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Introduction

Econonomic constraints, among others, impose a real limit on the depth
of any calorimeter. This limit may then have a corresponding effect on the
performance of the device by distorting one or more of it's response, linearity
and resolution. All of this applies to the calorimeter proposed by the Solenoidal
Detector Collaboration, SDC, particularly since precision electromagnetic
calorimetry is one of the main goals. To be sure, discussion of the effects of
limited depth must take place in the context of the physics of interest since that
clearly sets the scale against which detector performance is to be measured.
Al of this has been discussed in recent notes{1,2] on the “massless gap"
technique as a way to compensate for the magnet coil between the interaction
region and some calorimeter towers and the reader is referred to that note. For
the present purposes, it is sufficient to note that a major design goal for the
electromagnetic calorimeter is energy resolution of ~1% at the Z° mass, that
being about equal 1o the fractional Z°® natural width.

The simulation described here is a modet of the SDC EM tile calorimeter
consisting of 100 alternating plates of 2.5 mm thick scintillator and 3.175 mm
(1/8") thick lead, representing about 25 Xgo (radiation lengths) of
electromagnetic absorber. This model is thicker than that of the proposed EM
calorimeter and serves as a benchmark ‘“infinite" depth tower for subsequent
comparisons. Upstream of the first plate (scintillator) of the tower proper arc
10.68 cm of Al, representing the magnet coil, and a 30 cm air gap. The details of
the entire stack are summarized in Table | and described in more detail below.
In connrection with some earlier work by this group(3] and others{4], there
were existing programs to generate c¢/gamma showers (using EGS4) and some
accompanying analysis programs for the CDF “"endplug upgrade” geometry. The
shower generating program has been modified to implement the SDC geometry,
and the corresponding changes made in the analysis code. These werc then
used to study the following topics:

a) The effect of energy leakage due to the finite length of the calorimeter
on the resolution and it's compensation by weighting the last three
layers of readout.

b) The energy dependence of the weight factors obtained in the above
study.



c) The shower angle dependence of the weight factors obtained in the
above study.

Tabic 1. Modei Tower Stack Geomeiny

Element Zpegin Thickness  Zend Active Inert

Number (cm) {cm) {cm) Number Number Material
1 0.0000 170.0000 170.0000 1 air (NTP)
2 170.0000 10.6800 130.6800 2 aluminum coil
3 180.6800 30.0000 210.6800 3 air (NTP)
4 210.6800 0.2500 210.9300 1 scintillator
5 210.9300 0.3175 211.2475 4 fead
6 211.2475 0.2500 210.9300 2 scintillator
7 211.4975 0.3175 211.8150 5 lead
8 211.8150 0.2500 212.0650 3 scintillator
9 212.0650 0.3175 212.3825 6 lead
10 212.3825 0.2500 212.6325 4 scintillator
90 235.0827 0.2500 235.3327 44 scintillator
91 235.3327 0.3175 235.6502 47 lead
92 235.6502 0.2500 235.9022 45 scintillator
93 235.9002 0.3175 236.2177 48 lead
94 236.2177 0.2500 236.4677 46 scintillator
95 236.4677 0.3175 236.7852 49 lead
96 236.7852 0.2500 237.0352 47 scintillator
97 237.0352 0.3175 237.3527 50 lead
98 237.3527 0.2500 237.6027 48 scintillator
99 237.6027 100.0000 337.6028 51 vacuum

n n h

In order to simplify the problem, we have implemented the SDC EM
calorimeter geometry as follows:

The coordinate system is chosen such that the z axis is normal to the
calorimeter tower plates with z = Q at the interaction point. In increasing order
of z, the kinds and amounts of materials encountered are: 170 cm of air, the 1.2
X o magnet coil (namely 10.68 cm Al), then another 30 cm of air followed by the
tower itself consisting of 2.5 mm scintilator plates alternating with 3.175 mm Pb
plates. We have chosen 50 scintillator/lead pairs (100 layers) as an
approximation to an “infinite" length calorimeter. To aveoid a number of
complications that are not relevant to this study, we consider the transverse
dimensions of the tower as infinite.

Generating EGS showers is very CPU time consuming. On the other hand,
we need enough statistics. As a compromise, we use 300 events for 12.5 and 25



GeV showers, and 200 (or iess) events for 50 GeV and 100 GeV showers. A few
150 GeV showers were also generated for a related study but we defer
discussion. To avoid having to generate all these showers repeatedly, we have
recorded all the relevant variables including the position, identity and energy
decposii for each cleciron, posiiron and phoion in cach plaic {or cach shower.
All succeeding analysis runs then simply "play back” those files and
accumulate the energy sums over all particles and all plates up through some
designated cut-off plate. Note that this technigue is similar to another recent
study [5] in which real data was used.

Limited Length of Calori

Figs. 1 and 2 show the Ilongitudinal profile of energy deposited in the
active layers as a function of layer number in the benchmark tower described
above for the worst leakage case of 100 GeV at normal incidence and the best
case of 12.5 GeV at 60 degrees to the normal respectively. Truncating the tower
at some given layer number leads to an amouni of leakage energy that is equal
to the sum of all bins with larger layer numbers. Recalling that the current
SDC design calls for a total of 72 layers[6], we can immediately extract the
foillowing. The fractional energy lecakage in a detector of 72 layers relative to
the total energy deposit in a detector of 100 layers (at normal incidence) is
shown in Table 2.

Table 2. Fractional Energy Leakage in a Truncated Tower
for Normal Incidence Showers

Shower Percentage Position of Ratio of energy in
Energy energy shower-max fast layer to energy
(GeV) leakage (layer number) in shower-max laver
12.5 1.27% 10 4.02%
25.0 1.60% 12 5.54%
50.0 2.19% 14 7.79%
100.0 2.74% 16 9.79%

For off-normal incidence, the calorimeter appcars thicker (and coarser)
and there is correspondingly less energy leakage. Given that and our objective
of studying various strategies for weighting the last few active eclements to
compensate for whatever leakage does occur, we must necessarily truncate the
tower early enough to actually have some leakage to study. Thus, for showers
incident at 60 degrees to the normal and with the tower truncated after layer
42, we obtain the results shown in Table 3.



Table 3. Fractional Energy Leakage in a Truncated Tower
for Off-normal Incidence Showers

Shower Percentage Position of Ratio of c¢nergy in
Energy energy shower-max last layer to energy
(GeV) lcakagc (layer number) in shower-max lavyer
12.5 1.24%(*) 10 2.98%(*)
25.0 1.62% 12 3.78%
50.0 1.84% 14 4.49%
100.0 2.52% 16 4.93%

(*) For the 12,5 GeV showers, the tower was truncated after 32 layers.

Qur goal is to weight the readout from the last three layers in order to
compensate for the energy leakage while keeping the energy resclution as
close as possible to the case with an "infinite" length calorimeter. In contrast
to Jones [5], we have chosen to apply weight factors to the last three active
layers. This is based on our observation that the shape of the energy spectrum
for the last layer alone is substantially different, having a longer high-side
tail, from that of the total leakage spectrum. This is most likely attributed to
fluctuations. If we are to have any chance of compensating for the leakage by
a weighting strategy, we need to weight something whose spectrum more
nearly matches the shape of the lcakage spectrum. The sum (or, equivalently,
the average) of the last three layers does that, at the cost of having to
determine three weight factors rather than just one. Using a histogram of the
integral of the energy deposit by layer of detector and some simple geometric
calculations, we can construct a constraint for the three weights, thereby
reducing the task to determining two weight factors.

For 50 GeV showers at normal incidence for example, the constraint
formula is:

32*W3+30*W2+14*¥W1=272*f (1)
where:

f is the percentage of compensation required by the leakage.

W3 is the weight for the 3rd last layer,

W2 is the weight for the 2nd last layer,

W1 is the weight for the last layer.

Similar expressions apply to the cases of 12.5 GeV, 25 GeV and 100 GeV
showers.



If the mean energy deposit in the detector is less than the mean energy
deposit in the infinite” length calorimeter, we call it "under-weighted".

Otherwise, if the mean value is larger than mean value in the “infimite” case,
we call it “"over-weighted”. There is an optimum weight combination in which

the energy resolution is very close to the "infinite" case for 12.5 GeV, 25 GeV, 50
GeV and 100 GeV showers. That set of weights was chosen by examining many
trials with different weight combinations. It may be that the best combination
is not umique. We have tested many possibilities, and obtained the results in
Table 4. For comparison, we show the resolution for the infinite tower in the
last column of the table. We emphasize that, up to this point, the only criterion
imposed was to reproduce the mean and width of the infinite tower energy
response. There are, however, other criteria to be considered.

One of these other important issues is the linearity of the weighted
tower, Define E(w) to be the total ecnergy deposited in the detector after
weighting, and Ey to be the total energy deposited in the unweighted
benchmark detector. We take the quantity [E{w)-Eql/Eo as a measure of the
nonlinearity. Table 5 shows this quantity for different weight cases. Note that
the case with the best weight, judged solely on the basis of energy resolution,
also has a very small value for the nonlinearity, typically less than than 1%.
However the case with the smallest nonlinearity, namely the case with the
mean value very close to the mean value of the infinite case, does not always
correspond to the best resolution.

It is in this context that the 150 GeV showers mentioned earlier are
relevant. These events were generated as part of an attempt to find a more
systematic way to determine the weight factors for the Ilast three active
cilements of the calorimeter stack. Again, the criteria used were to reproduce
the mean and width of the infinite tower response. To do that, we defined a chi-
squared like quantity with the three weight factors as free parameters and
whose minimum satisfied the mean and width criteria. Let the mean energy of
the infinite tower be denoted by Eqg with error dEg, and the corresponding
mean energy for the truncated tower be E(w) with error dE(w), where w
represents the set of weight factors. Similarly, let Gy and dGg be the ratio of
width to mean energy, and its error, for the infinite tower and G(w) and dG(w)
be the same ratio and error for the truncated tower. Then the weights were
chosen as those values that minimize the function

D = {[E(w) - Eo)/dE}**2 + {[G(w) - Gol/dG)**2 (2)

summed over all showers. There are two things wrong with this approach as
formulated. The first is that it does not use the constraint among the three
weight factors but treats them as fully independent. The second is that there is
no consideration of any induced nonlinearity. Since neither of these flaws is
insurmountable, this approach should be pursued but has been dropped for the
time being.

A n izati Weighti I i

An an example of the use of weighting strategies to investigate some less
obvious problems, we have considered the effect of a particular type of



physical damage to a tile calorimeter and its effect on energy response and
resolution.

Suppose therc arc some readout channels of the EM calorimeter for
which no signal appears for various reasons. We get no signai from these
channels, even though the material is still present and contributes normally to
shower development. To simulate the effect of that, we simply assign a weight
of zero to some sclected channel, and see how much the resolution is degraded
by the loss of this channel. The worst case is that the dead channel corresponds
to the otherwise active layer nearest shower-max.

For this purpose, we use the same simulations as discussed above. In
addition, we assign a weight of 0.0 to layer 22 for the 12.5 GeV case, layer 26 for
the 25 GeV case and layer 32 for the 100 GeV case. These layer numbers
correspond to shower-max for each incident cnergy.

Figs. 3 and 4 show the longitudinal distribution of shower energy deposit
with the best weight combination as discussed earlier without a “"broken"
channel, and with a "broken" channel at layer of 22 where the shower-max is
located for incident energy 12.5 GeV. One can see there is a missing point in
Fig. 4 at the peak of the distribution. Figs. 5 and 6 show the distribution of the
total energy deposited in the detector, without and with the broken channel.
We note that the peak of the plot with the broken channel is shifted to smaller
energy, and the ecnergy resolution is larger (i. ¢., worse) than the case without
the broken channel. We summarize the results for all three incident energies
in Table 6.

Table 6. Degraded Response due to a Dead Channel - Worst Case

Best weight Shower-max Fractional Ratios

Incident combination layer Broken Energy Deposit Sigma/ Mean (y/n)
energy Front/rear/total number Channel Mean Sigma  Mean Sigma/mean
GeV layers (%) (%) (%) {y/n)
12.5 3.0/ 3., 2, 1./72 22 No 6.82 0.23 3.39

0.94/1.17
12.5 3.0/ 3., 2., 1.2 22 Yes 6.41 0.25 3.97
25 2.0/ 2, 2., 2.72 26 No 6.81 0.17 2.48

0.94/1.20
25 20/ 2, 2, 2/12 26 Yes 6.40 0.19 2.99
100 1.2/ 4., 3., 2./72 32 No 6.93 0.09 1.37

0.94/1.18
100 1.2/ 4., 3., 2./72 32 Yes 6.54 0.11 1.62

From the above table, we see that, in the case of one channel broken at
shower-max, the total energy deposit is reduced by about 6% and the fractional



resolutions are reduced by about 17%, 20% and 18% respectively for the three
selected incident energies as compared to the case without a broken channel.

The numbers are nearly energy independent because the broken channel has
always heen chosen at the location of shower-max.

A more complex issue is what happens if some channel is not completely
dead but also not fully functional. This can occurr for a number of reasons
such as radiation damage, a bad contact, a damaged optical fiber, or a bad
photomultiplier. There could be physical damage affecting either the
production or transmission of light, as well as fluctuations in the longitudinal
development of individual showers. In the general case, it may be possible to
address this problem by introducing a correction factor for each active layer of
the detector based on the expected response as predicted by simulation. Clearly
the worst case is that where we get no signal at all since no finite weight can
correct for a true zero response. As as cstimate of the effect of that, we have
considered the case of one dead channel at shower-max.

Conclusion

It is possible 1o nearly recover the energy resolution of an infinite
tower in spite of the effect of the magnet coil materials and the effect of punch
through. The first effect can be compensated with the “"massless gap"
technique of weighting the first layer readout. The second effect can also be
compensated by assigning weights to the rear layers of the calorimeter. Both
of these can be accomplished without significant resolution loss or the
introduction of unacceptable nonlinearity,
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2. Longitudinal energy deposit profile in the “infinite" tower model
calorimeter stack for 12.5 GeV electrons incident at 60 degrees to the stack
normal. Only the active layers are shown.

3. Longitudinal energy deposit profile in a truncated tower for 12.5 GeV
electrons at normal incidence using the best weights for the first and last
three active layers. All active layers are present.

4. Longitudinal energy deposit profile in a truncated tower for 12.5 GeV
electrons at normal incidence using the best weights for the first and last
three active layers. Active layer 22 has been given a weight of 0.0 (o
simulate a dead readout.

5. Total energy deposit corresponding to the case described in Fig. 3. A
gaussian fit is shown overlaid on the data. The parameters of that fit are
given in the inset.

6. Total energy deposit corresponding to the case described in Fig. 4. A
gaussian fit is shown ovcrlaid on the data. The parameters of that fit are
given in the inset.
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