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'his note describes a first approach to establish a fast and precise 
·alorirneter simulation for the GEM detector within the framework of SIGEM, 
1hich in turn is based on GEANT. The note consists mainly of a loose 
;ollection of related papers. Its idea is to establish a basis suitable for 
:uture development. 
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I N T R 0 D U C T 0 R Y R E M A R K S 

r++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

rhe aim of interfacing GFLASH 1.4 with SIGEM is to provide GEM with a fast 
)Ut nevertheless precise program for calorimeter simulation within GEANT. 

;FLASH 1.4 is a package for fast calorimeter simulations in the framework of 
;EANT. It is based on HlFAST, the detector simulation program for the Hl 
letector at the ep collider HERA (DESY,FRG). The features covered include 
~ proper handling of individual particle tracking in coarse geometries (GEANT 
nixtures), electromagnetic shower parameterization, optional hadronic shower 
~arameterization, so-called particle terminators, and a very detailed book 
<eeping of all energy losses. Geometrical constraints may be applied to the 
Jararneterizations and terminators (eg. prohibit shower parameterization in the 
Jicinity of cracks). 

rhe following topics are covered in the notes included here: 

'The Fast Hl Detector Monte Carlo' gives a general overview of the HlFAST 
approach to a detailed and accurate detector simulation. 

rhe Draft 'The Parameterized Simulation of Electromagnetic Showers in Homo
~enous and Sampling Calorimeters' reflects the actual status of electromagnetic 
shower parameterization as used in HlFAST and GFLASH 1.4. 

Hadronic shower parameterizations are described in 'The Fast Simulation of 
Electromagnetic and Hadronic- Showers'. The algorithms for both electromagnetic 
and hadronic shower parameterizations described there are actually part of 
the fully parameterized detector Monte Carlo GEMFAST. 

The Hl Software Note ' "Calibarated Energies" in the Hl Detector Simulation' 
describes how the detailed book keeping of all energies is used in Hl. 

The GFLASH 1.4 Users Manual contains a detailed description of GFLASH and 
its main user interfaces. The corresponding source code is available at 
SSCL. Please contact one the authors. 

Finally the GEM-specific changes to the original code are sketched and the 
current status is summarized. Recommended future activities are outlined. 
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THE FAST Hl DETECTOR MONTE CARLO 

Michael Kuhlen·t 
Max-Planck-Institut fiir Physik 

Werner-Heisenberg-Ins tit u t 
_Fohringer Ring 6 

8000 Miinchen 40, Germany 

Abstract 

The simulation of large samples of physics events in the HERA detectors 
requires special techniques for the time consuming simulation of showers in 
the calorimeters. The fast Hl detector Monte Carlo is based on shower 
parametrization where possible without sacrificing precision, and the replace
ment of the complicated sampling structures of the calorimeter stacks by ho
mogeneous averaged media. This scheme has been implemented in the general 
framework of GEANT and results in an acceptable simulation time, about a 
factor 10 faster than the detailed GEANT simulation for typical HERA neu
tral current events. Comparisons with e and :ir test beam data show good 
agreement in those aspects which are typically important for analysis. 

INTRODUCTION 

In calorimeter simulation three different 
purposes can be distinguished: calorimeter 
studies, physics analysis, and feasibility stud
ies. With decreasing accuracy requirements an 
increasing simulation speed can be achieved. 
A very d~tailed calorimeter geometry descrip
tion with shower tracking down to very low 
cut-offs is used for calorimeter studies. It is 
able to predict the absolute response and res
olution "from first principles". The CPU time 
needed is of the order of 1 s/GeV and scales 
linearly with the shower energy. This is pro
hibitively slow for event simulation in physics 
analysis (e.g. acceptance calculation). Here 
the CPU time has to be reduced substantially, 
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and the simulation has still to be accurate in 
those features on which the analysis relies. Fi
nally, for feasibility studies rather crude ap
proximations are possible, and a speed of 0.1 s 
for 100 Ge V showers with a logarithmic scaling 
law can be reached. 

In the following, the Hl concept for fast 
and accurate event simulation in physics ana
lysis will be presented. The precision is being 
checked against e and :ir test beam data, and 
information on the implementation and timing 
performance is given. 

SIMULATION CONCEPT 

A lot of time can be saved by simplify
ing the geometry description of the detector. 
The sampling structures of the different Hl 
calorimeters - alternating layers of absorber 
and read out material - is replaced by homo
geneous volumes filled with mixed media. In 

Talk given at the XXVI International Conference on High Energy Phyiscs, Da.Jlas 1992. 



these media energy depositions are simulated
no longer the signal itself-, and then mapped 
onto the actual read out geometry. The signal 
("e/mip" ,"e/h" effects) and the desired reso
lution (sampling fluctuations) are generated in 
a second step via external response functions. 

Most of the signal in the read out layers 
is produced from low energy shower particles. 
High cut-offs for low energy particle tracking 
can be introduced, because the signal (charge) 
is no longer simulated directly. In addition, 
particles are terminated when they are likely 
not to contribute to the signal outside of the 
current read out cell. 

Electromagnetic showers have a high parti
cle multiplicity, making their parametrization 
advantageous. Hadronic showers on the other 
hand have lower multiplicity, are more irregu
lar in shape and generally larger in size, usu
ally extending over detector inhomogeneities. 
Therefore only electromagnetic su bshowers in 
the cascade are being parametrized, and only 
if they do not extend over cracks between 
calorimeter modules. Parametrization over 
cracks is not allowed because it leads to an 
incorrect description of the amount of energy 
lost in dead materials. Punch through is sim
ulated naturally because the hadrons in the 
cascade are tracked inclividually. 

A general e.m. shower parametrization has 
been developed1

, which simulates longitudinal 
and lateral shower shapes as well as their fluc
tuations and correlations. It can be applied 
to all homogeneous and sampling calorimeters, 
and depends explicitly only on the radiation 
length Xo, the Moliere radius RM, the critical 
energy E0 , the nucleus charge number Z and 
the sampling frequency in the case of sampling 
calorimeters. 

IMPLEMENTATION 

The fast Monte Carlo (MC) is implemen
ted in the general framework of GEANT2 
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for geometry description and particle track
ing, while GHEISHA3 or FLUKA4 produce 
hadronic interactions. On an HP 9000-720 
workstation, the average simulation time is 
about 2 s/evt. for e- of 100 GeV, 7 s/evt. 
for 100 GeV ,,.- , and 50 s/evt. for a typical 
sample of HERA neutral current events. 

A complete book keeping of all energy de
positions (e.m., hadronic and "invisible", i.e. 
energy lost in a nuclear reaction) in all parts 
of the detector allows to reconstruct the re
sponse after simulation with simple response 
functions, which are basically sums over the 
smeared true energy depositions5•6 • This flex
ible scheme offers the possibility of quick re
tuning with different response functions, in
cluding a perfect one to check reconstruction 
algorithms. In addition, the absolute energy 
scale of the MC is intrinsically correct, because 
energy is simulated directly. 

COMPARISON WITH DATA 

Extensive checks of the simulation program 
against test beam data of different Hl liquid 
argon calorimeter modules with electrons and 
pions of energies ranging from 5 to 200 GeV 
have been carried out1•6 , of which only a selec· 
tion can be shown here. The modules consist 
of an e.m. section (lead/liquid argon) followed 
by a hadronic section (iron/l.ar.). 

In figs. 1 and 2 lateral and longitudinal 
shower profiles for 10 Ge V electron showers 
are shown for the MC and the data. The lines 
represent at each point the mean of the en
ergy distribution plus its RMS, giving a mea
sure for the shower to shower fluctuations. Not 
only the average shapes· agree well, but also the 
shape fluctuations are well reproduced, in fact 
data and MC are hard to distinguish. A good 
description of the measured resolution was al
most trivially achieved with a simple resolu
tion function applied to the stored true en
ergy depositions (not shown here). With the 
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concept of con di ti on al shower parametrization 
also the reduced response over the uninstru
mented region between two adjacent calorime
ter modules ca.n be modelled (fig. 3). 

The energy depositions of 30 GeV pions in 
the e.m. and ha.dronic sections of the calorime
ter a.s well a.s the sum of both are shown in 
fig. 4. In general, the distribution of energy 
a.cross the discontinuity between the two dif
ferent modules is well simulated, though a.t 
closer look GHEISHA ca.n be seen to gener
ate too many events which are almost com
pletely absorbed in the e.m. section, in con
tra.st to FLUKA. The sum of both modules 
yields the right response ("hf e") for the non
compensa.ting H 1 calorimeter, and also a. good 
description of the 7ro and sampling fluctua
tions. 

Among other quantities, Hl plans to use 
for e/7r separation the energy of the hottest 
cell in a. shower, plus the energy of its three 
most energetic neighbors. This estimator EH• 
is expected to be large for compact e.m. show

. ers, where most of the energy is deposited in a. 
few cells, while for pionic showers of the same 
energy EH• is much smaller, a.s shown in fig. 5 
for e and 7r da.ta.. The fa.st MC is a.hie to repro
duce these features in detail, a.nd in particular 
allows a. reliable estimate of the 11' background 
under the e pea.k. 
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Figure 4. Energy deposition of 30 GeV pions in a I. 
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The data are compared to the fast simulation based 
on GHEISHA (A) and FLUKA (B). 

To conclude, the fast MC is now the stan
dard choice for massive event simulation in Hl, 
and our results demonstrate its validity for the 
extraction of physics from HERA events. 

4 

~ 

-0 ., 
N 

-;;; 
E .... 
0 c 
~ 

c 
:..0 --"' .., 
c ., 
> ., 

::jl: 

0.20 

0.15 

0.10 

0.05 

o.o 
10-• 

10-• 

10-3 

io-• 
0.0 

CB3 ,,,. 
e 

- .. e 

CB3 

-.. 

0.2 

data 30 GeV 
:: 

data 30 GeV 
MC 30 GeV : : 

,,. data 30 GeV ,,. MC 30 GeV 

0.4 0.6 0.6 

Figure 5. Estimator for electron/pion separation. 

REFERENCES 

1.0 

L S. Peters, Die parametrisierte Simulation 
elektromagnetischer Schauer. Thesis, Uni
versitii.t Hamburg, 1992. 

2. R. Brun et al., "GEANT3 User's GUIDE", 
CERN-DD/EE 84-1, Geneva 1984. 

3. H. Fesefeldt et aL, "The Simulation of 
Hadronic Showers, Physics and Applica
tions", PITHA 85/02, Aachen 1985. 

4. P.A. Aarnio et aL, "FLUI<A 89 User's 
Guide", Geneva 1990. 

5. G. Bernardi et al.," 'Calibrated Energies' 
in Hl Detector Simulation," HJ Software 
Note 26, (1991). 

6. M. Rudowicz, HadroniSche Schauersimu
lation fiir den Hl-Detektor. Thesis, Uni
versitii.t Hamburg, 1992. 



The Parameterized Simulation of Electromagnetic 
Showers in Homogenous and Sampling Calorimeters 
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Abstract 

A general a.pproa.ch to a. fa.st simulation of electroma.gnetic showers using pa.rameterizations 
of the longitudional and radial profiles in homogenous and sampling calorimeters is described. 
The dependence of the shower development on the used materials and the sampling geometry 
is taken into account explicitly. Comparisons with detailed simulations of various calorimeters 
and data from the Hl liquid argon calorimeter are made. 



Introduction 

0 calorimeter simulation different tasks can be distinguished: calorimeter studies, physics analysis 
nd feasibilitv studies. A detailed simulation where all secondary particles are tracked individually 
.own to som; minimum energy is requiered for accurate calorimeter studies. For physics analysis and 
easibility studies large number of Monte Carlo events have to be produced. Using individual particle 
racking, the computing time needed for such kind of simulations increases approximately linear with 
he ener!ZV absorbed in the detector and can easily become prohibitive. Using parameterizations for o. 
:lectromagnetic (sub )showers can speed up the simulations considerably, without sacrificing precision. 
['he high particle multiplicity in electromagnetic showers as well as their compactness and the good 
mderstanding of the underlying physics makes their parameterization advantegoues. 

Jsing an Ansatz by Longo and Sestili [l], a simple algorithm for the description of longitudinal 
:hower profiles has been used succesfully for the simulation of the UAl calorimeter (2]. Later, this 
\nsatz has been extented to the simulation of individual showers, taking their shower-to-shower 
luctuation and correlations consistently into account [3, 4, 5]. For the parameterized simulation of 
·adial energy profiles no conclusive procedure has been established until now. 

n homogenous media, a scaling of the longitudinal and radial profiles in radiation lengths rsp. Moliere 
:adii does not lead to a material independent description of electromagnetic shower development. In 
>ampling calorimeters, the shower shapes depend in addition on the geometrical design. We have 
!Xtented the above Ansatz for parameterized simulation of longitudinal profiles by taking the material 
ind geometry dependence of the parameters into account and developed a new algorithm to simulate 
:adial energy distributions (6]. Correlations between longitudinal and radial shower development are 
tlso considered. 

2 Procedure 

To arrive at a general description of electromagnetic shower development, we studied detailed Monte 
Carlo simulations of various homogenous media and sampling calorimeters, performed with the 
GEANT package (7]. In a first step only average shower profiles in homogenous Media have been an
alyzed, from which scaling laws for the material and energy dependence of the parameters have been 
extracted. Starting from the relations which describe the average behaviour of the parameterized 
quantities, we developed parameterizations for individual electromagnetic showers in homogenous 
calorimeters, taking fluctuations and correlations into account. 

The parameterizations in homogenous media are a first approximation for electromagnetic shower 
development in sampling calorimeters, if they are viewed as consisting of one single, effective medium. 
The inhomogenoues material distribution in sampling calorimeters has, however, influence on the 
exact behaviour of the shower shapes, eg. the depth of the shower maximum in longitudinal profiles. 
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This is explained mainly by the transition effect, which turns out to be sensitive to the shower 
depth [6, 8, 9]. These effects have been considered by adding geometry dependent terms to the 
parameterizations for homogenous media, which can easily be calculated from the calorimeter design. 

3 Parameterization in homogenous media and sampling 
calorimeters 

In the parameterized simulations the spatial energy distribution of electromagnetic showers is given 
by three propability density functions (pdf), 

dE( i) = E f ( t )dt f ( r )dr f ( <P )d,P, (I) 

describing the longitudinal, radial and azimuthal energy distributions. Here t denotes the longitudinal 
shower depth in units of radiation lenghts, r measures the radial distance from the shower axis in 
Moliere units, and <P is the azimuthal angle. The start of the shower is defined by the space point, 
where the first electron or positron bremsstrahlungs process occurs. A gamma distribution has been 
used for the parameterization of the longitudinal shower profile, f(t). The radial distribution, f(r), 
is described by a two-component Ansatz. And it has been assumed that the energy is distributed 
uniformly in ,P: f(<P) = l/27r. 

3.1 Longitudinal shower profiles - homogenous media 

It is well known, that average longitudinal shower profiles can be described by a Gamma-distribution 
[1]: 

/ 2_dE(t)) = !() = (f3t)"'-1/3exp(-(3t) 
\E dt t I'(a) . (2) 

The center of gravity, (t), and the depth of the maximum, T, can be calculated from the shape 
parameter a and the scaling parameter /3 according to 

(t) 
a 

-
/3 

(3) 

T 
a-1 

-
/3 

(4) 

Longitudinal electromagnetic shower development in homogenous media has been studied analytically 
some time ago [10]. An important result of calculations using "Rossis Approximation B" [10] has 
been, that longitudinal shower moments will be equal in different materials, provided one measures all 
lengths in units of ratiation lengths (Xo), and energies in units of critical energies (Ee)· Numerically, 
Ee can be calculated according to 

Ee = 2.66 (xo !) t.t (5) 
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.11], and determines the kinetic energy of electrons, where the energy lost in bremsstrahlung equals 
i.pproximately the ionization loss. For the depths of the shower maximum 

T ex 

is predicted [10]. 

E 
lny = ln

Ec 
(6) 

It is therfor desirable to use T in the parameterization. This is demonstrated in figure 1, where 
the average depths of the shower maximum in various homogenous media1, Thom, is plottet versus 
y in the energy range from 1 to 100 Ge V. As a second variable, a can be used. In this case a 
parameterization depending on the charge number Z of the material has to be used (figure 2). The 
lines in both figures correspond to fits to GEANT simulations according to 

Thom - ln y + ti 
Cihom - a1+(a2+aa/Z)lny. 

(7) 

(8) 

The exact numbers are given in the Appendix (A.1.1), where all formulae and numbers which will 
be mentioned in the following are summarized. 

Assuming that also individual profiles can be approximated by a gamma-distribution, the fluctu
ations and correlations can be taken into account consistently (for details refer also to [5]). For 
each single GEANT-simulated shower T and a is determined by fitting a gamma-distribution. We 
have used the logarithms of T and a for parameterization, because these quantities were found to 
be approximately normal distributed. For the parameterization of the expectations (In Thom) and 
(lnahom) the logarithms of equations 7 and 8 have been·used. They-dependence of the fluctuations 
can be described according to 

u = (s1 +s2lnyi-1 

and the correlation between 1n Thom and 1n Cihom is given by 

(9) 

(10) 

The dependence of these quantities on y is shown in figure 3 for various materials together with the 
parameterizations (see numbers in Appendix A.1.2). 

From these formulae, corellated varying parameters a; and {3; can be produced according to 

( ln Ti ) = ( (ln T) ) + C ( Z1 ) 
lna; (lna) z2 

(11) 

with 

C _ ( u(lnT) 0 ) ( IP_ /!¥_ ) 
- 0 u(lna) Jf.f -.,ff¥ 

1The index "ham" in the fullowing furmulas indicates the validity for homogenous media.. For sampling calorimeters 
the index "sa.m • will be used. 
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and [3i = (T; - 1)/a;. =1 and =2 are standard normal distributed random numbers. The longitudinal 
energy distribution is evaluated bei integration in steps of At = t; - t;_1 = 1X0 , 

dE(t) = E {'' ({3;t)"';-l/3;exp(-/3;t)dt, 
J,,_, r( ail 

using eg. the GAMDIS function of the CERN computer library. 

It is worthwhile to mention that only one ((In O.hom)) of the five quantities needed depends explicitly 
on the material willle for the other four this dependence is absorbed by using y instead of E. 

In figure 4 longitudinal profiles of GEANT and parameterized simulations in a leadglass calorimeter 
(SF5) are compared. Shown are the mean profiles and the mean+ 1 RMS in each X0 interval. While 
the mean is in perfect agreement, the fluctuations are underestimated by the parameterized simula
tions at low energies, indicating that the description of individual profiles by gamma-distributions 
becomes a better approximation with increasing shower energy. Comparisons for other materials (Fe, 
Cu, W, Pb, U) are of comparable quality as in figure 4 [6]. In the next sections we will show, how 
the sampling fluctuations in sampling calorimeters can be used to get a better estimation for the 
shape fluctuations at low energies. 

3.2 Sampling fluctuations 

In fast simulations, sampling calorimeters consisting of a complicated but repetitive sampling struc
ture are usually described by one single effective medium (the formulas we used to compute effective 
material parameters are summarized in Appendix A.2.1). The effect of the sampling, sampling fluc
tuations and scaling with sampling fractions down to visible signals, has to be considered for in 
parameterized simulations explicitly. 

The simulation of sampling fluctuations can be done in a comfortable way, using again a gamma 
distribution: 

(12) 

with a a 
(x) = b, u2(x) = b2" (13) 

The energy in each longitudinal intergration step, dE(t), is fluctuated according to equation 12 
choosing 

a = dE(t) and b = ..!_ 
c2 c2 

(14) 

using eg. the RANGAM function of the CERN computer library. It is easy to show, that the central 
limit theoreme will ensure the total energy to be normal distributed obeying the usual law: 

O" c 
E = ve· (15) 
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Using this procedure the occurence of negative energies is a.utoma.tica.ly protected a.nd a.dditiona.l 
fluctuations a.re introduced to the longitudinal shape, lea.ding to a. better agreement in the shape 
fluctuations. In addition, this method ca.n be used to fluctuate energy depositions of rea.l particle 
(electrons, hadrons) if they a.re tracked individually through a.n effective homogenous volume. 

3.3 Longitudinal shower profiles - sampling calorimeters 

Aside of sea.ling a.nd sampling fluctuations, the inhomogenous ma.teria.l distribution in sampling 
calorimeters influences the exact behaviour of the shower shapes. In the first stages of electromagnetic 
shower development the signal is dominated by electrons a.nd positrons. Behind the shower maximum 
low energetic photons become more a.nd more importend. The transition effect, beeing explained 
ma.inly by the absorption properties of low energetic photons, must in turn depend on the shower 
depth. Consequently, the signal ratio of electrons to minimum ionizing particles (mip's), e/mip, 
decreases continuously a.s the shower propa.ga.tes longitudinally. Averaging over the whole shower, 
e/mip remains energy independent for E~l GeV. As a. consequence of the decreasing e/mip the signal 
maximum in a. specific sampling calorimeter occurs a.t earlier depth tha.n expected for a homogenous 
calorimeters with the same effective material properties. This can be seen from figure 5 (left upper 
corner), where (lnT) for homogenous media is compared to the values in five different sampling 
calorimeters. In addition the a.mount of shifting turns out to depend on the exact geometrical 
arrangement. 

The pa.ra.meterizations of the longitudinal shape as given in section 3.1 for homogenous media can 
therfor not be used for sampling calorimeters directly. Instead it may be understood as first approx
imations, to which geometry dependent corrections have to be added. We have used the sampling 
frequency 

F _ Xo,e// 
s - d.+dp (16) 

a.nd the value of e/mip (a.vera.ged over the shower) to a.ccount for the shower depth dependence of 
the transition effect. d. and dp denote the thickness of the a.ctive a.nd passive layers, respectivly. If 
the exa.ct number of e/mip is not known, 

• 1 e 
e= ~ 

1 + 0.007(Zp - Z.) mip 

gives a sufficient approximation for many calorimeters [12] with charge numbers Zp and z •. 

The average longitudinal profiles can now be parameterized according to 

T •• m - Ti..,.. + t1Fi1 + t2(1 - e) 

°'••m = °'"°"' + a1Fsl 

and the quantities used for simula.tions of individual showers a.re given by 

(lnT,.m) = ln(exp((lnTi.om))+t1F;1 +t2(1-e)) 

5 

(17) 

(18) 
(19) 

(20) 



(Ina,.,,.) = In (exp((lnahom)) + aiFs'). (21) 

a(ln Tsam ), a(ln a,.m) and p(ln T,.m, In a,.m) are described with the help of the same formulas as in 
the case of homogenous media. (See Appendix A.2.2 and A.2.3). 

Figure 5 summarizes the parameterizations for sampling calorimeters. The expectation of In T does 
not longer scale with y. The expectation of Ina depends on the material and the geometry (e). 
The fluctuations and correlations of the parameters can still be approximated without any explicit 
material or geometry dependence. 

Figures 6 to 8 compare GEANT simulations and parameterized simulations of the HI lead liquid argon 
calorimeter {IFE). The GEANT simulations have been performed with low cuts and a very detailed 
geometry description, including eg. copper pad plates and GlO layers. These simulations have not 
been used to tune the parameterizations. Both, average longitudinal profiles and their fluctuations 
(including sampling fluctuations) are in very good agreement (figure 6). The energy containment 
(figure 7) and the energy resolution (figure 8) as a function of the longitudinal calorimeter length 
is also well predicted. Comparisons with detailed simulations of other calorimeter (Fe-LAr, Cu-Sc, 
W-LAr, Pb-LAr, U-Sc) showed a comparable performance [6]. 

3.4 Radial shower profiles - homogenous media 

Figure 9 shows average radial energy profiles, 

!( ) = 1 dE( t, r) 
r dE(t) dr ' 

(22) 

at different shower depths in Uranium. The profiles show a distinct maximum in the core of the 
shower which vanishes with increasing shower depth. In the tail (r.2:.lRM) the distribution looks 
nearly flat at the beginning (1 - 2Xo), becomes steeper at moderate depths (5 - 6Xo, 13 -14Xo), 
and becomes flat again (22 - 23X0 ). A big variety of different functions have been used to describe 
radial profiles. We have used the following two component Ansatz: 

f(r) - pfc(r) + {1- p)/T(r) (23) 
2r.Rb 2rR} 

- P(r2 +.Rb)2 +(l -p)(r2 +R})2 

with 
0$p$1. 

Here R.c (RT) is the median of the core (tail) component and pis a propability, giving the relative 
weight of the core component. In the shower depth 1 - 2Xo f(r), pfc(r) and (1 - p)fT(r) are also 
shown in figure 9. 

The evolution of Re, RT and p with increasing shower depth is shown in figure 10 for 100 GeV 
showers in Iron and Uranium. We have used the variable r = t/T which measures the shower 
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depth in units of the depth of the shower maximum to generalize the radial profiles. This made 
the parameterization more convenient and separated the energy and material dependence of various 
parameters. The median of the core distribution, Re, increases linearly with r. The weight of the 
core, p, is maximal at around the shower maximum and the width of the tail, Rr, is minimal at 
r:::::: 1. This behaviour can be traced back to the radial profiles shown in figure 9. 

The following formulas have been used to parameterize radial energy density distribution for a given 
energy and material: 

(24) 
(25) 

(26) 

The parameters z1 · · · p3 are either constant or simple functions of In E or Z (see Appendix A.1.3 for 
details). The complicated evolution of Rr and p with the shower depth and the dependence of the 
material can be explained mainly with the propagation of low energetic photons [6]. The offset in Rr 
between Iron and Uranium (figure 10) for example, indicating a wider distribution in Iron, reflects 
the difference in the mean free path which for 1 MeV photons is approximately twice as much in iron 
as in uranium, if lenghts are measured in Moliere units. 

We found a good agreement of mean radial profiles between parameterized and detailed simulations 
in Fe, Cu, W, Pb and U absorbers for energies between 0.4 and 400 GeV. This is demonstrated in 
figure 12 where radial profiles in various shower depths are compared for 40 GeV showers in lead and 
100 GeV showers in Uranium. 

The introduction of radial shape fluctuations has to be considered with some care. Even if no 
fluctuations are simulated on /(r) explicitly, radial energy profiles at a given shower depths will 
fluctuate, because the shower maximum T, and though -r, varies from shower to shower. Another 
source of radial fluctuations arise from the method which we have adopted for the simulation of 
radial distributions: The energy content of a longitudinal interval of length 1 X0 , dE(t), is calculated 
from the actual longitudinal energy density distribution as described in section 3.1. This energy is 
splitted into Ns discret spots of Energy Es = dE(t)/Ns which are distributed radially according to 
f(r) with the help of a Monte Carlo method. This can be done very easy, because the pdf's fc(r) 
and fr( r) can be integrated and inverted: 

F(r) l' 2r'R
2 r2 

dr' --
0 (r'2 + R2)2 - r2 +R2 

(27) 

F-1(u) - RV1 :u. (28) 

With the help of two uniform distributed random numbers, v;, w; E [O, 1 [, random radii according to 
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J( r·) are generated according to: 

{ 
Re ~, if p < w; 

r· - V 1-::-_•• 
' - Rr r::;z;:::I v· . , else. V 1-vj 

This method leads to additional fluctuations in the energy content of every radial interval which 
follow a binomial distribution. Thus, the relation 

(e)(l _ (e)) = canst = N -1 
s (29) 

describes the contribution to radial shape fluctuations produced by the Monte Carlo method in each 
longitudinal intergration interval. Here e denotes the energy quota in a given radial interval at a 
given shower depths: -1"' dE(t,r) 

(e) = r1 J(r)dr = dE(t) . (30) 

We have investigated the possibility to tune N5 in each longitudinal interval to match the radial shape 
fluctuations observed in detailed GEANT simulations2• As an example the quantity u2(e)/((e)(l -
( e))) is displayed at t = 5 - 6X0 in figure 11 for detailed simulations and parameterized simulations 
without any radial shape fluctuations. The difference of these curves, which is also shown in figure 
11, is approximately constant and determines Ns1 in equation 29 (note that the variance is additiv). 
We found, that a constant contribution to u2(e)/((e)(l - (e))) can be used to match the total radial 
shape fluctuations to a good approximation at all shower depths. 

Summing Ns over all shower depths, the total number of spots N..,,.t needet for one shower can be 
optained and parameterized according to 

(31) 

To parameterize the spot numbers in ea.ch longitudinal integration interval it is convenient to param
eterize the density distribution, l/N..,,.t dNs(t)/dt in figure 11, which follows a. gamma. distribution 
which parameters a.re given by the parameterizations of the corresponding longitudinal energy profile: 

TsJ>Ot = Tn.m(0.698 + 0.00212Z) and 

o:sJ>Ot = O:hom(0.639 + 0.00334Z). 

(32) 

(33) 

The total fluctuations opta.ined with this method a.re also compared in figure 12 by adding 1 RMS 
to the mean profiles. 

Additional correlations between longitudinal and radial shower development a.re taken into account 
by introducing a correlation between the radial pdf's and the actual center of gravity, 

a1 01 
(t); = - = T; , 

{3; O:; - 1 

2De Angelis et al. have used a similar method to reproduce shape fluctuations [13]. 
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lf an individual shower. This is done by calculating T in equation 24, 25 and :26 from (t); instead of 
r. Thus: 

t t exp( (ln a)) 
r=-~ri= . 

T (t);exp((lna))-1 
(34) 

fhe need to introduce these correlations is demonstrated in figure 13, where integrated radial pro
'iles are shown, which were optained by summing over all longitudinal layers. Note that the mean 
.ntegrated profiles, 

/ 2_ dE(r)) 
\E dr ' 

is independent of energy, which is well reproduced by the parameterized simulations. The relative 
fluctuations on this distributions, 

• <TRMS 
u( r) = (1. dE(r)) 

E dr 

is shown using both, r and T; in calculating the radial profiles. Only the simulations using T; are able 
to predict the fluctuations observed in the GEANT simulations correctly. 

Finaly, the completed algorithm is summarized as follows: Determine the energy dE(t) within one 
longitudinal integration interval as described in section 3.1. In case of sampling calorimeters apply 
sampling fluctuations on dE(t). In the same loop evaluate the number of spots needet to reproduce 
radial shape fluctuations in this interval according to 

Ns(t) = N11pot ['; (f3s,,.,t)as ... -113Spot exp(-f3spott) dt. 
lt;-1 re as,,..) 

Distribute the spots radially according to /(r) as described above. Distribute the spots uniformly 
in the longitudinal interval and in efi. Transform the spot coordinates (Es, t[Xo], r[RM], efi) into the 
detector reference system (Es, x, y, z). 

3.5 Radial shower profiles - sampling calorimeters 

The influence of the exact geometry on radial energy profiles is rather small. At the start of the 
shower the profiles look a. bit smoother as in homogenous media.. With increasing shower depth 
they approach the shapes that are expected for homogenous media with the same effective material 
quantities. These small deviations have been taken into account by the following corrections to the 
mean profiles: 

Rc,aam - Rc,hom + z1(l - e) + z2Fs1 exp(-T;) 

RT,•om - RT,hom + ki(l - e) + kiF$1 exp(-T;) 

P••m - Phom+ (1- e)(Pt + P2Fs1exp(-(T; -1)2
)) 

using again the sampling frequency and e/mip (see numbers in Appendix A.2.4). 
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The total number of spots needet to simulate the radial shape fluctuations is much smaller than in 
the case of homogenous media and does no longer depend seusitivly on the used materials. Instead, 
the spot number can be parameterized according to 

N _ 10.3 Eo.959 
.spot -

c 
(38) 

where c measures the sampling fluctuations according to 

(see figure 14). The density distribution of the spot numbers is parameterized in analogy to the 
homogenous media: 

Tspot - T,.m(0.831 + 0.0019Z) and 

<Xspot - <Xaam(0.844 + 0.0026Z) 

(39) 

(40) 

Figure 15 and 16 compares GEANT simulations and parameterized simulations of mean radial profiles 
and their relative fluctuations, 

• ( ) <TRMS 
<T t, r = (-1 _ dE(t,r))' 

dE(t) dr 

( 41) 

in the Hl liquid argon calorimeter at various energies. The influence of radial leakage on containment 
and energy resolution is demonstrated in figure 17 and 18. The energy independence of the energy 
contained in a cylinder of radius re is well reproduced by the parameterized simulations. The energy 
resolution as defined in figure 18 does not depend on radial leakage. This is correctly predicted 
by the parameterized simulations only if the correlations between longitudinal and radial shower 
development is taken into account (usage of r;). 

4 Comparison with Data 

We have compared parameterized simulations with test beam data from the Hl calorimeter, which 
is made of lead and liquid argon in the electromagnetic sections [14]. Moduls of the inner forward 
(IFE), the forward barrel (FBI) and the central barrel (CB2/CB3) calorimeter have been studied. 
The electron beams in the energy range between 5 and 80 Ge V entered the stacks under angles of 
11° in the IFE and CB3, and under 35° in the FBI calorimeter. 

The energy resolution of the data can be described by 

<T(E) 
(E) = 

IO 

(42) 



Here c describes the sampling fluctuations, b consideres the noise, and <J'(p) / p denotes the momentum 
resolution of the beam. In the Monte Carlo the momentum resolution has been simulated explicitly, 
the electronic noise was taken into account by adding random trigger events to the simulated cell 
energies, and c, which is approximately 11 % for all moduls, has been used to simulate the sampling 
fluctuations. 

The simulations, denoted by "MC" in the following figures, have been carried out with the Hl 
detector simulation program HlFAST [15, 16]. The algorithms described so far are part of this 
program, which is used for the mass production of Monte Carlo events in the Hl detector at the 
HERA collider at DESY (Hamburg, FRG), requiering a high precision also in coqiplicated detector 
regions (eg. cracks). If a shower developes partly inside cracks between adjacent moduls, which in 
general can not be approximated by a single effective medium, parameterizations will in general fail 
to reproduce measured signals. In HlFASTwe therefor do not parameterize showers if they cross such 
boundaries. Only electromagnetic (sub)showers are parametrized, which fit into one single stack.3 

During analysis, a 3<J' noise cut has been applied to both the data and the Monte Carlo at the cell 
level, and energy clusters were built from cells cointaining energies above the threshold. Energy 
distributions in the clusters with maximum channel numbers are compared in figure 19 for all three 
moduls considered. In addition the energy in all other cells, not belonging to the selected clusters, 
are also shown. 

Longitudinal profiles are shown in figure 20 for various energies in the IFE calorimeter. The mean 
profiles, as well as the fiuctuations, are nearly indestinguishable in the data and the Monte Carlo. 
Energy distribution in individual longitudinal layers are compared in figure 21 at 30 GeV in the CB3 
calorimeter, showing that not only the mean and fluctuations but also the shape of the distributions 
are predicted correctly by the parameterized simulations. 

Figure 22 compares lateral profiles in different shower depths in the IFE calorimeter at one energy, 
and in figure 23 lateral profiles, summed over all longitudinal sections are shown at various energies 
in the FBl calorimeter. There is good agreement in the peek distributions. The tails of the profiles 
are dominated by electronic noise. 

As shown so far, parametrized simulations can predict measured calorimeter signals very precisly, if 
the shower development is confined within one single calorimeter stack. Using the concept of partial 
parametrization as described above, the influence of cracks on the measured signal can be reproduced 
as shown in figure 24. We have used testbeam data scanning the crack between Hl-CB2 and Hl-CB3, 
consisting of two electromagnetic (CB2E, CB3E) and two hadronic stacks ( CB2H, CB3H). The width 
of the crack is aprroximately 1 cm. Shown are the energies in the electromagnetic moduls (EcB2E, 
EcB3E), the sum of both (EcBE = EcB2E + EcB3E), and the sum measured in the electromagnetic 
and hadronic moduls ( Ecs = Ee BE+ EcsH) as a function of the beam impact position. All energies 
are normalized to E+20 · EcB(:Z:mlo = 20cm). The energy lost while scanning the crack with a 30 

3 A stand alone version (called GFLASH 1.4) running with GEANT and covering the same functionality is available 
for distribution. Please contact one of the authors. 
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GeV test beam extents to around 40%, if only the electromagnetic sections are considered, and is 
still around 20% if the hadronic moduls are also taken into account. The agreement between data 
and partial parametrization is quit satisfactory. 

Out of the various comparisons we made, only a limited number is presented here. vVe have studied 
carefully quantities, which are relevant for physics analysis with the Hl detector and found good 
capabilities of the (partial) parameterization for eg. e/7r separation.[6] 

5 Timing 

The CPU time reduction depends on the complexity of the geometry description and the cut off 
parameter in the detailed simulation as well as on the type of simulated events. Fully parameterized 
simulations of electromagnetic showers in a simple (box) geometry a.re arround 7000 times faster at 
100 GeV (900 at 1 GeV) compared with GEANT simulations of a very detailed geometry and with 
low cuts (C-cut 200keV,1-cut 10 keV). 

In the framework of the Hl simulation program partial parameterization of electromagnetic showers 
is performed as described above together with individual tracking of hadrons and employment of 
particle terminators (see also [15, 16]). The gain factors for 30 GeV showers in the Hl detector 
(including detailed simulations of tracker volumes) a.re 200 for electrons and 25 in case of hadronic 
showers. Medium cuts (e--cut 1 MeV, 1-cut 200 keVj were used in in the corresponding detailed 
simulations. Complete detector simulations of HERA events (ep scattering at y's = 314 GeV) require 
10 times less CPU time using partial parameterization. 

6 Conclusions 

We have developed parameterizations of electromagnetic showers, which take the material and geome
try dependence explicitly into account. Shower to shower fluctuations and correlations are ta.ken into 
account consistently, as well as correlations between longitudinal and radial shower development. 
Comparisons with da.ta. ha.ve shown, that parameterized simulations a.re a.hie to predict measured 
calorimeter signals with a.n acceptable precision. Using the methods described above the energy res
olution is reproduced at the level of ±0.5%. The energy deposited in longitudinal a.nd lateral layers 
is predicted with a. precision of typically ±1.5% for both, the means and the fluctuations. Using 
partial parameterizations the energy measured in electromagnetic ( a.11) moduls differs by a.n amount 
of 1. 7% (9%) if the beam enters directly into a crack. Parameterizations can therefor provide fast 
and precise algorithms to be used for Monte Carlo mass production for physics analysis. 
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A Summary of formulae 

A.1 Homogenous Media 

A.1.1 Average longitudinal profiles 

Thom - In y - 0.858 

Ohom - 0.21 + (0.492 + 2.38/Z) Jn y 

A.1.2 Fluctuated longitudinal profiles 

(In Thom) - ln(ln y - 0.812) 

u(ln Thom) - (-1.4+1.26lnyt1 

(lnahom) - In (0.81+(0.458+2.26/Z) In y) 

u(lnahom) - (-0.58 + 0.86 ln y i-1 

p(ln Thom, Jn Ohom) - o. 705 - 0.023 ln y 

A.1.3 Average radial profiles 

Rc,hom(r) - Z1 + Z2T 

RT,hom(r) - ki{exp(k3(r - k2)) + exp(k4(r - k2))} 

Phom(r) - {P2-T (P2-T)} PI exp Pa - exp Pa 

with 

Z1 - 0.0251 + 0.00319 ln E 

Z2 - 0.1162 + -0.000381Z 

ki - 0.659 + -0.00309Z 

k2 - 0.645 

ka - -2.59 

k4 - 0.3585 + 0.0421 ln E 

P1 - 2.632 + -0.00094Z 

P2 - 0.401+0.00187Z 

P3 - 1.313 + -0.0686 ln E 
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<\..1.4 Fluctuated radial profiles 

t exp( (In a)) .,., - (t);exp((lna))-1 

Nspot - 93 In( Z) E0
·
816 

Tspot - Thom(0.698 + 0.00212Z) 

Cl Spot - Ohom(0.638 + 0.00334Z) 

A.2 Sampling Calorimeters 

A.2.1 Material and geometry parameters 

p;d; 
(p = density) w; -

L,·p·d· , , , 
z." - L;w;Z; 

i 

A•tf - L;w;A; 
i 

1 I:~ 
Xo,off 

-
· Xo; • • 

1 __!__I; w;Ec,i 
RM,off 

-
E. ; Xo,; 

Ee.•!! - X I; w;Ec,i 
O,o!J X-:-

t O,i 

Fs Xo,off -
d. + d,. 

a 1 - 1 + 0.007(Zp - Z.) 

A.2.2 Average longitudinal profiles 

T •• m - T"°"' - 0.59Fi1 
- 0.53(1 - e) 

a••m - ahom - 0.444F$1 
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A.2.3 Fluctuated longitudinal profiles 

(lnT,.m) - In (exp((lnTi.0 m))-0.55Fs1 
- 0.69(1 - e)J 

u(lnThom) - (-2.5+ 1.25lnyr1 

(lna:,.m) - ln (exp((lna:hom)) -0.476F51
) 

u(ln °'horn) - (-0.82 + 0. 79 ln y )-1 

p(ln Thom, ln °'horn) - 0. 784 - 0.023 ln y 

A.2.4 Average radial profiles 

Rz,,.m -
RT,aam -

Paam -

Rz,hom - 0.0203(1 - e) + 0.0397 F51 exp(-r) 

RT,hom - 0.14(1 - e) - 0.495F51 exp(-r) 

Phom+ (1 - e)(0.348 - 0.642F51 exp(-(r - 1)2
)) 

A.2.5 Fluctuated radial profiles 

t exp( (In a:)) 
T; - (t); exp( (In a:)) - 1 

Nspot - 10.3 E°.959 

c 
Tspo1 - Thom(0.813 + 0.0019Z) 

Cl: Spot - a:hom(0.844 + 0.0026Z) 
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Abslracl. 

A 11rograan for Lhe £aaL si1uulaLio11 0£ ckctromag:netic and hadronic showers 

using 1wa1uclerizaLio11s £or the lo11gitudina.I a.nd lateral profile is described. The 

lh1rl11nlions and oorrclatio1111 or tlu~ 11ara111cltln1 arc La.k<~n into i\l".count in a consis

Lcnl. way. Comparisons wiLb dala over a. wide l'Ucrgy range arc made. 

/n11ilcd 11111.: presented 1d tl1e SS(} Wo1i:sl1op 011 C,Jo1-imetry for U1e Superconducling 
Super Colli1lcr, 1'u.1tc11loosa, Al,1bur1111, Alarc/1 13-11, 1989, and 

Sv.6111iUc1l la Nucl1:ar l11sh·u1uc"ls and Alc01oJs. 

• \Vurk auppurlccl by D1~part1n1•11I. 0£ l~1wrgy t'outracl DE-AC03-76Sl•'00515. 

1. Introduction 

Particle showers in calorimeters and particul.1rly in sa111pling <-.1lori111t•IC'rs 

Ar<' typically sirnulated by tracking all secondary partidcs of llil' show1~r dow1i lo 

so1nc rninin1u1n energy. 'fhe con1putcr lituc tu ... "CdcJ fur si11111lt1.liu11s of this lyp1• 

increases linearly with the showrr <'nt•rgy a11d can <'a...">il}' h<·ronw 1)rohihitivt~. Tlw 

paranlCLcrization of the encrg}' density di8lrihution uf showt•ts has hccn ont• 111t'I ho'I 

to speed up the si1nulation. 

A sitnplc algorithm for parameterized sl1owcrs has hN"n succcs:iofully Us('ll 

for the sinu1latiou of the UA 1 calori111clcr fl J. The si1nulat ion of tlll' lu11gitudi11al 

energy profile of electro1nagnelic showers was bas('t! on fitting llw paran1<·l,·rs of ;u1 

ansatz hy Longo and Sestili l2J to the IHCiUI sho\\"(_•r 1•rofill'. Lalt·r, I hr par.1rnct.rrizt•tl 

sinntlation was rnuch im1•ro\'ed when the shape flucl uatiuns of indi"idual showers 

were systen11ttical!y t1tkcn into account IJ, 4J. \Ve havl' cxl(_'llflt·<I thr sophistkation 

re~~hed
0 

in the parun1etcrizcd sintulation or clectro1nag11rtk shuwc-rs l.o ha1lru11i1· 

showers by taking into account their individual flucluatious and, in 1•<nlicular, 

tl1e fluctuation or their .. 0 component. 

This is or irnporlance for a correct sin1ulatio11 or tit(' c/li rf'SJ>OtlS(' au1I Lht• 

energy resolution or a caJorin1clcr, which is of gr<'al i1111lorta11ce fur th<.' <'XIH'rinwuls 

being set up at the e11 collidcr llEllA and at. otlu•r curr(_·ntly 01u·re1I ing or pla1111C'1I 

high energy culliders. 

'fhc progra1n GFLASll, which we ht\\'<' <il•\·doped, gcnrrali·s (_'l,·d ro111ag1wl.ic 

and hadronic showers and co1nputcs tlw ,·isil1l(• (•11rrgy frild iu11 iu ii r,c•onwt ry 

defined by the user with thf' help of GEANT 1.~1J. Ju <nltliliou, CE,\NT is 11:.1·d (or 

the ~racking of particl<'S and I.lie afcornpiln~·i11g physics prorrs1>1·s, 111 l(•,1:-;I uutil tin• 

first inelastic i11teraction. 

2 .. J>ro.cedurc 

To arrive at a uM·ful ansalz ror the lo11gitudi1101I t111d liitcr<d '~11rr~y p1·ofil1'!'., 

and Lo obtain Lhe Ot'('Cssary para.1nc-l.crs, W(' used tlw £ollowi11g itc·r;ilivr pron'

dure 16): 
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• 11sr/111odiry i\u ansalz aud lit lhr parauwh·r" tu ~lonlP ('arlu (~I(') daln 11si11p; 

a clrl.;iih•fl si11111latio11 hf t•l1.,·lru111;1g1wli1· a1ul li;ulro11i1· :d1ow1•rs !!'>, iJ; <t111I 

• nn1111au• and ril sonu• of llw 11a.ra1111•ters with rxprri111<'11lal data (8). 

'1'111• "I(! data wrn• g1•111'ralt·1l for thr typi1·al l'la111pli11g stnu·turc:; of llw 111 

calorinac•l.<'r {S, ~I) h.uilt for tl1l' Ill 1·xp1·ri11l<'nl al. llEHA. Tl1l' l'!'lscntial 1nat<'riali.; of 

this ('_aluri111elcr arc lead (Pb} a11tl liqt1iJ argon (L.Ar) for lhe t.~lertro1nag11clic <t11d 

iron (Fe) a1ul I.Ar for thr ha1lro11ic 111oduk-s. Showers in the t'Ul'Tgy ra11g1• fro1n 

I lo 200 C:eV were ge111•ral.NI, 'l'l1l' JliHi\lllt'lcrs, and thrir fluctuations and rorrt·la

liou!'I, were• pa.rametcrizecl cw a £11111'.Liuu of ent·rgy, Uhing SCitlCS which n1i11i1nizr the 

dl'()(.•111le1u:c 011 the calori111l•l<'r rnatcrials. 

The si111ulation of showers in GFl.ASll has hccn divided into two steps. First, 

the- 111pal.ial distrihulion or the d1~posit1•d energy 1.;Jp [or a shower is calculated for 

U1e c·alorinu•l.t•r n1od11lc containing all ur 1>arl of the showrr, la.king lhr Huctuat ions 

and rorrrhilions or I.lie paran1clcrs and Ll1cir rurrgy depcndc·ncr into account: 

,u;,,(i') ~ 1;,, f(z)Jz /(r)<fr f(~)d~ (I) 

A calorinK."ler module or a parl of il-whid1 111ay have a co1nplicaled, hut repeti

tive, san1pling structure-is dest·rihcd by one single effective m<'Cfium. In the sec

ond slcp, tile energy fraction of lhc dcposilctl energy which is visil>lc in the acli\'c 

111etliu111 E., is con111uled 

dB.,(i') = 1~:i, ,m;1 L 
• 

k 
iii"i11 C.t; /i(rJ dV (2) 

)Jere, niij1 clenotcs Lhc sa1n1>liug fra<'lion for n1i11i11111111 ionizing particles, and i/mlp 

a.nd ha1l/u11p arc lhe n~lalivc sa111pling fnu:Lions for cl1•ctron!I and hadrons, rcs1>rc

tively. 'l'hc s111n is over th<.• elctlro1nagnct.ic {k = c) and the pUrl'ly hadronic 

(k = had) corn1>one11Ls, laking the distrihution functions /1; for the two con1po

nents a1ul their relative fractious Cl of llu~ energy d1•posiled in the active n1ediu1n 

into accounl. For lbe calorin1eler-dr.1lend1•nl sa111pli11g fractions iilij1, C, had, and 

the sa11111li11g Huctualions, it is desirahlc lo use rnca::iurcd values. 

• 1 

3. Para1nclerizutio11 or clt..'t'l l'Ulllill!,111'1 it.· shuwt·r,.; 

.'J. I. I 1111!1ilu1fn1ul .~lu111•1 r 1nojil1 

It is \\'t•ll know11 I hat I ht• 1111'<111 l•ill)',ii 11di1101I J1111lil~· ,,f 1·\1•1 I 111111i1J',lld i( sho\\ 

er~ ~au .be dt•st:rili1·1J by :1 c:a111111a distriliul i•>ll 1~1. A 1'1•<1list i1· si11111loilio11, li11Wl'\'l'r. 

n~1111ircs I.II<" si11111lat io11 uf i11.Jivi1l11;d ~i.o\\'Prs. Flud 11.11 iug I lw p.n·;111wt1•r:-. 11ht ai111·d 

rrom avcr;1gc proliles d111·s nol 111·r(':-.s<1rily k;11I tu •1 1·orn·1·t 1k:-.1·1iptio11 of tlw fh1r

lual.io11s or i1ulivid11nl show1·rs [·IJ. Ass11111i11,; tlto1t llw i111li\"i1h1.1I show"r prufil1·s 

can also he ap11roxi111alcd l1y a C;1nuna distrili11tio11 

/,(,) 
.rf>,-1 1 -r 

l"(u,) 
with , 11 • .:: (J) 

the fluctuations can lw 1ledun·•I a11ll rt•prt)(hJt"t•<I. Tlw iud"x i i11dir<llt·s th;1L 1.lu~ 

function dcscriht.·~ an iudiviclual shnwl'r i wit.h tlw para111Pll'r~ 11, and ;1,. Tlw 

shower depth z is 1ncasun'<I i111111ils of ra<ii<1lion l1•11gt\1 [.\'11 J. 'l'lw n, a11d fl, cau he 

t·alculatcd f ron1 l he first and st~t:o1nl 1110111e11t !'> uf 1 lw (;;1111111.-1 d isl ri h 111 i(>fJ. '1'111'}' a r• • 

n0Tn1al-distril1ut.ccl such that t.111' 1ncans 11 0 aud /'f.l· aud tlwir 11111 t11aliu11~ rt,. and 

up can IH• 1let.<.·rn1i11~.,_1 and paranwt1·riz1·,I 11!> a fund iou of r111·1gy. Tlw n1r11·l.il iou 

of thr. Di and /1, is givrn Lr 

p 
((n, - (n,)) (II, - (<I,))) 

(·1) 

[ ( (o~) - (o,J') ( (;t;) - (/l,J') ]'
1
' 

Nu1ncrically, p = 0.7:1 aud is ron~lily ir11IPpt't1dP11t of tlw t'Ht'rgy of 1111' showl'r in llw 

l"<tngt· fro1n I lo 200 C:1•V. In tlw !>i1111ilatio11, a rorn•la!f·d pt1ir ln,.fl,) is g1·1wr;1il·il 

a<·l·ortliug lo 

(n') ~ (I'")+('('.') 
ffi I' iJ ~-i 

C = (u; () ) ( J11+,•)/! 

"11 J!l-trl/.! 

will1 

.jll-1>)tl ) 

-J(l-pl/! 

where z1 and z2 arc 11orinal-dislril111l1•1I ra11do111 1111111\11•rs . 

·I 
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The whole pro<'"dure is prrs1•nted graphically in fig. l for 10 GeV e- show· 

ers. The individual and tht! n1ran energy profiles of 400 showf'rs, as generalf'd 

"•ith GEAN'r and with CFl.ASll, are show11. In addition, the distribution or 
t11e parameters Oi and Pi. All<I tlU"ir corr,.lation && obtained from GEANT, are 

given. A comparison of the GRANT and GFLASll simulation reveals good agree

ment in the mean profil1-s (additional energies are comparf'd in fig. 2) and in th<' 

individual OuctuAlions, particularly in the variation of tbe center of gravity and 

the 1hower maximum. 

3.!. Lnleml shotMr profile 

For the description of the lateral energy profile of electromagnetic as well as 

badronic showers, we assume only a radial, and no azimuthal dependence. The 

avl'rag:e radial shower distribution is frt>qnently described by the superposition of 

two nponentials (St>f' e.g., ref. 10). One of them describes the confined energetic 

core of the shower and the otlwr the surrounding halo. 

In GFLASll, w1• have usrd the very simple ansatz 

2r R~o 
f(r) = Cr'+ 11l.,)l (G) 

for hoth elcct.romagnetic and hadronic showers, which Sf'ems quilr adl'f1uale, at 

l<'ast as long as the lalrral n•solntion of the calorimeter is of the order of or larger 

tlian..., I Ptfolii-rc radiu~ (/l.AI) for drctrornagnelic anti - 0.1 absorption length 

(..\o) for hadrouic showers. The radius rand th<' frtt paran1eler Rso in cq. (6) are in 

units of nAI (or ..\o f11r hadrouk show1•rs). Fi~a'(I illllOUnls of ("Jlf'rgy (<'flt•rgy spots) 

are drposiled al radii r, grn<'ratNI acconling to the radial probability function. 'fo 

siruulale tht• fluctuations of i111livid11al sl1owers 1 il is uecessa.r)' t.o paramcterizt• the 

mean anti the \'aria1u·t' (\')of the approxin1alely log·norrnal distrihutf'd paranwler 

Rso as a function of show<'r ent.'rgy E {GcVJ and shower depth z !in units of .\'o or 

Ao]: 

(Rso(E,z)) = (R1 + (R, - ll, In E) z]" 
(7) 

l'R50(1',z) = J(S1 -S, In E) (S,+ S, :) (Rso(E,z))J' 

This rar;unt•lrrizalion, with ,, ~ I (2) for 1ta1lrot1i<' ("l1•t:lro1nag111·t.ic-} slunw·rs, 

• 

describes the increasingly slower growth of the radial extent and of th1• rl'lath•t• 

nuctualions .y'Vii;/ ( Rso) of a shower wil.h inrr<'asing 1•11t·rg)'. Lal.t•ral clist l"iliut ion" 

for 10 CeV e- showers as a function of depth generlltf!d with c;EAN'f and (:Fl.ASH 

11.re compared in lig. 3. As can be seen, tht•rc is reasouaLle agrt'emt•nl in Lllf' 

description of the hard core and halo of the showers. 

9.9. Sampling fluctuations 

The conversion fron1 the deposited energy lo the fraclion which is visihle in 

the active pa.rt of the sampling structure is pcrforn1l'<.f during thr latf'ral drr•mi· 

tioning of the energy spots. In addition, the san1pli11g fluctuations an• tal>t•n inlo 

account. 

The visible enf>rgy for a spot is computed using the 1neas11rf'd sa1111•ling 

fractions 1ntp and the relative fraction i/ttilp (and, in addition, W/iiiij1 fo1· ha1tr<.n 

showers), which may depend on the position of the spot in the calorinu·lt•r. The 

sampling fluctuations are rcproducet.I hy (leposiling a Poisson ilislril111lt·il n11n1lit•1· 

of spots N,(/) of energy E, per longillulinill inl.t·gr;1tio11 inl1·rv11l f IUTortling lo 

the radial probability function. Assuming thf' en(•rgy rrsolnlion lo he si1n11late1I is 

given by 

tTJ, = E,, • 
vi:.:;;; and with 

aJ, = V [ ~ E, N,(f)l E; L v (N,(f)J 

wt.· find for the spot en<'rgy: 

EJ = a2 

.f. Parameterization of hadronic showers 

(H) 

F., f:J,. 

It is conveni<'nl to imaginr a l1a1lronk sliow1·r as consisting of a IH1r•·ly 

hadronic and a r 9 component (n1ainly 11"(hs and sonte ti's).'l'llf' larg<' Ouclualio11s 

Of the relative fraclions or tlJc lfO and Jiadro11ic f'Olllf'Ollf~lllS in a s!.nwcr lio;ul lo 
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Ouctuation! in a noncornpensaling calori111cler (t/h 'f I), which are much largt"r 

t.ha11 ll1c Ouctualions or eh..-clro111ag11elic showers alone. A silnulation or hadronic 

show<'rs ha.s lo take into account: 

• the f'fll'Jg}' dc1H0 11dc11cc 0£ Lhc fraction or the Jl"o ro1np<n1ent (c .. •) and its 

Ouctuat.ion; 

• the response ol the calori1nctcr which, in general, differs for the .. 0 and the 

purely badrouic showcrsj and 

• lhe different. propagation scales, Xo ror the Jl"o and ),o for Lhe hadronic 

component. 

l .1. Longil•Jinal paramdcrizalion 

A well-known ansatz £or the parameterization or the mean longitudinal en

ergy profile (1) HBt'B the 1u11erposilio11 or two Gam1na distributions to describe the 

.. 0 and the purely hadronic suh1>rofilcs: 

dE,, E,, 1(1-c,.) 1/(z)dz+c,. C(y)dy) 

(9) 

wit.h 
... ,.-1 -111 

and .r = p,. "• 11(•) = , c 
l'(a,) • 

with 
- y"'~-1 ,.-r 

and !I= /Je.Se C(y) - l'(a,) • 

The distance rro1n t.he shower starting 11oi11L is given by .t1t !>.oJ ror the hadronic 

and by tt, !.\'" o) for the .-0 con1ponenl. 

We used this ansalz lo d('scril,c U1e n1e;u1 shower energy 11rofile obtained 

rrom a simulation oftLe Ill calori111elrr, using GEANT. A satii;[actory description 

or ll1e shower shapes could only be obtained if oue allowed the parameter c .. o 

to decrease with en('rgy which is inconsistent wit.h data f8). This behavior has 

also been observed by filling data with a sirnilar 1nelhod (11,12J. ll is, however, 

necessary to correctly sinmlate the .. 0 and hadronic suhprolilcs individually in order 

lo ro111pule their <lilTcrcnt rC"sponscs anti llie fluct.ualions of individual showers 

pro1•erly. Vi.'e expected an ansatz containing three terins Lo accon1plish this: 

7 

dE,
1
, = /dr E..,, [c. 1i(r)dr +Cf ;F(y)dy + q C(,J,fa) 

( 10) 

with 
n1i-l -• 

1i(r) = r r(o,J and r =fl, 1.10') s,l.lol 

with 
'Yn 1-I c-J 

;F(y) = 1'(01) a11d y = /11 IX,) 1
) s,!Xu) 

with 
:"'1-I ,.-, 

C(z) = r(o1) and z = P1 l.101
) sd.lo) 

As bclore, the first tern1 describes the purely ha<lronic shower profilr.. 'fhl' 

second term models the suhprolile or the ,..o fraction which is pro<lu<"t'd in tl1c first 

inel~tic_int.craclion(the index f stands lor "first"). Its scale is measured i11 .\"0 . 

'fhe third term sirnulatrs the subprolllc of the Ko fracl.io11, whid1 is pro1lun·d i11 

the course of the further developtn<"nl of the shower (the i11dcx l stands fur "late"). 

It scales in .\0• The fraction of deposited energy (/1111 ) with resp<'<:l lo tlw <'ncrg}' 

of the incident particle (Einc) takC's th<· inlrinsi<' losses duriug lh<' h;ulronir sluJWf"'r 

devclopn1ent into account. 

Asstnning an energy dependence of tl1c forrn a+ b In i~· for tlu· par;1n1f•lers 

lo be fitted, a good descriptiou of the nu~a11 energy profile~ was cuJ1i('Vl'1I. 'l'ltis c:an 

he seen in fig. 41 which shows the results of the fits to tl1c mean shower profiles fur 

different energies simulated with GEANT. llowcvcr, despite this good agrcc111cnl, 

two prohle1ns remained. One 1•rohlc1n was that one needed two srls ol para111eters, 

one for 1 $ E'"' ~ 5 and Olll' fur 5 < E'mc [GeVJ $ 200, and the utlwr prol1l1~111 

was that lor soruc of tbc para1m.·l.1!rs a uorrnal or log.uorrnal tlislrih11tio11 was not 

a good approxin1alion. Both of these_• "de(ccts" could he re111cdicd 1,y laki11~ the 

relative prot.ahilitirs for the orcurn·ucc of l11t• diff('n•11t. suliprolilc:-. iulo an 011111. 

l.f. 7ro Jluclualio11s 

To sin1ulate the 1fo fluctuations, it is 11ot sufficiPnl \.o just Ouclualf• t.lu• 

average Ira.ct ions C/u Cf, and rt of llw d(•posil.rd energy !sec r'I· (I OJI. 'l'lw rt·asons 

a.re: 
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• not every hadronic shower with energy ~ 5 GeV yields a ,..o in the first. 

inelasliC' interaction; and 

• up to an energy of about 50 GeV, also no "late" ,..o may he produced. 

In fig. 5, thf' relative prohahilities for a hadronic shower lo havr. any ,,0 •s 

P(r1), lo have a. ~' and a •: C'ornponenl P(•7 and •:), and to have only 11. w~. 

Craclion /l(r:) are shown as sirnulatt-.11.y GEANT. \Ye distinguish three classes of 

ha.dronic .1liowtts according lo our ansatz: 

1) purely hadronic showt>Ts: 

class II with P(w8 } < P :S t, 

2) showers containing a ... , componrnl: 

class F with /'(r7 and r;) < P S P(r8 ), and 

3} showers which in ad1lition lo r; also contain a •1 component: 

dass f, "·ith 0 < P :S P(r' and .-:), 

where P is a uniforn1 dist rihutr<l rando1n numbeor. 

Taking Ll1C!U' prohahilitirs into account and distinguishing betwttn the thr('(' 

shower classes finally allows us lo successfully simulate individual hadronic showers 

using eq. (10). The fractions c1 , CJ, and Cf are calculated according to: 

c, (E) = 1-/.• (E) 

CJ (Ti) = ,,. (/!)(I - 1:. (El) 

r, (Ti) = /,• (E) /!• (E) 
( 11) 

with c, (E) +CJ (E) + c1 (E) = I 

and I ( [!•') I •' = ,.,.,,. • 1 ... = (E!.) 
E,• 

The energy dependt>nl"e or the nlf"an .. 0 fractions as obtained rrcun CEANT are 

shown in fig. 6. 1'he fr1u·tional r 0 f'Ul'rgy of an individual 5hOWl"f is Lht'll givl"ll by. 

l .. /P( .. 0), whkh is also dis11lay(•d in fig. G. 

As in the ca.st• or t•l('('lromag1wlir showers, individual showt'r profiles arc us1•d 

lo ol1tai11 tlu• tneans, Rurtnations anti corrt:lations of ll1e 11ara1ncters /11,., / .. o, J!u, 

9 

a, , PA , o I• Pi, or, and Pr. For shower class //. then .. are three; for das:t /•,, then .. 

are six; and for class L, there are nine 1>aramelers whose mea11s and CO\"ariann•s 

are parameterized as a function of energy. 

The vecl.or of parameters i for an individual shower is giw•u hy P3J 

x = 17 + c; . with V=CCT (12) 

The vector Z contains maximally nine norn1al-distrihuted randon1 nun1hers wit 11 

variance of one, 11 is the vector of the mrans of the parameters and \I is their covari· 

ance matrix. A method hy Cholesky f14] is usetl to <l(•('Olnpose the U·(li111e11sio11al 

S)'mmelric matrix v. To Use tl1e 111ore intuitive para1neters Uii and Pij inslra(I or 

the covariance Yi;, it is thf! correlation matrix p whid1 is dcron1pose<l in (:Fl.ASH 

a£ter the transformation V = upuT with the diagonal n1alrix u. 

For the simulation of the lateral shower distribution and ll1e sampling Rue· 

lualions, the same functional form and basically tl1e same m"tlaod are Usf•d a.'I for 

electromagnetic showers. 

5. The GEANT-GFLASJJ interrnce 

The interfacing of GFLASJI with GEANT was done for lhf" following rrasons: 

• Like many other experiments, the 111 collahoration has cl1•t:iclt•cl t.o ust> GEAN'I' 

for the description or thr detector geometry iu its sin1ul;1tion progra111. \\'ith 

CFLASll imple1nentecl in CEA NT, it is then Vt"ry easy for llw U!H'r lo switd1 

between simulations of showers using GEANT/CllEISllA l.'i,7J or tlu- pa· 

ramelf~rization algorithn1 of CFLASll. In addition, in this sd1e11w, GEANT 

can be used for the first inelastic intrraction(s) (for exa1nplt-, uni ii llu- 1·1u•r· 

gies of the seconclaries of a vt•ry high energy i11d1IPnt parl idr havr c·11:·w1ul1·1I 

down to the t'nergy range for which tl1c paranll"tf•rizal.inn in <;FLASH l1as 1 

been tC'Stcd), switd1i11g to Gf'LASll rnr th(' n·ruaiuing s1·c·o111liu·i1-s. 

• When using C:FLASll, it is appropriate lo tlescrihe a C'alori11u·l1•r n1odul1· 

of the same type with ont" rnrtliun1 cl1arad.rrizc1I hy a suitahle avPragr uv1•r 

tltf• properties of th1· 1nalerials or that n1tulul1•. This ro11sidrra!Jly n·tlun·~· 

the lirne srrnt hy GEANT in s1·ard1ing for vol11n11•s 1111'1 lr:u·king. 
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• The 1najor part or the energy or a showr.r is dt'posited inside a srnall cylin· 

der or about ouc u,,, ror rlcctro1naguctic showers, and Jci;s than an ,\0 Cor 

l1a.tlronk showers. 11, a good approxi111;1liou, ll1t•H•rorc1 the shower de\'<•l

op111e11l is deleriuilll'tl J,y llie mc<li11111 rouuJ al lhl" c-orc or lhc showrr. 

'J'he 11 lracking" routines o[ C:EANT arr user) lo proviJc GFLASll with thr 

gt'Oruelry and 111alt•rial inforin.,,tiun it ll<'Cds. 

In fig. 7, we show a si1111>lificd scl1c11u1.ti<· or GEANT a11d the iutegralion or 

the relevant GFLASll routines (u1ulcrliued). A trivial change in CTVOL pern1its 

attad1111eul 0£ GFLASll. 

The routine CTllEVE administers the tracking 0£ ll1e primary tracks 0£ 

ll1e ('\'CUI. (i•ril1Llracks) and 0£ thl' 8Ct:011Clary tracks (sec_lracks) geucralrd dnr· 

ing tracking by various physics Jlrocesscs. G'l'llAI\, using geometry in£ormalion 

(gL'OllLhauks), tracks parliclrs 1.hrough the diff1!reut voliuncs. Within a given vol

urue, it is the task 0£ (:'l'VOJ, to call the parlicle-L)·1,e specific routines £or the 

1i11iula1 ion or physical processes. These arc the routines GTGAA1A ror photons, 

G'l'ELEC (ore+ and e-, GTNEU'l' [or neutrons, GTllADR £or all other hadrons, 

GT~tllON ror ,,.,, aud G1'NINO {or v's. 1'hc energy loss DESTEr calcul.ated 

in these routines and the generated secondary particles !GKIN (!»,NCKINE)J arc 

passed 011 Lo Lhe user routine GUSTEP. At this point, GFLASll can Le attached. 

H an inelastic reaction has takr.u place in a volun1e belonging lo tl.e calori111r· 

ler, lhl'n this point is taken lo be the starling point ror the shower development. 

Whether tl1c ensuing sl1owcr dcvelop1nent will be paramel.t.Tized or continued lo be 

simulal('d in detail can he n1ade d<'pendenl on boundary conditions detern1ined by 

the user. If the shower is lo be generated by GFLASll, a "pseudoshower-partidc" 

with the rour-n1on1cntu1n or the iuci(lenl particle (the energy is n1odified, depend

ing on the incident 11arlicle type), initiating the inelastic reaction is created and 

stored (sec_tracks). 'fhe tracking of the original 1>artide is stopped. Standard 

GEANT routines can be used lo track Lile "pseudoshower·partide" through the 

detector and t.o gel the material parameters (Xo, ,\g, A, Z, and /lu) necessary 

£or the grneralion of the longitudinal and lateral shower profiles. This is accom· 

plisht'll hy inserting oUC' call lo ll1e GFLASll rouliue CTEMSll (£or eleclromag· 

nelic shower sin1ulalion) aud oue lo GTllASll (£or hadrouic shower simulation) 

II 

into the GEANT routine GTVOL. This srnall clia11ge iu G1'\'0L i:-. 1111: only ll11111~t· 

11rcded i11sidc a GEANT routinr. 

After gc11rrati11g the longitu<liual 1·1wrgy pruril1• C<•r a sho\\•1·r iu c;TEf\1Sll 

or GTIIASll, it is iulcgrate<l in s111;1\I sh•ps 111, to thl' vo\111111' l1ou11dary. Fur c\•1·ry 

inlegraliou st<'p currgy spots an• co1up11ll'd according lo I lie· l11ut11alr1I latrr<il 

distribution for this stq1 and lltl' sa1npling fluct11atio11s [or tlll' vol1111w tlw spot is 

in ... The. visible Cradion 0£ the 1lt·pusiLPd t·ucrgy 0£ a spul is ctdr11l<1t1·d in GFSl'C>T 

a£t('r map)ling the spot l'OOrJina\.t'S lo r('ad Olll chanllcl lllllllhcrs u( \.Jw 1·;iJuri1111'll:r, 

The sa111e rouli11t• as [or the dctailPd si111ulalio11 is 11:-H:J for tlw 111appi11g of lh1· 

approxinrntcly ·10000 channels of the II I t·alorinwtcr. Nonsrusil.i\'t' u·r;ious u[ tl11· 

calori11wh·r art• si1nulat(•d through I.hi'. 111ap1>i11g of tlw ('lwrg}' spots t•LLl.o tho~u· 

regions. Finally, lht' visible energy and d1a11ncl 1111111Ll'r arr. st.un·d for 1ligil iz.,lio11 

(calJ1it_hanks in fig. 7). 

6, Con1parison with data 

\Ve co1111>arcd CFLASll witl1 data fro1n the Ill e11lnri11wl<·r l1•i-;t ll'I at ('Ellt\ 

using hadron bea1n~. The con1pariso11s shown Wl'rc 111a.!1• aft1·r :-;01111· or tlw 11itr.1111-

etcrs 0£ GFLASll bad bcc11 Luued using this d .... ta. The lo11git111linal srgnwutaliou 

or the test calori111clcr is shown schc111atirally iu fig. 8. Tlw l1t·ar11 ~'ntrrs the EC 

1n~dul~ (Pb/LAr, 1.13 >..o, four scg111c11ts) Cro111 tht' right. N1·xl, tbt> llC (1-i•/1.Ar, 

3.76 ,\0 , £our scg1ncnts) and the "Lail calcl1rr" TC (Fe/LAr, 2.8.S ,\0 , two ~q;111l·11ts) 

with thicker iron plates £ollow. Supcri111poscd on the drawings arc a graphic n·1nc

scntalion or a 30 GeV .,,.- sl1owcr sinrnlatcd hy GEANT [rig. 8(e1)} ancl the energy 

spots of GFLASll [fig. B(b)J. 

6. 1. Longitudinal and lateral 11rofilcs 

The 1ncan longitudinal energy profile for hadronir showers fro111 tlu• r>qu·ri

ment and the profile as si1nulatcd by GFLASll for diffcrcut. 1~1!l'rgics arc shown in 

fig. 9 (in linear and log scale) and rig. 10. In a1lditio11, t.lir proril1-s as 1n1·dicl1·1I liy 

GEANT (with GllEISIIA7) and hy GIJEISllA8 lr<'L SJ a.n· prcsi·nt.1·d in fig. 9. 'l'hc 

cxc:cllcnl agreement or CFLASll witli Liu: CXJ•Cri11wnt.al profil1· i:. <I 1:011secpw11cc or 
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t.he relit ling of son1e of the GFLASll parameters. Figure 10 shows the develop-·· 

menl of a stton<I 1naxi1nun1 in the s~gmenl HC2 with increasing energy which is 

well-simula.led by CFl.ASll. This effect can be understood a.s follows. The lengths 

(in la) of EC4 , llC., and llC2 increase such that roughly equal numbers of show

en a.re starting in tllC'sr seg1n1~nls. However, in units of .\"0 1 dn(' lo the difference 

in lhe ratios of .\'0 lo >.o for Ph and Fe, the segn1enl llC1 is shorter than the neigh· 

boring 1WgmMits. \Vhilc an l'lrclromagnelic subshower of a fpw GeV starling in 

EC, or IIC2 will hr ahnost. complt•tely contained there, such a subshower starling 

in JIC1 will leak so1ne of its energy into llC1. The corrrct. simulation of this eff<-ct 

by GFLASll indkatcs a good param('terizalion of the .. , fraction of the shower. 

The dependenrt• of the mean lateral profile on the shower depth and energy 

can bf' seen in lig. It whc.-re ll1r lateral charge distribution as a function of depth 

is ahown for one energy, and in fig. 12 whrre it is plotted for different energies al 

a fixed depth. 1'here is good agrt'f'lll('nt l>elWf'en Cl;<LASll and the rxprrimrnl ror 

the core as well as lh<' l1a.lo of the shower. 

6.!!. f1urluntit1ns 11/ J1111lrn11ir tclun111·rs 

The total visible energy for the modules EC, llC, and TC (normalized 

lo their rcSJlf"Clive SA111pling fractKJns ror minimum ionizing particles) for .six_. 

difff"renl Learn energies is con11>ared with lhf' ex1>«talions from GFLASTI in fig. I :l. 

For th'" <'ncrgy range co11sidcr1..:I, the agrf"CJRCnl is good and the asyn1n1elry of 

the dislrihulions, whifh is cxpC'clt..:I for noueomprnsaling ('aloritnrters, is properly 

simulah'tl. In I.his <·011111arbu11 of rxp<•ri1111•11lal and sirnulated data, only n sin

gle rouslanl relating char~<· to e1wrgy as ohtaint>d experimentally with muons was 

n!lf•d, and nol-as is fr<'t1urnll_\. don<'-a sC't or constanls which is d,•lcrrnin<'d hy 

d('1nanding f"<1uality of tlie n1r1111!il with thr incidl'nt e1wrgy and rniniinal \'arianl"f"S. 

The rnf"rgy r<'solution or the calorinwl<'r is shown in fig. 14 ror pions as 

a function of <·nergy, logf'tlirr wii.11 the results frorn the simnlittio11. The good 

agreent<'nl h<'r<~ s11g~<'sh I.hat lhe intrinsic and san11>1i11g Ourlua.tio1111 (or lht.• Ph 

and Fe caloriuwlers ar<' prop<'rly takrn into acconnl in GFLASll. 

'fhe visihle eurrgy S('('fl iu tlw thrt"C difTer('nt modules (EC, IIC, and TC) £or 

30 CcV showers is ro111pan·d in fig. 1r1 with results fron1 CF.ANT and GFLASll. 

" 

The good agreement observed for CFLASll indicates a proper handling of thr 

different materials and san1pling structures in the sin1ulalion. The pattern 0£ 

slightly loo 1nuch energy in EC and loo lit.lit! in TC, as gl'1u•ri\l1-<l hy GEANT, is 

a consrquence 0£ the shower length of GEAN'f heiug l.oo short., a.scan he nolicrd 

in fig. 9. 

The first maxi1nu1n seen in the visihle energy in ITC is due lo showers starting 

in EC &nd depositing most or the 'JI'~ energy lli<·re, wl1ilc lhf' Sf'("ond n1axin1111n is 

due to showers originating in JIC. How the visible energy distrihulion for the llC 

changes M a function of energy and how this is sirnulalf'(I l1y GFl.ASll is sl1ow11 

in fig. 16. 

The energy fluctuations and correlations for different calorin1eter seg1nenls 

are displayed in fig. 17 for 70 GeV showers. 1'he agree1nent between GFLASll and 

the data is quilt> satisfactory, even for the "long range" (EC vs. 1'C) corn·lalious. 

7. Speed estimate 

We used the III dc.-lector sin111lation prograrn l15J, whirl1 is still 111ulcr ll<'\'1•1· 

opmcn\, to provide sonic preli1ni11ary lirning infonnalion. \Vc took as au cx;1111pl1• 

50 GeV pions which shower in the HI forward calorin1ctrr l9J. \Ve found th1· [ol

lowing average times !using an IDM 3090·-150£ (:::::: 3.5 VAX A600)): 85 111s [ur tlw 

tracking of the pion from the interaction point through tlw central and forward 

tracker volumes to the first inrlaslic inleraelion in a calori111rlt•r vol11n11~ (C::EJ\ N'I'), 

55 fil!'l for th~ tracking of thr "pscucloshower-partid1•" (<:EJ\NT), ancl :u1 Ill!< ror 

the generation of the rnergy spots (CFI.ASIJ). 1'his i11dirat1•s lhat., al. l<•asl in tlw 

conh•xl or Ill, lht• limf' sru·nt on tl1e shower-specific I.asks o( (;l;-1,ASll is srnall n1111· 

parrd lo the timf' spent on the gromel.ry-spedfic tasks 0£ C:EAN'I'. 'l'lu· :tn 111s for 

CFLASJI includes the tilllf" for the lraddng of a showrr will.in a vnl111111• wliid1 is; 

done by GFLASll. Compar<'d lo a detailed sim11li\tio11 using (~1-:ANT/<:llEISllA 

with standard va.lurs for the cutoff rnrrgirs, Wt" (01111'1 t.lial llw si11111latio11 with 

CFLASll is about 180 lirnrs fa.'iler. Since 1u·itlu·r LIU' il1·t;ii1'·cl uor tlw 1111r;111wh·r· 

ized sin111lation, as such, Wl're partirularly optimize'(! [or s1>t-c·d, t.lw 1111111lu-rs v;i\'l'll 

above· sL.•11ld be tak<'ll with caution. 

M 



A sirnulalion of the 111 lest ralori111eler (as shown in fig. 10) by CFLASll 

and GEANT /Gll1':1SllA lcatls lo the CllU li1ne rl'11uircmenls {using an llJf\1 3000-

lSOE) as given in 1'ahlr I. The ti1ncs given for C:Fl.ASll depl'111I on the 11aran1e

terizalion ('hosen for the 11uu1Ler 0£ energy spots a.-. a function 0£ energy, whid1 in 

turn de1)(•ncls on th«" gt"l111ll•try a1ul 11iz«~ of I.he rc;uloul channl'I!!. In this exa1nplc, 

200 (250) SllOls wCre g<"11eral<~1I for 50 (200) GcV. 

Perl1ap1 1nore irn1,ortaut in the con1parison or the tinie required for the de

tailed and paraulCleriz('(I si111ulalion of showers is their energy df'pcndcnce. Due 

lo the proportionality or energy and lot.al lrac:k length 0£ & shower, lhr co1npuLer 

linie required for 1i111ulatio11 with GEAN1'/GllEISIIA increases linearly with en· 

ergy, while rur GFLASll lhc ti1ne is proportional to the shower length which grows 

only logaritlnnically wilh energy. 

8. Conclusions 

• 
GFLASll provides a. realistic and fa.sl para1ncl<•rizalion for the sinn1lalion 

0£ electron1agnetic and hadrouic showers in a gcon1ctry defined Ly the user with 

GEAN'f. 1'he longitudinal and lateral distribution, their fluctuations and corrcla.

tio111, &re 1nodelcd in a consistent way. For hadrons, this was ma.de possible by 

a new ausi\lz for the longitudinal energy profile consisting 0£ three Ga1n1na dis

tributions: one for lhc purdy luulronic co111poucul of the shower, one fur the %
8 

fraction originaling frorn llae fin1t iuclastic interaction, and one for the .,o frac

tion fron1 laLer inelastic inlcraclions. The interfacing of GFLASH with GEANT 

provides great Oexibilily and Cl\SC or use. 
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Table 1. CPU ti1ne requir('m!!nls (IBM 3090-lSOE) for the simulation of show
en in the 111 l<"sl calorimel<"r. 

Energy GFLASH GEANT 

•• 50GeV 26 ms 8. 

•• 200 GeV 31 ms 32. . - 50GeV 10 ms 30 • .- 200 GeV 11 ms 110. 

17 

Figure Captions 

I. Longitudinal energy profile and parameters for 10 CeV e- showers. 

2. Mean longitudinal energy profile fore- sl1owt•rs: GF.AN'f (o) and GFLASll 
(- - -) . 

3. La.tf"ral energy profile for 10 GeV e- showers at clirfC'rt>nl drptlis: GEANT (li•fl) 
•nd GFLASJI ·(<ight). 

4. Mean longitudinal energy profile for JI'+ show('rs: FIT(--) and GEANT (o). 

5. Relative prohahilities for difTt•renl hadronic shower-dass('S. 

6. Comparison of mean .-0 Cractiona for 11'+-incluced showers as a function of l11e 
incident energy Ei,.t: /.• is the n1ea11 w- 0 fraction frorn all sl1owf'rs; / .. •/ />(wft) 
is the mean 11'

9 fraction fron1 showers with a ,.o con1poneut; and / .. • /!0 is lite 
mean "late" w0 fraction from all showers; GEAN1' (o, D). 

7. Schematic representation of the in1plemenla.tio11 of GFl,ASJI in GEANT. 

8. Simulation Qf the Ill test calorimeter: (a) GEANT and (h) GF'LASll. 

9. Mean longitudinal energy profile for 30 GeV 11'- showt>rs: expt>rimenl (o), 
GFLASJI (- .. ), GEANT311 (--),and GJIEISJIAS (-). 

10. Mean longitudinal energy profile for .. - showers: experii11e11l (o) and GFl.ASll 
(-"), 

11. Mean lateral charge profile for 30 GeV .- showers with shower starting poinl 
in /fC1: experiment(--), GEANT (- - -), •nd GFl.ASll (- · ·). 

12. Mean lateral charge profile in //C2 for .. - showers witli shower starling point 
in /fC1: experiment(-) and GFl.ASll (- ·-). 

13. Rnergy distribution for 71'- showers for hea1n «•nergif'S 10, 30, 50 (tor•) a1ul 70, 
120, 170 GeV (bottom): experiment(-) and GFl.ASll (- .. ). 

14. Energy resolution of the calorimeter (EC+ /IC t 7'C) for x-- showers: t·x1u•r
iment (o) •nd GFLASJI (•). 

15. Energy distributions in tl1e rnodulcs f:C, J/l', au<l 7'C for 30 C:1~V w- sliow1·rs: 

experiment(-), GFLASll (-·-),and GEANT (- - -). 

16. Energy distributions for ,..- showers in /IC for different ent•rgies: PXJH'rimrnl 
(-) •nd GFLASll (- .. ). 

17. Energy correlations between different calorinU'l.t_•r n1odul1-s ror 70 G1·V w- i;.hoYi· 
ers: experim<"nl (le£t) and CFLASll (right). 
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0. Introduction 

·--------------
This manual deacribea an approach to simulate the Bl calorimter 
response at th• post reconstruction level, i.e. after calibration, 
weighting and other correction (for dead materials etc.) procedures 
have been performed on the data. It has been developed in order to 
ensure control over the correction procedures in simulation which 
correspond to the •fully calibrated* detector in reality. The 
*calibrated energies• are implemented in the framework of HlFAST, where 
they find their main application for the fast simulation of Hl events. 
In addition the detailed bookkeeping (detailed HlSIM as well as HlFAST) 
of energy depositions in this schem9 makes it a useful tool for the 
developD19nt of simulation programs and reconstruction algorithms. This 
note outlines th• basic idea and provides the user with th• information 
neceaaary to use the product. 

•calibrated Snergiea• is a hybrid approach to detector simulation. 
The detector simulation is split into two parts, following the hybrid 
simulation philosophy: Monte Carlo the ugly part, smear th• Gaussian 
partl Th• first part describes the development of a shower in the 
calorimeter and its different kinds of energy depositions in the 
various detector cells with th• usuaal Monte Carlo method. The 
outcome ia stored for proceaaing in a second step. 

Tb• second step apply• resolution functions to the energy depositions 
in order to mimic the actually achieved resolution. Th••• resolution 
functions have to be determined externally, either from teat data or 
from detailed Monte Carlo studies. The resolution functions describe 
the well behaved detector response du• to e.g. sampling fluctuations, 
while the Monte Carlo part. takes car• of intrinsic fluctuations with 
large tails. 

This apProach baa th• advantage that the time consuming first step 
(ahow.r development) is separated from the second on• (smearing). 
Already produced Monte Carlo data can be easily reprocessed by 
applying different resolution functions, which is fast compared to 
th• time needed for production. 

Tb• word •calibrated• refers to the fact that we shall simulate 
energies in read out cells directly rather than charge equivalent 
signals in active layers. There is no need for calibration constants 
in the Monte Carlo. rurthermore, a complete bookkeeping of all energy 
depositions in all detector elements has been implemented. The 
perfect knowledge on th• true energy depositions will be used to 
emulate the correction procedures which work on data and detailed 
Monte Carlo. The detector response is calibrated in the sense that 
the mean of the reconstructed energy equals the incident energy. 

1. Simulation ··---·-
1.1 ........ l:ry 

K• 4i•tinguish the aativ• calorimeter part• (• calorimeter •tacks for 
sampling calorimt•r•) from th• cracks in between and dead materials 
in front and behind. ~h• sampling calorimeter• are divided into 
aative layer• and pas•ive layer• (• abaorber material). (Rote that 
with this definition, wbioh follow• th• language in us• by Bl, an 
active calorimeter part consists of active and pa•aive layers.) A 
geometry desariptioD which distinguishes between active and passive 
layers is called de~ailed. %n oontra•t, in a coarse geometry that 
distinction is U.eat, and the stacks are composed of mixture• from 
tbe materials in th• active and passive layers. Sometimes also the 
cracks betw.en stacks may be averaged with the stacks into one 
homogeneous volume. A readout cell consists of on• or several 
subsequent layers of active and pa•sive material. 

2 



1.2. Tracking 

The tracking mod.• may be detailed or parametrized. In the detailed 
tracking mod• a particle is tracked through th• detector by G&AlfT. 
It's reaction• are computed step by step, and it'• energy lo•••• 
deposited in the current medium. In case of a parametrized shower 
development, th• energy is deposited in spots according to the shower 
shape. 

1.3. Energy deposition 

1.3.1. Visible energy 

Energy depositions (bits) are mapped onto readout cells (or dead 
material cells) via mapping functions and stored in th• bit banks. 
There may be more than one bit per cell. In the conventional scheme 
charge equivalent energy (B_via) is simulated. For detailed geometry 
it ia th• energy deposited in the active layers, which leads to a 
signal. Sampling fluctuation• are thus •imulated intrinsically. 

z 

For coarse geometry th• energy depo•ition in the readout cell B dep i• 
multiplied with a reapon•• function (e/mip, h/mip), which ia of-order 
and depends in general on th• particle type and energy. In BlFAST 
•imulation •/mip i• a•aumed to be a constant, while the actual h/mip ia 
being calculated from. the hadron'• type and •n•rif. Th• mip sampling 
fraction •_mip i• applied to go to the s_via scaler 

s_vi• • s_d•p * (x/mip) * a_mip (with x•e,h). 

Sampling fluctuations are applied explicitly to B_dep, because in 
coarse geometry active and pa•aive layer• are not diatingui•hed. The 
fluctuation i1 done with a gamma-distribution according to aigma(B)/8 • 
conat./aqrt(B). Th• obtained B vi• correspond• now to the B via from. 
detailed simulation. - -

ID order to go from S via to the •visible energy on th• electromagnetic 
scale• B_O in reconstruction, s_via n••d• to be multiplied with a scale 
factor s_ ••• 

B_O • B_vi• * s_ ... 

ID the detailed geometry S_em baa to he determined f roa tbe Monte Carlo 
(somewhat surprisingly •calibration constants• for the Monte Carlo 
appear). In the coar•• geometry s_em ia known a priori froa th• 
constants used in the aimulationa 

s_ .. • 1/( (•/mip) • a_mip )I 

the Mont• C&rlo ia intrin•ically calibrated. For each event a hank Bll"P 
i• written which contains th• constants (e/aip), a_aip and in addition 
(p/aip). ~h• current granularities and tracking modes for each 
aubcletecor a.re stored in the (undocumeated) SIPA hank. 

1.3.2. lnviaihle Bnergy aad Compensation 

In hadronic •hotiNrs a c.ri:ain fraction of the energy (t}'Pically 1/3) 
doea not give rise to a aignal in the calorimeter, it ia invisible. 
Thia may he due to hin41.ng energy lost in the break-up of a nuoleu•, 
r.coil •ne1"9J' of a nucleus, UD•••n neutrinos or low •D•1"9J' neutrons 
with •-11 reaotioa cro•• ••otion. &a a rule of thumb for the Bl 
liquid argoa calorimeter on average 1/3 of the eaergy of aa inoideat 
pioa i• invi•ihlA, •o pi/• i• roughly 2/3. It i• tbe aaia cau•• for 
th• fact that the reapona• of non-oaopenaatill!J calorimeter• to pion 
abower• i• smaller tbaa for for electron •b01Nra of ••me incident 
energy (pi/e<l). One can try to oorrect for that, either 
intrin•ically (auppreaa th• eleotron re•ponae, hooat the hadron 
reapoaae, iaor•••• the neutron cro•• section, ••• ), or by •oftwa.re, 
the so oalled weighting -thod. Sere one tri•• to .recognise 
electromagnetic and hadronic ahowrer components and weight• the• with 
appropriate factor• sucb that pi/• • 1. One .. 7 also think of 
weightill!J aa eatillating th• inYiaihl• part. 
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1.3.3. Calibrated energy 

ID addition to s_vi•, the •calibrated energies• are computed for each 
bit in a readout cell. These are the unfluctuated electromagnetic, 
badronic, invisible and hadronic-visibl• energies. unfluctuated means 
that sampling fluctuations have not been applied, th• energies are not 
smeared. The electromagnetic energy E_•m is the total energy deposition 
by electrons and photons, the hadronic energy z_bad is the energy 
deposition by charged hadrons, and the invisible energy E_inv comprises 
all energy depositions that do not give rise to a signal in the 
calorimeter, e.g. energy lost in th• break_up of a nucleus. The 
badronic-visihle energy z vb in coarse geol!l9try is th• hadronic energy 
deposition multiplied with its particle and energy dependent response 
factor, B_vb • E_had * (h/mip). 

~be total energy lost in the read-out cell is given by 

z_tot • z_em. + E_had + E_inv. 

Kot• that with our definitions E vis + E inv is not E tot. E tot is 
defined as the difference betweeD the meisurable •n•riy of incoming and 
outgoing particles for any reaction or volume. Ke define the measurable 
energy to be the energy which has the potential of giving a calorimeter 
signal. For particles it is the kinetic energy, for antiparticles the 
kinetic energy plus twice its rest ma••· By definition, it is a 
conserved quantity in a calorimeter. In practice, this relation is used 
to calculate tb• invisible energy per reaction. Kith thia definition, 
s_inv may be negative. AD example is the case of a stopping neutron 
undergoing a neutron capture with emerging photons. ~h• incoming 
measurable energy is 0 (kinetic energy has run down), the outgoing 
measureable energy is >0 (photon energy). 

Storing this information allows for complete book keeping of all 
energy depositions anywhere in th• detector. In addition, particles 
escaping tbe detector are recorded in leaving particle banks. All 
incident energy is thus accounted for. ~h• energy sum over all 
calorimeter cell• in all subdetectors and dead detector regions and 
the leaving particle• yields the incident energy. ~h• hit banks 
contain the following information ( Pleas• note the subtle dif ferenc• 
in the meaning of the words B_vis and B_vb for detailed and coarse 
~eometryJ) 

A) detailed geometry 

1) B vis visible energy in active layer as described above 
2) .-.. electromagnetic energy in readout cell (unfluct.) 
3) B-had hadronic energy in readout cell (unfluct.) 
4) s:inv inviaibl• energy in readout o•ll (unfluct.) 
5) B vb hadronic energy in active layer 
6) tiacking history word I~IS 

From. thi• we can extracts 

•·•· en•rvY in active layers s via - S vb 
had. energy in active layers s:vh -
e.m. energy in absorber a s_ea - (S_vi• - B_vb) 
ha4. Snergy in ahoorher I S_ha4 S_vh 

B) coarae geometry 

1) s via via. energy in readout cell aa deacribed above (fluct.) 
2) .-.. electromagnetic energy in readout cell (unfluct.) 
3) S-had hadronic energy in readout cell (unfluct.) 
4) s:inv invisible energy in readout cell (unfluct.) 
5) s vb badronic-viaihle energy in readout cell (unfluct.) 
6) tracking hiotory wo>:d I~RBIS 

(for the location of the worda in the different bank• pl•••• consult 
the DD~) 

Coded in the bita of th• tracking history word I~IS ia apart from. 
other useful information the type of th• deposited invisible •nergys 

bit OD .. ans 

9 aecondary particle created in an interaction in the detector 
10 eneriJ' loat in break-up or recoil of nucl•u• 
11 particle atoppe4 by GSAll'1' 4u• to long elapoecl life time 
12 neutrino energy 
13 low energy neutron• (BlFAST doean•t track neutron• below 50 KeV) 
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1.4. Simulation Options 

In principle for each subd.etector many combination• of granularitie• 
and tracking mod•• are po•sible (steerable via the •teering bank 
OSGD) not all of which are ••nsibl• or supported. Steering parameter• 
for BlFAST come through the GFCP bank. In order to make life easier 
for th• user, there are five level• of simulation detail predefined 
in the O'l"l'O (Our Tricky Tracking Options) steering bank (overriding 
OSGD), going from. the slowest and moat detailed tracking level to the 
fastest with full shower parametrization. Levels 3-5 are considered 
as fast options (the realm of BlFAST), with 3 being the standard 
level. In O"l"'l'O also GBZISBA or Ft.UKA can be chosen for hadronic 
reactions. GHEISBA is considered th• standard Bl choice. 

' 

level 11 Detailed shower tracking using GEAHT on the detailed detector 
geometry. Active and passive layers are distinguished, 
so sampling fractions and fluctuations are simulated 
intrinsically via energy depositions in active layers. 

level 21 Same as level 1, but with higher energy cut-offs for the 
tracking of low energy particles. 

level 31 U••• a ooarae geometry with averaged materials in the 
••naitive volumes, and a detailed description of the dead 
materials. Badronic ahow.r particles are tracked by GIUJIT. 
Blectromagnetio show.rs are parametrized if they do not 
extend over craoks, and tracked in detail otherwise. 
In order to simulate sampling fluctuations, th• energy 
depositions are fluctuated explicitly. In the tail catcher 
(IROR) however, tracking and granularity are detailed at 
present. 

level 41 In addition to level 3, all •a1ow• hadronic secondary 
particles (energy < 10 t of mother particle) are 
parametrized in a continuum shower. 

level 51 Pull parametrization for electromagnetic and badronic 
•hOtNrs. 

1.5. Simulation output 

1.5.1. Bit banks 

~he hit ballka for Argon, BSMC and Plug calorimeter• are ~, a~ 
and •~· lblergy depoaitiono in tbe tail aataber (IROB) are otarecl 
tagatber witb tba dead eaergieo in tba JUtlf'r baak uoing tba 
generalised mapping function. ~be fallowing table obow• tbe 
information content for the different hit banks, which are relevant 
for calibrated energies. 

location in bank 

information JUtllT aac~ PIUI~ .IUDIT 

--------------- -----------------------------------ebannel • 1 1 1 1 
IftllIS 3 16 3 3 
s_via 2 8 2 2 •) 
&_inv 5 18 5 5 
._em 6 19 6 6 
s_bad 7 20 7 2-6 
s_vb 8 21 8 
•_tot 5+6+7 18+19+20 5+6+7 2+5 

-----------------------------------------------------*) word 2 i11 AJl1ft' mean• •-- + s_bad 
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1.5.2. Digi Bank• 

Tb• atandard BlSIM digi module produces the digi banks ARCE, BRCZ, 
PRDB and IR'rB for Argon, BEMC, Plug and IRON from. the bit banks. They 
contain z_vis per readout cell (exception: IRON gives t of streamers 
at present). The digi banks are input to the standard BlllEC 
algorithms and the trigger module. For calibrated energies they are 
not used. Bowever it is possible to recreate tb••• banks by smearing 
the perfect energies. This will be discussed in the reconstruction 
chapter. 

1.6. Performance 

As a cross check of the book keeping of energy depositions we compare 
th• incident energy (B_ino) with th• sum of all perfect energies 
deposited in all calorimeters and dead materials and the leaving 
energy (B sum). The following tables give the offset and sigma of th• 
distribution B_swa. - B_inc, the maximal deviation max( IE sum-B_incl> 
and the simulation 'time per event t. Large deviations point to a bug. 

10 GeV pi+ in CB2 (GllBISBA} 

---------------------------------------------------------------------d11111l. l•••l of:f ••'t. <'> sigma <'> max elev <'> a ample t/evt. (••c) 

1 +1.4 0.7 +4 1000 11.3 
2 -0.6 0.3 -2 1000 2.7 
3 o.o 0.13 +0.6 1000 1.0 
4 +0.2 0.5 +2 1000 0.'5 
5 o.o 0.1 -0.4 166 0.36 

RC events Q**2 • 500 GeV2 

simul. level offoet <'> sigma (\) max dev (\) a ample t/evt. (••c) 

1 <0.7 12 2'2.7 
2 -0.35 60 75.0 
3 -0.23 141 31.9 
4 -0.23 168 26.8 
5 -0.30 19 14.3 

Th• precision of th• book k .. ping for levels 1-5 is sufficient for 
pby•ic• analy•i• preparation requiring an absolute calibration of 1 t. 
Th• book keeping for the PLUKA option does not work, and. no effort. is 
mad• at present to fiz it. 
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1.7. Compariaon BlFAST va. detailed aimulation 

llhil• the •n•riY response can be adjusted after simulation with 
BlPAST in th• calibrated energy scheme, a wrong shower shape cannot 
be corrected after simulation. It ha• to be •atisfactory before 
extqn•ive •im.ulation of physic• events commenc••I Therefor• a few 
words on th• •tatus of BlFAST simulation are in order at this place. 

Direct comparisons of simulation output (visible energy on th• 
electromagnetic scale) in detailed (level 1) and HlrAST mod• (level 
3) have been performed by various people (J.Gayler, S.Peters, H.R., 
H.K. for the liquid argon, J.Ferencei, B.P. Kasselmann, C. Pichler 
and P.Jteim.er for the BEMC and M.Seidel for the Plug; unfortunately 
th• iron has not been studied yet). Most important, BlFAST has been 
checked extensively against CBRH teat beam. data by s. Peters and H. 
audowicz. Th••• atudiea show a good to excellent description of th• 
longitudinal and lateral ahower shapes, of the energy response and 
reaolution, of th• r•apons• over cracks, and of e/pi ••paration 
••timators. Weighting algorithma n .. d to be checked with the latest 
veraion. 

So far the only discrepancy worth mentioning is th• multiplicity of 
hit cells above the readout threahold, which is about 10 ' too low 
for ••· •bowers. Bowever, the missing cells contain only little 
energy and lie in th• peripheral shower region, where only S ' of the 
total shower energy is deposited. 

2. a.construction with •calibrated Energies• 

--------------------------------------------
2 .1. Overview 

In reconstruction response function• are applied to th• •perfect 
energies• from simulation in order to obtain th• d••ired detector 
resolution. That proceeds in several steps. First, all th• hits from 
the different tracks in each cell are summed up. Then, the summed 
energies are smeared, depending on the subdetector and the user option 
for resolution, weighting, etc •• Dead corrections are emulated by 
adding th• energies f rOJD the dead material cells to the closest and 
hottest active cells. Tb• dead energies can also be smeared to have a 
handle on the degradation of resolution in the craok regions. Pinally, 
a relation between cells with true energy deposition and reconatruction 
oluatera is set up, ao it is possible to rescale the reoonatruation 
cluster• with th• •calibrated• energy. 

2.2. SWlllllin~ up th• sit• 

Module t &Stnal'T 
Input 1 A1Ul'J:' •~ 
outputs DSG llllJIG 

UJIG •BBG 

~ 
.. BG 
... G -lllmG 

~h• module •SUMJl'l" sums up the hita froa the hit hanks for each cell. 
~. result are parallel bazaks &ZllG au4 SdG for eaoh subdetector 
(z•A,B,P,I,W for Argon, BSMC, Plug, Iron and d•ad material), contaizaing 
the cell nwa!Mra and tb• 4 energy t!)'e• s_in•, •-••, s bad, s_vb. Bit• 
rrc:a tb• AJal'Z' banks are written into tbe BllfG/BIBG banka, i~ they •~ 
in the iron, and into the SNXG/SNSG banks, if they ar• in the dead 
•terial. 
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2.3. The Smearing Step 

Modules BWG~, calla BSKEAR, EDE.ADC, Bet.UST, BCALIB 

input: EAEG, BBBG, EPEG, BIEG, EKEG, 
EAllG, BBNG, BPHG, BING, E'KllG, 
ANGR, BR'GR, PNGR, INGR, 
AJ:FR, BBFR, PBP'R, IEFR, 
RCLX, RCLU 

output1 KAFR, BBFR, BPP'R, BIP'R, EKFR, 
(EA.SO, EBSG, BPSG, EISG, EHSG,) optional for the output list 
EAFX, BBFX, BPFX, EIFX, 
BCLX, ECLC 

It is planned to split this module into two. 

2.3.1. lleaolution Functions 

Th• main cauae for a finit• resolution in the Bl calorimeters ar• 
sampling fluctuations. They ar• due to statistical fluctuations in th• 
number of shower particles crossing an active layer, ao th• relative 
energy resolution is proportional to 1/sqrt(H) or l/aqrt(B). 

Theraf ore th• reaolution functions are chosen such that the energy 
resolution scales like sigma(B)/B • c/aqrt(S). Bach bit of energy 
depo•ition i• smeared using a gamma distribution with the parameter 
beta•li 

alpha-1 -z/beta 
z • 

f(x,alpba,beta) • ---------------------------
gamma(alpha) beta••alpba 

The parameter alpha ia used to adjust the resolution. 
Th• gamma distribution baa the 
following required features: it vani•h•• for negative value•, it i• 
continuou•, the variance equal• th• .. an, and the aum of two gamma 
distributed random variables ia again gamma distributed. ror large 
means of cour•e the gamma di•tribution becomes Gau•aian. It ha• been 
shown that sampling fluctuation• can be deacribed quite w.11 with this 
ansatz. However, it is not guaranteed that thi• relatively simple 
an•atz can be u•ed for all respon•e functions. They may be refined with 
increased knowledge of the real detector performance. 

2.3.2. Smearing and weighting 

Routine SSHSAR 
Input 1 SABO BARG BBBG BPBG S?BG BWBG 
output• BA.SO BBSG BPSG BIBO S11SG 

ror each cell a smeared energy i ia constructed from the f •perfect• 
energi•• s_inv, s_ .. , s_had and B vb, depending on th• user's options 
in steering bank &SKS (••naible choices are default). A bar indicates 
fluctuated (••meared) energies. ~h• a .. ared energies are stored in the 
banks BxSG parallel to BxJrG. It ia possible to simulate •n•rvt on the 
electromagnetic seal• (A), w.ighted energy (B), or total energy (C), 
corresponding to the different levels of reconstruction. 

A) energy on electromagnetic seal• (BMC and JI.AC unw.igbted, BIDIC). 

(It ia foreseen to create the digi banks ARC&, BRCI:, PRDS and 
?RS'B from this energy. &SHSAR baa already b••n prepared for that). 

i • i __ + i_vb __ 

with • vh .. • B vh I (e/mip) to bring it to the •·•• ocale. 
(C&refUl With de~ailed geometry, s_vb has different .. aningl 
we oet •_vh_ .. ••_had • (p/mip) I (e/mip).) 
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8) weighted energy (DIC and BAC weighted) 

i • i_em. + i_vh_em + i_mias 

with B_misa • B_tot - z_em - z_vh_em, B_tot • B_em + B_inv + S_had 

C) total energy (Iron and Plug and dead cell•) 

i • i_tot 

Tb• smearing conatanta c for all types of energies and for each 
aubdetector can be aet alao in bank BSHS. Th• default values reflect 
the beat of our knowledge. It ia worth mentioning that the Argon 
smearing conatanta (EMC and BAC) could be chosen such that th• same 
constants describe the weighted and the unweighted detector. The 
weighted detector resolution baa been aet to aigma(B)/B • SO•laqrt(B). 
Th• unw.igbted detector is approximately described by sigma(B)/B • 
oqrt(0.'8'**2/E + 0.097**2). 

&nergiea which are depo•ited by particles which are not part of a 
abower (muons, pion• before firat interaction ••• ) abould not be be 
fluctuated. That i• enaured in th• uaual simulation path (creation of 
AJUIT), but not yet in SSMBAK. 

2.3.3. Dead Material Correction• 

Routine SDSADC 
Input 1 llASG llBSG EPSG BISG RWSG 

SABO BSHG BPRO BIRO ENlfG 
Output; BA.PR BBPR BPPR BIFR 

Th• smeared energies from. the dead cells (BNSO) are added to the 
correaponding active cells (BxSG) in order to emulate dead corrections. 
~b• result is atored in the final BxPR bank•(parall•l BxRG). Dead 
energi•• which have been u••d for the correction are ••t O in th• BlfP'R 
bank. Thia pseudo dead correction i• implemented for the Argon (routine 
&PDBAD), but not yet for th• BDCC, plug and tailcatcher. 

2.4. Cluster Rescaling 

Routine BCLUST (clu•t•r a••igmaent) 
Input I JULRO BUG SPRO l:IWG RCLX RCLU UGR DOR PNOR IRaa 
output I ll:AFlC san: J:Pn: J:In: llCLX 

Routine BCALIB (•cal• factor•) 
Input 1 RCLU .Ull'R llll:ll'R PEPR Ill:l'R ll:Al'lt Dll'R EPPR Bil'R 

RCLZ 
ll:CLZ 

0Utput1 llCLC 

Th• final cmject• of the reoonstruation for analy•i• are olusters and 
their associated oella. rhey are created from tile visible cell• (Alt.CS 
eto.), not from the perfect on•• (SASG, BAJIG, ••• ).our taak is to 
aoale th• r9conatructioa cluatera and cell• to the right scale with 
deaired reaolution uaing the final •calibrated• ener,i•• (&Al'R, ••• ), 
derived from the perfect on•• (SABO, ••• ). UD.fortunately, the set of 
legal reconstruction cell• (aet aa visible cell• associated to a 
cluster, •·9• ARGR cells with positive cell I) ) is not identical to 
the ••t of cell• in wbich energJ had really been depoaited (••t r, 
•·9· aa.'G cells), because noiae .. 7 add oella, and the noise outs m&f 
kill aello. 
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If we want to rescaie the reconstruction clusters, w. bav• to assign 
all T cell• to exactly one cluster. There is a large overlap with th• 
R cells, so for most of the T cells the assignment is just as for the 
R cells. Th• rest ia assigned to the cluster for which d/log(B_cl) is 
smallest. B cl is the cluster energy, d the distance from th• cell to 
th• cluater-centre. Th• assignment criterion bas not yet been studied 
carefully, contributions are welcome. The cluster assignment is stored 
in a bank BCLX (parallel RCLX), which points to th• pointer banks 
ExFX, which points to th• cluster cells in ExHG (uff). 

In the final step for each cluster its •calibrated· energy is 
determined by summing over all its associated T cells. The ratio 
between the ·calibrated• energy and the •reconstruction· energy of the 
cluster is stored in th• BCI.C bank (parallel RCLU). It is th• factor 
with which to scale th• energies of reconstruction clusters and cells 
in order to go to the •calibrated energy scale·. 

2.5. User Options 

Th• differ•nt levels of smearing, weighting and correction• are 
controlled via the steering bank BSKS, which is listed in th• 
appendix. Basically the following options exists 

resolutions 
""ightingr 
dead corrections 

standard I perfect I user 
standard I no I perfect I user 
standard I no I perfect I user 

•user• means th• user has to d•f ine a value for the smearing 
resolution constant. Sensible choices are default (•standard). 

2.6. status 

The product is teated and ready for use in analysis preparation (• 
field teat). It has already been used for the development of 
reconstruction algorithms in the calorim9ters. Known deficiencies 
ares 

*) Hissing dead corrections for BBMC, Plug, Iron -> aubd.etector reap. 
*) tuning of crack GOrr9ctions -> needs study of crack reaol. 
*) tuning of amearing parameters in Iron and Plug -> check resol. 
*) atudy cell - cluster aaaignment (2.4.) 
*) recreate digi baDka from. smeared energy banks 
*) no amearing of energies from primary particles in BSMBA.lt 
*) in rare ca••• dead •n•rgiea cannot be assigned to a bot neighbour 

cell and its energy ia lost. 
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3. Application• ............... 

3.1. Detector Studies 

~h• knowledge about th• true energy depo•ition• in each detector cell 
allows Monte Carlo studies of the underlying calorimeter phyaica. It 
haa proven to be a useful tool for the development of dead material 
corrections and of weighting algorithm.a. In Monte Carlo containment 
cuts can be easily performed. 

3.2. Phyaics Analysis 

~h• main application is th• fast simulation of the Bl calorimeter. It 
ia •••Y to change th• smearing and correction resolutions, so they 
can he set to the heat of the current knowledge without a new 
simulation. 

~h• influence of detector resolution on kinematic variable• 
(x,y,Q**2, ••• ) can he investigated. Migration can be studied and 
correction procedures for the data can be developed. It also allows a 
wide range of systematic studies, e.g. effects of the detector 
granularity, uncertainties in resolution and calibration, bi•••• 
introduced by cluster algorithms and weighting• etc •• 

3.2. utiliti•• 

All new bank• are deaoribed in the DDL language and can be printed 
using BlPIUft'. A routin• Bll'JCSS calculates th• •measurable energy• 
(s .. definition in 1.3.3) from the partial• type and energy. Por 
event reconstruction (••9• Jacquet-Bloodel) an inverse mapping 
function IDIAPI gives the apace point xys for each aubdetector and 
channel number (unfortunately not available for dead material•)• 

11 
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Appendix As Steerin~ Banks 
••--••••••••a•--••••••--•• 

BSMS I 'calibrated Energies' SMearing Steering bank 
• ·--········•·········••·······•···········-• 
* smearing option as a function of the subdetector: 

* -------------------------------------------------* Ztot(smear•d) • E•m(smeared) + Ehad(smeared) + Einv(smeared) 
* Evis(•D19&red) • Eem(smear•d) + Ehad(smear•d) 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

delta Eem/Eem 
clelta:Evb/Ebacl 

• a/sqrt(Eem) 
• b/sqrt(Ebacl) 

1 • with smearing default 
2 • with smearing choosen by th• user 

put 0.00 for no smearing in a aubdetector 
3 • no smearing at all, perfect signal 
em-argon had-argon BKMC PLUG IRON 
l l l l l (default) 
1 1 1 1 1 I word 1-S user 

* the user smearing values for th• electromagnetic fraction (a) 
* O.l 0.198 O.l 0.56 0.50 (default) 

O.l 0.198 O.l 0.56 0.50 I wore! 5-10 
* the user smearing valu•• for the hadronic fraction (b) 
* 0.178 0.464 0.178 l.00 l.00 (cleault) 

0.178 0.464 0.178 l.00 l.00 I wore! 10-15 
• 
* weighting option as a function of th• aubdetector: 
* --------------------------------------------------• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

delta_Binv/Binv • c/aqrt(Binv) 

0 • no weighting, visible energy aimulated Bvia•Bem+Bhad 
1 • weighting with default resolution (c•default) 
2 • w.ighting with resolution by user (c•optional) 
3 • perfect w.igbting Btot•Bem+Bhad+Binv 
weighting only for argon-calorimeter meaningful (2,3) 
em-argon bad-argon BBMC PLUG IRON 
l l 0 l l (default) 
l l 0 l l J word 15-20 

* u•er value• for w.ighting (c) 
• 0.178 0.950 o.oo 

0.178 0.950 o.oo 
• 

l.00 
l.00 

l.00 
l.00 

* dead correction as a function of the aubdetector: 

* -------------------------------------------------• 

(!!•fault) 
I wore! 20-25 

* word 26 dead correction option, word 27 •mearing of dead •n•rvJ" 
* 0 • no dead correction 
* 1 • with dead correction, ... aring of dead energy with default 
* 2 • with dead correction, amearing of dead energy with user choi•• 
* 3 • with dead correction, no smearing of dead energy, perfect 
• l (default) 

1 I -rel 26 
• l.OO (default) 

l. 00 I -rel Z7 
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Appendix 81 Bank Descriptions 

-----------------------------
x •A, a, P, I, W for Argon, BJCMC, Plug, Iron, dead material 

Th• sx •• hanks contain all channel• with true energy depos. (set T) 

Th• Bx hanks of one aubdetector are parallel to each otheri 
BXllG 11 BxBG I I BxSG I I zxra I I Bxrx 

BXXO contains all cells of set T 

1 Nchan I channel number 

BxJ:G perfect energy hank 
parallel to SxJl'G, which contains channel numbers. 
scale is 500 kev/unit 
packed, use IFRB16 

1 Binv I 
2 Bua I 
3 Bhad I 
' Bvh I 

ExSG smeared energy 

invisible en•rvY 
electromagn. energy 
badronic energy 
badronic visible energy 

1 Bamear r smeared cell energy (GeV) 

sxra final •calibrated •n•rgy• 

12 

1 Bamear F ameared cell energy (GeV), w. dead mat. corr. 

BsPZ pointer hank 

1 Ia.ext % pointer to nest cell in cluster 
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..................................................................... 
Th• clu•t•r banks ZCLX, BCLC are parallel to the reconstr. cl. banks 
J:CL% 11 BCLC I I RCLU I I RCL% 

---------------------------------------------------------------------
J:CL% point.a to perfect energy cells belonging t.o this cluster 

l llCBA I I of cells in LAr 
3 NCBI I I of cells in TC 
s JICBB I I of cells in BBMC 
7 HCBP I I of cells in plu9" 

2 AGFX I pointer t.o lat. channel in lAr 

' IGFX I pointer t.o lst. channel in Iron 
6 BGFX I pointer t.o lst. channel in a ... c 
8 PGFX I pointer t.o lot channel in Plug 

BCLC contains •calibration factors• for final rec. cluster and cell 
energies to go to •calibrated •n•rvies· 

l cal a ,. •calibration factor• for argon cells 
2 cali .. •calibration factor• for iron cells 
3 oalb .. •calibration fact.or• for BDIC cells 

' calp .. •calibration factor• for Plug cells 
s calcl .. •calibration factor• for cluster energy 

---------------------------------------------------------------------
BlrP BlFAST Parameter Bank 

Row. 1-5 contain simulation parameters for EMC, BAC, Iron, 
Plug, BEMC used in case of coars• g•ometry. 
Column 1 contains s_mip, colwan 2 •/mip and column 3 p/mip. 

1 UPMIP 
2 BB'DIIP 
3 PBDIIP 

r sampling fraction of mip a_mip 
r e/mip 
,. p/mip 
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Appendiz Ct Calling Sequence 

----------------------------
l 
2 
3 

' 5 
6 
7 
8 

' 10 
11 

0 
l 
l 
2 
2 
2 
2 
2 
2 
2 
l 

l 0 
2 l 
3 l 
' 2 5 2 
6 l 
7 2 
8 2 
9 2 

10 2 
11 2 
12 2 
13 2 
14 2 
15 2 
16 l 
17 2 
18 2 
19 2 
20 2 
21 2 
22 3 
23 3 
24 3 
25 ' 
26 ' 
27 ' 
28 ' 
29 ' 
30 3 
31 ' 
32 4 
33 4 
34 5 
35 5 
36 5 
37 3 
38 ' 
39 l 
40 2 
41 2 
42 2 
43 3 

" ' " ' ,6 ' 
" ' " ' " ' 50 2 
51 1 
52 2 
53 2 
54 1 

SSUHll'r 
MODULS 
BllESUM 

BKFMT 
BK'r01f 
llBAllK 
mrsor.r 
BKP'Rlf 
BLIH 
NDROP 

module steering: sum up calorimeter hit• 

sum for each calorimeter hit bank 

MO:CULF 

ElfGllT module steering: smearing 
MODULS 
DIHI'l' 

UG1'BllK 
BIUILOG 

initialization of options and parameters 

SSIWU< 
BK~lf 

BKFMT 

perform th• smearing for each subdetector 

UCOH 
HBSOl"l' 
BSAMPF 
llBAJIK 
BICJ'R1f 

•me•r cell energy with gamma distribution 

BLIS~ 
lfDROP 

BDBADC 
BKFMT 
BLIS'1' 

perform dead corref:tion• 

BK'rOW 
BKFR'H 
ZPDBAD dead corrections for the Argon 

BRRLOG 
RBSOr.l' 
AWPIL 

Alfn'II. 
Alf PFIL 
JllfllJ'II. 
AJflrII. 
SIUILOG 

BPDFlI. 
SRRI.00 
SlfSOl"l' 
AJfCllAK 

AMZFIL 
AJfPFlL 
AMRl'lL 

ll:lfCOIUt 

SCI.US~ 
BKFMT 
VllllRO 

SOR'rlL 
clv.•t•r assignment for cell• 

SCLOSB find clo•••t cluater for a giv.n a.11 
SMAPI inverse mapping for all calorimeters 

AJllSl~ 

BLlS~ 
SC&I.lB -BLlS~ llODULF 

VHltO 
nsorr 
AVCGD 
%C0ft2 
PMllPl 

•caling of rec. clusters with calib. ener. 
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-- PREFACE --

Users of this program are encouraged to contact one of us in order 
to be informed about updates, bugs found, etc. 
We of course would like to hear from anybody who has discovered a 
bug or wants to make a suggestion or an addition to the program. 
If you use GFLASH for a talk or publication, we would appreciate 
your crediting the program. 

Since the first release of GFLASH work has been concentrated on its 
development as one of the simulation options for the Hl detector at 
HERA, in Hamburg. In this version of GFLASH (1.4) all mayor features 
used in Hl are made available to the public. In addition new 
parameterizations of electromagnetic showers are implemented, 
which cover a wide range of possible calorimeter configurations. 
Full hadronic shower parametrization is not supported any more. 
Instead the concept of "partial parametrization• as used in Hl has 
been introduced. In this concept hadrons are always tracked indi
vidually. Electromagnetic showers are only parametrized if they 
don't cross boundaries between calorimeter stacks. The energy loss 
of real particles on an averaged geometry is handled by GFLASH 
consistently. The interface and routines for full hadronic 
shower parametrization are kept for convenience (users may build 
their own system from this). 

0. -- CONTENTS --

1. INTRODUCTION 
2. HOW TO RUN GFLASH WITH GEANT 
3. OVERVIEW ON FUNCTIONS AND SUBROUTINES 
4. GFLASH DETAILS 

4.1 Overview on COMMON blocks 
4.2 Geometry 
4.3 Steering 
4.4 Electromagnetic shower parametrization 
4.5 Hadronic shower parametrization 
4.6 Tracking of real particles 
4.7 Termination of real particles 
4.8 Book keeping of energy 

5. TESTRUN OUTPUT (FOR COMPARISON) 

1. -- INTRODUCTION --

GFLASH is a program for fast calorimeter simulation with parametrized 
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electromagnetic (and hadronic) showers inside GEANT. In order to 
reproduce typical signalstructures correlations between the 
parametrized physical quantities are taken into account. GFLASH is the 
standard option for Monte Carlo mass production for physics events 
in the Hl detector at the e-p collider HERA at DESY, Hamburg. 

The basic idea of interfacing parametrized simulations a la GFLASH 
with GEANT was to define two new "physics" processes, one for 
"electromagnetically" and one for "hadronically 11 showering particles. 
GEANT tracks a particle up to the first inelastic interaction (the 
start of the shower) and from then on searches only for the next 
volume boundary. At the first inelastic reaction the incident particle 
is stopped, and a "pseudo shower" particle with the momentum of the 
incident particle is stored in the temporary stack of GEANT. For the 
definition of the two types of "pseudo shower" particles the GEANT 
variables IPART and ITRTYP are used: 

ipart = 51 ( "eshowino") 
50 ( n hshowino" } 

itrtyp = 12 em-pseudo shower track 
= 14 had-pseudo shower track 

Once a "pseudo particle" is created, GFLASH takes over control and 
the "pseudo shower" is tracked in small steps within a volume. The 
energy to be deposited in each of the steps in the given medium is 
computed and energy spots are deposited perpendicularly to the 
"pseudo shower" track according to the radial distribution for this 
shower. 

In addition to "shower tracking" the energy loss of real particles 
(e+-,gamrnas,hadrons,muons) is handled by GFLASH, if they are tracked 
on a coarse geometry (average GEANT mixture). This allows to 
perform "partial parametrizations" where only parts of the shower 
energy (eg. only electromagnetic (sub)showers) are parametrized 
depending on user defined conditions. 

The current version of GFLASH allows up to 5 calorimeter types with 
different media, to be defined by the user. 

Information concerning the parameterizations, comparisons with 
data and GEANT/GHEISHA and other related information can be found in: 

(1) "THE FAST SIMULATION OF ELCTROMAGNETIC AND HADRONIC SHOWERS" 
SLAC-PUB-5072, October 1989, published in NIM A290(1990) 469-488 

(2) "THE PARAMETERIZED SIMULATION OF ELECTROMAGNETIC SHOWERS" 
in preparation 

(3) ""CALIBRATED ENERGIES" IN Hl DETECTOR SIMULATION" 
Hl Software Note Number 26, October 1991 

and in german only: 
(4) MPI-PAE I Exp.El. 200, January 1989 
(5) MPI-PAE I Exp.El. 202, June 1989 
(6) MPI-PhE I 92-13, September 1992 
(7) MPI-PhE I 92-14, September 1992 

2. -- HOW TO RUN GFLASH WITH GEANT --

The file GFLASH14, distributed together with this manual, contains a 
complete example program with all necessary GFLASH and GEANT routines 
to make a test run on your computer. 

To run GFLASH, materials with effective A and Z values, radiation and 
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absorption length, and an effective density, have to be defined 
(GEANT mixture). 

In addition the user has to input material and geometry dependent 
parameters for each calorimeter in the subroutine GFPARM. The 
service routine GFCPAR may be used to calculate some the neccessary 
parameters. In addition a function that maps space points to 
calorimeter types rsp. read out cells has to be provided by the user 
(GFMAP in the example) . 

GFLASH steering parameters are also defined in GFPARM (for details see 
section 4.3). 

At initialization GFLASH has to be called once from the subroutine 
UGINIT. 

The main interface to GEANT is coded in GUSTEP. (See example in the 
file GFLASH14 for details). 

In the example we have calculated the neccessary information for 
for two calorimeter modules (a lead/liquid argon and an iron/liquid 
argon calorimeter) of the Hl detector. These modules where put 
together in a beam acting as electromagnetic (EMC) and hadronic (HAC) 
calorimeter respectivly: 

beam ----> IEMCIHACI 
The user has to provide data cards for the input of the kinematics and 
other GEANT parameters (see section 5). The calorimeter geometry 
described above is coded in the subroutine UGEOM. 
For the comparison, we ran GFLASH jobs under different conditions. 
What the different conditions are, and how the output should look 
like can be seen at the end of this manual (section 5). 

3. -- OVERVIEW ON FUNCTIONS AND SUBROUTINES --

3.1 standard GEANT stuff: 
MAIN, GUTREV, GUTRAK, GUHADR, GUPHAD, GUFLD 

3.2 specific GEANT stuff: 

3. 3 

UGINIT call GFLASH at initialization 
UGEOM -- geometry definition 
GUSTEP -- main interface to GFLASH 
GFLASH stuff, calling 
x GU STEP 
0 GFINV ----------
1 GFLMES -------
0 GFLASH ----------
1 GFPARM -------
1 GFSECO -------
1 GFLMES 
2 GFSAME ----
3 GFMAP --
1 GFTERP -------
2 GFMAP 
1 GFTERG -------
2 GFSAMP ----
3 GFSF 
1 GFELOS -------
2 GFRESP ----
2 GFSAMP 
3 GFSF 
1 GFEMSH -------
2 GFSAMP 
3 GFSF 

sequence: 

book keeping of invisible energies 
calc. measurable energ. (acc.f. rest masses) 
main GFLASH steering routine 
input calorimeter and steering parameters 
handling of secondaries, decision on param. 

test if em-shower will be contained in stack 
map space points to geometry 
terminate protons below GFLASH cut 

terminate ganunas below GFLASH cut 
apply sampling fluctuations 
calculate fluctuated energy 
handle E.-loss of real particles on ave.geo. 
calculate hadronic response factors 

track •e-showinos• (perform parametrization) 
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2 
3 
1 
2 
3 
2 
1 
2 

GFDEPO 
GFMAP 

(see below) 

GFSHOW ------- track "h-showino" (hadronic parametrization) 
GFINHA ---- get intrinsic paran1eters for one shower 

GFCHOL - Cholesky decomposition of covariance matrix 
GFSAMP 

GFDEPO ------- spot deposition, scaling with sarnp. fract. 
GFTEST (see below) 

3.4 Random numbers 
These generators use the GEANT random number generator GRNDM 
FUNCTION GFRN ------- One uniform random number 
SUBROUTINE GFNORR --- gaussian random number 
FUNCTION GFRGAM ----- gamma distributed random number 

3.5 Routines used to produce some output for the example run 
GFTEST perform energy sums 
GFCPAR calculates material and geometry dep. parameter 
GUKINE 
GU OUT 
UGLAST 

unpack event kinematics 
perform energy sums 
print some numbers (test output) 

4. -- GFLASH DETAILS --

The most important features of GFLASH are detailed in the following. 
Please refer also to the inline documentation in the example. 

4.1 Overview on COMMON blocks ----------------------------------------

*** 

+ 
+ 
+ 
+ 
+ 
+ 

GFLRUN -> GFLASH run dependent parameters 
PARAMETER ( NGFCAL = 5 ) 
COMMON /GFLRUN/ 

ISSAMP(NGFCAL),IFLASH(2,NGFCAL),CFLASH(4,NGFCAL) 
,RSPMIP(NGFCAL),PBYMIP(NGFCAL),EBYMIP(NGFCAL) 
,SAMELM(3,NGFCAL),SAMHAD(3,NGFCAL),FLUHAD(3,NGFCAL) 
,RLTHAD(NGFCAL) 
,ECRIT(NGFCAL),SFREQ(NGFCAL),EBM(NGFCAL) 
,RMX(235),NSTRTR(8) 

-> NGFCAL: number of GFLASH calorimeters 
-> ISSAMP: =1 for sampling calorimeters 
-> IFLASH,CFLASH: GFLASH steering options (see sect. 4.3) 
-> RSPMIP,PBYMIP,EBYMIP: energy scaling functions( see sect. 4.2) 
-> SAMELM,SAMHAD,FLUHAD: energy fluctuations (see sect. 4.2) 
-> RLTHAD: nuclear absorption lengths, used in full hadronic 

shower param. as lateral scale. 
-> ECRIT,SFREQ,EBM: geometry dependent parameter used for em shower 

parameterization (see sect. 4.2). 
-> RMX,NSTRTR: Used internally in hadronic shower parametrization. 

*** GFLSHW -> GFLASH shower dependent parameters 
COMMON /GFLSHW/ 

+ 
+ 
+ 
+ 
+ 

JCALOR,JCSENS 
,ROTMAT(3,2),EINC,XLNE,EDP,PINC,XLNP,HlEINV 
,ALPHA(0:4),BETA(0:4),FRAC(0:4),ISHAD,IPC 
,ZINLX(0:3),ZCONV(0:3) 
,ARTIMS, PAR(4) 

-> JCALOR: identifier of actual calorimeter (1, ... ,5) 
-> JCSENS: sensitive calorimeter flag. If equal to 1 we are in 

the mixture. 
-> ROTMAT: rotation matrix to convert shower reference into 

detector reference. 
-> EINC,XLNE,PINC,XLNP: energy, momentum and their logaritluns 

of the incoming particle. 
-> HlEINV: invisible energy in first hadronic interaction (used 
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in full hadronic shower param. only. 
-> ALPHA,BETA,FRAC,IPC,ZINLX,ZCONV,PAR: actual shower parameter for 

hadronic shower parameterization. 
-> ISHAD: flag that indicates electromagnetic (0) and 

hadronic (1) shower development. 
-> ARTIMS: used for averaging of the lateral scale in case of 

boundary crossings. 

--- ••• GFLOUT -> GFLASH output of energy spots 
PARAMETER { NSPMAX ; 5000 ) 
COMMON/GFLOUT/ NGFSPO,GFSPOT{3,NSPMAX),GFEN{6,NSPMAX} 

-> NSPMAX: dimension of spot arrays. 
-> NGFSPO: actual number of spots sampled. 
-> GFSPOT{3,*): spot coordinates x,y,z. 
-> GFEN{6,*): spot energy {see sect. 4.8 for details) 

--- *** GFLAGS -·> GFLASH various flags 
PARAMETER {NESHOW;Sl, NHSHOW;SO) 
COMMON/GFLAGS/ IGFLAG, IGFSTP, GFCLOW, GFCHIG 

+ ,GFCGAM, GFCELE, GFCMUO, GFCPIO, GFCPRO, GFCNEU 
-> NESHOW,NHSHOW: GEANT particle codes for showinos 
-> IGFLAG: act. parametrization flag;IFLASH{l,JCALOR} {see sect. 4.3) 
-> IGFSTP: act. GFLASH stopping flag;IFLASH{2,JCALOR) {see 4.3, 4.7) 
-> GFCLOW,GFCHIG: actual energy range in which parameterizations 

are allowed {see 4.3). 
-> GFCGAM,GFCPRO,GFCNEU: energy cut below which gammas, protons 

and neutrons are terminated (see 4.3, 4.7 for details). 
-> GFCELE,GFCMUO,GFCPIO: actually not used. 

4.2 Geometry ---------------------------------------------------------
Related routines: UGEOM, GFCPAR, GFMAP, GFPARM 

-UGEOM: Definition of the coarse geometry 
The GEANT medium number is used to define the GFLASH calorimeter 
JCALOR: 
;;;; Dependence of JCALOR on NUMED 

subdetektor NUMED JCALOR 
in the example 

EMC 301 1 
HAC 302 2 

not used 303 3 
not used 304 4 
not used 305 5 

-GFCPAR: Service routine to calculate calorimeter parameter 
SUBROUTINE GFCPAR{N,Z,A,D,XO,RHO,DEDX, 

+ W,RM,EC,ZEFF,AEFF,XOEFF,RMEFF,RHOEFF,ECEFF,SF,EMIP,RMIP) 
PURPOSE: Calculate material and geometry dependent parameters 

to be used with parametrized simulations on average 
geometries (mixtures). 

INPUT: N, D {CM), XO {G/CM**2), RHO {G), DEDX {MEV/{G/CM**2}) 
N;number of layers, for each layer: Z;charge number 
A;atomic weight, Q;width, XQ;radiation length 
RHO;density, DEDX=dE/dx of mip's 
It is assumed that the first array elements (N=l) contains 
the values of the read out layer. 

OUTPUT:for each layer:W=proportion by weigths, RM=Moliere radius 
EC=critical energies. 
for the mixture: xEFF=effective material parameters, 
SF=l./sampling frequency, EMIP=approx value of e/mip 
RMIP=sampling fraction for mip's 

-GFMAP: map space point (x,y,z) to calo.-typ NCALO and cell numbers. 
This mapping function is needed to find the appropriate scaling 
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functions (eg. e/mip) for spot energies. It is also used to evalu4te 
geometrical constraints on em shower parameterization and proton 
termination. In more elaborated simulations this function should 
return a channel number in addition (it should reflect the read 
out geometry) . 

-GFPARM: main user routine to input calorimeter parameter 
The following parameters have to prepared by the user for each 
calorimeter JCALOR: 
(some of them may be calculated by GFCPAR) 

RSPMIP(JCALOR) 
EBYMIP(JCALOR) 
PBYMIP(JCALOR) 

SAMELM(l,JCALOR) 

SAMELM(2,JCALOR) 
SAMELM(3,JCALOR) 

FLUHAD(l,JCALOR) 
FLUHAD(2,JCALOR) 
FLUHAD(3,JCALOR) 

SAMHAD(l,JCALOR) 

SAMHAD(2,JCALOR) 
SAMHAD(3,JCALOR) 

RLTHAD(JCALOR) 

ECRIT(JCALOR) 

SFREQ(JCALOR) 

EBM(JCALOR) 

sampling fraction of minimum ion. particles 
ratio sarnpl. fract. of electrons to sf. (mip's) 
ratio sf. (pure hadronic comp.) to sf. (mip's) 
This global factor is only used in the case of 
full hadronic shower parametrization. 

sampling fluctuations for elm showers acc. to 
Sigma/E = SAMELM/sqrt(E) 
act. not used 
act. not used 

intrinsic fluctuations for had showers acc. to 
Sigrna/Edp = fh(l,j)/sqrt(Einc) 

+ fh(2,j)/Einc + fh(3,j) 
(only used in case of full hadronic shower 
parametrization). 

sampling fluctuations of pur had component 
acc. to Sigma/E = SAMHAD/sqrt(E) 
act. not used 
act. not used 

conv.length for lateral spreading of had sh. 

effective critical energy in MeV calculated 
according to GFCPAR. 
sampling frequency calculated according to 
GFCPAR. Only valid if d=d_a+d_p < 2 x_o 
(d_a,d_p=width of active/passive layers). 
Set to zero if d > 2X_O. 
(set to 0 if it is not a sampling calorimeter) 
1.-EBYMIP(JCALOR) 
(set to 0 if it is not a sampling calorimeter) 

4.3 Steering ---------------------------------------------------------
Related Routines: GFPARM, GFLASH, GFSECO, GFSAME 

- GFPARM: The following steering parameters have to provided by 
the user: 
ISSAMP: Calorimeter type flag 

=l means sampling calo, =0 means homogenous calo. 

IFLASH(l,JCALOR): parametrization flag 
= 0 no parameterized showers, det. tracking on coarse geom. 
= 1 only param. elrnag. showers, if they fit into one stack 

(JCSENS = 1, and shower fits into stack) 
= 2 only param. elmag. showers, if they start inside a stack 

(JCSENS = 1) 
= 3 param. elrnag. + had. showers, if they start inside a stack 

(JCSENS = 1) 
= 4 param. elmag. + had. showers, everywhere in calo-like det. 

(JCALOR .NE. 0) 
(the energy window defined in CFLASH is ignored in this case) 
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Usage in Hl: By default Hl runs with IFLASH(l,JCALOR);l. Thus -
electromagnetic showers are only parametrized if they do not 
cross boundaries (eg. cracks, dead material in front of calor.). 
Hadrons are always tracked individiually. 

IFLASH(2,JCALOR): low energy track stopping flag 
; 0 no termination of particles by GFLASH 
= 1 stop neutrons if kinetic energ. below GFCNEU 
= 2 1 + terminate gammas if energy below GFCGAM according to 

the algorithm in GFTERG. 
= 3 1 + 2 + terminate protons if kinetic energy below GFCPRO 

and if they are expected to range out within the 
current read out cell. 

Usage in Hl: By default Hl runs with IFLASH(2,JCALOR);3. The 
particle termination is optimized for the Hl calorimeter. 

GFCNEX(JCALOR) 
GFCGAX(JCALOR) 
GFCPRX(JCALOR) 

GFCNEU: low energy cut for neutron stopping 
GFCGAX: low energy cut for gamma termination 
GFCPRX: low energy cut for proton termination 

CFLASH(l,JCALOR) low energy cut for param. em showers 
CFLASH(2,JCALOR) high energy cut for param. em showers 
CFLASH(3,JCALOR) low energy cut for param. had showers 
CFLASH(4,JCALOR) high energy cut for param. had showers 

IF energy of showering particle is outside GFLASH window, 
THEN secondary particles are tracked by GEANT 

-GFLASH: Depending on the flags and cuts given in GFPARM GFLASH will 
call the appropriate routines. 

-GFSECO: In GFSECO the secondaries are handled and the final decision 
on parametrized or individual tracking is performed. In case of 
parametrizations, "showinos• will be generated and stored in the 
GEANT particle stack. Effects of rest masses will be taken into 
account. 
Electromagnetic showers will only be paramet~ized, if a brems
strahlungs process has occured. 

-GFSAME: Is called from GFSECO to test, if 90% of a given electromag
netic shower will be contained within the same stack the shower is 
supposed to start in. (Uses GFMAP). 

4.4 Electromagnetic shower parametrization --------------------------
Related routines: GFEMSH, GFSAMP 

In GFEMSH the shape of a parametrized electromagnetic shower is 
calculated and the shower is •tracked• through a volume. 
Sampling fluctuations are applied (GFSAMP) and energy spots 
are distributed according to the actual shape parameter. 

The physics of electromagnetic shower parametrization has been 
totally revised since the last release of GFLASH. 
The main improvements are: 

- The parametrization depends now on the calorimeter geometry 
and materials used. They are therfor valid for various 
calorimeter types. 

- The radial profiles have been improved with respect to both, 
their average behaviour and shape fluctuations. 

- Correlations between longitudinal and radial shape fluctuations 
are taken into account. 

For more details please refer to refs (2) and (6). 

4.5 Hadronic shower parametrization ----------------------------------
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Related Routines: GFSHOW, GFINHA, GFCHOL, GFSAMP 

In GFINHA and GFCHOL the shape of a parametrized hadronic shower as 
well as the intrinsic losses and fluctuations are calculated and the 
shower is "tracked" through a volwne in GFSHOW. 
Sampling fluctuations are applied (GFSAMP) and energy spots 
are distributed according to the actual shape parameter. 
The energy spots are scaled with a global response factor (PBYMIP 
in GFPARM) to account for (pur) hadronic sampling fractions. 

No improvements have been developed in the hadronic shower 
parametrization since the last release of GFLASH because it is 
no longer used in Hl. The parametrizations implemented are 
very Hl specific and it is not recommended to use them for 
other calorimeters. Users should instead develop their own 
parametrizations. GFSHOW may be used as guidance and interface. 
In addition the detailed book keeping of energies in GFLASH (see 
section 4.8) provides the user with a powerful tool to develop 
hadronic shower parametrizations. 
For more details on hadronic shower parametrization please 
refer to refs (1), (4) and (5). 

4.6 Tracking of real particles --------------------------------------
Related Routines: GFELOS, GFSAMP, GFRESP 

If real particles are tracked individually through the coarse 
geometry the effect of the sampling has to be simulated explicitly. 

The continous energy loss is distributed along the trajectory of 
the particles (GFELOS) . 

In case of electrons, photons and hadrons sampling fluctuations will 
be applied on the energy loss (GFSAMP). (Sampling fluctuations will 
also be applied in homogenous calorimeters -> the user has to choose 
a small input value in GFPARM). 

Hadronic sampling fractions depend on the kinectic energy and 
the mass of the particle: had/mip = had/rnip(E_k,rn). 
The user has to provide this response functions in the subroutine 
GFRESP. In the example we have tabulated the integrated response 
had/mip(E_k,m) * f (BIRK) I E_k for heavy ionizing particles, from 
which the actual had/rnip can be calculated (see GFRESP). The lost 
energy E_dep will be scaled to visible hadronic energies according 
to E_vh = E_dep * had/mip(E_k,m). 
(GFRESP will also be called in homogenous calorimeters) 

For more details please refer to refs (3) and (7). 

4.7 Termination of real particles -----------------------------------
Related routines: GFLASH, GFTERG, GFTERP 

To speed up the individual tracking of hadronic showers, GFLASH 
allows for an early teqnination of neutrons, gammas and protons. 
Depending on the steering flags in GFPARM the following options 
are available: 

IFLASH(2,*)=l:Neutron with kinetic energy below GFCNEU are stopped. 
Their energy is regarded as invisible (see next section) 

IFLASH(2,*):2:In addition to neutron stopping gammas with energies 
below GFCGAM are terminated. Their energy will be 
deposited as one spot. The spot coordinates are 
choosen randomly according to an exponential distri-
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bution (GFTERG) . 
IFLASH(2,*)=3:In addition to neutron and gamma termination protons 

with energies below GFCPRO will be terminated, if they 
are expected to range out within the current read out 
cell (GFTERP). Their kinetic energy is kept in DESTEP. 
GFCPRO should be choosen according to the read out 
granularity. 

For more details please refer to ref (3). 

4.8 Book keeping of energy ------------------------------------------
Related routines: GFDEPO, GFINV, GFLMES 

GFLASH provides a very detailed book keeping of all energies. At Hl 
this detailed knowledge is used eg. to test the integrity of the 
Monte Carlo and to optimize weighting procedures for the non 
compensating calorimeters. 
For all energy depositions the array GFEN(6,NGFSPO) containing 6 
different kinds of energy and the array GFSPOT(3,NGFSPO) containing 
the spot coordinates are filled. These energies will partly be 
scaled with sampling fractions in the subroutine GFDEPO. In GFDEPO 
the user has to decide where to store the energy. 

In hadronic interactions the energy used to break up nuclei is counted 
in GFINV. Energies from neutrinos and stopped neutrons are also 
counted as invisible as well as the energy of particles that are 
leaving the experimental set up. Effects of rest masses are taken 
into account properly (GFLMES). 

After beeing processed by GFDEPO GFEN(6,NGFSPO) contains the 
the following information: 
(muon energies are counted as "hadronic• with had/mip:l 

GFEN(l,*) visible hadronic energy (fluctuated) 
E_vis = E_dep_had * had/mip * mip 

GFEN(2,*) visible electromagnetic energy (fluctuated) 
E_vis : E_dep_elm * e/mip * mip 

GFEN(3,*) invisible energy (unscaled, unfluctuated) 
E_inv : energy from nucl. break up, neutrinos, 

stopped neutrons, leaving particles, 
GFEN(4,*) deposited electromagnetic energy (unscaled, unfluctuated) 

E_dep_elm 
GFEN(5,*) deposited hadronic energy (unscaled, unfluctuated) 

E_dep_had 
GFEN(6,*) deposited hadronic energy (scaled, unfluctuated) 

E_vh = E_dep_had * had/mip 

Using this information we can calculate various quantities. To name 
but a few: 

- The total signal: 
E_calo_vis = GFEN(l) + GFEN(2) 

- The unscaled signal: 
E_calo_dep = GFEN(4) + GFEN(5) 

- The global response factor for hadrons: 
GFEN(6) I GFEN(5) 

- The •measurable• energy E_mes: 
E_mes = GFEN(3) + GFEN(4) + GFEN(5) 
Note: E_mes is defined as all energy which has the potential 
to be measured. It acts therfor as something like a conserved 
quantity in calorimetry. It's value is in general not identical 
with the total energy of the in incoming particle but depends 
on the particle type. Depending on the particle type, the rest 
mass may convert into measurable energy. In case of hadrons 
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this effect is not negligable. Let p be the momentum of 
the incoming particle and m its mass. E_tot ; sqrt(p**2 + m**2) 
denotes the total energy. The following table shows how E_mes is 
calculated for different particles: 

initial particle E _mes Reason 
pi+,pi- E_mes = E - tot initial particle decays 
p,n E _mes = E _tot - m initial particle comes to rest 
anti-p,anti-n E_mes = E_ tot + m initial particle annihilates 

Usually the understanding of the response functions (x/mip, 
saturation) and the sampling fluctuations of a given calorimeter 
increases with time. Keeping the above information after the 
simulation step allows for quick retuning of cell energies at 
the recontruction level avoiding the time consuming detector 
simulation. Using GFEN(4,*) and GFEN(5,*) new sampling fractions 
and saturation factors may be applied to the cell energies. 
Fluctuation is done with help of GFSAMP,GFSF at the cell level. 

Warning: Neutrons should always be terminated by GFLASH to get E_mes 
correctly. Reason: The kinetic energy of neutrons is lost 
if they are stopped by GEANT (GTNEUT). The "lowest level" 
simulation in GFLASH should therfor be IFLASH(l,*)=0, 
IFLASH(2,*i=l and CUTNEU (the GEANT neutron cut) well below 
GFCNEU (CUTNEU<=GFCNEU/10.). 

4.8 Summary ----------------------------------------------------------

To summarize: The most important user routines in GFLASH are -

- GFPARM: input of steering parameter 
input of material and geometry dependent parameter 

- GFMAP: provide GFLASH with a mapping function reflecting 
the detector geometry at the cell level. 

- GFRESP: provide GFLASH with hadronic response factors for 
individual tracking on coarse geometry. 

5. -- TESTRUN OUTPUT (FOR COMPARISON) --

We ran the GFLASH example with the following sets of data cards: 

LIST 
TRIG 5000 
RUNG 1 
RNDM 123 456 
KINE ip 0. 0. 0. 0. o. 10. ip ;l,2,3,9,14,15, ... 
CUTS 0.001 0.001 0.001 
ANNI 1 
BREM 1 
COMP 1 
DRAY 1 
PAIR 1 
PHOT 1 
HADR 1 
DEBU 1 10000 100 
SWIT 0 0 0 
TIME 5. 5. 1 
STOP 

The data card KINE is used to input the particle type and the 
kinematics. In GUKINE this card is interpreted as: 

KINE ip x. y. z. p_x. p_y. p_z. 
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A subset of the output produced for various incident particles and 
steering options can be seen down below. 
(The recommended options are IFLASH(l,*)=1 and IFLASH(2,*)=3) 

Three kinds of energies are given in the output: 
1. the reconstructed energy on the electromagnetic scale, ie. 

all energy has been reconstructed assuming it to be 
electromagnetic energy. Due to intrinsic losses in hadronic shower 
development this number will not sum up to the incident energy. 

2. The visible energy in the two calorimeters and their sum. 
3. A decomposition of the energy (using the detailed book keeping 

in GFLASH). The measurable energy E_mes (see sect 4.8 for a 
definition) should sum up to following values: 

initial initial E_mes 
particle momentum 
pi- 10 GeV E _mes = E_ tot = 10.00097 GeV 
p 10 GeV E _mes = E_tot - m = 9.1065 GeV 
anti-p 10 GeV E_mes = E_ tot + m = 10.982 GeV 

(at this momentum the rest mass effects for e-, e+ and even pions 
are negligible). 
Comparing the expected values for E_rnes with the output below shows 
deviations at a level well below 1 permille (0.05% typically) 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% recommended steering options: gammas e-, e+, pi-, p, anti-p %%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Gamma p=lO GeV IFLASH(l,*)=l, IFLASH(2,*)=3 

***** DATA CARD CONTENT KINE 1 0. 0. 0. 0. 0. 10. 
**************** GFLASH STEERING ********************* 
******** 
IFLASHl 
IFLASH2 

EMC ** 
1 
3 

HAC 
1 
3 

** NN 
0 
0 

** NN 
0 
0 

** 

++++++++++++++ GFLASH test output ++++++++++++++ 

-total reconstructed energy (em-scale) (GeV) ------
mean . . . . . . . . . . . . . . . . . . . . . . . . . . 9.992 +- 0.0055 
sigma I mean .................. 3.91% 

-visible energies (GeV) ---------------------------
total ......•..........•..••... 0. 7926 +- 0. 00044 
EMC ............•.............•• 0.7917 +- 0.00044 
HAC ..•..•......•..........•..•. 0.0009 +- 0.00003 

-energy decomposition (GeV) -------- mean 
electromagnetic E_elrn ......... 9.989 
hadronic E_had . . . . . . . • . . . . . . . . 0.000 
invisible E_inv • • . . . . . . . • . • . . . O. 000 
geometrical losses E_geo .••... 0.008 
E_calo = E_elm+E_had+E_inv ...• 9.989 
E_mes = E_calo+E_geo .....•.... 9.996 

---- RMS -
0 .1114 
0.0000 
0.0000 
0.0104 
0 .1114 
0.1298 

++++++++++++++++++++++++++++++++++++++++++++++++++++ 

NN 
0 
0 

**** TIME TO PROCESS ONE EVENT IS = 0.0289 SECONDS 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Positron p=lO GeV IFLASH(l,*)=l, IFLASH(2,*)=3 

***** DATA CARD CONTENT KINE 2 0. 0. 0. 0. 0. 10. 
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**************** GFLASH STEERING ********************* 
******** EMC •• HAC •• NN •• NN •• 
IFLASHl 1 1 0 0 
IFLASH2 3 3 0 0 

++++++++++++++ GFLASH test output ++++++++++++++ 

-total reconstructed energy (em-scale) (GeV) -------
mean .......................... 9.993 +- 0.0054 
sigma I mean . . . . . . . . . . . . . . . . . . 3. 84% 

-visible energies (GeV) ----------------------------
total ......................... 0. 7928 +- 0. 00043 
EMC ............................ 0.7922 +- 0.00043 
HAC ............................ 0. 0006 +- 0. 00002 

-energy decomposition (GeV) -------- mean 
electromagnetic E_elrn ......... 9.990 
hadronic E_had ................ 0.000 
invisible E_inv ............... 0.000 
geometrical losses E_geo ...... 0.008 
E_calo = E_elm+E_had+E_inv .... 9.990 
E_mes = E_calo+E_geo .......... 9.996 

---- RMS -
0.1149 
0.0000 
0.0000 
0.0105 
0 .1149 
0.1306 

++++++++++++++++++++++++++++++++++++++++++++++++++++ 

NN 
0 
0 

**** TIME TO PROCESS ONE EVENT IS = 0.0245 SECONDS 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Electron p=lO GeV IFLASH(l,*)=l, IFLASH(2,*)=3 

***** DATA CARD CONTENT KINE 3 0. 0. 0. 0. 0. 10. 
**************** GFLASH STEERING ********************* 
******** EMC •• HAC •• NN •• NN •• 
IFLASHl 1 1 0 0 
IFLASH2 3 3 0 0 

++++++++++++++ GFLASH test output ++++++++++++++ 

-total reconstructed energy (em-scale) (GeV) ------
mean . . . . . . . . . . . . . . . . . . . . . . . . . . 9.990 +- 0.0054 
sigma I mean . . . . . . . . . . . . . . . . . . 3. 85% 

-visible energies (GeV) ---------------------------
total . . . . . . . . . . . . . . . . . . . . . . . . . 0. 7926 +- 0. 00043 
EMC. . . . . . . . . . . . . . . . . . . . . . . . . . . . 0. 7920 +- 0. 00043 
HAC ............................ 0.0005 +- 0.00002 

-energy decomposition (GeV) -------- mean 
electromagnetic E_elm ......... 9.989 
hadronic E_had . . . . . . . . . . . . . . . . 0. 000 
invisible E_inv .............. . 
geometrical losses E_geo ..... . 
E_calo = E_elm+E_had+E_inv ... . 
E_mes = E_calo+E_geo ......... . 

0.000 
0.008 
9.989 
9.996 

---- RMS -
0 .1141 
0.0000 
0.0000 
0.0108 
0 .1141 
0.1307 

++++++++++++++++++++++++++++++++++++++++++++++++++++ 

NN 
0 
0 

•••• TIME TO PROCESS ONE EVENT IS = 0.0245 SECONDS 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Pion- p=lO GeV IFLASH(l,*)=l, IFLASH(2,*)=3 

***** DATA CARD CONTENT 
**************** GFLASH 
******** EMC ** HAC 

KINE 9 
STEERING 

** NN 

0. 0. 0. 0. 0. 10. 
********************* 

** NN ** NN 
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IFLASHl 
IFLASH2 

++++++++++++++ 

1 
3 

1 
3 

0 
0 

GFLASH test output 

0 
0 

++++++++++++++ 

-total reconstructed energy (em-scale) (GeV) 
mean . . . . . . . . . . . . . . . . . . . . . . . . . . 6. 853 +- 0.0196 
sigma I mean .................. 20.23% 

-visible energies (GeV) ----------------------------
total ......................... 0.5005 +- 0.00150 
EMC ............................ 0.2814 +- 0.00289 
HAC ............................ 0.2190 +- 0.00240 

-energy decomposition (GeV) -------- mean 
electromagnetic E_elrn ......... 3.367 
hadronic E_had ................ 2.844 
invisible E_inv ............... 3.406 
geometrical losses E_geo ..... . 
E_calo = E_elm+E_had+E_inv ... . 
E_mes = E_calo+E_geo ......... . 

0.377 
9.620 
9.997 

---- RMS -
1. 83 61 
1.0619 
1.1901 
0.8908 
0.8983 
0.1023 

++++++++++++++++++++++++++++++++++++++++++++++++++++ 

0 
0 

**** TIME TO PROCESS ONE EVENT IS = 0.2145 SECONDS 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Proton p=l0 GeV IFLASH(l,*)=l, IFLASH(2,*)=3 

***** DATA CARD CONTENT 
**************** GFLASH 

KINE 14 0. 0. 0. 0. 0. 10. 
STEERING 

** NN 
********************* 

******** 
IFLASHl 
IFLASH2 

EMC ** 
1 
3 

HAC 
1 
3 

0 
0 

** NN 
0 
0 

** 

++++++++++++++ GFLASH test output ++++++++++++++ 

-total reconstructed energy (em-scale) (GeV) -------
mean .......................... 7.380 +- 0.0220 
sigma I mean .................. 21.10% 

-visible energies (GeV) ---------------------------
total .........•............... 0.5316 +- 0.00163 
EMC ............................ 0.2583 +- 0.00258 
HAC ............................ 0.2733 +- 0.00225 

-energy decomposition (GeV) -------- mean 
electromagnetic E_elm ....•.••. 2.448 
hadronic E_had . . . . . . . . • • . . . . . . 4 .137 
invisible E_inv .......•...••.. 1.910 
geometrical losses E_geo ...... 0.603 
E_calo = E_elm+E_had+E_inv .... 8.497 
E_mes = E_calo+E_geo ..•....... 9.100 

---- RMS -
1.1425 
1.0034 
1.1406 
0.9332 
0.9398 
0.1019 

++++++++++++++++++++++++++++++++++++++++++++++++++++ 

NN 
0 
0 

****TIME TO PROCESS ONE EVENT IS = 0.2510 SECONDS 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Anti-Proton p=lO GeV IFLASH(l,*)=1, IFLASH(2,*)=3 

*****DATA CARD CONTENT KINE 15 0. 0. 0. 0. 0. 10. 
**************** GFLASH STEERING ********************* 
******** 
IFLASHl 

EMC 
1 

** HAC 
1 

** NN 
0 
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IFLASH2 3 3 0 0 
++++++++++++++ GFLASH test output ++++++++++++++ 

-total reconstructed energy (em-scale) (GeV) ------
mean . . . . . . . . . . . . . . . . . . . . . . . . . . 8.568 +- 0.0222 
sigma I mean .................. 18. 32% 

-visible energies (GeV) ----------------------------
total ......................... 0.6229 +- 0.00171 
EMC ............................ 0.3344 +- 0.00318 
HAC ............................ 0.2883 +- 0.00261 

-energy decomposition (GeV) -------- mean 
electromagnetic E_elm ......... 3.619 
hadronic E_had ................ 4.075 
invisible E_inv ............... 2.775 
geometrical losses E_geo ...... 0.505 
E_calo = E_elm+E_had+E_inv .... 10.471 
E_mes = E_calo+E_geo .......... 10.977 

---- RMS -
1.6993 
1.2076 
1.2376 
0.8502 
0.8595 
0.1276 

++++++++++++++++++++++++++++++++++++++++++++++++++++ 

0 

**** TIME TO PROCESS ONE EVENT IS = 0.2976 SECONDS 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% other steering options for pions %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Pion- p:lO GeV IFLASH(l,*)=0, IFLASH(2,*)=1 

***** DATA CARD CONTENT KINE 9 0. 0. 0. 0. 0. 10. 
**************** GFLASH STEERING ********************* 

******** 
IFLASHl 
IFLASH2 

EMC ** 
0 
1 

HAC ** 
0 
1 

NN 
0 
0 

** NN 
0 
0 

** 

++++++++++++++ GFLASH test output ++++++++++++++ 

-total reconstructed energy (em-scale) (GeV) 
mean . . . . . . . . . . . . . . . . . . . . . . . . . . 6.829 +- 0.0194 
sigma I mean .................. 20. 08% 

-visible energies (GeV) ----------------------------
total ......................... 0.4989 +- 0.00149 
EMC. . . . . . . . . . . . . . . . . . . . . . . . . . . . 0. 2812 +- 0. 00288 
HAC ............................ 0.2176 +- 0.00239 

-energy decomposition (GeV) -------- mean 
electromagnetic E_elm ......... 3.388 
hadronic E_had . . . . . . . . . . . . . . . . 2. 808 
invisible E_inv . . . . . . . . . . . . . . . 3. 453 
geometrical losses E_geo ...... 0.343 
E_calo = E_elm+E_had+E_inv .... 9.652 
E_mes = E_calo+E_geo .......•.. 9.995 

---- RMS -
1. 8276 
1. 0422 
1.1860 
0.8461 
0.8530 
0.1005 

++++++++++++++++++++++++++++++++++++++++++++++++++++ 

NN 
0 
0 

****TIME TO PROCESS ONE EVENT IS = 0.7013 SECONDS 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Pion- p:lO GeV IFLASH(l,*)=0, IFLASH(2,*)=3 

***** DATA CARD CONTENT 
**************** GFLASH 
******** 
IFLASHl 

EMC 
0 

** HAC 
0 

KINE 9 
STEERING 

** NN 
0 

0. 0. 0. 0. 0. 10. 
********************* 

** 
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NN 
0 

** NN 
0 



IFLASH2 3 3 0 0 
++++++++++++++ GFLASH test output ++++++++++++++ 
-total reconstructed energy (em-scale) (GeV) ------

mean . . . . . . . . . . . . . . . . . . . . . . . . . . 6.850 +- 0.0199 
sigma I mean .................. 20.59% 

-visible energies (GeV) ----------------------------
total ......................... 0. 4996 +- O. 00152 
EMC ............................ 0.2770 +- 0.00291 
HAC ............................ 0.2225 +- 0.00243 

-energy decomposition (GeV) -------- mean 
electromagnetic E_elm ......... 3.350 
hadronic E_had ................ 2.873 
invisible E_inv ............... 3.405 
geometrical losses E_geo ...... 0.365 
E_calo = E_elrn+E_had+E_inv .... 9.630 
E_mes = E_calo+E_geo .......... 9.995 

---- RMS -

1. 8168 
1. 0619 
1.1984 
0.9445 
0.9496 
0. 0924 

++++++++++++++++++++++++++++++++++++++++++++++++++++ 

0 

****TIME TO PROCESS ONE EVENT IS= 0.4528 SECONDS 

Addendum: 

The version 1.41/00 of GFLASH provides one additional feature 
compared to vers. 1.40/01: The introduction of a 'tracking history 
word' ITRHIS in the COMMON GFTHIS. 

Single bits in this word may be used to store information about 
the particles history. The word is cleared in the subroutine 
GFTREV which contains a modified copy of the GEANT routine GTREVE. 
GFTREV is called from GUTREV instead of GTREVE if th program is 
running in GFLASH mode. 

GFLASH uses bit number 9 to distinguish primary hadrons which have 
not yet initiated a hadronic shower from those, which are part 
of an hadronic cascade. No sampling fluctuations are applied to 
the energy loss of primary hadrons (see GFELOS). This ensures a 
correct detector response for punching particles. 

Other bits in ITRHIS maybe introduced by the user according to their 
needs. 
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+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

C U R R E N T S T A T U S O F G F L A S H 1.4 I N S I G E M 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

1. STATUS: 

GFLASH 1.4 has been interfaced to SIGEM to be used in all calorimeters of 
baseline 2. The calorimeters are described by GEANT mixtures. The following 
changes to the original code are mentioned: 

- Mixture definitions: 
Geant mixtures have been defined for all GEM calorimeters according to the 
needs of GFLASH. 

- Calorimeter dependent steering and material parameters: 
The calorimeter dependent parameters needed by GFLASH have been moved to 
user words in the tracking media definition. Most of the parameters are 
calculated from the GEANT media definitions. The subroutines GFCPAR and 
GFBEBL have been introduced for this purpose. GFBEBL calculates sampling 
fractions for heavy ionizing particles and stores them in tables which are 
readable by GFLASH. Consequently, GFLASH is steered completely by the 
geometry. 

GFPARM is called to update the corresponding GFLASH COl'-1MON every time a new 
medium is entered. The subroutines GFLASH, GFSAMP and GFRESP have been 
recoded correspondingly. 

Parameters that are hard to calculate, eg. sampling fluctuations or k_B 
factors to be applied with Birk's Law, have to be introduced inline. For all 
calorimeters a default set of parameters has been established which is used 
if no user action is taken. 

- Mapping function: 
The mapping routine GFMAP tests if a number of given points is located in 
the same volume as VECT(l .. 3) (GEANT particle vector). The GEANT routine 
GINVOL is used for this purpose. GFMAP is called from GFSAME and GFTERP 
where decisions on parameterization and proton termination are taken. 

- spot deposition and hit recording: 
All energy depositions in calorimeter volumes are handled by the subroutine 
SIFHIT (The original routine GFDEPO has been removed) . For every single 
energy spot GMEDIA is called to find the corresponding medium number. 
Visible energies are calculated applying the appropriate sampling fractions 
for electrons (individually tracked hadrons have been scaled already during 
tracking by GFRESP). The energies are stored in the same way as in detailed 
GEANT simulation, including however in addition invisible, unscaled and 
unfluctuated energies for a possible later reprocessing. 

2. FURTHER DEVELOPMENT: 

The following topics are crucial to the further development: 

- Mapping function: 
In the long range a unique mapping function should be developed representing 
the detector at the cell level. This function should be used for both the 
scaling and hit deposition (currently done in SIFHIT) and the determination 
of geometrical constraints (currently GFMAP). The current approach in GFMAP 
is sufficient to put constraints on electromagnetic shower parameterization 
(call from GFSAME) but is too crude for proton termination (call from GFTERP), 
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where cell in;orrnation is needed. 
The spot deposition mechanism in SIFHIT may turn out to be too slow for a fast 
Monte Carlo. 

- Calorimeter dependent parameters: 
The default calorimeter dependent GFLASH parameters which are not calculated 
automatically are to some extend 'educated guesses'. They have to be defined 
with more care using measured values or detailed GEANT studies. The most 
important parameters of this category are the electromagnetic and hadronic 
sampling fluctuations and k_B factors (Birk's Law). 

- Transition from the calorimeter region to other subdetectors: 
Decisions have to be made about how to handle parametrized showers which are 
leaking out of calorimeters into subdectors which are not defined via GEANT 
mixtures. Should e.g. leaking showers produce hits in the muon system? 

(this space left intentionally free) 
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