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ABSTRACT 

A brief review of Monte Carlo event generators for simulating hadron-hadron 
collisions is presented. Particular emphasis is pla.ced on comparilOns of the 
approaches used to describe physics elements and identifying their relative 
merits and weaknesses. This review summarizes a more detailed report(IJ. 

1. Introduction 

Today Monte Carlo event generators are essential to the design of experiments at 

hadronie calliders, to understand the signatures of interesting processes and bow to sep

arate these processes from 'potential backgrounds. Ideally such programs use QCD aDd 

electroweak theory to predict/reproduce complete events, which caD be treated as eqainlent 

to actual data for the purpoH of analysis. In prindple this Is done by solving QCD (up to 

lOme high order). ia practice this is computationally not poaible. Approximations to the run 
 1;9
PQCD theory are needed as are models for non·perturbative 10ft physics. 

Given the use of approximations and models ia Monte carlo event generation jt is 

therefore extremely fooUsh to become reliant on the resaits of one program or appro-.cb 

without first exercising critical judgement as to its merits and deficiencies. The intention of 

this report is to provide the reader with some insight into the methodoiocy ofevent generators, 

allowing her to make lOund choices and hopefully try to ensure successful applications. 


1.1. General Background 

As a preUminary we quickly summarize the main components of Monte Carlo event 

generators. PQCD Factorization theoremsl2J, such as for high PT hadron production, al

low cross-sections to be decomposed into process independent. but scale dependent. struc

ture/fragmentation functions and specific hard scattering matrix elements.' . 


0' = (I dZ ,. dz (I dz E F:'(ZhQ'J)Et'(z,.Q'l)0'!·....al1(A.i.i)D1(:.Q'2) (1)
10 I 10 z10 u-al 

where (higher twist) corrections are suppressed by powers of the characteristic scale. (log Q)'"IQ" • 
The significance of Eq.( 1) Ues in the universality of F:(z, Q2) and Dl(z.Q') which faciJitates 
a simple event generator implementation. Note that the large colUnear log Q'l and 10ft cor· 
rections ha\'e been summed to give Q2 dependent fundions governed by Altarelli·Parisi type 
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evolution equalions(31. for example: 

,8F:(%,,) =11 ~ " a.p/l .(Z)F."(:',t) (2)8t % '- 211' <s. /I Z 
~ /1-••' 

where t is an appropriate scale variable and the P6},,Cz) are the regularized splitting functions, 
In fad since PQCD is only appUcable above a certain scale I, it is useful to further decompose 
this structure function into a PQCD calculable piece and a nonperturbative piece which has 
to be determined rrom experiment. 

11 d1lr.(z.t) = - EJ!b.,;t,)Ft (Z-,t,) (3) 
~ 	 11 • 11 

It must be admitted though that the generalizations of the factorization theorems necessary 
for multi· particle productioD are not proven. 

With this QeD improved parton model framework ia mind we can identify the five 
main component. in an event generator (prior to detector simulation). 

1. 	A primary hard scatter calculated as in Eq.(I) using standard. textbook, cross-sections, 
(but see subsection 3.2.1). 

2. 	 (M)LLA corrections are generated via initial aDd final state parton showers, comspond
ins to the I!(P, t; t,) ia Eq.(3), this explicit radiation generates secondary parton •• 

3. 	Below the fixed time-Uke cascade cut·oft" to a non·pert.urbative model for the transition, 
embodied in the aaalocue of Eq.(3) by .0:(%, Co). from final state partons to hadrons is 
employed. 

4. A further model is used to treat the residual beam partons and generate a lOR under
lying event. 

S. 	FinaDy the uBstable particles produced in the previoUl two stages are decayed, typically 
according to PDG inspired tables and simple matrix elements. 

Before discussing the above components in the foUowing sections we comment on the presently 
available event generators. 

1.t. AvailaWe Monte Carlo Programtl 

There are basically two types of programs available for event simulation, primarily 
differing in the extent to which they attempt to describe all aspects of a particle collision. 
At one extreme are the general purpose programs that contain a diverse menu of physics 
processes and aim to generate complete events. At the other extreme are specific programs 
that try to simulate a single class of physics process more accurately. 

General purpose programs usually generate a process accurate only to first leading or
der and then rely upoa QCD cascade approximations to simulate higher orders. AU of the 
above five steps are followed to provide an output that can be passed directly to an experi· 
ment's detector simulation packages. The goal is to produce computer generated events that 
can be treated in exactly the same way as real data. The generic programs pubUcly avail· 
able include eOJETSI4J, HERWIG(51. ISAJET(81 and PYTHIA(1I; together with DTUJET(IOI. 
FRlTJOFll11 and HUING(l21 which only handle QCD jets and low transverse momentum 
events. FIELDAJET(131is not publically a\'llilable. 
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The more ~p('cialized programs typically cont ain exact (or almost exact) matrix ele
ments for spl!'cific processes and their end products are commonly at the parton level. Thus 
the majority of these programs take care only of step one above. A typical program ~'orks 
tlsine; the following sequence of steps: 

1. Generate a point in the multi-particle phase space, for example using RA~IBO(I"I. 

2. 	 Apply any experimental cuts to this point and reject accordingly. 

3. Assign a weight to this point equal to the exact cross-section. 

4. 	 Calculate the desired observables for this event and add its weight to the appropriate 
bins for these distributions. 

This basic procedure can then be repeated within the framework of a numerical integration 
package, such as VEGAS!lS), to calculate the convolution over strudure functions. Slgnill
cant complications can arise at the one loop level when divergences have to be isolated and 
cancelled, usually analytically. It will immediately be realised that the events are weighted so 
that the output cannot be treated exactly as data. A significant advantage of using weighted 
events is that sampling a. particular region of phase space, sucb as a distribution's tail, c:an 
easily be done without waste, within the above structure. At the risk of statistical inef
ficiency directly applying an accept/ reject procedure will convert weighted events to un
weigbted form. The output from the specialized programs, when suitably organised, may 
be used as input for a general purpose event generators. Examples of such programs are 
EUROJET(te) and PAPAGENO(I7] which both contain a diverse menu of sub--processes or 
NJETS[tSJ and VECBOS!I9) which both concentrate on particular topics. 

We will concentrate our discussion on the following generic programs. Note it is impor. 
tant to specify the version number since programs are regularly upgraded. 

COJETS 6.23 An incoherent parton shower Monte Carlo for jet and W:t:: /ZO production. It 
uses a (modified) independent hadronization scheme and a parameterization of data 
for the underlying event. 

FIELDAJET This is not a publicly available program, we comment on it as we are able. 

HERWIG .J.6 A multi-process coherent, parton shower Monte Carlo; with cluster hadroniza
tion and an underlying event model based on data. 

ISAJET i.O A multi-process, incoherent parton shower program using independent hadroniza
tion and an underlying event model based on the AGK cutting rules. 

PYTHIA 5.6 A multi-process Monte Carlo, which uses JETSET i.3 to provide coherent 
final state showers, string hadronization and decays. Its underlying event is based on 
multiple parton scattering. 

DTUJET92 A non-shower Monte Carlo employing Dual Topological Unitarization to give 
a llnifiE'd description of soft and hard QCD processes. It incorporates the programs 
n.HIJET for string fragmentation and DEC:\Y for resonance decays. 

FRlTtOr :.2 .-\ program using excited strings to gil:e a. unified description of soft and ha.rd 
QCD scattering. It uses PYTHIA 5.6 for matrix elements, ARIAD:'o:E-I.02r· for dipole 
show'!rs and JETSET 7.3 for string hadronization and decays. 

IUJf:'olG 1.0 .\ :\fonte Carlo providing a unified description of soft QCD and multiple scat· 
tering in an eikonal rormalism. It incorporates components of ARIAD~Eand FR for 
the dipole cascades of excited strings and JETSET 7.3 their hadronization and decay. 

EUROJET A multi-process matrix element Monte Carlo employing (modified) independent 
fragmentation and incorporating the EURODEC decay package. 

PAPAGE~O A multi-process, parton level, matrix element Monte Carlo. 

This is summarized in the foDowing table: 

Monte Carlo 
Program 

"....,. U~ Perturbative 
Cascades 

Underlyinf
Soft Even 

Hadronization 
Model 

Unstable -
Hadron Decays QeD E.W. 

COJETS 6.23 yes yes parton paramo indep. yes 

FIELDAJET yes yes parton indep. indep. yes 

HERWIG 5.6 yes yes parton paramo cluster yes 

ISAJET 7.0 yes yes parton AGK indep. yes 

PYTHIA 5.6 yes yes parton multi string yes 

DTUJET92 
FRlTIOF 7.2 
HIlING 1.0 

yes 
yes 
yea 

•
• 
• 

• 
dipole 
parton 

DTU 
multi 
multi 

string 
string 
string 

yes 
yes 
yes 

EUROJET 
PAPAGENO 

yes 
yes 

yes 
yes 

•
• 

indep. 

• 
indep. 

• 
yes 

• 

Table 1: The basic program elements contained within tbe main Monte Carlo event 
generators.•'s indicate the absence of these components. See above for more comments. 

We remark that many of these programs allow many more beam options tban hadron
hadron collisions. Thanks to factorization this is important fot tuning program parameters; 
however the nuclear options of DTUNUC (DTUJET's sister program), FRITIOF and HI· 
liNG are unlikely to prove userul in this respect. Finally note that fixed target experiments 
can also be treated by boosting to and from the Centre of Momentum (CoM) frame for event 
generation: necessary due to certain approximations used. 

2. Available Scattering Processes 

The number of processes included in the generic programs is constantly being increased 
so the foDowing summary is at btst a snap shot of the moment. Th; ta.bles below cover the 
three main ~fonte Carlol and we comment very brieRy on the available matrix elements. We 
statrt with processes found in the minimal standard model. 

-This prOl!;f:lm diffE'n rrom the standard '-\RL\D~E by a renamed common block. 

3 	 4 
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Process .. _.. \Jq~t.d)rI.~u h ___ 

QCD 

QCD jets 
 yes yes yes 
99." - Ii yes yes yes 
9Q." - tin no no no 

yes yes 
direct Xc, X •• J1-;. t 

no9"-(t 
no yes no 

minimum bias yes yes yes 
diJl'ractive no yes yes 
elastic no no yes 

Drell-Yan 
yes yes yes 

99 - V,. gq- V, 
99- V 

yes yes yes 
no yes 

Prompt photon 
yes 

no19- VOQ 

yes yes9'-""', "-" yes nO yes19-" 
yes yes yes 
yes 

99 -n 
no yes19-" 

WIZ pair production 

'9- VV,V, 
 no yes yes 
vv-VV yes yes yes 
gg-VV no no nO 

no DO DO 
Standard Model H' 

9q, 19,VV -- BU 

99 - VV99 

yes yes yes 
99- VBo no yes 
9f.gg - tiRO 

DO 
no no yes 
yes yes yesHO - VV, v-v·,II,n." 

HO-,Z no yesDO 

Ta.ble 2: Standard Model Processes in event genera.tors.'f' stands for fennioDl, 'I' for 
leptoll8:V' for Wor Z and 'Q' for heavy quarks. 

Minimum Dia. Events containins no (identified) hard scauerins make up the bulk of the 
hadronic cros.&-section and are treated as beam frasmentation. No riprou. QCD treat
ment e..'tistl so tbe models used are fairly arbitrary. heinS tuned to reproduce present 
collider data, extrapolation. to LHC/SSCenergies are suspect. See also section 6. 

Difl'ractive Processes Asain tbe absence of a rigorous QCD theory means tbat only model 
based parameterizations are used. No program is presently publicly available to treat 
bard diffradion[23,2"1. See also (25). 
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QeD Jet Production Whilst the O(Q~) matrix elements are standard different implemen
tations exilt: HERWIG, PYTHIA and HIJDiG use colour decomposed expressions. the 
lauer two neglcc:tinS interference; FRITIOF only includes diasonal. 'Rutherford' scat
terings. Tree level exprealions for up to six jet production exinl261 together with a 
partonic event generator NJETSllll. Two one loop partonic event seneraton existl21J 
for two jet production. 

Heavy Flavour Production Here pur production is finite as P'l' - 0, whUlt the necessary 
structure functions are required for flavour excitation. At LHC/SSC energies ,- 04 
in cascades i8 the dominant source of b-quarb. The proceul2l1 W + , - 0 +I, which 
appears in EUROJET, i8 also an important source of heavy llavoun j( mq > m,. 
A partoDic event seneratorf291 impUmentins one loop corrections exists. Note laqe 
threshold correctiou occur for which a .pecialized Monte Carlo treatment Iw been 
developedl3Ol. See also [31] and [32). 

DreJJ..Van proce••es When Q2/. < llarse loop correctioDl to this procesa exist, which 
caa be partially incorporated UDS the K facto.,l33J K :: exp(2 .. o,/3). Note the only 
lO1U'Ce of tranavene momentum here is initial .tate bremaatrahluns. Exact tree level 
matrix elementa exist for WIZ ~d up to three jet production and are made a¥llllable 
in VECBOSllti (an interface to ISAJET exiata for this progam). A one loop monte 
carlo for W +lj is aloe ava.iJabIef34J. . 

Prompt. Phot.on Product.ion At tHC/Sse enerpes puon fuioa is important for both 
Iiqle and double photoa production; often a D1&8I quark approximation is ... for the 
box dlapam. One loop correctioDl and two partonic event seaeratorJ35Jare available 
for Iin&le photo. productioa; aa is a one loop partoak event geaeratorf3'iror doable 
photo. production. See also [37] 

Direct Meson Produdion The higher twilt production of 50wave mesoDl is available ia 
the TWISTER Monte Carlof3'l. Standard P-wave quarkonium production i8 also avail
able however recent theoretical developments(39) are Dot included. Note hadroaization 
also provides a leadinS twist source of such mesona. 

W, Z Pair Production These processes are presently included ains 'If fusion rather thaa 
the run 'Ii - '19 +VV matrix elementa of the full theory. A number of partoDic mODte 
carlos are available includins VVJETl40l for pair plUl jet production and GGZz[411for 
z-pair production from s1tuon fUllion. 

Standard Model Higg. production Due to the unknown Higs mass a larse Damber of 
dUferent production and decay channe" mUit presently be included. We note tha,t at 
intermediate maaa" - R dominates and care is need near mAl =2Mz to aDow for off 
resonance decay channe": ,i fussion is &Iso non.neglisable, a Monte Carlo is available 
from the ATLAS collaboration. Above 2Mz the dominant Hias decay. are to W+W
and ZO ZO pairs 10 that vector boson fUllion diagTams iDcreaseinsly become important. 
interference terma become important for MH > 700 GeVIi'when the resonance is 
nolonser narrow. 
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Baryon Number violation Due to the existence ofthe chiral anomaly, baryon (and lepton) 
number viola.tion is allowed within the "IS)'I. specifically: 

'I +'I - (Nc.V, - 2)q + .Vi +nwW*+nzZ +nHR (4) 

It i& possible to simulate this process using the HERBVI package(42), written for use 
with HERWIG. 

A large number of high PT process beyond the minimal standard model have been envisaged 
and no event generator can rea.listica.lly hope to offer a comprehensive treatment. We mention 
some of the main variants. 

¥onte CadljlI Process ....I,.... ••• a.,. ......u ... t.n."'.".t. """" 

Non-standard Higgs 
Z· ..... hOAo,RoAo 

qif - H+ 
g6- H-t 
"Y·,Z· - n+n
t-H+6 

Supersymmetry 
qq, gg - qq. 99 
qg- qg 
qf-gV.VV 
qg-qV 

no no yell 
no yellno 
no no yell 
no no yell 
no no yell 

MSSM decay modell for 9,9,V DO yes DO 
Miscellaneous prOCe&lel 

no yes no 
DO yes no 
no yea DO 

yeaDO no 

qi-PT- VV 
VV -PT- VV 
qi- V'_ Ii 
qij-V'-VV 
VV - V'_ li,vv 
qif - R - ('if" 
contact interactions 
leptoquarks 

no yea no 
no no yes 
yes no yes 
no no yes 
no no no 
no no yes 
no no Yell 
DO no yes 

strongly interacting V no no yes 
q-(excited fennions) no no yes 
B number violation yes no no 

Table 3: :"Jon-Standard Model Processes in event generators. Same notation as table 1. 
'1/" for W' or Z', 'R' for horizontal boson. 

supersymmetry ISAJET and more specifically ISASUSy( ..3) offer the most complete treat
ment of SUSY, in particular the cascade decays of superpartic1es are carefuUy treated. 

The Minimal SUSY model is assumed for which several parameters must be specified. 
A purpo~e built partonic event generator r A2SUSy(-I-I1 also exist. 

Non-Minimal Higgs Bosons Doth ISAJET and PYTHIA consider the (CP conser\'ing) 
two-Higg$-doublet model, which contains three neutral Higgs, one of which is a pseu· 
doscalars. and a pair of charged scalars. Both single and pair production processes are 
included. 

Technicolor ISAJET provides tbe option or generating a technicolour p of arbitrary mass 
and width decaying into W Z or W+ W- pairs. The cross section is based on an elastic 
resonl.llct' in the WW cross section with the effective W approximation plus a W 
mixing term. 

!.1. Comments 

We now offer a number of comments concerning Monte Carlo generated events and 
their applicability/validity. 

The generic programs allow higher order radiative corrections to be generated usinl the 
approximations inherent in their eucade algorithms. Typically deviations from knoWD resulU 
occurriolonly in regions of phase space which are not populated. due to dynamical constraints 
placed OD the gluoo radiation. Consider Drell· Yan W* production. For PT~,fljf s:: Mw the 
lowest order matrix element should prove adequate, except perhaps for the high precision 
W* mass measurement, above this an explicit jet should be included. 

One loop MODte ca.r108 are mOlt valuable when correlations between produced particles 
are beinl measured.. Otherwise using a simple I,:·factor with a tree level matrix element wiD 
often suftia. 

It ia instructive to compa.rel4l) the Monte Carlot estimates of the W +n jet cross
sections with the exact matrix elementsllt!. This is done by sta.rtinl from either the 2 - 1 
or 2 - 2 process and using the shower algorithm to generate additional jets. Apart from tbe 
rapidity distributions. starting with W* +0 jets leads to a poor reproduction of the higher 
order matrix elements, essentia.lly due to the lack or jets above the scale Mw. Sigaificantly 
bener agreement with the differential distributions is obtained by starting from W* +1 jet 
configurations; with the possible exception of the E!;' and p'f distributions, which at larger 
values are under/over estimated respectively. This good agreement demonstrates that the 
prescription for gluol1 radiation extrapolates reliably into tbe non-soft, non-collinear region, 
in particular for initial state radiation. 

In terms of the transverse energy cut, ~ + Ma- ~ E!fn, used to regularize the two
to-two croas-section the foUowing empirical actor is need to reproduce the (lowest order) 
total ctoss-section. 

~(l (Emin)2)2ln-l1 
C1(W +n jet) = 1.6 ( x C1n (W +1 jet) (5)• W :/a,T 

When E!fn < .\fw most jets are predominantly produced with Jow Ex and the conatant 1.ti, 
consistent with the 0(0.) K·factor, is sufficient. However, when ETin~.\lw the Monte Culo 
progreSJively underestimates the exact matrix element as n( -jets) increases and requires 

tThe actual program used was HERWIG but the observations are generally applicable. 
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an ad hoc compensating factor. The discrepancies with the exact matrix element become 
significant ",..hen the IV= and a jet do not form the hardest subsystem; this can be traced to 
the scale ordering enforced in the showers and the increased combinatorics for larger n. The 
best solution to this problem is likely to involve implementinc Weak bosons, W=, ZO and 1', 
in the parton showen and then include contributions beginninc from the QCD tw~t~two 
subprocesses. 

In principle similar remarks also hold for photon bremastrahlung, which becomes very 
important at LHC/SSC energies. However due to the need for minimum enerQ and isolation 
cuts regions of phaae space where the cascade algorithms are a poor approximation are probed. 
A likely solution to this is to use uact matrix element matc:hinc. A further consequence is 
that initial state photons, only presently included in PYTHIA, are Ukely to be as important 
as final state radiation. 

H.H. Adding Ne1l1 SU6·PTOCUSU 

Given the modular nature of the various multi-purpose Monte Carlo programs the task 
of incorporating a new hard scattering sub-process is greatly eaaed. The fint requirement is 
an elicient generator for the momenta of the particles involved in the scatter, distributed 
according to the appropriate matrix elements. Thia esaentially reduces to the problem of 
finding a set of kinematic variables in terms of which the CIOII-section is relatively flat: some 
guidance can be obtained from existing sub-routines. ID the case of COJETS and ISAJET, 
which have incoherent parton cucades, and EUROJET, which .has none, it is sufficient to 
pus the correctly labelled panons on to the next stage of event generation. However for 
HERWIG and PYTHIA, which have coherent parton cascades, it is neceuary to abo .upply 
the colour connectiou of the partons, so that correct phase .pace boundariea are ued. For 
principally electroweak proc .. where only one colour flow is involved this ilstraightforward: 
when the strong interaction play. a .ignificant role then it is likely that the colour connectlona 
are no longer unique. It is now required that each colour flow is separately given a weight, as 
discuased in sub-subsection 3.2.1: the HERWIG and PYTHIA prescriptions differing only in 
the treatment ofthe lINe suppressed interference terms. Finally in the caaeotHERWlG you 
may wish to include spin correlations for g1uon(s) involved in a scatter, see [20}; though this 
can safely be ignored. 

3. Parton Showers 

Thanks to QCD's asymptotic freedom property[4e) perturbation. theory can be applied 
to the analysis of hard processes. For example, the ratio of hadronic to point. like muon CfOll

sections in e+ e- annihilation(41) is calculable from a finite number of diagrams at each order 

in a,. -, {3 }
R.+._(Q2) =Nt; ~ Q1 1 + :iCFa,(Q2) +... (6) 

This is possible because for an indusiv;"~uantity such as R.+.- the singular terms present 
in both real and virtual diagrams are cuaranteed by unitarity to mutually cancel on quite 
general grounds''''I. In contrast, for semi-inclusive obsen-ables, such as jet distributions, the 
need to employ cut-off's as regulators means that the canceUations are only partial. Thi.leaves 
behind large logarithmic remainder terms which can compensate the decrease of a,(Q2) 10 
that an inftnite number of diagrams contribute to leading order in this case. 

By considering the denominator of an interllal propagator two types of singularity 
can be identified: coUinear and infra-red_ In the former case large coefficients of lhe form 
log(Q2/Q~) arise, where Q~ is a virtuality cut-off' used to delimit the perturbative regime: 
a,(Qg)/I'~a. Since a,(Q2) _1og-I(Ql/A~D) it is clear that a rearrangement ohhe pertur
bation series in a,(Q2) is required: 

2 
CT = E dJa,~Q2) Iog.(g;)]- +a'(,Q ) L B_[a,(~l) loL(Q;)]

a't(Q2f [a,(Q'I) (Q2)]\ - II. (7)+~"'C_ --log. - + ... 
1'2 ~ I' ~ 

The first (inbite) set oftermagives the Leading (collinear) Logarithm Approximation (LLA). 
Higher seta of terma are genuinely suppressed, for a,(Q2)/1' < 1. and give the Nut to 
LLA (NLLA), dc. WeD established techniques are now available to identify and sum. using 
evolution equations the diagama which give rise to these leading collinear corrections(22). 
In particular in aa axial gauge only 'ladder' or more generally 'rainbow' diagrams need. be 
considered(21..., interference or cfOlled rune diagrams being subleading. This ensures that the 
parton model language is appropriate and facilitates a description of the leading contributions 
in terms of a c:lauical Markov process, the jet calculua11OJ, which allowed the development of 
Monte Carlo event generatonlSI,l2). 

The relevant evolution equations and 101utions, as appropriate for Monte Carlo u.aage, 
are now outlined. 

3.1. The Altarelli-PaM Equatio...: Monte Carlo Solution 

Both the evolution of initial .tate structure functionsPi and final state fragmentation 
functionalS3J are coverned by a set of coupled integra-differential equations, commoaly c:a.lIed 
A1tare1Ji..Parisi equations. 

8 11-'.'(')i.za (, z) (: ) L1-«,.;(" a (, z)
'o;r.(:,I) = - ·2' P!.,(z)r. -,t -r.(:,t) E dZ...!..-2' .f!.(z) 

U6 /16 Z I' z ..(e, I' (8)
1 

,::Dl(:, I) = 1- • .,(" ~a·2("z) .f4,(Z)Dt(!,,) - Dl(:,t) ELI-ee'(') i.z a'2(t,z) J'!.(z) 
U6 ., Z I' Z I'.-tII! ..(a) (9) 

with the (unregu1arized) spUtting functions are given by: 

~(z) = CR[t++),1- z)2j Cil = ~; 

l1.(z) =c,( _ ,.\ = .P;,(1- z) C, = ~ (10) 


t l' II - z)] 2Ne
p#.(z) = CA2 (1- z) + -z- + z(1 - z) CA = Ne 

To lowest order the initial and final state spUtting kernels have uactly the same form, but 
begin to differ at O(a!). This separation of the radiation into intial and final state is actually 
gauge dependent and stridly oRly their sum is observable. Indeed by a suitable (axial) gauge 
choice it is poa.ible to arrange for one parton in a hard scatterinc not to radiate at all: this 
possibility is pursued in COJETS''''I. The choice and exact definition of the evolution variable, 
t, and spUUing fractioD, z, is implementation specific, see below. 

Final State Showers Introducing a Sudako\' form fac:torlS4} defined as: 
1 e 

log. ~.(C, 13) = -1~ ~: E 1- e"") dz a,~t, z-) P!-(z) (11)
'0 a-eel (etc') I' 
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Eq.(9) can be re·written as an integral equation. with series solution: 
.. .. .... l'dt'll-'o,(ltld:l.. o,CtI.:I.... b .. • (Z &)oJ

D,,(z. t) = a (t.to)D,,(z.to) + - --:-~ (t.td-2--r';0.(=d~ (thto)D" ;-.to 
,. '. r -L;r -I 

l'd/l 11-'011 '11 dZ I 1'1 at1!:I-t.,IIZ) aZ2+ - - - 
I; t. r :1,10 '1 r/=I :2 )

o o.tt... .. o.(tl, :1) c c c Z c)( a (t.tll-2--P!01(:"~ (lht'}-2--.Pt.'(:2).:l (t"to)D,,(-.to r r ~~ 
+... (12) 

Here each term corresponds to a possible parton cascade in a.n event generator. and ia imple
mented as a series of iterated steps. 

Initial State Showers Employing exactly the same method as in the final state case the 
fonowing series solution to Eq.(8) is obtained: 
...It 0.." a r d'i LI-.:'Ch) dZ I 0 o,('''Z') ..... 4( z ...)I',,-(:c, I) = a (t, 1.)Fo (:c,'.) +J,. T -.:l ("tl}-2-r-~(ZI)A ('.,I;}F, ;-.1. 

+l dl. LI-.:'(',) dzl -7'1 ~'2 ·1'-.:.(t3f~z, 1 

t~'I. .. z. J:t,,,'l.T!"1 ,Z2 0.(I2,Z,} c ,,( z )c
x A (I,tl)-2--~(z.}.:l (t"I')-2--J'!,(z,)A (t"t.)De -,a:

r r ~~ 
+... (13) 

This form is appropriate for forward evolution. An equivalent solution, suitable for backward 
evolution!"I, can be obtained from Eq.(13) by inserting one, judidously written as a ratio 
of structure functions, and manipulating: 

1 C
1 - Ua(I I • z) +tC

dt. L- :,('I) dZI na(, , .•)0.('" ZI) ~ (z )Ft<Zlzh~)n'(t , • .!.)
- , It • ,It'" 2 N'. F.'" It It Z 

+ r dtl L- :. 
11I l&zl '''''1 dt, L'.1C

.,(.2) dZ'ne("tl:Z)o.(thZt)Pi,~::)*~Z/ZltCI) I 
J.: tl II 

I c 

%1 J~ ""t %2 2r ~ Fe/Z,t), )• x n' t ,.!.) 0.(12. z,) n ( ....) c (:r/(ZIZ2. " Ue t ~•..! 
It " ZI 2.. W -10 F~(Z/Zh") 2••' ZlZ,

+... (14) 

Where the usual time-like, Sudakov form factor, Eq.{ll), has been replaced by: 

nee 0) "e( a)F!(z,,:)z,t,t. = u t,I. F."( ) (15) 
a z,t 

which represents the probability of parton II with momentum fraction '01 at scale t having 
come from the scale t!, without resolvable radiation. 

Photon a.nd W*/ZO radiation can also be included in the c&Scades!tWl by introducing 
the appropriate splitting functions, for example: 

~P.! (z) = QEM Q,1 + 1" (16)
2r n 2r' 1- Z 

Note a bed OE~I(O) is used, Plrz) is deemed negligible and a separate cut-oft' on photon 
radiation Qo~me is allowed. For heavy gauge bosons a longitudinal polarisation must be 
included in the eft'ective IV approximation(6S1 which is accurate only for very high energies 
and fails to treat recoils adequately. 

The physical interpretation and numerical implementation of these solutions to the 
evolution equations can be found elsewhere and is not discussed here. We now continue by 
giving a theory outline moth-ating the angular ordering modification to the above cascade 
prescription. 

3.f!. Coherence Effects 

The treatment of sort gluons[S6!, which because or their long wavelengths probe an 
events global (colour) structure. necessaryly in\'ol\,es quantum interrerence eifects. However 
it has been shown that classical Ma.rkov process. modified by a simple angular ordering[57') 
constraint, is capable of including soft coherence. In the eikonal approximation, the cross
section for {Pi} hard partons and one soft gluon. I". ::: 1..1(1- f), "" < Ei. is given bylMI: 

dt1(N+,) = _~Er.ti",,'J [.1i:l!L _!2L_!2L] dwdG dt1(N) (17) 
2r i~j Pi.kpj.k 2 (p,.k)2 2 (Pi.k)2 IJ 2r 

Introducing angular variables (",,'x) the term in square brackets i. usefuny rewritten: 

-1\1 t 1 «(,' - (ii)} +(1-,). . ] where, ,i.pi ·- 1---+~ (i'5--:::1-ViO OO8Il.,
2 (it .,lC"'I (ill J Ei' I 
1 1 Vi - cos '.11 (cos IIi. - "j cos lI'i) (. .)-- - + + *-1 

- 2 G> 1 - OJ'''' ';. 1 - oJI'''' ';j coo ,;. - sin '0 Ii.';,COI"~ 
J 

1 (18) 
The separation is such that the lint term is only collinear siagular for k parallel to Pi: it 
naturally represents emission oft' parton i. The dependence on the azimuthal a.ng1e 4>; is 

illustrated below I for massless partons. 

Figure 1: The radiation function 2(.11 X Eq.(IS) as a function of 'i. Left r/2 ='ii > 8.,,: 
dashed line 8i lt = 'tr/Si solid line '.11 = 'tr/4:; and dotted line 8.,. =3r/8. Right ..14 = 
'ij < 'ill ="/2. (Note: v. = 1= Vj)' ' 

Upon azimuthal averaging it is quickly seen that, no net radiation occurs for 'ij < lIill' 
In fact for successive soft g1uon radiation (WI:> 1.(12) it can be shown that the domina.nt regioa 
of phase space is equivalent to a sequence of branchings with decreasing opening anpes: this 
is the basis for angular ordering. Including parton masses introduces a 'dead cone' around 
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the heavy flavour. so that, approximating slightly. radiation is restricted to the region: 
Ii) m:

Ri) : E~ < (ilt < (ii <=> "i cos Ii) < COS lilt < Uj (19)
•This 3creened tone is iUustrated below. 

,...,-mi 
Ei 

Figure 2: The screened coD'e ~;l (or emission o( the soft gluon • aa.sociated with panon 
i, whose interference partner is j. 

Note that apan &om the kinematically depleted cutral region lor heavy quarb no 
other differences &rile ... ,..t. the radiation expected oft' a ligbt quark. 

Since arter azioulthal averar;ing the distribution Eq.(lS) is equal to the z - 1 limit oC 
Pi,(z) it is.ufficient to impose the restriction Eq.(19) on the standard final.tate branching 
algorithma above. The treatmut oCinitialstate radiation is more complex, due to the dift'erent 
kinematics. However the result is a similar ordering in the angles 'I, between the time-like 
parton at a branching and the incoming hadron, which are required to decrease away from 
the hard scatteringl"'. This is adequate for ~ - 1, however whu ~ - 0 in the strudure 
Cunction extra complications ariJeleOJ and only a rather inefficient Monle Carlo algorithm is 
currently awilablef3OJ. Evidence of the need Cor colour coherence in hadronic collisions hu 
been seen by CDF in three jet events(tll). 

Finally it can be Ietn from Eq.( IS) and fig. 1 that a non-trivial azimuthal distribution 
is implied. A Curther inftuence on the orientation of branching pla.aea comes from the gluon 
spin (direction ¢o) as CoUows: 

P(z, 41) = { ~(z) + 2z(l- ':)c0l2(tP- tilo) (X 1 +1/9c0l2(tP- ¢o) f - II 
P;'<z) - 2.:(1 - %)c0l2(tP -iPo) (X 1 - cos 2(41 - tPo) - 'f2O) 

The numerical \'lUues are for z = 1/2 which maximizes the correlations. The proper inclusion 
oC these correlations which couple all azimuthal a.ngles in an event requires a non-Markov 
algorithm: a review can be found in [201. 

3.2.1. Initial Colour FloW's 

In QCD it is typical that more tban one colour Row is involved in the ampUtude Cor a hard sub
process. This leads to an ambiguity in initially deciding which partons are colour connected. 
Whilst this is not an iuue for an incoherent algorithm, such u COJETS or ISAJET. a 
prescription i. required if inter-jet coherence is to be modelled as in HERWIG and PYTHIA. 

CoDlider quark-gluon scattering. Three diagram. contribllte to the ampUtude: ",channel 
quark exchange. with colol&r factor 1'T'; .·channel quark exchange, with colol&r factor T'1'; 
and '·channel gluon exchange, with colour Cactor il.'fC = 1'T' - 1"1'. The two colour 
8ow. for thia ampUtude are illustrated below. 

+ 

1'T'(M. +Ma) 7"1'-(M. - M.) 

Figure 3: The t.wo colour flows contributing to the amplitude (or quark gluon scattering 

A natural prescription Cor giving weights to these two options is to 11Ie, 1M. +M.I' 
and 1M. - Mal'- However this negledl the liNe auppreued interference betweea the two 
colour topologies. Two attitudes are now poaaible: in PYTHIA the deCault is to nested this 
correction(nJ (perhap. evea positing a striDg inspired superselection rule to elimiDate itlT... 
this could not be established within PQCD); or, u in HERWIG. to distribute it between 
the two weightsral• This has been found to be unique iC: i) the pole strudure and crouing 
symmetry are preserved; il) each weight is separately positive definite; and iii) the I1lDl over 
colour coafigurationl yields the exact diferential crou·aection. 

4. Comparison of the Cascade Algorithms 

In the foUowing table we detail the main Ceatures of the commonly used cascade algo
rithms beCore commenting on their merits. 

The fillt major dift'erence in the time-like parton cascades is the choice of evolution 
\'ariable, in particular HER.WIG's. (Note all the z definitions are equivalent for E - co). This 
choice has the advantage of antomatically incorporating angular ordering. In PYTHIA an 
unattractive veto hu to be imposed on the angles which may over restrict the phue space 
requiring a larger value of o. to compensate. Both COJETS and ISAJET remain incoherent 
algorithJ1Ul. A purported disadvantage of the HERWIG scheme is that the actual parton 
momenta remain implicit until the completed cascade can be reconstructed; however this is 
unlikely to inconvenience the casual user. 
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T"T" 

T"P 

PYTHIA 

CF-"(1&2 +,,2) 
Nc -;---,1-

CF -.5 (,,' + ,,') 
tV.: -;---,-1

Interference 

1 "l 

+ .V;"i1 

1 ,,' 
+ N't2e 

HERWIG 

u:! (I.I~ + ,,') 1 u 
----+-2 - ".,2 2.V; .I 
..'(,,2+,2) 1 .. 
----+-
2 -".I" 2Nl" 

Sum 
CF(,,2+.,2)2 

-u.s"Ne 

1 (,,1 + .,2) 
+ Nl--t'- ( .,' + ..') [ " ]-- ,,'+,'--2.",,' N; 

Table 4: The colour 80w weights used in PYTHIA and HERWIG, given as: 
ro!J.s')-I.dCT(qg -+ qg)Jdt. 

A related iaue concel11l the vertex kinematics which depend io. detail on the choice of 
Ca.nd z. Using ISAJET as example we have at the branching, a - 6(z) + c(l- z): 

o:S pJ. =z(1 - z)t. - (1 - z)t. - ne (21) 

This places upper IhRig 00. the daughten' maximum virtualities, to be used in the casca.cles, 
of n. and (1 - z)t. respectively. However even if the subsequeo.t t. and te satisfy these 
constra.iD.t. it is not .ufficient to guarantee Eq.(21) holds. Elaborate schemes have therefore 
had to be devised in COJETS, ISAJET and PYTHIA to cope with this problem. Fortunately 
HERWIG's choice of variables avoids the difficulty posed by such a joint constraint. 

Excepting COJETS all ca.sca.des use the branching pJ. as a, argument. This enables 
hard infra-red log(l - z) terms, associated with higher order corrections, to be resummed 
a.nd in the 9 ..... 99 case certain log z terms also. In fact in HERWIG the treatment of the 
semi-inclusive z ... 1 region i. sufficiently accurate (NLLA) that AQCD can be measured using 
using fits to data. The Monte Carlo A being related to the m value via.: _ (61- 3r l _-lONI/3) 

AMC - exp 2(33 _ 2NJ) AMS (22) 

In the two coherent schemes only HERWIG treats the effects of heavy ftavours, the 80 

called 'dead·cone'. Concentrating on b-quarks which hadronize (thus breaking the coherence 
with the jet) before decaying into a fixed average number of particles, an energy independent 
depletion in b-jet multiplicities lII.r.t. equal energy light quark jets should be expected and 
is seen(661. Both HE.RWIG and, u an option, PYTHIA include soft azimuthal correlations 
using the dipole formula E.q.( 18) in their cascades. Likewise both HERWIG and, as an option, 
PYTHIAinclude azimuthal spin correlations. However PYTHIA only treats intra.jet angles 
using a nearest neighbours approximation whilst HERWIG correlates all angles, including 
inter-jet effects, using a non-Markov approach. 

A similar set of observations also hold for the space-like parton cascades. Here only 
HERWIG includes the effects of colour coherence, which motivates its choice of evolution 
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Feature 
PYTHIA 

Evolution var. t Q2 Ei../eilc Q~ Ql 

Splitting frac. = I1+d~ Ej/Ei Pt/P{ EzlE j 

0, scale Q'l :(1 - z)Ql Q" :(1- z)Q" 

Ang. ordering no automatic no ~~veto on: Q > ",Q. 

Dead Cone no yes no no 
Soft Correlations no dipole approx. no o dipole approx. 
Spin Correlations no fully included no o nearest neighbour 
photon rad. 17 from M.E. yes yes, plus W=, ZV yes 

Spa : j(+A:) ...::....---.
Direction forward backward 

ce-like Cascades

backward backward 
Evolution va.r. t Q2 Ej,ff.1c Q:I Q:I I 

Splitting !rae. pt/P?' Ei/Ei PT/P?' ij/ii 
0, scale Q2 ~ Q2 (1- z)Ql = 
Ang. ordering no automatic no no 
Soft correlation. 
Spin correlations 

DO 

no 
dipole approx. 
fully included 

no 
no 

no 
o nearest neighbour 

photon rad. no no no 'l-f+"Yonly 

Table 5: Main features of the commonly used branching algorithms. A 0 indication 
non-default option. 

variable. The presently used algorithm is precise in the z ... 1 limit but is an approximation 
in the small ~ region. Experimentally the need for coherence has recently been demonstrated 
by comparing the observed distribution of a soft third jet in 1'P collisions with HERWIG pre
dictions a.nd either ISAJET or an incoherent version of HERWIG. The need for coherence 
in final .tate radiation is well esta.blished by LEP. though independent fragmentation can be 
shown to give a moderately useful approximation. 

AU the models include photon (and Zo, W:t) radiation to some extent. Unfortunately 
due to the need for minimum energy and isolation cuts, regions of phue space where the 
cascade approximations are likely to be inefficient and inaccurate are probed. Note also that 
photons in initial and final state radiation should be equally important. In e+e- data it was 
found necessary to include matrix element matching procedures, which would also benefit 
gluon radiation. 

Main Parton Shower Summary It is clear t.hat HERWIG has the most sophisticated 
parton showers, based on a careful analysis of PQCD. From the outset soft gluon coherence 
has been made intrinsic to both the initial and final state cucades, indeed it is ha.rd wired. 
Special efforts have also been made to fully include the quantum mechanical effects of gluon 
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spins. It should provide accurate quantitative predictions at higher enerlies. 
Initially PYTIIIA did not contain showers which were added to better reproduce enefIY 

dependence in jet events. Latter, as the need arose, angular orderinl was imposed on the 
cascades. though not as yet in the intial state. A relatively large number of options, to test 
various approximations. are made available to the user. 

COJETS represents an early approach and has remained steadfast in its use of both 
forward evolution for initial states and incoherent independent jet fragmeatation. Special 
effort has focussed on modifyinl the hadronization model to mimic lOll coherence. It is not 
clear whether reparameterization, of model elements, to reproduce data at hisher enerpes 
can be sustained. 

ISAJET provides a rather basic incoherent shower a.lsorithma for independently frae
menting jets. As such energy extrapolations oUlht to be regarded as qualitative whilat 10ft 
particleljet distributions should be treated with caution. The inclusion of 1, ZOo W:i: radia
tion in final atates ia noteworthy. 

Other Approaches to Showers Lastly two other approaches to ahower evolution are 
available in existing Monte Carlos: 

ARlADN£lS1l which is uaed by FRITIOF. Here the basic unita are not partons bat the colour 
dipoles Iyinl between them. The dipoles aubdivide accordinl to apecific rules, equivalent 
to the more nsaal Alta.relli-Pariai approach(8aJ. with kJ. ordering aatomatica1ly ennring 
angular orderinl. The dipoles may be viewed as describinl the PQCD evolution of a 
.tring. Trea.ting exteDded hadrou requires some modifications(e8J &ad is particularly 
troublesome for Dre1J..Yao. 

NLLjet describes e+e- and ep colliaioaal7O·n l in a Next to LLA, which II nitable for ex
tractinl AQCD. It uses a generalization of the jet caleulns(n) which includes oo.to-three 
parton spUUinl functiona. 

5. Hadronization Models 

The conlinement transition from the quark and gluon decrees of freedom appropriate 
in perturbation theory to the hadrons observed by real world experimenta is not understood. 
In this strongly interacting tranaition recime we presently rely on models, which to varyinl 
decrees reflect possible scenarios for the QeD dynamics. Three main schooia of thoupt 
dominate model building: cluater, independent and atrinl hadronization. 

Before belinning our diseussion it is appropriate to reiterate that the fragroeatation of 
a parton (tIt or g), produced in a hard sub-process, into a hadron is lenerally described as 
proceedinl in two stages. First is a parton cascade, formulated a.ccordinl to PQCD, which 
evolves the primary parton from the hard scattering scale. Q'. into a secondary parton at 
a (bed) cut-off scale, Q~. It i. during this calculable stage that many of the event'a main 
features are determlned: energy dependences, event activity, jet proliles, multipUcities, etc. In 
a separate second stage, carried out from the fixed, low virtuality scale, Qi, a model is 
employed to convert the secondary partons into hadrons. The second stage ia esaentiaDy 
enefIY independent and assumed to be local in nature. This separation of the fragmentation 
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function was embodied in the analogue or Eq.(J) a.nd is shown more schema.tically below: 

D!(z. Q') =(PQCD evolution: Q'l - Q~) ® (model: parton - hadron )11 (23)
Qo 

One immediate consequence ofthis picture is that EUROJET (and PAP.-\GE~O) are rather 
handicapped by their lad: of parton cascades. In particular the collision energy dependence. 
of for example multiplicity or out of event plane activity, will be incorrect and program 
parameters wiD require retuninl ror different enerpes. Accurate quantitative extrapolationa to 
hiper enerpe. are therefore not poaible. Similar conaiderationa imply that wheD hisher order 
matrix element calculatiolUl are employed in conjunction with, say, the JETSET hadrooization 
model, for example as used at LEP in Q. determinations, then the default parameters (tuned 
....uminl cascades) must be reset. 

It is aa im pUcit assumption of Monte Carlo event generator authors that it is PQCD which 
is responsible for an event'a characteristics and that the hadronization (model) cauaea Uttle 
disruption of the event properties arising in the lirst atage of fragmentation. Thus in each 
type of model it is the quantam numben of a amaD number of neighbourinl partona which 
are responsible for the properties of a produced hadron. This cives rise to an approximate 
local conlel'V&tioa of flavour, momentum, eke A more precise formulation of this concept. 
loosely called Local PartoD Hadron Duality (LPHD). hu been provided by the St. Petera
bUfilfOopf73J. They ahowed that the z·apectrum of I"a, g'a, pt, etc., measured in e+e
jets dift'er from the parton distributiou predicted by reaommed PQCD , with Qo .. mAt 
only by jet eD.«IY independent conataata. However quesliou haVe beeD raised &hoot the 
ftIidity of thil reduction of hadronization to a Dormalizatioll coutant, both in its 'hard Une' 
interpretatiOD above. and .in the ment to which thia is realiaed in the models at present 
eaerpsrr4). 

FlaaDy, aad perhaps IDOIt importantly, It ahoud be empha.ailed that a.& the present 
time each hadronization model onIJI prottidu a porameterization 0/ prefenl dGlG 6a.Nd upon 
al but an aiucatai peN .nd III IIM'It a VlCII dejinefl prejudice. n ahoud 10 without u.Yinl 
therefore that any serioua analysis which may be sensitive to hadronization effects must be 
based on at leut two models. (Atterinl the free parameters of ODe model is unlikely to be 
representative of potential effects). 

5.1. CompGrUon of Main Hadronization Model FeatureJI 

The detaila of cluater. iadependent and strinl hadronization are widely available and 
we confiDe ourselves here to a comparison of their relative merita. In particular we wiJI try 
to ascertain to what extent the models explain or merely describe the hadronizatioo process. 
We will concentrate on identified particle distributions. 

In all CaMI the schemes are based on a smaD number of, recursively applied, branch· 
inl', where at each iterative step probabiliatic rules are applied to seled flavours, apina .and 
momenta. The motivation for these rules vary from the QeD inapired complex dynamics of 
strinp and minimalism of clusters to the simple expediency of independent fragmentation. 
The main features are summarized in the foBowing table. 

The fint serious difference between the three schemes concerns the extent to which 
they are covariant. This is aot an iSlue for strinss, nor for dusters, however both mome .. 
tum and to a lesser extent quantum Dumber conservation. are problematic for independent 
hadronization. Whilst, essentially, ad 1&« remedies for these ailments exist they are not always 
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Feature r-- Haironitation Yodel 
Cluster Independent String 

Principle simple complex 
Lorentz invariant 

very simple 
yes yes 

Flavour, charge, dc., 
no 

automatic 
conservation 
.Maas dependence via 

automatic on ad hoc baais 

quarks quarks 
Strangeness suppression 

hadroDl 
predicted Cree paramo free params. 

Baryon suppression predicted free paramo free params. 
Jr ratios predicted free params. Cree params. 
Limited Pr natural built in built in 
Fragmentation Cunction restricted by 

L-a symmetry 
Cut-oft' (00) dependence 

CreeN/A 

very strong modest 
Stability 

significant. 
stable 

Limitations 
inCrared 5eDlitive collinear seDlitive 

none 
ma.u.ive dusters 

'string-lilte' decay for requires large 
cut-oft' 00 • 

Table 6: ComparisoD of the three main badronizatioD schemes' major features. 

implemented: also. physical observables are known to be sensitive to the details of the solu
tion adopted('fsJ. It may be noted that aa currently implemented strong iaoapin conservation 
can prove troublesome for all models. 

The second major area of dift'erence are in the rules for flavour. spin and momentum 
selection. Only duster hadronbation provides a succinct baaic algorithm. using just the phase 
space available to the produced partides and isotropic decays. Since dusters are typicaJly 
light, limited transverse momentum is automatic; hadroDl with non· zero strangeness and 
baryon number are suppressed because they are heavier; and the spin ratiOl of iao-flavour 
hadron. follow partly from the 2S + 1 factor and partly from the larger maases of higher 
spin states. This absence of free parameters may be traced in part to the emphaais placed on 
observable hadron properties and further enhances the models predictive power. for examples 
the production rates of tensor mesons. 

The contraat with both independent and string hadronization is marked. In principle 
string hadronization is at an advantage because it is based upon a semi-quantitative picture. 
The problem is that it is formulated in terms of indirectly measurable quantities. For example. 
a ftavour independent, Gaussian PT distribution is predicted, but its width is deemed freet; 
whilst the Gaussian form is simply an aasumption in independent hadronization. The situation 
is even worse for the flavour selection rules. Again. (or strings the tunnelling mechanism 
predicts a Gaussian suppression of heavier flavours; however given the uncertain quark and. 
especially, diquark masses this can only be taken aa a guiding framework, resulting in a 

tActually a width. v"'iJi. i. predicted but proves to be too small 
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reliance on a truly byzantine parameterization§. To emphasize this point. 13 inputs are needed 
in the baaic Lt'~D string modellal to describe the 13 lassuming u - d isospin1) L = 0 light 
(u,d,,,) hadrons. In practice this aspect or string hadronization is little different rrom, the 
somewhat simpler. independent hadroruzation scheme which has no underlying mechanism. 
No dynamical explanation has been found with which to select hadron spins and these are just 
chosen according to relative weights in both models. In addition longitudinal rragmentation 
(unctions are also required, though the consistency of the string's causal and Lorentz structure 

leads to a unique family of L-R. symmetric functionsl771 • 

As an aaide doubts have been raised by the authors(761as to the val.idity of the tunnelling 
mechaniSM for describing the transverse momentum distribution of string fragments. Though 
an attractive. alternative description in terms of (nonperturbative) gluon emission has not 
been forthcoming. A second worry concerns pions whose small spatiaJsize. especially when 
compared to the neglected string width, is not mandated by the Goldstone theorem. 

The issue of stability. tD.r.e collinear and soft partons. arises for duster and independent 
badroaization. Specifically the spectrum of dusters is sensitive to the emission of soft gluons. 
The simplest mustration is provided by a colour singlet. ZO say. decay into two quarks: this 
gives a dater of m...., 142 at rest. Now add a central. very soft gluon: this gives two dusterst 

of m.... 214m and momenta ±14u. in the parent rest frame. The infra-red instability may be 
regarded either as a serious problem or perhaps as a warning that it is important to treat the 
pertW'bation theory correctly. Indeed it is well known that many observables. IUch as (n) • 

. are infra-red sensitive; it should also be noted that the lirst confipration discuued above 
is highly Sudakov suppressed. PQCD does not like isolated colour charges. In independent 
fragmentation a. similar problem arises when one finaJstate parton is replaced by two parallel 
partoDl of equal net energy which gives a different multiplicity: oc lOS(E/ (m1». for fracmen
tation fuctions behaving as 1/1' as z - O. The collinear iDltability arise essentiaJly because 
the two partons are oblivious to each others presence. 

F'ma.lly it mat be admitted that cluster hadroaization is not aa simple in practice aa 
in principle. Difficulties ocCW' for both light and very heavy dusters which have necessitated 
the introduction of a limited number of free parameters. Light clusters require a one-body 
decay option, which proves in8uential in the distribution of faat partides. In particular this 
feature can be exploited to gain some control over the stift'ness of6-Ilavoured hadron spectrL 
(c.l. the cluster-Uke decay of light strings.) Heavy dusters render implausible the isotropic, 
two-body decay mechanism and a cluster fission option is needed. whose most notable feature 
is the appearance of a preferred axis, aJigned in what would be the string direction. Given the 
rarity of heavy clusters. the flavour properties of their fission are minor; though the threshold 
for splitting does influence multiplicities. By comparison arbitrarily massive steinp can be 
handled. 

Main Hadronization Model Summary Independent hadronization is baaically an 
empirical scheme with no basis in QCD theory (indeed it is colour blind!); a fact reflected in 
the e.,;treme arbitrariness onts parameters. It is adequate ror describing data's global features, 

IEven Jiven precile (di·)quark masaes uncertainties ma.y still remain rrom the use of an idealiaed 
infinite lensth .'rins in the tunnellins calculationa. 
1The number of hadron. increases to 2r if u and d are distinguished 
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though less so for soft/inler·jet distributions. and in conjunction with a perturbative cascade 
to extrapolate to higher energies can be expected to yield reliable result •. 

String hadronization is a fully covariant scheme based on tbe complex dynamics of 
colour Bux tubes. as anticipated from QCD. This provides a general framework for assilninl 
Bavours. momenta. de., however uncertainties. particularly in quark muses, plague it. imple
mentation. Consequently a very tar,e number of parameten are needed to describe identified 
particle properties. which it does quite .uccessCully. It is the mOlt popularly used scheme. 

Cluster hadronization is iD principle a remarkably simple, compact and predictive 
scheme. f01lDded on the properties of colour upt dusters proved in PQcI)f7ll. By weight
inl potential decay ch&.lUleil by the phue space available, it relies only on measured hadron 
properties thus successfully removiDI many ambiguities. Unfortunately the scheme is sensi
tive to the tails of the duster masa .pectrum so that practicalities have IOmewhat corrupted 
it. hLitial purity. 1& remains however rather .uccessful. 

FiDaUy it should be noted that the physics environment provided by hadronic eoUisions, 
unlike e+.-, is not dean 10 that ,oad model discriminaats have Dot yet been foand for 
this areD&. Farther. the little uDderstoad, poteDual for interplay between the phyaica of 
hadroniution aad that of the 10ft underlyin, event .till allow. theorilta scope Cor evolvinc 
their models. 

5.1. Alternative Schemu 

A number of alternatives to those provided by the 'big three' hadronization schemes 
exist in the literalun. TypicaDy there work within the existing frameworb whilat oft'erinl 
innovations desiped to ovel'COme specific delectt. Three schem.. which are, partially, impJe. 
mented in event laerators are mentioned below 

The MonteYa)' Scheme In &DIweJ' to tbe lack of Lorentz invariance in independent 
fragmentation the faIIy covariaat )'(oatevay scheme hat bee proposed(lal. It iI .. hybrid model 
which Ulel an initial,tring network to seleet a frame in which four momentum aad ftavoar con
servatioll can be naturally implemented. It is also collinear safe. Unfortunately its complexity 
for multiparton final.tates haa limited itt (partial) use to a non-deCauit PYTHIA option. 

Hybrid String.Clu8ter Model The.+e- event generator CAtTECH-D provid.. aa 
attempt to combine tbe d..irable properties of both striap aad dusten in its hadronization 
modell'l'll. F'trat strinp form, their development beinl characterized by their break up into 
dusters poeseIIinla continuous muaspectrum: this avoidJ infra-red sensitive puon spUninp. 
Second the clusten decay into hadrons (aad sub-dusten), baaica11y accordinl to the phase 
space available to the Jinal state; thereby avoidilll the need for maay parameten. 

The UCLA Flavour Model This is a variant of the LUND strinl model in which 
measured hadroll properties are used in !avour selection(II). The left·rigbt symmetric f'rac
mentation function, intecrated over z and pt. is reinterpreted as a hadron maaa distribution, 
wbich together with trivial Clebah-Gordon a.nd spill countin, factors giv .. a two parameter 
model. This is applied iteratively to several hadron. at once tbus includinl shared heavy 
Ba.vour suppression. . 
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6. Underlying Event 

The final issue to be resolved when simulating a full hadronic coUision is the treat· 
meDl of the beam remnants, that is the particles which are left in the incoming hadrons 
alter exlracting the parton shower/hard scauering initiators. EsseDtially by defiDition. tbe 
relevaDt proc:eaes only involve relatively small momentum transfers and necessarily probe 
non·perturbath·e physiCl. Therefore once again procrams rely on models rather than fint 
principles calculations. Three geoeric approach .. are used: a parameterization of existing 
data; a multiple scattering, mini-jet model; and dual topological unitariution models. 

It may be remarked at this point that whilst the basic physics ill asaumed to be rather 
similar to the soft hadronie collisions which dominate minimum bias data significant differ
ences occur when a high Q2, hard scatterinc is present. In particular the associated parti
de/energy Bow in high Q2 events, Cor example on the wings of high". jets, ill signifiC&Dtly 
lar.r than in an equivalent .f§, minimum bias event. This ·pedestal effect' has been IeeD for 
jetsln,83), W/Z production''''J and DreU-Van painlllJ• Typically an enhancement of between 
1.5 and " is required. Both e:xperimentallylGJ and theoretica11y1181 a two component picture 
is Cavoured in which QCD brehlDltrahiung provides a small component that grows with Q'I 
aad 10ft physics a contribution that appears to saturate for au8iciently large Q2. 

F'mally it mu.t again be repeated given the lack of an agreed QCD method or calC1l
Iation aad consequent reliance 011 modell that caution must be exercised whenever an event 
generator'. result. are thought to be sensitive to the 1lDderlying eveDt structure. In particular 
extrapoJa.dona to higher .Ji should be bued on more than one modelli. 

1.1. ComptlrisOD 0/ Model. 

Both HEllWIG and COnTS employ ad hoc modell baaed on parameterizaUons of 
(then _ting) data. HEllWIG adapts the GENCt Monte ca.rJol8II to utilize its 0... duster 
hadroniAtion scheme, COJETS works directly in of hadrODl. Both uaume a flat central ra.
pidity plateau, limited trauvene momenta aad .pedal prescriptions Cor the leading hadrons. 
HERWIG ....um.. a negative binomial multiplicity distribution and COJETS a KNO sealinl 
form. No supporting theory is attempted and so energy extrapolations are particularly open 
to qu..tion. It is inter..tinl to note that in HERWIG'. case no eohancement of the underly
ing event was found necessary to reproduce the plateau seen in hard scatterings, soft puon 
radiation proving adequatel"l. A characteriltie asymmetry in the average multiplicity in a 
jet'. two .houlden il anticipated. 

A sipificantly more ambitions approac.h[9OJ, bued on perturhative estimates for mul
tiple semi-hard parton acatterinpl is available in PYTHIA aad RUING. The mini-jet cross
section aa .. fundion of a "ra eut-ofF, normalized to tbe fitted inelaatic, Don-diffractive cross
section, is used aa scattering probability. Multiple Icalten above ~ are senerated from a 
PoillOn type distribution and simplified string drawings used. As an option a double Gaussian 
spatial distribution Cor the partons within a badron can be folded into the probabilities above. 
If a hard scattering occun tben a large hadronic overlap is likely and double Icatterinp cao 
be anticipated: this naturally lives an enhanced underlying event. A particular feature to 

IIA relakd diverpoce iD the predic~iou Cor ~he." total CroeII-sectioa .. meuured at HERAI'1] m.,. 
.rve .. a cautioDary waminl. 

22 



be expected in such a multiple scattering model are correlations in azimuth. and to a lesser 
extent rapidity. in minijet observables[91). 

Another approach embodying a smooth transition Crom sort to hard scattering events 
is the FRITIOF excited string model. In a soCt collision, net colour neutral, multiple gluon 
exchange is assumed to yield two high mass excited strings which radiate according to the 
colour dipole model ARJADNE, beCore hadronizing. To indude possible hlld scatterings 
a PT is selected using the minjjet crou-section and then accepted or rejected (and a sort 
event generated) according to whether the fint branching in the subsequent Ulcad. haa a 
smaller or larger k ,• This provides a rather elegant model rooted in the phenomenolOC)' or 
non-perturbative strinp. 

The ISAJET description oC soCt coUisions is based on the AKG model(92) for a unified 
description of total and elastic CfOll-sectiollJ. The basic unit is a cut Pommeron, which gives 
rise to chain of hadrons uniformly distributed in ra.pidity and with a Poiasonian multipllcity 
distribution. The number oC such Pommerons, k, and the mean hadron 'PT is adjusted sepa
rately Cor sort and hard scattering events so aa to reproduce data. After separately assigning 
leading baryons the PommerollJ are a.saigned rescaled longitudinal momentum fractions from 
a unif'orm distribution. F"mally each Pommeron is Cragmented in ita own CoM Crame, uling aa 
independent fragmentation fundion made energy dependent to reproduce the observed rise ia 
dN/d, with s. Since no attempt is made to inelude low 'PT jeta which contribute algn.iftcantly 
to tHe/SSC crou-sectiOIlJ the ISAJET model is only pa.rtially complete. 

A algnifica.ntly more elaborate two component scheme is employed by DTUJET to 
simultaneously describe mini-jet type hard scatterings and soft scatterings. Employing cut 
diacrams bued on soft and'hlld PommerollJ, ineluding a triple Pommeron vertex and Pom
meron loop, allows low and high single/double diffraction eventa to be almulated. The eikonal 
approximation is ued to enforce unitarity and provide a unified treatment. Since Cree pa.ra.m
eten lie fixed using a mini-jet prediction oC the hlld scattering crou-MCtion exlrapola.tioDl 
to high energy lie par1icula.rly IlBlta.ble tIJ.r.t. changes in the (gluon) structure function DIed. 

See aIao [93). 
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