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Abstract

We have studied two aspects of calorimetry for high p; jets at
the S5C. First, the impact of shower containment on very high p|
jets and quark compositeness has been studied. Second, the effect of
calorimeter granularity on the mass reconstruction of a high p;, W
(pL > 500 GeV/c) producing jets has been examined in detail. We
conclude, based on possible compositeness signatures only, that shower
leakage has little effect on the compositeness signal for a calorimeter
thickness greater than about eight absorption lengths. Mass resolution
of very high p; W’s reconstructed from hadronic decays of the W is
strongly affected by intrinsic shower spreading as well as calorimeter
granularity. These effects are quantified.

1. Introduction

Many previous S5C studies have used, as a simple calori-
meter simulation, 4-vectors binned in rapidity and azimuth.
At some level, energy smearing was applied to simulate
effects of calorimeter resolution. In a real calorimeter,
however, a given incoming hadron deposits its energy spa-
tially as a shower of electromagnetic and hadronic parti-
cles. Some of this energy may even leak out of the calori-
meter or be absorbed by inactive material (supports, cryo-
stat walls, etc.) We have developed a more realistic calori-
meter simulation program and have used it to revisit some
aspects of high p, jets and calorimeter requirements for

the SSC.
2. Parameterization and validation

The desire for a more realistic treatment of calorimeter
response other than binned 4-vectors is satisfied, to some
extent, by the use of parameterizations of the average be-
havior of electromagnetic (EM) and hadronic showers. Av-
erage EM and hadronic shower shapes are parameterized
and factored into independent pieces, a longitudinal distri-
bution along the particle direction and a transverse distri-
bution perpendicular to the particle direction.

2.1 EM shower parameterization

The EM shower parameterization is given by [1]:

dE z a—t —bz,{Xu
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where

=105

a = blog (%)
critical

z = longitudinal distance
Xy = radiation length

E = incident particle energy

0.55
Eeritical = Z [GeV]

Z = atomic number

k| = normalization constant
A comparison of data and our longitudinal parameteriza-
tion is shown in Fig. 1[2].

The lateral EM shower shape (shown in Fig. 2) is pa-
rameterized by a sum of 2 gaussians:

9Bk [l etrle)
where

a1 = 0.12 rygliere

gz = 0.80 Pmoliere

k) = normalization constant

The Moliere radius, ryoliere, 18 the average transverse de-
flection of an electron with energy equal to the critical
energy after travelling one radiation length longitudinally.

2.2 Hadronic shower parameterization

The longitudinal hadronic shower parameterization
we have chosen [3] is:

dE e\ b 2N
. =q| [w(.X_o) e +(1-u1)(:\*) €

where
z = longitudinal distance

X = radiation length
A = absorption length
a,b,¢,d, w = fitted constants

o = normalization constant

This parameterization has two terms, the first account-
ing for electromagnetic energy deposition and the second



for hadronic energy deposition. References 3 through 6
present studies of longitudinal hadronic shower develop-
ment utilizing the above parameterization. We have cho-
sen to use the fitted constants of Ref. 3 because they are
based on data with the widest range of incident energy
hadrons, including the highest energy of 400 GeV, and be-
cause the resultant parameterization behaves sensibly up
to an incident energy of at least 1 TeV. Shower shapes us-
ing the fitted constants of Ref. 3 are shown in Fig. 3 for
typical energies. Figure 4 presents the fraction of incident
energy accounted for by the electromagnetic term versus
incident energy for the four sets of fitted constants of Refs.
3 through 6. (An absorption length of 22 ¢m and a radia-
tion length of 0.8 cm have been assumed.) It can be seen
that results derived from Refs. 4 and 5 show unrealistic
behavior beyond 100 GeV. Reference 6 gives reasonable
behavior, but is based on incident energies 1up to only 150
GeV. At present, the model does not include longitudinal
fluctuations of the showers except for fluctuations in the
starting point of the shower. In particular, it neglects the
fluctuations in a shower initiated by a hadronic particle
which produces a large number of 7%’s at an early stage of
its development. These kinds of effects are only averaged
when using parameterizations. Figure 5 presents a compar-
ison at an incident energy of 50 GeV on solid lead of our pa-
rameterization to the longitudinal shower shape generated
by the Monte Carlo programs FLUKAST7[7], CASIMJ8],
and MARS10/[9].

The transverse hadronic shape is a function of both inci-
dent energy and depth along the shower. Appropriate de-
tailed data from measurements are scarce, particularly for
large lateral distances. We have therefore used the shower
program FLUKAST to characterize the lateral shapes. For
a given longitudinal slice at depth z, the transverse shape
is parameterized as either a piecewise function of two ex-
ponentials (z < 2)) or a single exponential (z > 2\}. A
table of these fitted exponential slope constants based on
calculations at 6 energies ( 1, 20, 50, 100, 500, and 1000
GeV) is used to characterize the entire energy and depth
dependence of the lateral spread. Interpolation was not
used for different energies. The material dependence of the
shape (for reasonable choices of material }is weak when dis-
tances are expressed in absorption lengths. Figure 6 shows
some typical profiles from FLUKAS87. It is known that
FLUKAST agrees well with data in the lateral region for
which data exist[10].

2.8 Implementation tn simulation

These parameterizations are then implemented in a fast
detector simulation program. The GEANT3[11] package
was used as the basic framework for description of the de-
tector geometry. Detectors of arbitrary geometry and com-
position may then be studied. The typical shower simu-
lation for a hadron incident upon a calorimeter is carried
out using the following steps:

1. Choose shower start position from the distribution e=%/.

2. Step through material with step size, Az ~ 0.1, and
at each longitudinal step position, z, divide the appro-
priate energy deposition ,

into thirds and deposit each of the thirds at three dif-
ferent transverse and azimuthal positions according to
the dE/dr distribution obtained from fits to FLUKAS7
and a uniform azimuthal distribution. This choice gives
a reasonable number of depositions and acceptable time
for calculation. We have not looked at the sensitivity
of all of the results to using more than three azimuthal
and transverse points per step position.

3. The contribution to the overall resolution due to in-
trinsic effects such as the sampling or the e/ response
are included by smearing the energy deposited by each
incident particle, according to the parameterization

‘L(E) =] + C_Z

E vE
where

FE = total energy deposited

1, ¢z = parameters characterizing response

An incident particle deposits energy E. A new total de-
posited energy, Eqew, is chosen from a gaussian distri-
bution of variance ¢?( E} centered on E. The individual
depositions which originally summed to £ are rescaled
to add to Egew.

3. Physics signals with high p, jets
3.1 Calorimeter thickness

The question of calorimeter thickness can be approached
from the point of view of asking how many absorption
lengths are needed to contain a given fraction of a single
hadron’s or a jet’s incident energy or from the point of view
of how many absorption lengths are needed to observe a
physics signal. Given the parameterization of Section 2.2,
the question of thickness to contain a fraction of a single
hadron’s or a jet’s energy can be calculated. The point of
shower initiation was chosen from the distribution e—*/*.
The depth in absorption lengths versus incident particle
energy to contain 95% or 99% of a single hadron’s energy is
presented in Fig. 7. These curves represent average shower
containment. Figures 8 and 9 present histograms of calori-
meter depth required to contain 95% and 99% respectively
of detectable energy of average incident jet energies of 1.5,
3.5, and 5.5 TeV. Detectable energy means the jet energy
less the energy of any muons or neutrinos. The histograms



represent the effects of fluctuations in jet composition. The
jets were generated by the program PYTHIA[12]. Figure
8, for example, shows that seven absorption lengths will
contain 35% of the jet’s detectable energy for 95% of gen-
erated 1.5 TeV jets. Similarly, Fig. 9 shows that 11.4 ab-
sorption lengths will contain 99% of the jet’s detectable
energy for 99% of generated 3.5 TeV jets. One should note
that these conelusions depend on the longitudinal shower
parameterization. For example, if the fitted constants of
Ref. 6 are used, the calorimeter depths required for con-
tainment will increase by one to two absorption lengths.
Of the fitted constants of Refs. 3 through 6, those of Ref. 6
yields the greatest containment depth. However they are
based on data up to only 150 GeV. It should also be noted
that a radiation length to absorption length ratio of 0.036
has been assumed for these and subsequent thickness cal-
culations., The results presented are very insensitive to this
ratio.

The observation of a quark compositeness signal via ha-
dronic jets requires the reconstruction of Te'V scale jets [13].
In order to study how calorimeter thickness affects the ob-
servation of this signal, p, spectra of jets were generated
simulating QCD and QCD plus a compositeness signal.
The compositeness scale (A) was 15 TeV and constructive
interference was assumed. In each case jet masses were
reconstructed, varying the calorimeter thickness. Figure
10 shows the QCD plus compositeness signal with an in-
finite thickness calorimeter and calorimeters of 8 and 11
absorption lengths. Included in this calculation were en-
ergy resolutions of 0.15/vE and 0.50/vE + 0.02 for the
electromagnetic and hadronic portions respectively. Figure
10 shows little if any degradation of the signal even with a
thickness of eight absorption lengths. This conclusion also
holds for the QCD-only signal. This can be understood
by the shaliowness of the slopes of the p) distributions in
comparison to the several percent of energy either lost or
smeared. Indeed this same conclusion was reached in Ref.
13, when considering resolution only. Thus a calorimeter
with a thickness of 8 absorption lengths seems sufficient
to observe compositeness with hadronic jets. It should be
noted that longitudinal shower fluctuations have not been
included in these calculations and may change conclusions
that do not depend only on average shower shape.

3.2 High p, W’s and transverse segmentation and shower
spreading

Reconstruction of a hadronically decaying W% or Z°
may be important in some physics searches (such as a
heavy Higgs search[14]). There have been a number of
studies [15, 16] sometimes conflicting, of the effects of calor:-
meter granularity (size of dn,d¢ bins) on W mass reso-
lution. We have chosen to revisit this issue using as a
“benchmark” the highest p; W’s that might be produced
at the SSC. The effects of the transverse segmentation of a
calorimeter with tower geometry on the mass reconstruc-

tion of high py W's (> 500GeV) have been studied. In
addition, the effects of transverse shower spreading have
also been examined.

Our procedure is as follows:

1. Centrally produced and hadronically decaying W's
with p; > 500 GeV and 8y > 30° ar. generated with
PYTHIA v4.9.

2. Two arrays binned in pseudorapidity versus azimuth
weighted by E | are filled, one using 4-vectors and the
other using the earlier described detector simulation
with the full shower parameterizations. Neutrinos and
muons appear as lost energy. Figure 11 displays the
two methods. Only particles from the W decay are
used in the reconstruction as these may be “tagged” in
the Monte Carle. The basic detector is a cylinder with
Tinner = 180 cm and royter = 400 cm and a half-length =
400 cm. The absorption length is 22 cm and radiation
length is 0.8 cm. These correspond roughly to the pa-
rameters of the Large Solenoid Detector (LSD) model
from the 1987 Berkeley SSC Detector Workshop[17].
Figure 12 shows the detector geometry used.

3. The parameters that are varied in this study are the
segmentation, dn and dé, rinner and royter and the ab-
sorption (A) and radiation (Xo) lengths.

4. From an array of E,| values, the mass m,, is calculated

o\ (25) (75

where E; and p; are determined by the energy and po-
sition of the ith cell. The position is assigned to the
center of the cell. Clustering algorithms are not em-
ployed since only particles from the W are used. This
is done to clarify detector induced vs. clustering algo-
rithm induced effects.

We have studied the m,, distribution versus granularity
for a number of different cases which are described below.
We will subsequently call the binned 4-vector study “ideal”
and the more realistic detector with Large Solenoid Detec-
tor geometry and fast shower simulation “LSD”.

In addition, we have studied the impact on W mass reso-
lution from the pileup of “minimum bias” events for some
of the cases to be described. Qur “minimum bias” sample
consisted of a 50-50 mixture of ISAJET (18] minbias and
low p; QCD jet events (> 5 GeV/c). The simplest case is
for single bunch crossing pileup where the number of inter-
actions is given by a poisson distribution with mean 1.5.
This is ideal in the sense that it represents operating condi-
tions for a calorimeter that has a resolving time less than
the collider interbunch spacing time. In a more realistic
case the total number of interactions is given by integrat-
ing over 7 bunch crossings corresponding roughly to a 100



ns integration time. If our simple mass reconstruction al-
gorithm is used with no additional cuts, reconstruction of
the W mass is severly degraded due to pileup. For this
reason, two cuts were used in our study of pileup effects:

1. The contributions of cells with E| < (dn/0.05)(d¢/0.05)
x 1 GeV were eliminated.

2. Cells outside a cone around the W direction with radius
= 0.5 1in n and ¢ space were eliminated. NOTE: While
this is not possible experimentally, the mean direction
of hadron energy flow is usually not too far from this.

These two cuts were applied only for the cases concerning
pileup effects.

The various cases studied were:
1. Ideai detector, perfect energy resolution.

2. (a) Ideal detector, smeared energies, ¢; = 0.01 {0.02),
c2 = 0.15 (0.50) for EM (hadronic) depositions.

(b} e1 = 0.01 {0.02), ¢z = 0.30 (1.00) for EM {hadronic)
depositions.

3. LSD, perfect energy resolution, Xg = 0.8 cm, A =
22 cm, Tinper = 160 em, royter = 400 cm, no magnetic
field, no pileup.

4. (a) Asin (3) but with smeared energies, ¢; = 0.01 (0.02),
cz = 0.15 (0.50) for EM (hadronic) depositions.

(b) Asin (3) but with smeared energies, ¢1 = 0.01 (0.02),
¢z = 0.30 (1.00) for EM {(hadronic) depositions.

5. As in (3) but with rippe; = 80 cm.

6. Asin (3) but with Xo = 0.37 cm A = 12.3 em, nippe =
80 cm. These parameters correspond roughly to that of
a compact uranium-silicon calorimeter [19].

7. As in (3) but with a 2 Tesla magnetic field.
8. Asin (3) but with single bunch pileup.
9. Asin (3) but with 7 bunch pileup.

Cases 1, 2, 3 and 4, m,, and no pileup

Figures 13 and 14 show typical mass peaks and Fig. 15
shows the m, rms resolution where resolution is defined
as sigma for an m, window between 60 and 120 GeV.
This window was selected to reduce eflects of low mass
tails in the distribution due primarily to energy carried
away by neutrinos. The resolution for the ideal calorimeter
(binned 4-vectors) improves with finer segmentation until
dn = d¢ = 0.03 and then flattens out with no further im-
provement, confirming earlier studies (15, 16). The W mass
resolution including the effects of shower spreading shows
a weaker segmentation dependence. The effects of detector
resolution have also been checked for reasonable values of
energy resotution, c1 = 0.01 {0.02), c; = 0.15 {0.50) for
EM (hadronic). Energy resolution effects are a relatively
sinall contribution to the W mass resolution. This is not
unexpected for W’s in this p, range, in which one an-
ticipates that angular resolution will primarily determine
mass resolution.

Table 1

W mass and rms resolution (using 60 < m,, < 120 GeV window
for calculation). Values in parentheses are the rms values. Typical
errors for the rms values are about 1 GeV.

Case Segmentation dn (= d¢)
0.01 0.03 0.05 0.10

1 77.5 7.8 779 80.5
(5.5)  (5.6) (6.4) (9.5)

Aa) T71 719 TT9 804
(6.1) {5.6) (6.4) (9.7)

2b) 771 779 779 804
(6.1) (5.6) (6.4) (9.7)

3 82.0 826 834 848

(9.0)  (9.4) (9.2) (11.1)
4(a) 823 826 832 8438
(8.9) (9.5) (9.6) (11.2)
4(b) 82.8 83.2 83.5 851
(8.9) (9.0) (9.8) (11..5)
5 87.4 876 825 892
(11.8) (11.7) (13.1) (12.6)
6 84.1 840 849 B86.3
(10.0) (10.0) (10.7) (11.8)
7 84.0 not run 84.7 mnot run
9.9) (10.1)
8 not run not run 78.8 not run

(8.3)

9 81.9 79.6 79.0 not run
(8.9) (8.5) (8.6)

Cases 5 and 6 (m,, and detector size)

What happens if ripner 1s changed to 80 cm and » = 12.3
em? This situation corresponds roughly to some of the
most compact and dense of the calorimeters proposed thus
far[19]. Figure 16 shows that the m,, resolution is still
dominated (if not more so) by shower spreading.

Case 7, (m,, and a Magnetic Field) If a 2 Tesla magnetic
field is used, the W mass resolution worsens slightly, as can
be seen from the two “starburst” points in Fig, 16.

Cases 8 and 9 (m,, and event pileup)

We add in pileup events and apply the cell £, and cone
cuts described earlier and try to reconstruct the W. As
shown in Fig. 17, pile-up effects can be controlled using the
above cuts in the sense that the resolution is not different
to within statistics from the case where pileup is absent.
For lower p; W's (> 150 GeV), however, the above algo-
rithmn 1s not useful since particles are dispersed over larger



regions and the cone must be enlarged. Clustering algo-
rithms are then necessary. This has not yet been pursued.

Table 1 summarizes the various scenarios described
above. In addition, we tabulate reconstruction efficiencies
in Table 2, where the efficiency is defined as the fraction of
the events falling in a mass window +10 GeV around the

peak.
Table 2

Fraction of events falling within £10 GeV of the peak.

Case  Segmentation én (= §¢)
0.01 0.03 0.05 0.10

1 0.63 0.63 0.64 0.55

2(a) 0.65 0.65 0.63 0.54

3 0.62 0.59 0.57 0.55

6 0.59 0.60 0.58 0.52

g 0.61 0.59 0.55 not run

4, Conclusions

We have studied two aspects of calorimeter requirements
for detection of high p, jets at the SSC. Our studies of
a possible quark compositeness signature, which will be
manifested in the central rapidity region, indicate that
a calorimeter depth of eight absorption lengths or more
would be sufficient to detect a compositeness signature.
Energy leakage from a calorimeter of this depth does not
significantly perturb the shape of the jet p) spectrum. A
similar conclusion {16] has been reached from studies of the
mass resolution of high p) W decays to jets. Hence, in
the central rapidity region at the SSC, calorimeter depths
beyond eight absorption lengths must be justified on a ba-
sis other than energy containment, for example, hadronic
punchthrough and muon detection.

We have studied the effects of calorimeter granularity
and energy resolution on the mass resolution of W’s with
p) > 500 GeV. We conclude that, for this p| range,
intrinsic hadronic shower spreading has a significant im-
pact on W mass resolution for a calorimeter inner ra-
dius/absorption length less than about eight. For a calori-
meter with an absorption length of 20-25 cm (typical of
uranium-liquid argon or compensating lead-scintillator) a
calorimeter radius greater than 1.6 m is needed to take
advantage of decreasing the calorimeter granularity (én =
&g = 0.05) to improve the W mass resolution. It may be
possible to take advantage of finer calorimeter granularity
at a smaller radius at the expense of reduced efficiency by
employing clustering algorithms to select hadronic W de-
cays with well separated jets[20]. We have not yet studied
this possibility. For such high p; W'’s, the effect of pile-up
of minimum bias events may be removed by requiring a
minimum £ in the calorimeter cells used in the recon-
struction of the W mass.
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FIG. 1. A comparison of data from 86 GeV electrons incident
on an iron calorimeter with our fast shower simulation. Energy
deposition vs. longitudinal depth in shower.
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FIG. 2. A comparison of the radial electromagnetic shower shape
for 50 GeV electrons on uranium from GEANTS3 (solid histogram)
and our parameterization (dashed histogram).
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FIG. 3. The longitudinal hadronic shower shape for hadrons of
several energies incident on a medium with an absorption length
of 22 cm and a radiation length 0.8 cm, using the parameterization
given in the text and the fitted constants of Ref. 6.
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{(CASIM, FLUKAST7, and MARS10) for 50 GeV hadrons incident
on solid lead.
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FIG. 6. Radial distributions as calculated by FLUKAS7 (solid
histogram) for 50 GeV incident hadrons at longitudinal depths of
0.4 A and 4.0 A,
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FIG. 7. The depth in absorption lengths vs. incident particle
energy to contain 95% and 99% of a single hadron’s energy, using
the parameterization given in the text and the fitted constants of
Refl. 4.
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FIG, 8. Histograms of the fraction of jets vs. the number of ab-
sorption lengths 1o contain 95% of the jet’s detectable energy for

average jet energies of 1.5, 3.5, and 5.5 TeV. The histograms are
normalized to unit area.

FIG. 9. Histograms of the fraction of jets vs. the number of ab-
sorption lengths to contain 99% of the jet’s detectable energy for
average jet energies of 1.5, 3.5, and 5.5 TeV. The histograms are
nermalized to unit area.
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FIG. 10. The E distribution of jets assuming a compositeness
scale of 15 TeV with constructive interference for an infinite depth
calorimeter and for calorimeter depths of 8 and 11 absorption

lengths.
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FIG. 12. Picture of the geometry assumed for simulations of a

large solenoid detector.
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FIG. 13. Case 1: The W mass distribution assuming mass reconstruction using 4-vectors binned in rapidity and agimuth.
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FIG. 14. Case 3: The W mass distribution with perfect energy resolution using the LSD detector simulation.
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FIG. 15. The W mass resolution (as defined in the text) as a
function of calorimeter segmentation (An = Ad) for the cases
shown, as described in the text. No event pileup is present. Case
1 is shown as a solid curve, Case 2(a) as dashes, Case 2(b) as
dot-dashes, and Case 3 as dots.
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FIG. 16. The W mass resolution for different inner calorimeter
radil and absorption lengths. For comparison, Case 1 is shown as
solid, Case 3 as dots, Case b as dashes, Case 6 as dot-dashes and
Case T as starburst points.
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FIG. 17. The W mass resolution, including pileup as described in
the text. Case 1 is shown as solid, Case 3 as dots and Case 9 as
dashes.
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