illustrated in Figure 2.
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Figure 1: Scintillator signal distributions for 100 GeV π− in the DREAM calorimeter before any corrections
were made(a), after the corrections based on the observed Q/S signal ratio were applied (b) and after, in
addition, leakage ﬂuctuations were eliminated (c). See text for details.

In the second stage of this project (DREAM-2) , which was separately reviewed, approved
and funded by DOE (2003), we investigated 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 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 contained 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 were being tried on this mixture, and
the quality of the separation could be veriﬁed event by event with the “pure” signals.
In order to distinguish between the two types of light, we investigated three diﬀerent characteristics:
1. The time structure of the signals. Čerenkov light is instantaneous, while scintillation is
a process with one or more typical time constants.
2. The directionality of the light. Scintillation light is emitted isotropically, while Čerenkov
light is emitted at a characteristic angle with the direction of the superluminous shower
particle that generates it.
3. The light polarization. Unlike scintillation light, Čerenkov light is polarized.
A fourth characteristic, the spectral distribution, was not investigated so far, because we did
not see an easily applicable method to exploit diﬀerences between the spectra of the two types
of light generated by this type of calorimeter.
5
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Figure 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.
The diﬀerence in directionality was exploited by reading the ﬁbers from both ends. The
preliminary results are very encouraging. 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 scintillation light. By measuring this ratio for mixed signals, the composition
of the light in that mixture could be determined, event by event. Also the diﬀerences in time
structure made this possible, as illustrated in Figure 3. Not surprisingly, the measurement of
the composition of a given signal was most precise when the relative numbers of scintillation
and Čerenkov photons were compatible. At the present time, we are analyzing these and
other data collected during the most recent beam tests and expect this to result in at least
one additional DREAM publication in the coming year.
Facilities, Equipment and Other Resources
The TTU HEP labs are equipped with generic NIM, CAMAC and VME electronics. Several
specialized tools were designed and manufactured for ﬁber cleaving, polishing and termination
during the DREAM project. Some funds for modiﬁcation and upgrade of this equipment are
requested.
Our computer facilities are well-equipped for Monte Carlo calculations and data analyses with
the newest versions of the common simulation packages. For bench test measurements, we
have adequate data acquisitions systems and electronics as well.
We anticipate using diﬀerent types of spectrometers for the analyses of light from a variety
of active media (scintillation and Čerenkov radiation). We may have to augment our existing spectrometers with diﬀerent gratings to gain enhanced sensitivity to various wavelength
regions.
The TTU HEP lab operates a 2-MeV electron Van de Graaﬀ that we used extensively in
the early stages of ﬁber selection for the DREAM project. We anticipate using this versatile
accelerator in the initial phases of these studies.
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Figure 3: The relationship between the measured ratio of the Čerenkov and scintillator signals from 100
GeV “jets”, and the percentage of the signal that was recorded in the tail, i.e. more than 12 ns after the start.
Preliminary results.

It is important to note that this proposal builds on a recent successful R&D program (DREAM).
This has several positive implications:
• The absorber, standard scintillating and Čerenkov (quartz and clear plastic) ﬁbers, and
photomultipliers already exist.
• The proponents of this proposal have invested many years developing new calorimeter
techniques and have been very eﬀectively working as a single team.
• The two proposals (Dual-Readout Calorimetry for ILC and Ultimate Hadron Calorimetry) we submit in this context for consideration are tightly coupled in all kinds of resources.
All of the above provide a unique and proven synergy.
FY2005 Project Activities and Deliverables
In 2005, we plan to investigate diﬀerent dopants and doping techniques. A small number
of doped lead glass blocks will be produced and tested, with the electron Van de Graaﬀ
accelerator at TTU. We will also investigate relevant SiPM’s properties using light sources.
Especially spatial uniformity of response, linearity, spectral respsonse, and stability under
voltage and temperature variations are of interest to this project. In parallel and as a possible
alternative, we will investigate standard multi-anode PMTs. Where possible, results from
these two readout systems will be compared.
FY2006 Project Activities and Deliverables
We anticipate building a full size electromagnetic calorimeter based on the chosen and optimized doping technique. If this module is ready in time, high-energy beam tests may also be
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carried out. We will build a small version of the DREAM calorimeter and equip it with the
readout chosen on the basis of the Year 1 R&D.
FY2007 Project Activities and Deliverables
We plan a combined electromagnetic and hadronic prototype test at a high-energy particle
accelerator. A new fully sampling em calorimeter followed by the existing DREAM hadron
calorimeter, possibly equipped with three diﬀerent types of ﬁbers, will be exposed to beams
of electrons, hadrons and “jets”. The new small DREAM-like module, equipped with the new
readout, will also be tested, in electron beams.
Budget justiﬁcation: Texas Tech University will be the lead institution in this project.
We plan to use professional expert assistance in scintillator dopants and doping techniques
(∼9K$). We plan to involve undergraduate students as the project develops. The fringe
beneﬁts rate is assumed to be 25% on salaries and the salary expenditure with fringe beneﬁts
is ∼16K$.
Equipment, materials and supplies will dominate the cost of this project.
We assumed no overhead charge on equipment and travel. A similar agreement was reached
with the TTU Oﬃce of Research Services for previous grants of this type. TTU will charge
overhead on salaries at the oﬀ-campus rate (26.5%).
TTU will subcontract the University of California at San Diego and Iowa State University.
Separate tables for these subcontracts are shown below.
Three-year budget, in then-year K$
Institution: Texas Tech University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Beneﬁts
Total Salaries, Wages and Fringe Beneﬁts
Equipment
Travel
Materials and Supplies
Other direct costs
UC-San Diego subcontract
Iowa State U subcontract
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
3.0
0
0
3.0
0.8
3.8
0
5.0
10.3
0
20.0
10.0
49.1
1.0
50.0

FY2006
3.0
0
2.0
5.0
1.3
6.3
5.0
10.0
30.0
12.1
40.0
15.0
118.3
1.7
120.0

FY2007
3.0
0
2.0
5.0
1.3
6.3
8.0
10.0
11.1
8.0
20.0
15.0
78.3
1.7
80.0

Total
9.0
0
4.0
13.0
3.3
16.3
13.0
25.0
51.4
20.1
80.0
40.0
245.7
4.3
250.0

Budget justiﬁcation:
University of California at San Diego will concentrate on new readout techniques, particularly
SiPMs. In Year 2, investment in electronics design is expected. Throughout this project, a
modest expenditures are planned to purchase SiPMs and related hardware. Similarly, small
amount funds are forseen for travel for group meetings and beam tests.
Three-year budget, in then-year K$
Institution: University of California at San Diego
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Beneﬁts
Total Salaries, Wages and Fringe Beneﬁts
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

FY2005
0
0
0
0
0
0
7.4
5.0
5.0
0
17.4
2.6
20.0

FY2006
18.5
0
0
18.5
3.1
21.7
3.0
5.0
2.7
0
32.4
7.6
40.0

FY2007
0
0
0
0
0
0
6.0
6.1
5.0
0
17.1
2.9
20.0

Total
18.5
0
0
18.5
3.1
21.7
16.4
16.1
12.7
0
66.9
13.1
80.0

Budget justiﬁcation:
Iowa State University has a long track record in detailed calorimeter simulations. John
Hauptman will partially fund a graduate student (3 months out of a year) for three years. A
modest amount of travel funds are required to travel to meetings and beam tests.
Three-year budget, in then-year K$
Institution: Iowa State University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Beneﬁts
Total Salaries, Wages and Fringe Beneﬁts
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
0
5.0
0
5.0
1.3
6.3
0
2.1
0
0
8.3
1.7
10.0

FY2006
0
5.0
0
5.0
1.3
6.3
0
7.1
0
0
13.3
1.7
15.0

FY2007
0
5.0
0
5.0
1.3
6.3
0
7.1
0
0
13.3
1.7
15.0

Total
0
15.0
0
15.0
3.8
18.8
0
16.3
0
0
35.0
5.0
40.0

6.17

Calorimetry

6.17: Ultimate Hadron Calorimetry
(new proposal)
Calorimetry
Contact person
Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Institution(s)
U.C. San Diego
Iowa State
Texas Tech

New funds requested
FY05 request: 50,000
FY06 request: 50,000
FY07 request: 30,000
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Ultimate Hadron Calorimetry
Classiﬁcation (subsystem)
Calorimeter
Personnel and Institution(s) requesting funding
Texas Tech University: N. Akchurin, H. Kim and R. Wigmans
Collaborators
University of California at San Diego: H.P. Paar
Iowa State University: J. Hauptman and J. Lamsa
A. Penzo (INFN Trieste, Italy)
Collaborating personnel will work on the project but are not requesting funding here.
Project Leader
Dr. Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Project Overview
High-precision measurement of the 4-vectors of hadrons and jets is an essential requirement
for experiments at the ILC, and one of the main goals in developing a detector for such an
experiment.
Thirty years of experience have taught us that hadron calorimetry is extremely non-trivial.
Unfortunately, Monte Carlo simulations of the type available in the GEANT package have
little predictive value for the performance of hadron calorimeters. Progress in our understanding of hadron calorimetry has been entirely due to generic detector R&D projects of the
type proposed here.
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 = 1. Fluctuations in the energy fraction carried by the em
component (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 performance.
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.
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.
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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 was developed as a device that would
make it possible to perform high-precision measurements of hadrons and jets, while not subject
to these limitations. It is based on the second principle mentioned above, measuring fem event
by event. 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 shower component (dominated by π 0 s produced in
hadronic showers), a comparison of the two signals makes it possible to measure the energy
fraction carried by this component event by event.
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
calorimeter performance (see the section “Results of Prior Research” for details). 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.
We propose to modify the existing DREAM calorimeter in such a way that a separate measurement 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 relevant 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.
In Year 1, we want to dedicate ourselves to the purely generic part of this project, i.e. investigate the advantages and disadvantages of all diﬀerent options. In Year 2, we want to
implement the chosen solution in our DREAM calorimeter and perform high-energy beam
2
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tests at CERN or Fermilab. We realize that the existing prototype detector (1030 kg) is too
small to achieve the ultimate performance allowed by this triple-readout approach. However,
we expect that the improvement of the performance compared to the dual-readout version
will allow us to fully assess the possibilities of this new technique.
Broader Impact
This proposal, if funded, will contribute to the knowledge base in our respective Physics Departments. The beneﬁciaries of that will be postdocs, graduate students, and undergraduate
students participating in the research funded in this proposal.
One of our collaborators (Hans P. Paar) is co-director of NSF’s REU (Research Experience for
Undergraduates) program located in UCSD’s Physics Department. Through this program,
we will recruit undergraduates, generally from disadvantaged backgrounds, to participate in
our research program. This includes taking them with us to an accelerator laboratory such as
FermiLab or CERN where they can experience ﬁrst hand the atmosphere of forefront research.
As in the case of the DREAM project, we will involve TTU Quarknet treachers and their
highschool students in construction, tests and analyses, where possible.
Faculty will recruit junior and senior undergraduates to participate in our laboratory based
research. There they will use the state-of-the-art equipment to which this Grant has contributed.
Undergraduates working in our labs will often present their research at an Undergraduate
Research Conference, attended by their peers and faculty supervisors. Here they learn what
it means to stand up and present your results and answer questions ”on your feet”.
Results of Prior Research
The DREAM project was started in 2001, with a grant ($150K) received by the project
leader in the context of the Advanced Research Program of the State of Texas. In 2002, this
grant was supplemented by funds from DOE’s Advanced Detector Research program. Since
then, the proponents have received a total amount of $340K from the latter source, in four
installments.
We have used these funds to construct and test a generic prototype, which was intended to
test the dual-readout principles and measure the extent to which the performance of hadron
calorimeters could be improved by making use of these principles. 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. The total instrumented mass is 1030 kg (depth 10 λint ),
and the 36,000 ﬁbers are read out by 38 PMT’s.
This detector was built in the Physics department of Texas Tech University and then shipped
to CERN, where it was tested with high-energy pions, electrons and muons in the H4 beam
of the Super Proton Synchrotron. CERN allocated three testbeam periods to this project,
during the summers of 2003 and 2004.
The results of these tests are described in a number of papers. Three papers have already
appeared in the scientiﬁc literature:
• N. Akchurin et al., Muon Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A533 (2004) 305–321.
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• N. Akchurin et al., Electron Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A536 (2005) 29–51.
• N. Akchurin et al., Hadron and Jet Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A537 (2005) 537–561.
A fourth paper has been accepted for publication:
• N. Akchurin et al., Comparison of High-Energy Electromagnetic Shower Proﬁles Measured with Scintillation and Čerenkov Light,
Accepted for publication in Nucl. Instr. and Meth.
Two other papers are in an advanced state of preparation. The DREAM project was also
presented in two talks at the XIth International Conference on Calorimetry in High Energy
Physics (Perugia, Italy, 2004). In his summary talk, the speaker called DREAM the most
signiﬁcant new development in calorimetry in recent history. All papers can also be found at
the website of the DREAM project: http://www.phys.ttu.edu/dream/

Figure 1: Scintillator signal distributions for 100 GeV π− in the DREAM calorimeter before any corrections
were made(a), after the corrections based on the observed Q/S signal ratio were applied (b) and after, in
addition, leakage ﬂuctuations were eliminated (c). See text for details.

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
calorimeter performance (Figure 1). The performance of our detector is considerably superior
to what is commonly achieved with hadron calorimeters used in particle physics experiments.
For example, high-energy (200 GeV) jets were measured with a resolution better than 4%
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(Figure 1b). 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 contributions of shower leakage to the results),
the mentioned resolution could be further improved by a factor of two (Figure 1c). Similar
improvements may thus be expected for a detector with a larger instrumented mass than the
device tested in this study.

Figure 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
correct 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.
Anyone who has ever worked with a hadron calorimeter in an experiment will appreciate this
very important feature, which is illustrated in Figure 2.
Facilities, Equipment and Other Resources
The TTU HEP labs are equipped with generic NIM, CAMAC and VME electronics. Several
specialized tools were designed and manufactured for ﬁber cleaving, polishing and termination
during the DREAM project. Some funds for modiﬁcation and upgrade of this equipment are
requested.
Our computer facilities are well-equipped for Monte Carlo calculations and data analyses with
the newest versions of the common simulation packages. For bench test measurements, we
have adequate data acquisitions systems and electronics as well.
We anticipate using diﬀerent types of spectrometers for the analyses of light from a variety
of active media (scintillation and Čerenkov radiation). We may have to augment our existing spectrometers with diﬀerent gratings to gain enhanced sensitivity to various wavelength
regions.
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The TTU HEP lab operates a 2-MeV electron Van de Graaﬀ that we used extensively in
the early stages of ﬁber selection for the DREAM project. We anticipate using this versatile
accelerator in the initial phases of these studies.
It is necessary to study the light generation mechanism of doped quartz (or glass) ﬁbers using
neutrons. There are a number of neutron sources available on campus (TTU Health Sciences
Center).
It is important to note that this proposal builds on a recent successful R&D program (DREAM).
This has several positive implications:
• The absorber, standard scintillating and Čerenkov (quartz and clear plastic) ﬁbers, and
photomultipliers already exist.
• The proponents of this proposal have invested many years developing new calorimeter
techniques and have been very eﬀectively working as a single team.
• The two proposals (Dual-Readout Calorimetry for ILC and Ultimate Hadron Calorimetry) we submit in this context for consideration are tightly coupled in all kinds of resources.
All of the above provide a unique and proven synergy.
FY2005 Project Activities and Deliverables
The proposed work calls for investigation of two types of ﬁbers: one is a non-hydrogenous
scintillating ﬁber, and the second one is a speciﬁcally designed ﬁber sensitive to a few MeV
neutrons.
In the ﬁrst year of this program, we anticipate researching doped quartz (or glass) and other
types of ﬁbers in collaboration with ﬁber industry. Over the years we have developed productive working relationships with several ﬁber producers. We plan to investigate prototype
ﬁbers in 2005 and engage a MS graduate student in this project. By the end of 2005, we will
have chosen the best possible ﬁber for neutron detection, and simulated the signals expected
from a calorimeter equipped with three diﬀerent types of ﬁbers.
FY2006 Project Activities and Deliverables
The second phase of the program calls for production of these optical ﬁbers and construction and/or modiﬁcation of a calorimeter prototype. We assume that a beam test of the
constructed prototype will be possible either at FNAL or CERN in 2006. We analyse the
test results for publication and prepare for improvements and needed modiﬁcations for the
following year.
FY2007 Project Activities and Deliverables
If the objectives outlined above are met by the beginning of 2007, we expect this year to be
more of an analyses and simulation period. If however, new ideas emerge and/or modiﬁcations
become necessary, we are prepared to carry through those activities and beam tests in 2007.
Budget justiﬁcation:
Texas Tech University will be the lead institution in this project. For the ﬁrst two years,
we plan to use professional expert assistance in scintillator doping and in specialty design of
optical ﬁbers (∼6K$). This research is well-suited for an MS thesis and we expect to pay
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part of a graduate student salary (two months out of a year, ∼10.5K$). The fringe beneﬁts
rate is assumed to be 25% on salaries.
The largest fraction of the project cost concerns the investigation and production of specialty optical ﬁbers (∼84K$ over three years). This estimate is based on our experience with
polymer-clad fused-silica (quartz) and clear plastic ﬁbers for the DREAM project. Note that
there is considerable savings in producing a prototype with these novel features: The copper absorber, standard scintillating ﬁbers, undoped quartz ﬁbers along with photodetectors
already exist at no cost to this project.
We assumed no overhead charge on equipment and travel. A similar agreement was reached
with TTU for previous grants of this type. TTU will charge overhead on salaries at the
oﬀ-campus rate (26.5%).
Three-year budget, in then-year K$
Institution: Texas Tech University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Beneﬁts
Total Salaries, Wages and Fringe Beneﬁts
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
3.0
3.5
0
6.5
1.6
8.1
3.0
5.0
31.7
0
47.8
2.2
50.0

FY2006
3.0
3.5
0
6.5
1.6
8.1
3.0
5.0
31.7
0
47.8
2.2
50.0

FY2007
0
3.5
0
3.5
0.9
4.4
0
4.0
20.5
0
28.8
1.2
30.0

Total
6.0
10.5
0
16.5
4.1
20.6
6.0
14.0
83.9
0
124.5
5.5
130.0

