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A Fast Calorimeter Simulation for
Hadron Collider Detector Design

Catherine Newman-Holmes and James Freeman

Introduction

Computer simulations. of detectors are now one of the most widely used tools
for detector design. As detectors have become more complex, the computer
simulations have also grown and become much more complicated. We have
written a computer simulation which is both fast and flexible. The speed is ob-
tained by using parametrizations for showers and a fairly simple geometry. The
flexibility is provided by allowing many characteristics of the simulated detec-

tor including thickness, segmentation, resolution, and electron/hadron response
to be easily set by the user. We see this program not as a replacement for the

more elaborate computer simulations of detectors but rather as a complementary
tool. A simple program may be used to determine which detector issues are
worthy of study with the more time-consuming and detailed programs.

Description of the Simulation Program

The simulated detector is shown in Fig. 1. It consists of three regions: a
decay volume, an electromagnetic calorimeter and a hadronic calorimeter. Both
calorimeters are spherical shells with conical holes for the beam pipe. The
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Figure 1. Diagram of the simulated detector,
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rapidity cutoff is specified by the user. The decay volume contains a cylindrical
region where a solenoidal magnet field may be present. The radius of the
spherical decay volume is chosen to just enclose the cylinder. The cylinder’s
size and the magnetic field strength are specified by the user. The radiation
length, absorption length and thickness of each calorimeter are also settable.
We mention here two limitations of the detector geometry. The first is that ali
of the calorimetry is outside of the magnetic field. Most detector designs under
consideration for the next generation of hadron colliders place at least some of
the calorimetry inside the magnet. Secondly, in this program, the segmentation
of the electromagnetic and hadronic calorimeters is required to be the same
whereas detector designs generally make the electromagnetic calorimeter more
finely segmented. These restrictions may be relaxed in a subsequent version of
the program.

The program is currently interfaced to the event generation program of the
Collider Detector at Fermilab (CDF) which allows one to use a variety of gener-
ators as input. The program goes through a list of particles made by the genera-
tion program. For each particle, a distance to decay point, distance to electro-
magnetic conversion and distance to hadronic interaction are calculated using
probability distributions appropriate for the particle type. Particles are then
tracked through the detector one by one. In the decay volume, a particle will
decay if the distance to its decay point is less than the distance it travels through
this volume. If a nonzero magnetic field has been specified, charged particles
follow helical trajectories.

When a particle reaches its predetermined shower or conversion point, para-
meters for its shower are generated. The shower parametrization has been de-
scribed elsewhere; longitudinal and transverse shower profiles as well as fluc-
tuations are modeled. This parametrized shower is then integrated over the dis-
tance between the shower point and the calorimeter edge. If a shower starts in
the electromagnetic calorimeter, the same shower is continued into the hadronic
calorimeter. The electromagnetic/hadronic energy response is settable for each
calorimeter. Note that in this model, a particle may not decay once its shower
has begun. The total (electromagnetic + hadronic) energy deposited in the cal-
orimeters is available for each particle both before and after smearing with a
resolution function. The resolution is assumed to be of the form og/E = const/
VE+1% where the constant is supplied by the user for each calorimeter (electro-
magnetic and hadronic) and the additional 1\% is a systematic error associated
with calibration. In addition, the energy is deposited in an n - ¢ array with
specifiable segmentation. Energy is shared between the central tower (i.e., the
one to which the particle track pointed) and its four nearest neighbors inn - ¢
space. The fraction of energy deposited in the central tower depends on the ra-



19

tio of the shower size to tower size. The remaining energy is shared equally
among the four nearest neighbor towers. Electromagnetic and hadronic
calorimeter energies are saved separately in the n - ¢ array; only their sum is
saved in the particle-oriented arrays. A simple clustering algorithm is used to
find energy clusters in the n - ¢ array.

At a luminosity of 1033 cm-2/sec, one expects an average of about 10 interac-
tions in a 100 ns integration time. Our simulation includes an option to overlap
minimum bias events with the generated events of interest. The average number
of events to overlap may be varied. Then the actual number of overlapped inter-
actions is determined for each event by sampling from a Poisson distribution
with the specified mean.
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Figure 2. Transverse energy in m - ¢ towers for this program (a) and the full
CDF simulation (b).




2

Figure 2 shows the energy in the m - ¢ array for an event simulated by this
rogram (Fig. 2a) compared to the same event simulated by the full CDF
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widely used in the CDF collaboration for applicatxons where the detail of the
full CDF simulation program is not required. On a VAX 8650, the program re-
quires 100 msec for initialization. The time taken per event depends on the
topology of the events being studied. For W pair events at Vs=40 TeV, with the
W’s decaying to quarks, the average number of produced particles is about 900
and the time required is about 2.5 sec/event. For comparison, the full CDF
detector simulation (which also uses parametrized showers but much more com-
plicated geometry) takes about 100 times longer.

An Example of the Program’s Use

We present here some results obtained with the simulation program as exam-
ples of its utility. We choose for illustration to study the invariant mass distri-
bution for 500-GeV P; W’s decaying into quarks which then hadronize into jets.
This example is discussed in more detail in Reference 2. The parameters used
by the simulation program for this example are given in Table I. The first five
parameters in Table I were chosen to match the CDF detector.

Table L.
EM calorimeter radiation length 1.94 cm
EM calorimeter absorption length 48.36 cm
Hadron calorimeter radiation length 2.94 cm
Hadron calorimeter absorption length 3325cm
EM calorimeter thickness in rad lengths 17.82
Hadron calorimeter thickness in abs lengths 10.0
EM calorimeter energy resolution 15%/NE
Hadron calorimeter energy resolution 50%/NE
EM calorimeter e/h response ratio 1.0
Hadron calorimeter e/h response ratio 1.0
Tracking volume radius 140.0 cm
Tracking volume half-length 140.0 cm
Magnetic field 0.0 tesla
Maximum absolute value of n 2.5
Number of 1 bins 160

Number of ¢ bins 210
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The events were generated using the ISAJET program (version 5.2). The
W’s were produced by the WPAIR option, with 6 between 80° and 90°, and the
P, range 450 - 550 GeV. After the events were created, the simulation was used
to generate calorimetry energy depositions. Clusters were then found in the
calorimetry using a simple algorithm. To reconstruct the W invariant mass,
each tower within R < 0.7 of the cluster center was treated as a massless particle
with all energy assumed to be deposited in the tower center, and the resultant
invariant mass of this set of ‘‘particles” was calculated. Here R is defined as:

R =((¢ - o)2 + (n - mi)?)

where (n,¢) is the cluster direction and i is the tower index. We note that these
calculations are very insensitive to the clustering algorithm used, since only the
cluster direction is required. Some additional cuts were applied to suppress
problems in pattern recognition. The jets produced by the decay of 500-Gev
W’s are coalesced in our choice of calorimeter geometry. To ease pattern recog-
nition, we chose events where no more than 25 GeV E; of cluster energy was
outside of the two leading clusters, and where the ratio of E{’s of the leading to
the next to leading cluster was less than 1.25 . These cuts were typically 40%
efficient. The remaining events can in principle be used, but the pattern recogni-
tion is more difficult.

The curves shown in Figures 3-6 are from a sample of approximately 175
W’s per case for the W analysis. Figure 3 shows the effect of calorimeter thick-
ness on the W mass resolution. Clearly thickness is not very important for this
pracess. Thin is partially eaused by the euts that define the event sample. The
requirement of cluster E; balance suppresses events where there is substantial
leakage or punchthrough. In addition, the jets from the W decay are fairly soft,
again reducing the effect of leakage.

The results are sensitive to the segmentation chosen as shown in Fig. 4. In
our invariant mass algorithm, the tower size is very important. All energy
deposited in a tower is assumed to come from the tower center, so the larger the
tower, the larger the possible error in determining the direction of the energy
flow into the tower. Figure 4 shows the W invariant mass distributions for three
cases of tower size: 8R=0.01, 0.03, and 0.1 . The resolution suffers substan-
tially if the tower size is as large as 0.1,

Figure 5 indicates that calorimeter resolutions mentioned in typical future
hadron collider detector designs are reasonable for observing the process under
consideration. We note, though, that low-energy particles in the lab frame can
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Figure 3.  Effect of calorimeter

thickness on W mass resolution.
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Figure 5. Effect of calorimeter reso-
lution on W mass resolution. The
first number of the pair labeling the
curve is the electromagnetic calori-
meter resolution, and the second
number is the hadron calorimeter
resolution.
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Figure 4. Effect of segmentation on
W mass resolution. The three curves
are for three different tower sizes
where a tower is a rectangle inn - ¢
space.
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Figure 6. Effect of overlapping min-
imum bias events on W mass resolu-
tion. The curve labels are the mean
number of events added to each W
event.
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make large contributions to the invariant mass calculation. It is important to
measure these particles accurately.

Figure 6 indicates that the problem of overlapping events at high luminosities
may significantly worsen a detector’s ability to reconstruct W’s from two jets.
For this study, we considered the effect of additional background events which
fall within the detector resolving time of the signal events. For the background
events, we used ISAJET TWOJET events with jet P¢’s between 3 and 15 GeV.
This corresponds to about 150 millibarns of cross section at 40 TeV, so it should
be a reasonable model for the background. The W mass resolution has a strik-
ing sensitivity to the number of superimposed background events.

Conclusion

We have written a simple Monte Carlo simulation program which may be
used as a design tool for detectors for future hadron colliders. Different proc-
esses may be studied with the program and gross detector features easily
changed. This allows one to see which detector characteristics are most impor-
tant for processes of interest. Detailed design studies with more elaborate
simulation programs then become more efficient and manageable.

This paper was presented by C. Newman-Hoimes at the Workshop on Detector Simula-
tion for the SSC, Argonne, Illinois, August 24-28, 1987. ’
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In October 1981, the Two Rivers Council of the Boy Scouts of America con-

tacted Fermilab Director Leon Lederman about organizing an Explorer Scout
post at Fermilab. Lederman accepted the invitation and asked Lauta Joyner of

the Fermilab Equal Employment Opportunity Office to be scouting coordinator
and chairman of the advisory committee. Students in local high schools who
had checked science, engineering, or computer science on a career interest sur-
vey conducted by the Boy Scouts were invited to an organizational meeting at
Fermilab in December 1981. At that meeting, two Explorer Scout computer
posts (1203 and 1204) were set up under the guidance of George Wyatt, of The
Lab’s Research Division Electronics/Electrical Department, who had many
years of scouting leadership experience. These posts are still running today.

An Explorer Scout engineering post was also set up, but declining interest
within the year caused the remaining students, who were working in the labora-
tory of Finley Markley, to be merged into George's post for administrative ef-
ficiency. One of the students who continued their engineering projects was
James McAdams. For the next four years, Jim came to Fermilab every Tuesday,
spending the time from 4:00 p.m. to 6:00 p.m. on his enginecring project, grab-
bing a quick bite at Wilson Hall, then spending from 7:00 p.m. to 9:00 p.m. with
the computer post. For the first two years his parents drove him back and forth
to Fermilab from their home in Maple Park.

Jim’s first engineering project was to make a transparent structural material
of fiberglass-reinforced epoxy plastic. To do this he had to find additives for the
epoxy to adjust its index or refraction to match the fiberglass. During this work
he observed that when the fiberglass cloth was immersed in a matching index
fluid, most of the fibers disappeared, except for any hollow fibers whose internal
bores became visible. Since it is not widely known that these hollow fibers exist
and can cause leaks when fiberglass reinforced plastics are used to construct
vacuum or pressure vessels, Jim changed the emphasis of his work to investigate
and report on these hollow fibers. Jim has published this work as a Fermilab
TM, has submitted it to the Review of Scientific Instruments, and it appears be-
ginning on the next page.

During the summer of 1987, Jim became a Fermilab summer employee and
worked on the new "warm'" superconductors with Markley. He is now continu-
ing that work in the laboratory of Dr. Mason at Northwestern University where
he is a full time student in his freshman year. - Finley Markley




