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Summary

PYTHIA is a Monte Carlo program intended for the study
of high-pr physics in hadronic interactions, but also covers the
domain of low-pr interactions as an integral part of the total
cross-section. In its present form, version 4.7, it includes matrix
elements for the basic 2 — 1 and 2 — 2 standard model (strong
and electroweak) subprocesses (as well as some non-standard
model subprocesses), elastic and diffractive scattering, multi-
ple interactions, structure functions and initial and final state
parton showers.

Introduction

When word had reached king Crcesus that Astyages had
been deposed by Cyrus, Cambyses’ son, and that the Persian
empire was every day growing stronger, he turned his thoughts
from domestic troubles to warfare and resolved to ask an or-
acle what the outcome would be in a potential battle against
the powerful usurper. However, to have some guarantee for
the value of the prophecy, he first sent embassies to the most
renowned oracles: to Delphi and to Abz in Phocis, to Dodona,
Amphiaraus and Trophonius, to the Branchidz of Miletus and
to Ammon’s temple in Libya. The messengers were instructed
to inquire of the different divinities on the hundredth day after
their departure from Sardis what Creesus, Alyattes’ son, king of
the Lydians, was doing at that precise moment, and to record
the answers carefully and bring them back to their ruler. What
Creesus had ordered was accordingly done, and when the mes-
sengers returned, the king could promptly discard all oracles but
one — the one that had been murmured by a fuddled sibyl from
the tripod at the magic crevice in Delphi, been put into verse
by the priests of Apollo, announcing in laboured hexameters:

olba 8 éyw Yapuov 1’ &plfudyr kal pérpa fardoong,
Kal kwpob guvinpe, Kol o) dwredrros drovw.

b ’ 3 2 3 ’

obur i’ &g dpévas nAle kparatpivoro xeXdvng
tpopévng tv xadkd &u’ dprelowow kpéeoory,

1 xadxds ptv dréorpwron, xarxdv §’ Eméorat.

[T know the number of grains of sand as well as the ezpanse
of the sea,
And I comprehend the dumb and hear him who does not
) speak.
There came to my mind the smell of the hard-shelled turtle,
Boiled in copper together with lamb,
With copper below and copper above.]

The veracity of the Pythia had thus been established be-
yond all doubt by the crafty ruler who, according to Herodotus,!
had waited for the appointed day, slaughtered a turtle and a
lamb, and boiled them together in a copper cauldron with a
copper lid.

The history of PYTHIA, The Lund Monte Carlo for Had-
ronic Processes, is neither as long nor as dignified as that of its
eponym. The first published version, 2.2,2 was a simple attempt

to simulate the essentials of quark and gluon interactions at ISR
energies. It included the fundamental 2 — 2 QCD subprocesses,
but used a constant ag and scaling structure functions; beam
and target particles contained valence quarks and gluons only.
The simulation was improved in the next version, 3.4,% which
introduced a running ag and standard parametrizations of scale
breaking structure functions; the basic processes still remained
the same, however. With the advent of data from the CERN
pp-collider it became clear that in order to get a reasonable de-
scription of real events, initial and final state radiation would
have to be taken into account. Furthermore, following the pub-
lication of data on e.g. W+ and Z° production, there has been
an increased interest in accurate simulation of general standard
model processes. The projected Superconducting Supercollider
(SSC) will presumably be able to probe more of the structure
of the standard model, including the still elusive Higgs. These
considerations prompted the development of an almost entirely
new Monte Carlo program for hadron-hadron collisions. In-
cluded is a next to complete set of basic standard model hard
processes (and some non-standard model ones), as well as ‘min-
imum bias’ physics, i.e. low-pr events, diffractive scattering
and elastic scattering. The resulting program, PYTHIA ver-
sion 4.7,* is now available for general use.

Basic Hard Scattering

At the core of all present Monte Carlo programs devoted
to high-pr physics lie the matrix elements of the simple 2 — 2
subprocesses. (It is true that exact cross-sections for the 2 — 3
subprocesses and the associated virtual corrections to the 2 — 2
subprocesses have now been calculated,® but a Monte Carlo im-
plementation of these, if combined with shower algorithms for
multi-jets, runs into problems of double counting.) The cross-
sections &(3,, &) for the 2 — 2 hard scatterings are convoluted
with structure functions incorporating leading-log scaling vio-

lations to form a total cross-section ¢ for the subprocess, i.e.
o =

// drdzpdf % (3,1,8) £ (21,Q%) f2(22,@), (1)
k

A\
where ¢ and j give the partons from particles 1 and 2, respec-
tively, k specifies the final state (when a given initial state can
lead e.g. to different final state colour configurations; see be-
low), and we have used the standard definitions

T = 2122,
TR =21 — I3. (2)
PYTHIA 4.7 includes practically all 2 — 2 subprocesses
possible in the standard model, i.e. quark and gluon scattering,
resonance production of Z%/4*, W% and H® (the latter from
WW and ZZ fusion, as well as from the more conventional gg
and ¢q reactions), pair production of gauge bosons, and produc-
tion of one gauge boson plus a quark or a gluon jet (cf. Table




1). Quarks are generally treated as massless in the matrix ele-
ments; an obvious exceptions is e.g. the reaction ¢ +§ — H°,
where the coupling is proportional to (mq/my)? and a neglect
of the quark masses would have rather disconcerting results.
All possible standard model decays of the resonances are imple-
mented, and specific decay product flavours can be chosen for
each resonance separately. Furthermore, the allowed recoiling
quark flavours ¢’ (¢”, ¢"") in the reactions g + ¢ — ¢' + W*
([q + ql — qI' + qlll+]W+ + W— — HO [+qll + quI]) can also be
chosen separately, as can the initial flavours entering the hard
scattering for any subprocess.

Table 1: Partonic Subprocesses in PYTHIA 4.7

(@) + ¢;(@) = a(@) + (@) g + &~ v+ 2°

¢+ G — gk + Gk G+ >y +WE
G+d@—g+g G+q—2°+2°
G(@)+9—a(@)+g G+q — Z°+W=

g+9— qk+dk G+GE—o-WH+Ww-

g+g—g+g %+ — HC
%+q— 2% g+g— H°
G+qg »WE Z°+2Z° — H°

9+ ai(@) — v+ @) W+ +W- — H°

9+ai(@) = Z2° + qi(@) ¢+q— H°+2°
9+a:(@) > W= +4;(g) q+q — HO +W*
G+q&—~g+q +3d — R
Gi+&—g+2° ¢+ 3 — HE
G+g o g+WE G+ & — 2°/2°/

G+q—7+y

In the production of a single resonance, the mass is cho-
sen according to the proper cross-section, i.e. the basic Breit-
Wigner shape folded with the structure functions. Since the
latter are falling with z, the high-mass tail of the resonance is
in general suppressed, whereas the low-mass tail is significantly
enhanced. Indeed, a secondary peak in the cross-section may
appear for m — 0. The minimum mass can be selected by
the user to avoid the generation of undesirable events. Decays
are into the channels allowed by the user, according to conven-
tional mass dependent branching ratios, and with the correct
angular, distribution; for the Z°/4* this means the implemen-
tation of the full interference structure and forward-backward
correlations.

Resonances produced in 2 — 2 processes are assumed to be
on mass-shell; optionally a symmetric Breit-Wigner shape may
be obtained. Further, the full Z°/~* coupling is not here imple-
mented in the production of a Z° In the decay of resonances,
the angular distribution is chosen according to the correct ma-
trix elements.® These matrix elements are of the 2 — 4 type for
the production of a pair of resonances and of the 2 — 3 type
for a single resonance recoiling against a g, a g, or a 7. Cor-
rect angular distributions are also included for the decay chain
HO — Z°Z° W+W— — 4 fermions.

It will be noted that Table 1 in addition contains some non-
standard processes, namely the production of a heavy flavour-
changing neutral boson, R, as proposed by Hou and Soni,” the
production of a charged Higgs, H *  as suggested in minimal
extensions of the standard model,® and the production of a
new electroweak gauge boson Z'°, as implied by superstring
theories.® This latter subprocess has been implemented with
the full 2°/Z°/4* interference structure included. A further
non-standard model possibility incorporated into PYTHIA 4.7
is the decay channel Z°/+* — Ht + H~. Apart from being in-
teresting reactions in their own rights, these subprocesses also
serve as examples of how other non-standard processes can be
implemented into the program by the enterprising user.
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Fig. 1. A partonic system of two colour triplets and two colour

antstriplets and the corresponding two possible colour
field topologies.

The cross-sections for all the above subprocesses are read-
ily available in the literature.”"%:1° However, since PYTHIA is
designed to set up a partonic system that can eventually be
hadronized by string fragmentation, some care needs to be ex-
ercised. As will be explained below, the string representing a
colour flux tube is spanned according to the ordering in colour
space of the coloured partons, quarks and gluons. A simple par-
tonic system consisting e.g. of two colour triplets (quarks, say)
and two colour antitriplets (antiquarks, say) already admits of
two entirely different string configurations when colour singlet
systems are to be formed (see Fig. 1). If hadrons are produced
by subsequent breakups along the strings, these different colour
field topologies translate into different final state hadron distri-
butions, which (at least in principle) should be experimentally
distinguishable. This will be true not only of string fragmen-
tation, but of any essentially longitudinal fragmentation model
that respects fundamental colour ordering, such as cluster frag-
mentation. The situation becomes event more complicated with
the introduction into the partonic system of one or more gluons
(colour octets): a given subprocess can now give rise to several
different colour field topologies with very different properties as
to the final state hadron distributions. As an example, the reac-
tion ¢+g — ¢+ ¢ which has contributions from the three Feyn-
man diagrams in Fig. 2 contains two different colour flows (Fig.
3): either from 1 to 2 to 3 to 4 (a) or from 1 to 3 to 2 to 4 (b).
These colour flows translate into the colour field configurations
of Fig. 4. {For this reaction the experimental consequences of
the two different colour field topologies have recently been stud-
ied, and an observable capable of distinguishing between them
been constructed.!!) What is needed then is the cross-section
for a specific colour configuration rather than for a specific sub-
process. In many cases these two amount to the same thing;
processes like g+ § — W=, e.g., where the final state is a colour
singlet, admit of only one colour topology (a string spanned be-
tween the remnants of the two hadrons from which the quark
and the antiquark have scattered), and the cross-section for the
colour configuration is thus identical to the cross-section for the
subprocess as a whole. As gleaned from the above, however,
this is in general not true for the pure QCD processes, and a
recipe is needed for calculating the cross-sections of the different
colour topologies. It has been shown!? that QCD processes can
be formulated in a gauge-invariant way in terms of colour flows,




for which a set of ‘Feynman rules’ can be given. Using these
rules, the amplitude for any colour flow can be written down and
contact be made with the normal Feynman diagrams by inspec-
tion of the colour content of their corresponding amplitudes. In
this fashion the desired cross-sections can be calculated; when
summed over different colour flows, the standard cross-sections
for the QCD subprocesses are regained (except for possible in-
terference terms). These calculations were carried out already
for the earliest version of PYTHIA and can be found in ref. 3,
together with the set of rules necessary for the mathematical
interpretation of colour flow diagrams. The results are fully im-
plemented in PYTHIA 4.7. (It should perhaps be noted that
although a straightforward treatment would seem to preclude
the existence of interference terms between different colour flows
belonging to the same subprocess — and consequently in some
instances lead to a different cross-section from the one obtained
by standard QCD calculations —, PYTHIA contains options
for running both with and without the inclusion of these in-
terference terms in the matrix elements. Also, in conjunction
with independent fragmentation which does not respect colour
flows, the division of the cross-section of a subprocess on differ-
ent colour topologies of course has no meaning.)
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Fig. 2. The three Feynman diagrams contributing to the process
qg+g—q+g.
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Fig. 8. The two possible colour flows of the process ¢ + g —
qt+g.
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Fig. 4. Thé two string configurations corresponding to the two
colour flows in fig. 2. 1 and 2 denote the remnants in
colour space of hadrons 1 and 2, respectively, after par-
tons 1 and 2 have scattered.

The options for structure functions include the parametri-
zations of Eichten, Hinchliffe, Lane and Quigg,'® Duke and
Owens,!® and Glick, Hoffman and Reya!? for the proton, and
Owens!® for the pion. A further possibility recently imple-
mented is the use of the structure function evolution program of
Wu-Ki Tung!® which can be run from PYTHIA at intialization.

This completes the survey of the basic 2 — 2 subprocesses.
As a demonstration of its capabilities, we show in Fig. 5 results
obtained using PYTHIA 4.7 to generate the signal (a high mass
eFu® pair) from production of a horizontal gauge boson R at
the SSC, as well as the background (from e.g. W*W~ pair
production)!7.
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Fig. 5. A plot of do/dM vs. M (where M is the invariant mass
of the lepton pair) for the leptonic decays of a hori-
zontal gauge boson R of masses 1, 5 and 10 TeV/c*.
For mp = 5 TeV/c3, effects of different types of en-
ergy smearing are plotted as dotted and dashed curves.
Also shown are the backgrounds from WW decays to ep
(solid curves; the upper corresponds to no pr cuts, the
lower to a pr cut of 200 GeV[c one and u separately),
and the Drell-Yan production of ete~, ptu™ and rtr—
(dashed curve). (Figure taken from ref. 17.)

Apart from the hard scattering subprocesses, PYTHIA 4.7
can also generate ‘genuine’ low-pr events (in addition to the
minimum bias events from multiple hard and semi-hard scat-
terings discussed below), which are treated as the exchange of
zero-energy gluons, and events with elastic as well as single and
double diffractive scattering. These latter processes have the
same general structure: ¢, the momentum transfer between the
incoming hadron and the outgoing system (a hadron or an ex-
cited state), is given by a distribution

exp(Bt + Ct?)dt, - (3)

where B is the nuclear slope parameter and C the curvature
parameter. For each diffractive system an additional factor
dM? /M? is multiplied on to give the mass M of the excited
state. The diffractive system is subsequently treated as a string
with the quantum numbers of the original hadron. Since the
exact nature of the ‘pomeron’ exchanged between the hadrons
is unknown, two alternatives are included. In the first, the




pomeron is assumed to couple to (valence) quarks, so that the
string is stretched directly between the struck quark and the
remnant diquark (antiquark) of the diffractive state. In the
second, the interaction is rather with a gluon, giving rise to
a ‘hairpin’ configuration in which the string is stretched from
a quark to a gluon and then back to a diquark (antiquark).
The total hadronic cross-section and the elastic cross-section,
as well as the nuclear slope parameter B, are calculated using
the parametrizations of Block and Cahn;!8 for the diffractive
cross-sections the ansatz of Goulianos!® is used. The curvature
parameter C is found from a simple parabola fit to the values
at different energies calculated by Block and Cahn in the Chou-
Yang model,?° incorporating also the value of C ~ 5 (GeV)—*
measured at the ISR.

Initial and Final State Radiation

The previous section dealt with hard 2 — 2 (or 2 — 1)
processes. The cross-sections for these processes are obtained
by applying lowest order perturbation theory; thus higher order
corrections are, at this point, unaccounted for. In principle
perturbations should be calculated both with respect to QCD
and QFD (SU(2) x U(1)) corrections. As an example, if the
lowest order process is ¢ +¢ — ¢ + g, then processes in the next
order include g+g — g+g+¢,9+9 = ¢+¢'+7', g+9 — g+g+7,
g+g—gq+g+2°and g+g — ¢ +¢+W=. In the same
order, there will also be loop corrections to the g +g9 — ¢ +g
matrix element; these corrections are needed in order to cancel
soft and collinear divergences in the 2 — 3 processes.

In practice, one can often neglect the QFD corrections, but
never the QCD ones. There are two reasons for the latter point:
firstly, the strong coupling constant as is large, and secondly,
by virtue of having incoming hadrons, all hard processes must
involve coloured partons. By contrast, a.m is much smaller,
and a graph like g + ¢ — g + g does not contain any charged
particles at all. The interest in QFD corrections is therefore
more process-specific: contributions from ¢ +¢ — ¢ +¢+ w=*
are negligible when seen as just another source of high-pr jets,
but not necessarily so when studying the probability of finding
a W in conjunction with extra high-pr jets. As of yet, no QFD
corrections have been included in PYTHIA, except for the well-
known shift of W and Z masses. The following will therefore
deal exclusively with QCD corrections.

By now, all graphs of order a3 have been calculated, i.e.
all 2 — 3 processes including virtual corrections to 2 — 2 ones.?
Additionally, many 2 — 4 results are available,?! but here with-
out any study of virtual corrections to the same order. Already
at present energies, events with four or more well separated
high-pr jets are legio, and most of these jets actually have (we
believe) a subjet structure that is not experimentally resolvable
but does affect properties like charged multiplicities and trans-
verse momenta. At higher energies, like the SSC, this will be
even more true. It was therefore decided to forego a matrix
element approach in favour of a parton cascade picture, where
the emission of an arbitrary number of partons is automatically
included. The price to be paid is a less accurate representa-
tion of the cross-section for well separated jets, where the result
from showers could easily deviate from the ‘true’ matrix ele-
ment answer by factors of two or more. It may be possible to
find schemes for trying to correct this discrepancy,?? but this
has not so far been carried out.

In the parton shower approach, one distinguishes between
initial state radiation and final state radiation. In general, such
a separation is not possible, because of the presence of interfer-
ence terms. However, bremsstrahlung close to the directions of

the two incoming partons (in the basic 2 — 2 process) is obvi-
ously dominated by the collinear divergences from initial state
radiation graphs, and correspondingly final state radiation dom-
inates close to the directions of the two outgoing partons. The
neglect of interference terms should therefore not be crucial in
the important regions.

Initial and final state radiation are in the following consid-
ered separately: although they share a common structure, the
details are actually quite different.

Final State Radiation

Final state parton showers are timelike: all partons have
m? > 0. The evolution is based on an iterative use of the
branchings ¢ — ¢g, ¢ — g¢g and g — qg, as given by the

Altarelli-Parisi evolution equations:23
dP,_. a 2
o-ste _ 52(1? ) / d2Py e 2). @)

Here z gives the sharing of energy (or some combination of
energy and momentum) between the daughters b and ¢, and ¢ is
the evolution parameter; usually ¢ = In(m2/A?). The Altarelli-
Parisi splitting kernels P,_;.(2) are

22
Py_ge(z) = 45114; 2
Py_.ge(2) = 6[”1;2(2]?(‘1_—_2)2& (5)

Pyagls) = 3% + (1= 2))

(where an additional factor § for identical particles should be
included when integrating Py_g4(2)).

Starting at the maximum allowed mass for parton e, ¢ may
be successively degraded until a branching occurs. The products
b and ¢ may be allowed to branch in their turn, and so on.
The parton branching is stopped when a parton mass is evolved
below some minimum value, i.e. t < tmin = In(m2;,/A?).
(Obviously, allowances have to be made for quark masses, in
particular for heavy flavours.) The probability that a parton
does not branch between some initial maximum t and ¢min is
given by the Sudakov form factor

t
Sa(t) =exp | — / dt'g—sé—fil/dzPa_.bc(z) . (6)

tmin

The probability distribution Pg(¢maz,t) that a parton e with
maximum allowed virtuality tmaz will actually obtain the vir-
tuality ¢ is then

Pa(tmas,t)dt = Sa(tmn,)% (—S—:(—t)) . )

The exact choice of z and t definition in practice plays an
important réle for the detailed nature of the parton shower
evolution. Several different algorithms are documented in the
literature.24:25:28 In particular, the Marchesini-Webber model?®
includes coherence effects?” by a suitable choice of evolution
parameter. In JETSET 6.2 two algorithms are included, one
conventional (incoherent) A la Kajantie-Pietarinen and one co-
herent & la Marchesini-Webber; in neither case do we guarantee
exact equivalence with the originals (see ref. 28 for details). In
principle, the coherent algorithm is the theoretically most re-
liable one and is obtained by default, but it is useful to have




different options available. In the upcoming JETSET 6.3 ver-
sion, the showering algorithm has been rewritten so as to obtain
or not obtain the angular ordering required by coherence with-
out affecting any other parts of the algorithm.?®

The evolution equations contain as (Q%), and thus depend
on the choice of Q2 scale. Studies of coherence effects?® suggest
that the p% of the daughters b and ¢ should be more relevant
than the more obvious choice m2. As default option we there-
fore have Q% = z(1 — z)m? =~ p%, but leave Q? = m2/4 as
another choice.

Now for some details specific to applications of final state
radiation in hadron physics. The two outgoing partons are al-
ways boosted to their CM frame and evolved there (in the coher-
ent algorithm, a special frame with 90° opening angle between
the two partons is used in intermediate steps), and in this frame
the total energy is also preserved during the shower evolution
(or afterwards, by rescaling, in the coherent option). Thus,ina
process like ¢ + g — g+ 1, if the final g acquires a mass, the pr
(and p) of the v is reduced accordingly. The maximum virtual-
ity Q2,, is by default chosen to be 4p%, with pr the scale of the
hard 2 — 2 interaction. Thus, for a 90° scattering, @2, = §,
which is the same value that is allowed e.g. in final state evo-
lution in W and Z decays. On the other hand, Q2,,, — O for
scatterings with pr — 0, event if the § of the scatterings re-
mains finite. The A value may be chosen separately, but it is
by default taken to be the same as the one given by the choice
of structure functions.

One test for the validity of the present approach is the
recent UA1 study of quark and gluon jet fragmentation func-
tions.3° Agreement between model and data is here satisfactory
(see e.g. Fig. 6).

Q uar

pA

Fig. 6. Ratio of gluon to quark fragmentation functions: UA1
data points®® compared with PYTHIA prediction, full
line.

Initial State Radiation

A fast hadron may be viewed as a cloud of quasireal par-
tons. At each instant, an individual parton can initiate a cas-
cade, branching into a number of partons. These partons do not
have enough energy to be on mass-shell, and thus only live for
a finite time before reassembling. In a hard interaction between
two incoming hadrons, when two partons scatter to high pr,
also the other partons in the two related cascades are provided
with the necessary energy to live indefinitely. For Monte Carlo
applications, it is convenient to imagine that the full spacelike
virtuality, m?® < 0, Q? ¥ —m? > 0, is carried by the two in-
teracting partons. Then the momentum transfer given by the

central 2 — 2 hard scattering subprocess is enough to ensure
that all partons of the two related cascades may end up on mass
shell.

In principle, the evolution of a cascade could be carried out
from the cascade intiating parton at a low Q? scale to the in-
coming parton at the hard interaction, i.e. forward in time.31,32
There are a number of problems associated with this approach,
which have to do with the fact that the flavour, = and Q2 values
at the hard interaction are then not known until the very end of
the evolution.3? Instead, a ‘backwards evolution’ algorithm33:34
has been developed, in which an already chosen hard scattering
forms the starting point. The evolution is then reconstructed
step by step in falling Q? sequence back towards the shower ini-
tiators. An analogue to the Sudakov form factor, eq. (6), may
be constructed as follows.

The Q? evolution of partons inside a cascade is again given
by the Altarelli-Parisi equations; if written for the structure
functions they take the form

2 (] z
dfb(dat:;t) - asz(f ) ;/ d:zi_fa(z,)t)Pa—.bc (;) . (8)

Here fi(z,t) is the structure function for flavour 4, z is the
momentum fraction carried by a parton, and P,_.pc(2) are the
splitting functions of eq. (5) (here without any symmetrization
factor % for the g — gg integral). The Altarelli-Parisi equa-
tions express the fact that during a small increase dt there is
a probability for a parton e with the momentum fraction z’ to
become resolved into a parton b at z = 2z’ and a parton ¢ at
2’ —z = (1 — z)z’. Correspondingly, during a decrease dt a
parton b may be ‘unresolved’ into a parton a. The probability
dPy for this to happen is given by dfy/fs which, using eq. (8),
becomes

dfv(z,t) as(Q?) /dz’ falz',t) z

- = |dt e litlp, 4 (Z).
v(z,1) |dt] 2 ; z' fy(z,t) a—be \ g1

. ‘ . (9)
Summing up the cumulative effect of many small changes dt,
the probability for no radiation exponentiates. Therefore one
may define a form factor

dPy

Sb(x,tmazat) =

tmasx
_ 1as (le) dz' fu(z': tl)
exp [ dt BT Zc: / da\r” /]

ra fo(z,t')

P (2)
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giving the probability that a parton b remains at = from t(,,mz
to t < tmaz. Implicit in S is also information on flavour, ¢ and
z values for the branchings that do occur (see ref. 33, 34 for
details).

The reconstruction of the kinematics of the branchings is
nontrivial. It depends, e.g., on the choice of interpretation of the
z = z/z’ splitting variable. In this work, z is defined as the ratio
of § values before and after a branching. Further, the parton ¢
in the branching @ — bc may be timelike, just like the two hard
scattered partons, and give rise to a final state shower of its own,
to be treated in the spirit of the previous subsection. Finally, the
interpretation of ¢ and Q2 is ambiguous. The standard choice
is t = In(Q?/A?) with Q2 = —m?/4, but a wide selection of
alternative definitions are available. For the phenomenology at
present energies, uncertainties in these details do not seem to be
particularly crucial for the outcome.3* Like the evolution itself,
the branchings are reconstructed with start at the hard 2 — 2
interaction, and with incoming partons along the £z axis. As




each branching a — bc is considered, the event is rotated and
boosted so that a becomes the one coming in along +2z or —2,
rather than b.

Phenomenologically, this model seems to account well e.g.
for the W/Z transverse momentum spectrum at SppSs,3* Fig. T,
and for the associated jet activity.
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Fig. 7. W transverse momentum spectra. Histograms give ez-
perimental date, UA1 full and UA2 dashed.3®

Beam Jets and Multiple Interactions

The differential cross-section for a parton-parton interac-
tion is singular for the momentum transfer £ —0(or 4 —0),
as expressed e.g. in the well-known rule of thumb that the
pr-spectrum for a parton from hard interactions should behave
roughly like dp2./p%.. The integrated cross-section of all interac-
tions with pr > P7 min, Ohard(PT min), is therefore divergent for
PT min — 0. At present collider energies, onara(pT min) becomes
comparable to the total cross-section for prmin = 1.5 GeV fe.
This need not lead to contradictions: Orard(PT min) does not
give the hadron-hadron cross-section but the parton-parton one.
Each of the two incoming hadrons may be viewed as a beam
of partons, with the possibility of several parton-parton in-
teractions when the hadrons pass through each other, so that
Ohard > Otot is perfectly allowed.

In ref. 36 it is argued that collider data indicate a sig-
nificant probability for multiple interactions at 540 GeV. This
conclusion is based on the assumption of jet universality, i.e.
that the underlying fragmentation mechanism in hadron physics
is no different from that in ete™ annihilation. With the string
drawing described above, and if at most one hard interaction per
event is allowed, the predicted multiplicity distribution is much
narrowerthan the experimental one, and forward-backward cor-
relations are almost absent.

If different parton interactions above prmin are assumed
to take place (essentially) independently of each other, one ob-
tains a Poissonian multiplicity distribution in the number of
interactions, with mean given by Ghard(PT min)/0tot, Where g0t
is the total inelastic, nondiffractive cross-section. With a vary-
ing number of interactions, the multiplicity fluctuations are in-
creased, and strong forward-backward multiplicity correlations
are introduced. Results are sensitive to the choice of prmin
value (see Fig. 8), with a reasonable description obtained for
Prmin ~ 1.6GeV/c. Forward-backward multiplicity correla-
tions, the rate of hot spots and other phenomena are also well
described with this choice.
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Fig. 8. Charged multiplicity distribution at 540 GeV : results
from UA537 vs. multiple interaction model. Dashed line:
PTmin = 2.0 GeV/e; full line: prmin = 1.6 GeV/c;
dash-dotted line: prmin = 1.2 GeV/e.

The major free parameter of the model is thus the prmin
cut-off scale. In a more realistic treatment a continuous turnover
of the cross-section is expected, still with a characteristic scale
of around 1.5 GeV. This can be understood as follows. The
cross-section for the exchange of a single gluon between two
incoming partons behaves like dp2/p4. However, an incoming
hadron consists of a collection of partons with net colour charge
zero. As smaller and smaller transverse momenta are consid-
ered, the wavelength of the exchanged gluon becomes larger and
larger, the individual colour charges are no longer resolved, and
therefore the cross-section does not increase as fast as naively
expected.

A number of details remain to be discussed. If no inter-
action takes place above prT min, it is assumed that a very soft
gg — gg interaction still takes place, so that the colour flow is
redirected. A ‘low-pr’ event then consists of two strings, in pp
collisions stretched between a diquark from one p and a quark
from the other; in pp collisions one between diquark and antidi-
quark, and one between quark and antiquark. This provides a
natural continuation to events above pr min, Where the dom-
inant one-gluon exchange processes ¢¢' — ¢q’, g¢ — qg and
g9 — gg (with g valence quarks or antiquarks) have the same
overall string drawing — in the last two processes with one or
two extra intermediate gluons.

If two strings are stretched to a baryon remnant, it re-
mains to be specified how the diquark and the quark share
the remaining energy and momentum. With z representing the
E + pr (pL = +p, longitudinal momentum) fraction taken by
the quark, a form

(1-z)?

P(x)d:c = \/—ﬁ ¥

(11)




is used. Here, ¢ = 2my/y/s = 0.6GeV/\/s gives a cut-off of
the singularity at £ = 0. The shape has been chosen in rough
agreement with the valence quark distribution, and seems to
give sensible results, but it is by no means obvious.

Similar energy sharing distributions are needed when a sea
quark is kicked out of the incoming hadron, producing a gqqq or
¢qqg colour triplet remnant. In these cases the remnant is split
into a hadron plus a remainder-jet: either a baryon plus a quark
jet, or a meson plus a diquark jet. Flavours are paired taking
into account that a sea q§ pair comes from the splitting of a
colour octet gluon so that, if one of them is kicked out, the other
should end up in the hadron split off. Simple counting rules are
used, based on the number of valence quarks in an object. Thus
the z fraction of the quark jet or meson, respectively, is given
by

P(z)dz = 2(1 — z)dz. (12)

For the generation of multiple interactions, the natural
course is to start with the hardest interaction, i.e. the one
with the highest pr, and sequentially generate further inter-
actions in falling pr order, until pr min is reached.®® In such a
scheme, it is straightforward to have the hard interaction be any
of the processes described above, with kinematics constrained
as required by the user. Alternatively, the hard interaction can
be just a normal QCD 2 — 2 process with the proper distri-
bution for minimum bias events, including a fraction of events
with no interactions at all above prmin. Further, by having
the interactions ordered, it is possible to take into account the
energy carried away by preceding interactions, by letting the
obtained from structure functions always refer to remaining en-
ergy. This may be considered as the simplest possible approach
to the complicated issue of defining simultaneous parton distri-
bution functions.

The question of string drawing, nontrivial already when
having only one hard scattering in an event, becomes even more
ambiguous when several interactions are allowed. A few possi-
bilities have been tried, with rather similar results; it is only
the simplest of these that is obtainable in the present version of
PYTHIA. Here the string drawing for the hardest interaction
is handled as described above. All subsequent interactions are
assumed to be of the gg — gg type; the full cross-section for
QCD processes is used, however. Neither initial nor final state
radiation is included. The two gluons are treated as if they were
in a colour singlet state, i.e. a double string is spanned between
them.

So far, it has been assumed that the initial state of all
hadron collisions is the same, whereas in fact each collision is
also characterized by a varying impact parameter b. A small b
value corresponds to a large overlap between the two colliding
hadrons, and hence an enhanced probability for multiple inter-
actions. This may explain the ‘pedestal effect’, i.e. that events
containing high-pr jets also show above-average activity away
from the jets. The status of these studies is described in ref.
38. The detailed description is not yet included in PYTHIA,
but a simplified approach is, in which the probability for subse-
quent interactions is increased by a factor of two if the hardest
interaction of the event has a large pr value.

Fragmentation
The task of PYTHIA is to describe the partonic processes
taking place in hadronic collisions. How these partons are trans-
formed into the experimentally measurable particles, i.e. the
process of fragmentation, is beyond its scope, at least in prin-
ciple. With the information provided, PYTHIA could be com-

bined with any well-defined fragmentation scheme. Of course,
the most natural choice is to use the Lund Monte Carlo for jet
fragmentation, JETSET version 6.2,%8 for which all the neces-
sary interfaces are incorporated into PYTHIA.

Although independent fragmentation is included as an op-
tion, the standard fragmentation scheme of JETSET is the Lund
string model.3° This model takes as its starting point the belief
that QCD is linearly confining at large distances. Now, the sim-
plest Lorentz covariant and causal implementation of a linear
potential is provided by the massless relativistic string. The
mathematical string has no transverse extent, but the physi-
cal interpretation should rather be that the string coordinates
parametrize the position of the axis of a cylindrically symmetric
colour flux tube. The true nature of this tube need not be spec-
ified, but order-of-magnitude estimates give a flux tube radius
of typical hadronic dimensions.

The endpoints of the string are associated with quarks and
antiquarks, diquarks and antidiquarks. Asa g (or §§) and a g (or
gq) move apart, the potential energy stored in the intermediate
string increases. The string may then break by the production
of a new ¢'g’ pair, so that the system splits into two colour sin-
glet subsystems ¢7’ and ¢’g. If the invariant mass in either of
these systems is large enough, further breaks may occur, and so
on until only ordinary hadrons remain. Each of these hadrons is
formed by the quark from one break and the antiquark from an
adjacent break. Included is the production of pseudoscalar and
vector mesons, and spin % and spin % baryons, most of which
are unstable and decay further. The string breaking mechanism
is understood as a tunnelling phenomenon, automatically pro-

viding a suppression of heavy flavour production and a Gaussian
transverse momentum spectrum for primary hadrons.

The various ¢'§ breaks have a spacelike separation, i.e.
they are causally disconnected. This spacelike separation im-
plies that the time ordering of the breakup vertices is Lorentz
frame dependent and hence irrelevant. It is therefore conve-
nient to introduce an iterative procedure, in which the produc-
tion closest to the ends is considered first, then the next closest
ones, etc. The fraction z of remaining E+ pr taken by a hadron
is given by the symmetric Lund fragmentation function

fla) = 1 - 2t (13)
where mq is the transverse mass of the hadron an a and b are
two parameters. In particular, this form implies that the heavier
a hadron is, the larger an E + py, fraction will it take.

In the string model, gluons correspond to energy and mo-
mentum carrying kinks on the string spanned between a ¢ and
a § end. For a ggg system, e.g., the string is stretched from the
quark via the gluon to the antiquark. Whereas a quark or anti-
quark thus has one string piece attached to it, a gluon has two,
corresponding to the double colour charge of a gluon. In e*e™
annihilation, the string and the independent fragmentation pic-
tures predict rather different event structures, in particular for
low-momentum particles. Evidence supporting the string pic-
ture was first observed by JADE, and has since been confirmed
by several other groups.*® Similar differences are predicted for
hadron physics, but are much more difficult to study experi-
mentally, and no conclusive evidence exists.

It should be noted that the free parameters of the fragmen-
tation model have been determined entirely from e*e™ data.
Comparisons with hadron physics will therefore offer immedi-
ate tests of jet universality. In the string approach, this not
only applies to high-pr jets but also to beam jets. The struc-
ture of beam jets can therefore be adjusted only by modifying




the non-fragmentation components, like the details of multiple
interactions.

Future Plans

There are two major revisions planned for the next version
of PYTHIA (5.1). The first is the inclusion of massive matrix
elements for the 2 — 2 hard subprocesses. This will remove
the need for a lower cut-off in pr of the hard scattering and
allow the user to study phenomena like charm production at
SPS energies or bottom production at SppS energies with more
confidence as to the lower end of the pr-spectrum. (At present,
a preliminary version with massive matrix elements tailored for
SPS energies exists as CHARIS and is being used by the LEBC-
EHS Collaboration for comparisons with data.?!) The second is
the expansion of the program to allow also e*e™ and ep in the
initial configuration, which means that PYTHIA will mature
into a multi-purpose program capable of handling questions in
all major branches of high-energy physics, as behooves a true
oracle.

Monte Carlo Files
The Lund Monte Carlo is available to all interested parties,
and should be possible to run on any machine with a FORTRAN

77 compiler. The latest versions of the programs are available

either on the Fermilab VAX cluster (DECNET node FNAL),

under USR$ROOT1:{V3343], or on the UCLA VAX (DECNET

node UCLA), under DRC1:(GOLLUM]. A DECNET user can

thus access the source file for PYTHIA 4.7 by copying
FNAL:USR$ROOT1:[V3343|PYTHIA47.FOR or
UCLA::DRC1:(GOLLUM.HIGHPT|PYTHIA47.FOR.

The fragmentation routines of JETSET 6.2 can be copied from
FNAL::USR$ROOT1:[V3343]JETSET62.FOR or
UCLA:DRC1:{GOLLUM.FRAGMENT]JETSET62.FOR.

A manual of the program is available on the file
FNAL::USR$ROOT1:[V3343]PYTHIA47.MAN or
UCLA::DRC1:(GOLLUM.HIGHPT|PYTHIA47.MAN.

Users who want to run PYTHIA 4.7 with the structure function

evolution program of Wu-Ki Tung should also copy the files
UCLA::DRC1:{GOLLUM.STRFUN|PYSTFU.FOR,
FNAL::USR$ROOT1:[ZAQ.PDFIIT|PSETUP 51.FOR,
FNAL::USR$ROOT1:[ZAQ.PDFIIT|PDFIT 51.FOR.
There is in addition an interactive demonstration program

available on the file
UCLA::DRC1:[GOLLUM|PYDEMO47.FOR,
which can be linked with PYTHIA 4.7 and JETSET 6.2 (and
the files for structure function evolution, if so desired) and run
to familiarize the user with some of the major options avail-
able in PYTHIA 4.7. However, this last program is tailored
for the VAX and might not work (without some slight revi-
sions) on other machines. Files are also available on the Fer-
milab Cybers, but are not updated as frequently; check file

README.LOG of user V3343 on FNAL or LUNDMC.MAN

of user GOLLUM on UCLA for further information, last up-

dates, etc.” Questions regarding the program should be sent
to DECNET address UCLA::GOLLUM or BITNET address

IUY9GOL@QUCLAMYVS (H.-U. Bengtsson, UCLA}, or BITNET

address THEP@SELDC51 (T. Sjéstrand, Lund).

Conclusion
Having ascertained the truthfulness of the Pythia, Creesus
now sent a second embassy to Delphi inquiring after the out-
come of a battle against the Persians and received the answer*?

Kpoioos “Advv Suafdc peyddny dpxiv karadioer.

|If Crasus passes over the Halys he will dissolve a great
empire.|

Taking this to mean that he would conquer, the king of all
Lydians entered into an alliance with Lacedzmones, Babyloni-
ans and Egyptians, and strengthened in confidence no less than
in manpower he crossed into Cappadocia, only to be defeated
and taken prisoner by Cyrus. When Creesus then upbraided
Apollo for having misled him, the god answered through his
medium that he had correctly predicted the destruction of a
great empire — Creesus’ own — and could not be held responsi-
ble if people chose to interpret his words after their own fashion.
The moral of this story is obvious also when applied to Monte
Carlo programs: the answers given may very well be correct,
but they demand a careful interpretation.
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