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Abstract: A FORTRAN program to simulate deep inelastic
scattering of muons, or electrons, is described. It is
based on a mnodel where perturbative QCD 1is wused to
calculate the cross sections to order o g and the Lund jet
model is used for the soft hadronization process.
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A Monte Carlo program for leptoproduction 1

1. Introduction

In this paper we will describe a program that simulates
leptoproduction at high energies. Our basic assunption is
that there are two space-time scales involved. On the
short scale, characterized by the QCD parameter 1/A = 0.4
fm, the <coloured objects behave as essentially free
particles and perturbative QCD 1is applicable. The 1long
scale corresponds to the soft hadronization where the
coloured objects are connected by colour force fields.

Except for the "ordinary" single quark (or antiquark) jets
(q-events ) there are two dynamically different 2 jet event
situations in first order QCD:

(a) the quark (antiquark ) radiates off a gluon (qg
events )

(b) a gluon is split by the virtual photon into a quark-
antiquark pair (qq events)

The cross sections for these different processes are given
by Altarelli, Martinelli [1]. For the soft hadronization
process we are using the Lund model for quark and gluon
jets [2]. The details of how this is implemented in terms
of a Monte Carlo program is described in ref. [3]. This
model represents a relativistically invariant and causal
way of partitioning the energy and momentum of a colour
force field among the final state mesons. The dynamics of
the force field 1is that of the massless relativistic
string, without any excited transverse degrees of freedon,
stretched between a quark and an antiquark. In the case
where there 1is also a gluon present the string 1is
stretched from the quark to the antiquark via a kink which
is a representation of the gluon. This means that we do
not have three jets fragmenting independently of each
other, as in some other models. Hereby we also avoid the
problem of joining the jets in the center. In fact, we do
not have to select a fixed point in space in any
particular Lorentz-frame to connect the jets. This is

instead provided 1in a natural way by the string model we
usee.

It 1is 1{important to note that this ©program conserves

energy, momentum (both longitudinal and transverse) and
flavour exactly.

2. The model for leptoproduction

In the following we will often refer to the case of an
incoming muon (in the Monte Carlo even assumed to be a u+)

but the formalism 1is obviously equally applicable to
electroproduction.

This program relies heavily on the use of the programs
developed earlier for ete~-annihilation [3]. When applying
these programs for a leptoproduction event we note that,
for q and qg events, if the virtual photon hits a quark
the target remnant is a colour antitriplet. Apart from the
particles in the target fragmentation region we expect the
same results as if it were an actual antiquark. Thus we
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can use the e'e” programs by letting the target remnant be
represented by an antiquark. For qq events the outgoing
quark and antiquark are both connected to the target
remnant which is now in a colour octet state, just like a
gluon. Again, if we are not studying the target
fragmentation region, we can use the same programs with
the gluon taking the place of the target remnant.

No electromagnetic radiative corrections are included and
the 1longitudinal structure function is considered to be
only a small correction and hence neglected.

The QCD matrix elements for qg and qQq events give rise to
infrared divergencies for soft and collinear gluons.
However, the string model we employ provides a natural cut
off for these divergencies. In case of a collinear gluon
the cnergy in the field between the gluon and the quark 1is
too small to ©break and produce quark-antiquark pairs.
Hence, the leading meson will contain energy associated
both with the quark and the gluon. For a more detailed
description of this and the general features of the model
for leptoproduction we refer to [4] where also sone
results, produced with this Monte Carlo program, are
presented.

3. The program components

Below we describe the different elements of the progranm,
which is in reality divided into two separate progranmse. In
the first, the QCD matrix elements are used to calculate
the relative probabilities for qg and gqq events. These
probabilities,or weights, P and P ¢ which are
functions of W (the mass of theé hadronic systen) and the
Bjorken x-variable are then written on a data file. The
second program, the LEPTO-routines, read this data file
and simulate complete events.

The advantage of this procedure lies in saving conputing
time. For a given set of structure functions, Fz(X,QZ) and

xg(x,Q 2 ), the QCD matrix elenents are integrated once and
for all.

3.1. PROGRAM QCDWEIGHTS

First order QCD matrix elements [l]lare used to calculate

the probabilities for qg and aq events in
leptoproduction. These probabilities, or weights, are

functions of x and W and are therefore calculated on a

grid in the x-W plane and stored in the arrays PQG and
PQQB respectively. (Actually the factor o/27m 1is not
included here but added in the LEPGEN routine so that

the QCD parameter A can be easily changed, without
having to recalculate the weights).

The weights are obtained by normalizing the integrated
matrix elements to the total cross section represented
by Fz(x,Qz) « For each (x,W) point the maximunm value of
the matrix elements in the z-c plane is also found and
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stored in QGMAX and QQBMAX; z and c represent the two
degrees of freedom in the energy and angle of the gluon.
These maximum values are needed later on 1in the
simulation process.

All these values are written (unformatted) on logical
file nunber 20. A listing of the probabilities
(including ag/2m with A =0.4) is also produced.

Note that the structure functions Fz(x,Qz) and xg(x,Qz)
must be supplied by the user as FUNCTION subroutines
with the mnames F2(X,Q2) and XG(X,Q2) respectively. The
standard range of x and W values covered is 0.01<x<l.
and 5<W<45 GeV. If one later on in the simulation
program goes outside this range a warning is given and
an ordinary q jet event is generated. This range can of
course be changed by the user simply by changing the
values given to the arrays XX and WW. If the dimension
is also changed, then the same changes must, of course,
be made 1in commonblock QCD in the LEPTO routines. The
integration of the matrix elements 1is made with an
absolute accuracy determined by the parameter ERROR
(=0.001 by default). For Q° < Q2MIN (4. GeV2 by default)
the weights are set to zero. This kind of cut off is
needed since nost parametrizations of structure
functions have a lower bound on Q% .

3.2 LEPTO-routines

These consist of a set of subroutines that, based on the

already calculated QCD-weights, simulate leptoproduction
events.

3.2.1. SUBROUTINE LEPBGN

A call to LEPBGN is made to initialize the routines,

i.e. to read the QCD-weights from logical file number
20 into the arrays PQG etc. A few values are also set,

€ege PAR(25)=0.8 gives the width of the Gaussian
primordial k; distribution (<kf >=PAR (25 )%%*2),

3.2.2. SUBROUTINE LEPPRO(ELEP)

This routine generates a complete event in the lab.
frame for an incoming mnuon with energy ELEP GeV.
Values of x and Q2 are chosen according to the cross
section formula

Fol(x,Q?)
do = const (l-y+y2/2) _Z__%___
dxdQ? x Q
where
v Q2
y B e— =
EU ZMEux

and assuning the following cuts :
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(a) Q2 > CuT(l) (4 GeV? by default)
(b) CUT(2) < x < CUT(3) (0 and 1 by default)
(¢) CUT(4) < Vv < CUT(5) (1 and 1000 by default)

(d) W2 > CUT(6) (5. GeV? by default)
(e) eU > CUT(7) (0. degrees by default)
() EJ > 1 Gev (energy of scattered lepton)

These cuts can easily be changed via the commonblock
CUTS.

By a call to LEPGEN the hadron shower is generated and
then a rotation of the jet axis is made from the
positive =z direction to the angles (6, ¢ ) of the
virtual photon. Finally, the scattered muon is added
as the 1last (N:th) particle in the arrays K and P in
which information on produced particles is stored.
Note that all particles from the fragmentation process
are kept. To get rid of e.g. unstable and/or neutral
particles one can use CALL EDIT(...), see page 40 in
reference [ 3].

The <coordinate system employed is right-handed with
the incoming muon along the positive z direction. The
azimuthal angle of the wvirtual photon is chosen at
random. The azimuthal angle of the hadron event plane
around the direction of the virtual photon is also
randomly chosen. (Note that this is not entirely
correct [s] , the modifications expected should
however be ninor for most practical purposes.)

3.2.3. SUBROUTINE LEPGEN (ANU,X)

Given values of the arguments V and x the hadronic
jet(s) 1is generated. The type of event q, qg or qq is
determined from the QCD-weights. For events with a
gluon present the energy and angle of it is determined

by the QCD matrix elements (at this point the values
QGMAX and QQBMAX are necded).

For q and qg events the flavour of the struck quark is
determined from the different quark structure
functions. This means that not only F2 (x,Q%) and
xg(x,Q2 ) have to be supplied by the user, but also
xu(x,Qz),xd(x,Qz),xﬁ(x,Qz), xs (x,Q%) and xc(x,0%) have
to be given as FUNCTION subroutines. Note that =xu, xd
are the valence distributions and xu, xs, xc the sea
distributions for each of the quarks u,ua,d,d,s,s,c,cC
separately and not their sun (u-d symmetric sea
assunmed ).

The event is generated 1in the quark=-antiquark (or
quark-antiquark-gluon) center of mass frame. A
primordial kj; is chosen according to a Gaussian
distribution (<kl2>=PAR(2S)**2) and given to the event
by swinging its axis (in the cn frane)
correspondingly. Finally a boost along the z axis is
made to traunsform to the lab frame (the rotation to
the angle of the wvirtual photon is made after the
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return to LEPPRO).

3.2.4. SUBROUTINE LEPQCD(X,W,0G,0QB,QGMX,QQBMX)

To get the weights for qg and qq events for a given
value of (x,W) this routine makes a 1linear
interpolation of the values on the x-W grid.

3.2.5. BLOCK DATA

Sets default values for the cuts.

3.2.6. Commonblocks

coMMON /JET/ NWN,K(250,2),P(250,5),NC,KC(10),PC(10,4)
Stores the relevant data about a generated event.

(a) N is the number of particles generated and stored
in the N first rows of the XK and P arrays.

(b) K(I,1) describes the origin of the I:th particle.
K(I,2) gives the particle type according to table
1 in [3].

(¢) P(I,1), P(1,2), P(1,3) give the particle momentun
Px »Py »Pz in GeV/c. P(1,4) and P(I,5) give the
particle energy and mass respectively.

(d) NC 1is the number of primary partons (quarks and
gluons ) generated.

(e) KC(IC) gives the flavour of the IC:th parton.

(£) pcCc(1C,1),P(1C,2),P(IC,3) give the parton momentun
and P(IC,4) the parton energy.

COMMON /DATA1/ IST,IFR,PUD,PS1,SIGMA,QMAS (7),PMAS (96),PAR(25)

Stores the most frequently used parameters and data.

(a) IFR (by default 2) 1is wused to choose frag-
mentation schene, for 1 it gives an "extended
Field-TFTeynnan'" and for 2 it gives the Lund model.

(b) PUD (by default 0.4) is the fraction of uu pairs
created in the field during the jet fragmentation
and is assumed to be the same for dd pairs, with
the rest being ss pairs.

(¢) Ps1 (by default 0.5) is the fraction of primary
mesons with spin 1.

(d) SIGMA (by default 0.44) is the standard deviation
of the transverse momentun (pgand p, components)
of primary mesons formed in the fielg.

(e) PAR(6) , PAR(7) (by default 4., 0.4 GeV) give the
nunber of flavours and the QCD parameter A to be
used in the formula for 0g .

(f) PAR(24) is a flag for the type of the event
generated, l. for q jet, 2. for qg jet and 3. for
qq jet.

(g) PAR(25) (by default 0.8) gives the width of the
Gaussian primordial kl distribution
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(<k)” >=PAR(25)**2) .

For a more  detailed description of these two
conmonblocks we refer to ref. [3] .

COMMON /CUTS/ F2MAX,CUT(7),X,Y,ANU,W2,Q2

Its purpose 1is to make it easy to apply cuts on the
events and also make some basic kinematical variables
available. For details of the cuts see section 3.2.2 .
X,Y are the usual scaling wvariables, ANU =V
W2 = W’ and Q2 = Q% .

4. Structure functions

A set of structure functions has to be supplied to the

programs. The wuser can have his own favourite set or use
one of the two supplied standard sets. These are the

Q?~dependent parametrizations made by Buras and Gaemers
[6] and Gliick, Hoffmann and Reya [7] .

The structure functions should be in the form of FUNCTION

subroutines with the following names :
(a) F2(X,Q2)

(b) XU(X,Q2) = xu valence distribution

(¢) XD(X,Q2) = xd valence distribution

(d) YUB(X,Q2) = %xu = xu = xd = xd, i.e. u,d symmetric sea
(e) XS$S(X,Q2) = xs = xs strange sca distribution

(f) XC(X,n2)
(g) XG(X,Q2)

Xc x¢ charmed sea distribution
xg gluon distribution

5. FExamples of the users program

In this first example complete events are generated by the
LEPTO routines :

COMMON /JET/ N,K(250,2),P(250,5),NC,KC(10),PC(10,4)
COMMON /CUTS/ F2MAX,CUT (7),X,Y,ANU,W2,Q2

.

CALL LEPBGN

DO 100 I=1,NEVENT
CALL LEPPRO(280.)
CALL EDIT(3,0,0.,0.)

.

keep only charged,
stable particles
. ; analysis of event
100 CONTINUE
STOP
END
In this second example the Lkinematical wvariables are
supplied by the user, e.g. from data, and hence LEPPRO 1is
by -passed :

COMMON /JET/ N,K(250,2),P(250,5),NC,KC(10),PC(10,4)
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CALL LEPBGN
DO 100 I=1,NEVENT

ANU = ...

x = e o 0

CALL LEPGEN (ANU,X)

CALL EDIT(3,0,0.,0.) ; keep only charged,
; stable particles

THETA = ... ; angles of virtual photon
PHI = ...

CALL ROTBST (THETA,PHI,0N.,0.,0.) ; rotate hadron
o 3 shower to photon axis

. ; analysis of event

100 CONTINUE
STOP
END

The program should be 1loaded together with the LEPTO
routines, the JET routines of ref. [3] and the desired set
of structure functions and the corresponding data file
with QCD-weights specified as logical wunit 20. As an

example of needed computing time we mention that on an IBM
370/168 it takes about 30 CPU-seconds to generate 1000
events.
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