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Abstract:

We have performed Monte Carlo studies comparing the response to jets of a Liquid
Krypton EM/Scintillating Fiber hadron calorimeter (hybrid) and a Liquid Krypton
EM/Liquid Krypton hadron calorimeter (integrated). The starting point for these studies
was the observation that unlike the lead/liquid Argon hadron calorimeter studied in the BNL
test beam in 1991, the hadron calorimeter proposed for the integrated option has a copper
absorber. This leads to a much less compensated response between electrons and hadrons,
and consequently a larger constant term for jet energy resolution. Using optimistic
assumptions about this untested device (e/h =1.6, 75%/ sqrt (E) stochastic term) and a
simple fragmentation function, our model predicts a constant term of at least 2% - 3% in jet
energy resolution due to this lack of compensation for the integrated device. The hybrid
option shows less than 1% constant term due to this effect, and unlike the integrated option
its response can be predicted without requiring knowledge of details of the fragmentation
function at high energies; the latter point was discussed in detail in GEM Technical Note
92-67 by H. Paar and R. Wigmans. We have extended the work of Paar and Wigmans to
include the current integrated design, and have found more than 1% variation in the
nonlinearity of response for the integrated device with a relatively small change in the jet
fragmentation function.
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Abstract

We have performed Monte Carlo studies comparing the response
to jets of a Liquid Krypton EM/Scintillating Fiber hadron calorimeter
(hybrid) and a Liquid Krypton EM/Liquid Krypton hadron calorime-
ter {(integrated). The starting point for these studies was the obser-
vation that unlike the lead/liquid Argon hadron calorimeter studied
in the BNL test beam in 1991, the hadron calorimeter proposed for
the integrated option has a copper absorber. This leads to 2 much
less compensated response between electrons and hadrons, and con-
sequently a larger constant term for jet energy resolution. Using op-
timistic assumptions about this untested device (§ = 1.6, 75%/VE
stochastic term) and a simple fragmentation function, our model pre-
dicts a constant term of at least 2%- 3% in jet energy resolution due
to this lack of compensation for the integrated device. The hybrid
option shows less than 1% constant term due to this effect, and unlike
the integrated option its response can be predicted without requiring
knowledge of details of the fragmentation function at high energies;
the latter point was discussed in detail in GEM Technical Note 92-67
by H. Paar and R. Wigmans., We have extended the work of Paar and
Wigmans to include the current integrated design, and have found
more than 1% variation in the nonlinearity of response for the inte-
grated device with a relatively small change in the jet fragmentation
function.



1 Introduction

Lack of compensation (unequal response to electromagnetic and hadronic
components of hadron showers) leads to a constant term in the energy res-
olution of EM/hadronic calorimeter systems in response to jets. Calorime-
ters response is typically parametrized in terms of £, with e the calorimeter
response to electromagnetic deposition and h the response {o low-energy
hadronic activity. Noncompensation produces a nearly energy-independent
contribution of 14%|1 — £| in the response to single charged hadrons in a
uniform calorimeter (several experiments cluster about this average, see SDC
EOI p. 39). The constant term for jets will be less (by an amount depend-
ing upon details of jet fragmentation) because of averaging over independent
shower fluctuations and because of better resolution for neutral pion sec-
ondaries in the EM calorimeter. Compensation may be improved both by
suppressing the electromagnetic response and by boosting the response to
hadronic activity (e.g. recoil protons from evaporation neutrons in the hy-
brid). See Fl‘ﬁurl 1.

The lead/liquid Argon hadron calorimeter prototype which was tested
at BNL had a measured e/« of 1.15 at 15 GeV, corresponding to § ~ 1.3.
By comparison, the Zeus collaboration has measured § = 1.34 & .05 for a
5mm Pb, 5mm Scintillator sampling calorimeter. SDC has concluded that in
order to not exceed contributions to the constant term in jet energy resolution
caused by cone corrections and other uncertainties related to jet definition,
# = 1.2 is adequate. In fact, because SDC estimates a 3% constant term
for jets from intervening dead material (solenoid) and a 600 MeV charged
particle cutoff (200 MeV for GEM), their specification is § < 1.3 ; this gives
a less than 2% contribution to the constant term for jets.

In order to minimize multiple scattering and energy loss by muons, and to
decrease system cost, the GEM hadron calorimeter will use a copper absorber.
Compared to a lead device, a copper calorimeter does not get as much partial
compensation through electromagnetic suppression. The cross section for
ionization is proportional to Z, but pair production goes like Z? and the
photoelectric effect goes like Z%. Consequently, shower gammas produce low
energy electrons preferentially in the high-Z absorber, where they range out.
Figure U shows the result of an EGS calculation (Wigmans, NIM A259 389)
contrasting e/mip = 0.6 for a Lead/Liquid Argon calorimeter with e/mip
= 0.8 for an Iron/Liquid Argon device (compare e/mip = 0.52, 0.75 for

2



replacing the Liquid Argon with plastic scintillator in the two cases). Iron and
Copper are very similar for these purposes, with Z=26 and Z=29. Assuming
comparable hadronic response for LAr/Cu and LAr/Pb, we can expect £ =
1.3 x (0.8/0.6) =~ 1.7. This should be compared to recent measurements for
an SDC Fe/Scintillator prototype (Corpus Christi Conference, J. Proudfoot
talk) which with 10% scintillator by volume had a 7% constant term for single
hadrons — corresponding to § = 1.5 WITH partial boosting of the hadronic
response in the scintillator.

We have therefore conducted a study comparing a hadron calorimeter
with £ = 1.6 (an optimistic assessment of the integrated device) with a sec-
ond device with £ = 1.0 (our best estimate for the hybrid). For each device
we set § = 1.3 in the EM calorimeter upstream. We use the same simple frag-
mentation function as Paar and Wigmans, given by D(z) = (a+1){1 — 2)*/=.
We compared a=4 and a=6 cases (intermediate between LEP a=3 and CDF
a=6). As did Paar and Wigmans, we use the Bock parametrization for the
showers and D. Groom’s expression for the average e.m.-fraction in hadron
showers as a function of energy. Further details are given in Paar and Wig-
man's note. Following the baseline design specifications, we have assumed
a stochastic term in the hadronic response of 75%/vE for the integrated
hadron calorimeter, and 90%/+/E for the hybrid device; note that the latter
can be improved without changing £ by introducing more frequent sampling
with slightly smaller fibers. For both devices, we assumed 8%/ V'E resolution
in the EM section, plus a 1/2% constant term.

For the hybrid device, we follow Paar and Wigmans in determining the
optimal (energy-independent) relative weights for the two sections of the
calorimeter: Eo, = (Eigee/(£)1) + Eaaer- For the integrated device, this
weighting did not in fact minimize the width of the response function; instead,
we formed a weighted sum which minimized the width of 1 TeV jets. This
optimal weight varied slowly with energy, so we used constant weighting of
Ecor = (E12et#0.95)+ Ez4e¢. In each case, the overall response was normalized
for the weighted sum of 100 GeV jets ( “test beam calibration”).



Energy (GeV) | Hybrid Resolution(%) | Integrated Resolution (%)

50 6.26 5.56
100 4.99 4.45
200 3.65 3.43
500 2.51 2.91
1000 1.90 2.96

2000 1.48 2.82
5000 0.99 2.63
10000 0.91 2.90

Table 1: a = 4 Jet Energy Resolution

2 Results

Tables 1 and 2 indicates the resolution obtained for jets with the above
procedure. Figure 3 conveys the same information as the tables. Note that
the above resolution will add in quadrature with constant term contributions
from other effects, such as the jet definition errors (“clustering algorithm”)
mentioned earlier.

Figure 4 and figure 5 give scatterplots of the EM calorimeter response
vs the EM + hadronic response for the hybrid and intregrated calorimeters,
respectively, to 100, 500, 1000 and 5000 GeV jets with a=4. The a = 6 plots
are similar. As discussed in the note by Paar and Wigmans, the compensated
calorimeter in the hybrid causes its scatterplot to fall upon a single line which
is independent of a.

Figures 6 - 9 (a = 4) and 10 - 13 (a = 6) illustrate the weighted re-
sponse for the hybrid and integrated calorimeters to 50, 100, 200, 500, 1000,
2000, 5000, and 10000 GeV jets. These curves should be considered as a
conservative upper limit of the system performance - we may be confident
that neither device can do better than the curves illustrated. Once again,
however, the hybrid is primarily limited by its stochastic resolution (which
may be improved) while the integrated device is soon limited by its constant
term (which is intrinsic to the choice of copper absorber and LAr or LKr).

Finally, we note the dependence of the linearity of response upon a in



[ Energy (GeV) | Hybrid 'Resolution(%) Integrated Resolution (%)
50 6.30 5.17
100 5.15 4.34
200 3.62 3.31
500 2.55 2.79
1000 1.90 2.39
2000 1.35 2.21
5000 0.98 2.04
10000 0.72 2.05

Table 2: a = 6 Jet Energy Resolution

Table 3. Both the magnitude of the nonlinearity and especially the extent
of its dependence upon alpha are greater for the integrated device. Off-
line correction for this nonlinearity is therefore much more reliable for the
hybrid, and as noted earlier is independent of detailed knowledge of the jet
fragmentation.

3 Conclusions

The integrated LAr or LKr calorimeter may be expected to have at least a
2-3% constant term in its jet energy resolution because of its grossly under-
compensated Cu/LAr hadron calorimeter. With an initial advantage of a
stochastic term of 75% for the integrated device (which has not been demon-
strated) and 90% for the hybrid (demonstrated with our Baseline I prototype,
and improvable in a straightforward manner) the cross-over point in resolu-
tion is approximately 300 GeV.

The GEM Letter of Intent reports the study of the decays H — I+~ j;
for an 800 GeV Higgs and Z’' — jj for a 1 TeV Z’. We note in passing that
the isolation criterion used in the former study (< 5% of the total energy
within between an R=0.7 and R=1.0 cone, for jets with P, > 50 GeV in
R=0.2) would be significantly compromised with a LAr hadron calorimeter
operating at 10% luminosity; this device would have of order 10 GeV pile-up
noise within an R=0.7 cone, even with 100 ns shaping time. Considering only



Encrgy | Bybrid | Hybrid | Integrated | Integrated

GeV) | Alpha=4 | Alpha=6 | Alpha=4 | Alpha=6
50 .9966 .9960 .9943 9920
100 1.0000 1.0000 1.0000 1.0000
200 1.0095 1.0090 1.0074 1.0085
500 1.0168 1.0175 1.0201 1.0187
1000 1.0240 1.0240 1.0375 1.0282
2000 1.0285 1.0280 1.0489 1.0398
5000 1.0342 1.0350 1.0616 1.0530
10000 § 1.0375 1.0380 1.0740 1.0634

Table 3: Jet Linearity vs. a

the signal and no backgrounds for the Z’, the worsening of the resolution from
2.9% to 3.5% with a 2% additional constant term was deemed acceptable.
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Alpha = 4 —— Stochastic EMCal (x) vs Total (y)
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Alpha = 4 ~— BASELINE (stochastic) with Linear Corrections
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Alpha = 4 —— BASELINE (stochastic) with Linear Corrections
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Alpha = 6 —— BASELINE (stoc1hé::gti¢) with Linear Corrections
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Alpha = 6 —— BASELINE (stochastic) with Linear Corrections
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Aipha = 6 —— BASELINE (stochastic) with Linear Corrections
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