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Deep-inelastic final states in a space-time description of shower development and hadronization
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We extend a quantum kinetic approach to the description of hadronic showers in space, time, and momen-
tum space to deep-inelasticep collisions, with particular reference to experiments at DESY HERA. We follow
the history of hard scattering events back to the initial hadronic state and forward to the formation of color-
singlet prehadronic clusters and their decays into hadrons. The time evolution of the spacelike initial-state
shower and the timelike secondary partons are treated similarly, and cluster formation is treated using a spatial
criterion motivated by confinement and a nonperturbative model for hadronization. We calculate the time
evolution of particle distributions in rapidity, transverse, and longitudinal space. We also compare the trans-
verse hadronic energy flow and the distribution of observed hadronic masses with experimental data from
HERA, finding encouraging results, and discuss the background to large-rapidity-gap events. The techniques
developed in this paper may be applied in the future to more complicated processes such aseA, pp, pA, and
AA collisions.@S0556-2821~96!00721-7#
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I. INTRODUCTION

The short-distance physics of isolated hard partonic p
cesses in high-energy particle collisions is nowadays ge
ally well understood within perturbative QCD, either by ca
culating matrix elements with parton final states, or
parton shower evolution based on the QCD renormalizat
group equation. On the other hand, the long-distance dyn
ics of nonperturbative soft processes and of the confinem
mechanism in the process of final-state parton-hadron c
version is presently not calculable from first principles, an
therefore, requires phenomenological model building. N
ertheless, over the past two decades, the combination of
turbative QCD calculus and realistic modeling of the nonp
turbative physics has been developed sufficiently to prov
an impressively accurate and predictive description of a la
class of experimental observables connected with lar
momentum jets@1–3#.

However, with the advent of the DESYep collider HERA
(ep, possiblyeA) and the Fermilab Tevatron (pp̄), a new
regime of QCD athigh parton densityis opening up, with
which one is just beginning to come to grips. This regim
will be further explorable with the future accelerators, t
BNL Relativistic Heavy Ion Collider~RHIC! (AA) and
CERN Large Hadron Collider~LHC! (pp, pA, AA). The
common novel feature of these machines is the opportu
to study the production and evolution of a system of a la

*Electronic address: John.Ellis@cern.ch
†Electronic address: klaus@bnl.gov
‡Electronic address: kowalski@desy.de
540556-2821/96/54~9!/5443~20!/$10.00
ro-
er-
l-
by
ion
am-
ent
on-
d,
v-
per-
er-
ide
rge
ge-

e
e

ity
ge

number of partons per unit phase spaceDV[DrDk, which
provides a possible source for new phenomena such as n
trivial statistical particle correlations, coherence and interfe
ence effects, dissipation, and collective excitations. Ex
amples of the experimental manifestation of such phenome
are: inep (eA) collisions, an enhanced growth of the parton
distributions at small Bjorkenx @4#, as well as the observa-
tion of diffractive events with large rapidity gaps between
target and current fragmentation regions@5,6#; in eA, pA,
AA collisions, events with multiple parton scattering@7,8#,
the QCD Landau-Pomeranchuk-Migdal effect@9#, and jet
quenching@10#; in AA collisions, the possible formation of a
high-temperature, deconfined parton plasma@11#.

To quantify what we mean byhigh parton density, con-
sider the hard interaction of a probing particle with a hadro
or nucleus via a momentum transferQ@LQCD. The probe
can be, e.g., a photon~in deep-inelastic scattering! or a par-
ton ~in hadronic or nuclear collisions!. The hard interaction
probes space-time distances,r;1/Q, thereby resolving a
density of partons in the probed hadron~nucleon! or nucleus
which may be characterized by the number of quark an
gluon quanta with a definite value of rapidity,y. ln(1/x), in
the transverse plane, rqg}RN

22dNqg /dy.
RN

22 @A x fN(x,Q
2)#, where f N(x,Q

2) denotes the sum of
quark and gluon parton distributions in a nucleon,RN the
nucleon radius, andA the number of nucleons. One can dis
tinguish three regions@12#: ~i! r!1 fm, rqg!RN

22 , the
short-distance, low-density regime of perturbative QCD,~ii !
r'1 fm, the nonperturbative QCD domain of the comple
mechanism of confinement; and~iii ! r!1 fm, rqg*RN

22 , the
high-density regime where a dense parton system is prob
5443 © 1996 The American Physical Society
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at short distances, so that perturbative methods may be
plied, within a statistical approach.

There are two extreme ways to penetrate a system of
tons with large density at short space-time distances:
way is deep-inelasticep scattering (A51) at high energy in
the region of very small Bjorkenx!1. For instance, at
HERA, the extrapolation of experimental data implies 30–
gluons in a proton atx.1024 @13#. The other way is through
collisions of heavy nuclei, in which one can reach high p
ton densities at not so very high energies or smallx, due to
the large number of overlapping nucleons (A@1). This pre-
sumably can be achieved at RHIC (x'1021–1022), and
certainly at the LHC (x'1023–1024). In particular, at the
LHC both the conditions of smallx and largeA may be
combined. It is clear that the theoretical study of hig
density QCD requires the development of new methods
recruiting techniques from relativistic many-body physic
the kinetic theory of transport phenomena, renormalizat
group at finite density~and finite temperature!, etc.

The purpose of the present paper is to start looking at
physics from a space-time point of view, and to study t
dynamics of high parton densities in deep-inelasticep scat-
tering ~DIS! in the kinematical region covered by the HER
experiments ZEUS and H1. In the light of the detailed ha
ronic measurements at HERA, which provide informati
about the underlying parton and hadron dynamics, our e
phasis is the study of the interplay between perturbative p
tonic processes and nonperturbative hadron formation.
employ a kinetic space-time approach to parton-shower e
lution combined with a statistical model of parton-hadr
conversion@14# that allows us to follow the time develop
ment of the particle system in both momentum space
position space, i.e., in seven-dimensional phase sp
d3rd4k.

The space-time structure of the production and evolut
of partonic color charges and their conversion into ‘‘white
hadrons is the key problem in the dynamics of comp
multi-parton systems. In the context of high-density QC
insight into this problem is especially important, because
presence of many partons close by in phase space, gene
by the particle dynamics itself, necessarily causes the pro
gation and interaction of quanta to become nonlocal and
be correlated statistically in position space and color spa
As the system evolves, these conditions will change w
time and will, in general, depend on the local density
particles. This is to be contrasted with the famili
translation-invariant evolution of well-separated parton j
in empty space, in which case space-time correlations
absent or irrelevant, because the jets evolve undisturbed
one another. An interesting example of a deviation from u
scathed jet evolution has been conjectured to occur
e1e2 annihilation into hadrons viaW1W2 production@15#,
where the jets from the twoW’s overlap and cross talk, so
that the interplay between space-time dynamics and the c
flow of close-by partons may lead to a noticeable shift in t
experimentalW mass determination@16#.

Summarizing the above arguments, our motivation in
following is twofold.

~i! First, we would like to provide an alternative an
supplementary analysis of standard nondiffractive D
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events, in order to estimate the ‘‘background’’1 to the less
well understood diffractive, ‘‘large-rapidity-gap’’ events. To
the extent that other parton-shower models@17–22# gener-
ally describe this background well, our approach should give
the same answer, because our additional space-time inform
tion which is not contained in previous investigations should
not contradict the well-known parton evolution in momen-
tum space. On the other hand, the space-time geography
nondiffractive events may shed some light on the dynamic
of diffractive events, which presumably undergo a different
space-time development.

~ii ! Second, since our approach is, in principle, designe
to be universally applicable to high-energy collisions involv-
ing lepton, hadron, or nuclear beams, we also seeep colli-
sions at HERA as a learning ground for futureeA ~HERA?!,
pp, pA, AA ~RHIC, LHC! experiments, whose theoretical
description certainly requires knowledge of space-time evo
lution in order to resolve the complex multi-particle dynam-
ics over the expected long collision time scales.

The paper is organized as follows. In Sec. II we review
specific features of DIS at HERA, with the primary aim of
establishing our nomenclature and notation for kinematic
variables. In Sec. III we introduce the general concept of ou
model for the space-time development of the hadronic sys
tem, recalling relevant aspects of our framework of quantum
multiparticle kinetics, the treatment of the initial state, the
space-time development of the spacelike and timelike parto
showers associated with initial- and final-state radiation, an
our spatial criterion for the formation of hadronic clusters
and their subsequent decays. Section IV presents our ma
results, including the time development of the rapidity distri-
bution, inclusive hadronic spectra and transverse energ
flow. Particular attention is paid to the distribution of the
massMX of the observed hadronic final state in events with-
out large rapidity gaps, which reflects the details of our clus
ter formation mechanism and hadronization procedure.

II. SPECIFIC FEATURES OF DIS AT HERA

For the purpose of clarity and to define quantities used
subsequently, we briefly review in this section some basi
notions and kinematics, focusing on the conditions of the
ep collider HERA, where an electron beam and a proton
beam with four-momentape, p[(E,pz ,0W')e, p and

Ee527 GeV, Ep5820 GeV, As5296 GeV ~1!

collide head-on. For comparison, in the center of mass o
electron and proton, the energies areEe.Ep5148 GeV, cor-
responding to a global shift of the proton rapidity as com-
pared to Eq.~1! from uypu57.46 touypu55.75.

A. Event types

The physics at HERA may be separated in two classes o
event types, illustrated in Fig. 1, whose definitions are a
follows.

1The term ‘‘background’’ is not to be understood literally, be-
cause the contribution of diffractive events with a large rapidity gap
at HERA is of the order of 10%, which is still comparably small,
although experimentally significant@5#.
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~i! Nondiffractive events@Fig. 1~a!#: Here, the exchanged
virtual photon2 destroys the coherence of the incoming pr
ton by a hard scattering off a quark inside the proton, a
breaks up the proton into colored subsystems, which are
sentially a jet~led by the struck quark! and the proton rem-
nant system~consisting of the partons that have not take
part in the hard interaction!. This class of events is wel
described by the standard QCD hard scattering picture.

~ii ! Diffractive events@Fig. 1~b!#: This class is character-
ized by an interaction in which the proton either remai
intact or receives some small internal excitation to becom
relatively low-mass system, and in which the virtual phot
also fragments into a relatively low-mass system of particl
This leads generally to experimentally observable large
pidity gaps3 between the outgoing proton and the rest of t
produced hadronic system, which may be interpreted as
exchange of a colorless object~the ‘‘pomeron’’! between the
photon and the proton.

For the remainder of this paper we consider exclusive
the nondiffractive event-type, which is describable from fir
principles in terms of the perturbative QCD parton pictur
and for which our space-time approach in terms of photo
quark hard scattering, parton shower evolution, and part
hadron conversion, is applicable as an extension of our p
vious work on e1e2 collisions @16,23#. The diffractive
event-type will not be addressed here, since it requires s
cific model extensions which we want to avoid at this poin

2In the kinematic region investigated, contributions fromZ0 ex-
change can be neglected.
3The terms ‘‘diffractive events’’ and ‘‘large rapidity-gap events

are often used synonymously.

FIG. 1. Schematic diagram of particle production in~a! nondif-
fractive, and~b! diffractiveDIS events. Here,W is the total invari-
ant mass of the produced hadronic system,MX is the mass of the
observedfinal state in the detector, and in~b! P8 represents the
outgoing~excited! proton or low-mass nucleonic resonant state.
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B. Kinematics

The pecularities of the kinematics of DIS in general, and
of the HERA facility in particular, require a clear specifica-
tion of which Lorentz frame is chosen, an issue which is
especially important when dealing with the space-time dy-
namics. The HERA laboratory frame ([ ep lab! is the actual
experimental setup@cf. Fig. 2~a!#, in which electron and pro-
ton beams collide head-on, but with beam momenta that dif
fer by more than an order of magnitude. This is different
from the ep center-of-mass frame ([ ep c.m.s.! in which
electron and proton have equal but opposite momentum, an
which is shifted in rapidity as compared to the laboratory
frame. Most convenient for theoretical analyses, however, i
the gp center-of-mass frame ([ gp c.m.s.!, in which the
virtual photon and proton collide head-on@cf. Fig. 2~b!#.

Our convention in the following is that frame-dependent
quantities generally refer to theep lab or the ep c.m.s.
~which, as mentioned below Eq.~1!, is related to the former
by a trivial shift of the proton rapidity by 1.7 units!, whereas
Lorentz noninvariant quantities which refer to thegp c.m.s.
are marked by an asterisk. For instance,E andk' represent a
particle’s energy and the momentum transverse to th
electron-proton axis in theep system, respectively, while
E* denotes the energy in thegp c.m.s. andk'

* the momen-
tum transverse to the photon-proton axis. In either frame, w
define the negativez axis by the proton direction.

Let pe (P) denote the electron~proton! incoming mo-
menta andq the spacelike photon four-momentum, and de-
fine the standard Lorentz invariants for DIS as

s[~pe 1 P!2, Q2[2q2, x[
Q2

2P•q
, y[

P•q

P•pe
,

~2!
’’

FIG. 2. Deep-inelasticep scattering viewed in~a! the HERA
laboratory frame wheree and p collide head-on, and~b! the gp
c.m.s., whereg andp collide head-on.
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TABLE I. Examples of the kinematic relations~2! and ~3! between the Bjorken scaling variablex, the
absolute squared invariant mass of the photonQ2, and the inelasticity variabley, as well as the total invariant
massW of the hadronic system.

Q2 ‘‘Small’’ x ‘‘Large’’ x
~GeV2) 2.3331024 1.7231023 531022

4 0.20 0.027 0.0009
8 0.39 0.053 0.0018

y 14 0.69 0.093 0.0032
28 1 0.18 0.0064
54 1 0.36 0.012
110 1 0.73 0.025
4 131 48 9

W 8 185 68 12
~GeV! 14 245 90 16

28 296 127 23
54 296 177 32
110 296 253 46
-

e
d

in terms of these measured momenta, wheres is the total
invariant mass squared of theep system~1!, Q2 specifies the
invariant mass of the photon, andx, y are the usual dimen-
sionless Bjorken variables, commonly termed the ‘‘scalin
variable’’ and the ‘‘inelasticity parameter,’’ respectively.
From these definitions, one finds forQ2@Mp

2 that

Q2'x y s, W2[~P 1 q!2' Q2
12x

x
, ~3!

whereW is the invariant mass of the hadronic system, whic
equals the total c.m. energy in thegp c.m.s. Table I famil-
iarizes the kinematic relations among variablesx, Q2, y, and
W2 with some numerical examples. Figure 3 presents sch
matically the phase-space regime spanned by these variab
and emphasizes the region in thex-Q2 plane which is experi-
mentally investigated at HERA. The region of former fixed
target experiments is also indicated, corresponding
y,0.01 andQ2&100 GeV2.

For the purpose of relating the kinematic conditions in th
ep lab to the experimental observables measured or calc
lated in thegp c.m.s., we need the Lorentz transformation o
the particle four-vectorspm andpm* . For instance, the four-
momenta of the incoming proton and photon, and of th
incoming and outgoing~struck! quark, respectively, are in
theep lab @Fig. 2~a!# given by

P5~Ep ,0,0,2Ep!,

q5S yEe2 Q2

4Ee
,2A~12y!Q2,0,2yEe2

Q2

4Ee
D ,

pq5~x Ep,0,0,x Ep!,

kq5S yEe1 ~12y!Q2

4yEe
,2A~12y!Q2,0,2yEe

1
~12y!Q2

4yEe
D , ~4!
g

h

e-
les,

-
to

e
u-
f

e

whereQ@Mp is assumed. On the other hand, in the prefer
ablegp c.m.s.@Fig. 2~b!#, the corresponding momenta are

P*5
2yEeEp

A4yEeEp2Q2
~1,0,0,1!,

q*5
2yEeEp

A4yEeEp2Q2 S 12
Q2

2yEeEp
,0,0,21D ,

pq*5xP* ,

kq*5
2yEeEp

A4yEeEp2Q2 S 12
Q2

4yEeEp
,0,0, 211

Q2

4yEeEp
D .
~5!

The invariant differential cross section for nondiffractive
events with a hard photon scattering is the convolution of th
elementary photon-quark cross section with the quark an
antiquark densities in the struck proton,

ds

dxdy
5 (

i

dŝ i

dxdy
ei
2 x f i~x,Q

2!, ~6!

where the indexi labels the quark and antiquark flavors, with
ei and f i(x,Q

2) denoting the corresponding electric charges
and ~anti!quark distributions of the proton. The associated
elementary cross sectionsdŝ i are given to lowest order~i.e.,
before any QCD radiation! by

dŝ i

dxdy
5
2paem

2 ei
2

yQ2 H ~11~12y!2!1
4p' prim

2

Q2 ~12y!

2
4p' prim

Q
~22y! cos~f!1

4p' prim
2

Q2

3~12y!cos~2f!J , ~7!
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wherepW' prim5p' prim(cosf,sinf) is the intrinsic transverse
momentum of the primary, initial quark or antiquark due
the Fermi motion of the partons inside the proton. Intuitive
one expects the value ofp' prim to be of the order of the
inverse proton radius, and it is, in fact, determined expe
mentally in hadronic collisions as well as in DIS to be'
400–450 MeV@25#.

III. THE MODEL

A. General concept

The central element in our approach is the use of Q
transport theory@26# and quantum field kinetics@23# to fol-
low the evolution of a generally mixed multiparticle syste
of partons and hadrons in seven-dimensional phase s
d3rd3kdk0. We include both the perturbative QCD parto
cascade development@26–29#, and the phenomenologica
parton-hadron conversion model which we have propo
previously in Refs.@14,16#, in which we consider dynamica
parton-cluster formation as a local, statistical process
depends on the spatial separation and color of near
neighbor partons, followed by the decay of clusters into h
rons. In contrast with the commonly used momentum-sp
description, in our approach we trace the microscopic hist
of the dynamically evolving particle system in space-tim
andmomentum space, so that the correlations of parton
space, time, and color can be taken into account for both
perturbative cascade evolution and the nonperturbative h
ronization. We emphasize that one strength of this appro
lies in the possible extension of its applicability to the col
sion dynamics of complicated multiparticle systems, as
eA, pA, andAA collisions, for which a causal time evolutio
in position space and momentum space is essential.

The model contains three main building blocks which g
nerically embody high-energy collisions involving lepton

FIG. 3. Contour plot in thex-Q2 plane of the mass of the pro
duced hadronic systemW and the inelasticity variabley for
As5296 GeV at HERA. The approximate region of previous fixe
target experiments is indicated by the shaded area atx*1022.
~From Ref.@24#.!
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hadrons, or nuclei in colliders~for DIS ep collisions, the
model components are illustrated in Fig. 4!: ~a! the initial
state associated with the incoming collision partners~the
beam particles!, in particular the phenomenological construc-
tion of the hadron~nucleus! in terms of quark and gluon
phase-space distributions;~b! the parton cascade develop-
ment with mutual- and self-interactions of the system of
quarks and gluons consisting of both the materialized partons
from parton showers, and the spectator partons belonging to
the remnants of the collided beam particles;~c! thehadroni-
zationof the evolving system in terms of parton coalescence
to color-neutral clusters as a local, statistical process that
depends on the spatial separation and color of nearest-
neighbor partons, followed by the decay of clusters into had-
rons according to the density of final hadron states.

Such a pragmatical division, which assumes complex in-
terference between the different physics regimes to be neg-
ligible, is possible if the respective dynamical scales are such
that the short-range hard interaction, with its associated per-
turbative parton evolution, and the nonperturbative mecha-
nism of hadron formation occur on well-separated space-
time scales. For DIS, this condition of validity requires
min(W2,Q2)>Lc

22@LQCD
2 , meaning that the characteristic

mass scale for thegp hard scattering and parton shower
development (W2, Q2, or a combination of the two! is larger
than the inverse ‘‘confinement length scale’’Lc;1 fm sepa-
rating perturbative and nonperturbative domains. Specifi-
cally, for DIS, it is apparent from Eq.~3! that in the small-
x regime probed at HERA (1024&x&1023), one has
60&W&300 GeV for 10<Q2<300 GeV2, so that the above
requirement is well satisfied. We emphasize, however, that in
our model the interplay between perturbative and nonpertur-
bative regimes is controlled locally by the space-time evolu-
tion of the mixed parton-hadron system itself, rather than by
an arbitrary global division between parton and hadron de-
grees of freedom.

We now turn to the specific case of DIS, and in the fol-
lowing subsections we will discuss the above components in
more detail.

B. Framework of quantum kinetics for multiparticle dynamics

From quantum kinetic theory, one can obtain a space-time
description of multiparticle systems in high-energy QCD
processes, as has been discussed formally in Ref.@23#. Ap-
plied to the concept of our model, as outlined in Sec. III A,
this framework allows us to express the time evolution of the
mixed system of incoherent partons, composite clusters, and
physical hadrons in terms of a closed set of integro-
differential equations for the local phase-space densities of
the different particle excitations. The definition of these
phase-space densities~‘‘Wigner densities’’!, denoted by
Fa , wherea[p,c,h labels the species of partons, prehad-
ronic clusters, or hadrons, respectively, is

Fa~r ,k! [ Fa~ t,rW;E,kW ! 5
dNa~ t !

d3rd3kdE
, ~8!

wherek25E22kW 2 can be off or on mass shell. The densities
~8! measure the number of particles of typea at time t with
position in rW1drW, momentum inkW1dkW , and energy in

-

d-
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FIG. 4. Schematics of the components of our model for DIS: The highly Lorentz-contracted incoming proton with its initial-state pa
configuration evolves from the remote pastt5t,0, and is struck by the photon att50. This hard interaction picks a quark out of the
proton’s parton cloud, thereby triggering initial-state~spacelike! and final-state~timelike! parton showers. With increasing timet→1`, the
partons evolve by further radiation, whereas the remnant proton propagates on as a coherent remainder. In the process of hadroniz
produced partons may coalesce to colorless clusters if they are nearest neighbors in space-time, whereas the virtual partons of th
remnant combine with a color-neutralizing parton to form a massive beam cluster. Both ‘‘parton clusters’’ and the ‘‘beam clust
subsequently, convert into primary hadrons that subsequently decay to low-mass final-state particles.
e-
s

e

n

E1dE ~or equivalently, invariant mass ink21dk2). The
Fa are the quantum analogues of the classical phase-sp
distributions, and contain the essential microscopic inform
tion required for a statistical description of the time evolutio
of a many-particle system in complete phase space, ther
providing the basis for calculating macroscopic observab
in the framework of relativistic kinetic theory.

The Wigner densities~8! are determined by the self
consistent solutions of a set of transport equations~in space-
time! coupled with renormalization-group-type equations~in
momentum space!. Referring to Refs.@16,14,23# for details,
we remark that these equations can be generically expre
as convolutions of the densities of radiating or interacti
particlesFb with specific cross sectionsÎ j for the processes
j , yielding the following closed set of balance equations f
the space-time development of the densities of partonsFp ,
clustersFc , and hadronsFh ,

k•] rFp~r ,k!5Fp8+ Î ~p8→pp9!2Fp+ Î ~p→p8p9!

2Fp Fp8+ Î ~pp8→c!, ~9!

k•] rFc~r ,k!5Fp Fp8+ Î ~pp8→c!2Fc+ Î ~c→h!, ~10!

k•] rFh~r ,k!5Fc+ Î ~c→h!, ~11!

where k•] r[km]/]rm. We remark that Eq.~9! implicitly
embodies the momentum-space (k2) evolution of partons
through the renormalization of the phase-space densi
Fp , determined by their changek2]Fp(r ,k)/]k

2 with re-
spect to a variation of the mass~virtuality! scalek2 in the
ace
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n
eby
les

-

ssed
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usual QCD evolution framework@27,28#.4 Each of the terms
on the right-hand side of Eqs.~9!–~11! corresponds to one of
the following categories~cf. Fig. 4!: ~i! parton multiplication
through radiative emission processes on the perturbative
level, ~ii ! colorless cluster formation through parton recom-
bination depending on the local color and spatial configura-
tion, and~iii ! hadron formation through decays of the cluster
excitations into final-state hadrons. Each convolutionF+ Î of
the density of particlesF entering a particular vertexÎ in-
cludes a sum over contributing subprocesses, and a phas
space integration weighted with the associated subproces
probability distribution of the squared amplitude.

The Eqs.~9!–~11! reflect a probabilistic interpretation of
QCD evolution in space-time and momentum space in terms
of sequentially ordered interaction processesj , in which the
rate of change of the particle distributionsFa (a5p,c,h) in
a phase-space elementd3rd4k is governed by the balance of
gain ~1! and loss (2) terms. The left-hand side describes
free propagation of a quantum of speciesa, whereas on the
right-hand side the interaction kernelsÎ are integral operators
that incorporate the effects of the particles’ self and mutual
interactions. This quasiclassical, probabilistic character of
high-energy particles is essentially an effect of time dilation,
because in any frame where the particles move close to th

4For prehadronic clusters and hadrons, we assume renormalizatio
effects to be comparatively small, so that their mass fluctuations
Dk2/k2 can be ignored to first approximation, implying
k2]Fc(r ,k)/]k

25k2]Fh(r ,k)/]k
250.
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speed of light, the associated wave packets are highly lo
ized to short space-time extent, so that long-distance qu
tum interference effects are generally very small.

C. Scheme of solution and choice of Lorentz frame

In the above kinetic approximation@23# to the multipar-
ticle dynamics, the probabilistic character of the evoluti
Eqs. ~9!–~11! allows one to solve for the Wigner densitie
Fa(r ,k) by simulating the dynamical development as a Ma
kovian process causally in time. Because it is an initial-va
problem, one must specify some physically appropriate
tial conditionFa(t0,rW,k) at starting timet0, such that all the
dynamics prior to this point is effectively embodied in th
initial form of Fa . The set of kinetic equations~9!–~11! can
then be solved in terms of the evolution of the Wigner de
sitiesFa for t.t0 using Monte Carlo methods to simulat
the time development of the mixed system of partons, cl
ters, and hadrons in position and momentum space@16,26#.

In the next subsections we explain in more detail the d
ferent components for the case of DIS, namely, the initi
state ansatz, parton-shower development, and parton-ha
conversion. The overallconcept of the simulationis illus-
trated in Fig. 4 and can be summarized as follows: given
initial state of the photon and the proton disassembled i
its parton content, the hard interaction of the photon with o
of the quarks occurs at timet50. Specifying the initial state
at some earlier timet0,0, and with the hard scattering var
ables chosen from the cross section, the phase-space d
bution of particles att50 can be calculated and then evolve
in small time steps forward, until stable final-state hadro
are left as freely streaming particles. The size of time step
chosen asDt;1023 fm, so that an optimal resolution of th
particle dynamics in space and energy momentum
achieved. The partons propagate along classical trajecto
until they interact, i.e., decay~branching process! or recom-
bine ~cluster formation!. Similarly, the clusters so formed
travel along classical paths until they convert into hadro
~cluster decay!. The corresponding probabilities and tim
scales of interactions are sampled stochastically from the
evant probability distributions in the kernelsÎ of Eqs. ~9!–
~11!.

It is clear that the description of particle evolution
Lorentz-frame dependent, and a suitable reference fra
must be chosen~not necessarily the laboratory frame!. When
computing Lorentz-invariant quantities, such as cross s
tions or final-state hadron spectra, the particular choice
irrelevant, whereas for noninvariant observables, such as
ergy distibutions or space-time-dependent quantities,
must at the end transform from the arbitrarily chosen fra
of theoretical description to the actual frame of measu
ment. Furthermore, at HERA even experimental analyses
often carried out in thegp c.m.s.~5!, rather than theep lab
~4!. For our purposes, it is most convenient to choose
overall center-of-mass frame of the colliding electron a
proton, theep c.m.s., as the global frame with respect
which the evolution of the collision system is followed.5 Re-

5However, to make contact with the HERA experiments, most
our results will be discussed later in thegp c.m.s. rather than the
ep c.m.s., unless specified otherwise.
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call our convention that theep collision axis defines thez
axis, with the electron~proton! moving in the positive~nega-
tive! z direction. The incoming four-momentape andP in-
volve, therefore, no transverse components, and are6

pe5S s1me
22Mp

2

2As
, 0, 0, 1Pc.m.D '

As
2

~1, 0, 0, 1!,

P5S s2me
21Mp

2

2As
, 0, 0, 2Pc.m.D '

As
2

~1, 0, 0,21!,

~12!

wherePc.m.5As2(me1Mp)
2As2(me2Mp)

2/(2As) is the
ep c.m. momentum.

D. Initial state

The incoming electron is considered as a pointlike objec
carrying the full beam energy, meaning that we neglect an
QED or QCD substructure of the electron, as well as initial
state photon radiation by the electron. We assume that t
electron emits the virtual photon of invariant mass
Q252q2 at time t52Q21, so thatt50 characterizes the
point when the photon hits the incoming proton, as is de
picted in Fig. 4.

The incoming proton, on the other hand, is decompose
into its parton substructure by phenomenological construc
tion of the momentum and spatial distributions of its daugh
ter partons on the basis of the experimentally measured pr
ton structure functions and elastic proton form factor. Here
it is important to distinguish between the scalesQ2 andQ0

2

~cf. Fig. 4!: The hard scattering scaleQ252q2 is set by the
momentum transferq between electron and proton and de-
termines the parton structure as seen by the virtualg after
the initial-state radiation of the struck quark. The initial-
resolution scaleQ0

2, on the other hand, determines how de-
tailed the parton phase-space density in the proton would b
resolvedbefore the initial-state radiation. Hence, in accord
with Eq. ~8!, we introduce the initial parton phase-space dis
tribution Fa

(0)(r ,p) as the number density of partons in a
phase-space elementd3rd3pdE at timet5t0 within the pro-
ton at an initial resolution scaleQ0

251 GeV2. We assume
the factorized form

Fa
~0!~r ,p![Fa~r ,p!u t5t0 ,u p2u.Q

0
2

5Pa~pW ,PW ;Q0
2!+Ra~pW ,rW,RW !u t5t0

. ~13!

The right-hand sidePa+Ra is a convolution of an initial-
momentum distributionPa and a spatial distributionRa ,
with the subscripta5g,qi ,q̄i labeling the parton species
~gluons or ~anti!quarks of flavori51, . . . ,nf). The four-
vectorsp[pm5(E,pW ) andr[rm5(t,rW) refer to the partons,
whereasPW 5(0,0,2Pc.m.) andRW [0W refer to the initial three-
momentum and the position of the parent proton att5t0 in

of
6We emphasize that in our calculations we use exact kinematic

and take into account proton, electron, and quark masses.
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the ep c.m.s. The partons’ energiesE5ApW 22Q0
2 take into

account initial-spacelike virtualitiesp2,0, which reflects the
fact that before the collision the partons are confined ins
the parent proton and cannot be treated as free parti
~meaning that they do not have enough energy to be on m
shell, but are spacelike off shell!. The initial momentum dis-
tribution is taken as

Pa~pW ,PW ;Q0
2!5S x

x̃
D f a~x,Q0

2! g~pW'! dS Pz 2
As
2 D d2~PW'!.

~14!

Here,x and x̃ are the partons’ longitudinal momentum an
energy fractions, respectively,

x5
pz
Pz

, x̃5
E

Ep
5Ax21

p'
22Q0

2

Ep
2 ~15!

and the functionsf a(x,Q0
2) are the usual~measured! quark

and gluon structure functions of the proton,7 which specify
the longitudinal momentum distribution, wherea
the transverse momentum distribution g(pW')5
(2pp0

2)21exp@2pW'
2/p0

2# takes into account the uncertainty o
the transverse momentum~‘‘Fermi motion’’ ! due to the fact
that the initial partons are confined within the proton. T
latter is inferred from experimental analyses@25#, with
p050.42 GeV, corresponding to the mean primordial tran
verse parton momentum̂upW'u&. The normalization is such
that

(
a
E
0

1

dxx fa~x,Q0
2!51, E

0

`

d2p'g~pW'!51, ~16!

(
a
E dp2

d3p

~2p!3~2E!
EPa~pW ,PW ;Q0

2![n~P,Q0
2!,

~17!

wheren(P,Q0
2) has dimension 1/volume and gives the tot

number density of partons in the proton with momentu
P, when resolved at the scaleQ0

2. Finally, we impose the
constraint that the total invariant mass of the partons equ
the proton massMp :

S (
j
Ej D 22S (

j
pxj D 2S (

j
pyj D 22S (

j
pzj D 25Mp

2,

~18!

where the summationj51, . . . ,n(P,Q2) runs over all par-
tons resolved atQ2, as constrained by Eqs.~16! and ~17!.
With the partons’ three-momenta determined from the dis
butions inx andpW' , the requirement~18! fixes the relation
between energy and momentum by assigning to each pa
an initial-spacelike virtuality such thatp25E22pW 2,0. With
this prescription, the resulting distribution inp2 is approxi-

7We use the Glu¨ck-Reya-Vogt~GRV! structure function param-
etrization @29#, which describes quite accurately the HERA da
even at lowQ2 and very smallx.
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mately Gaussian with a mean value ofA^p2&'500 MeV,
i.e., the typical initial virtuality of the partons is about
Q0/2.

E. Parton-cascade development

With the above construction of the initial state in terms of
the incoming electron and photon, and the parton cloud of
the proton, the dynamical development of the system can
now be traced according to the kinetic Eqs.~9!–~11!, starting
from t50. In our statistical picture, the initial-state parton
ensemble represents a particular fluctuation of the proton
wave function that has developed betweent5t0.Q0

21,0
and timet50, at which the photon with resolutionQ2 picks
according to the cross section~6!, a quark with specific fla-
vor and momentump5xP out of the incoming parton cloud,
while the other partons are viewed as unaffected by the
short-rangegq interaction. Consequently, as illustrated in
Fig. 4, the early stage of the time evolution is characterized
by two different physics elements:~a! the parton showers
initiated by the quark that is struck out of the original proton
wave function through the momentum transfer from the vir-
tual photon, and~b! the propagation of the remnant system
consisting of the other initial partons, that remain spectators
of the hard process and form the coherent remnant of the
original proton.

For the parton shower development we employ the well-
established jet calculus@30,31# based on the ‘‘modified lead-
ing logarithmic approximation’’~MLLA ! to the QCD evolu-
tion of hard processes@27,28#. A parton shower then reduces
to a strictly ordered sequence of elementary branchings
q→qg, g→gg, g→qq̄, which can be described stochasti-
cally as a Markov cascade in position and momentum space.
We distinguish initial-state,spacelikebranchings of the se-
lected quark before it reaches thegq vertex, and final-state,
timelike radiation off the struck quark after the hardgq in-
teraction@22,32#.8 The separation into two ‘‘hemispheres’’
divided by thegq vertex is illustated in Fig. 5: it refers to
both the chronological order along the real time axis and to
the order of emission vertices in momentum space. The ini-
tial quark that is picked out by the photon evolves from the
remote pastt5t0,0 towards the hard interaction by sequen-
tial branchingspj→pj111pj118 , in each of which one of the
daughters continues with increasing spacelike virtuality
upj11

2 u.upj
2u ~where pj

2 ,pj11
2 ,0), while the other one ac-

quires a timelike virtualitypj118 2 .0 and may develop a
timelike shower of its own. The spacelike shower is conse-
quently characterized by increasing virtualitiesupj

2u,upj11
2 u ,

decreasing energies, and increasing opening angles, as th
quark approaches the hard vertex att50 with upn

2u'Q2.
Once the evolved quark has been struck by the photon, the
momentum transfer provides the outgoing quark with enough
energy momentum to become a real excitation att50 and to
obtain a timelike virtualitykm

2'Q2. This materialized quark
initiates now a shower of sequential timelike branchings

a

8This separation implies the neglect of interference between the
initial- and final-state showers, a common conceptual defect that is
approximately cured by matching on to the lowest-orderO(as)
matrix element.
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FIG. 5. Schematic diagram of the probabilistic parton evolution in the MLLA framework~solid lines are quarks, curly lines are gluons!.
The initial-state quark with spacelike virtuality2p0

2'Q0
2 evolves fromt5t0 forward in time and toward the hardgq vertex by successively

increasing its off-shellness up to2pn
2'Q2, when it is struck by the photon att50. The outgoing quark is provided by the momentum

transfer with a timelike virtualitykm
2'Q2, and radiates off its excitation by successive gluon radiation until it starts to hadronize b

coalescence with another parton, at which point the shower terminates naturally.
km→km211km218 in which both daughters are timelike~i.e.,
km21
2 ,km218 2 .0) with decreasing virtualitieskm21

2 ,km
2 de-

creasing energies, and decreasing opening angles.
branching chain continues into the remote future until i
terminated by the hadronization, which we model as the c
lescence of neighboring partons in a cascade, followed
conversion to hadrons~Sec. III F below!.

The specific feature of our approach is that, in addition
the definite virtuality and momentum, each elementary v
tex has a certain space and time position which is obta
by assuming that the partons in the shower propagate
straight-line trajectories in between the branchings. In
MLLA framework, the basic properties of both spacelike a
timelike showers are determined by the Dokshitzer-Grib
Lipatov-Altarelli-Parisi ~DGLAP! equations@33#, but with
essential differences in time ordering, kinematics, and
treatment of infrared singularities associated with soft glu
emission.

1. Spacelike parton shower

As mentioned above and depicted in Fig. 5, the space
cascade starts at some timet5t0.2Q0

21 before the actua
hard scattering att50, with the initiating parton of virtuality
up0

2u.Q0
25Mp

2 embodied in the parton cloud of the incomin
proton, and proceeds up top2[pn

2.2Q2 at the hard vertex
set by the spacelike photon virtuality. The emitted partons
the side branches, on the other hand, are not connecte
rectly with thegq vertex, but evolve independently as tim
like quanta. In the cascade sequence both collinear and
coherent branchings are properly included@34#, if the devel-
opment of the chain is described in terms of ‘‘angul
ordering’’ variables~rather than the virtualitiespj

2),
The
t is
oa-
by

to
er-
ined
on

the
nd
ov-

the
on

like
l

g

on
d di-
e-
soft

ar-

p̃ j
2[Ej

2z j11, z j115
p0•pj118

E0Ej118
.12cosu0,j11

~0< j<n!, ~19!

wherepj5(Ej ,pW j ) andpj118 5(Ej118 ,pW j118 ) are assigned as
in Fig. 5 for thej th branchingpj→pj11pj118 . The spacelike
cascade is then strictly ordered in the variablep̃ j11

2 . p̃ j
2

which is equivalent to the ordering of emission angles,
Eju0,j118,Ej11u0,j128.

Because the presence of the external hard interaction at
t50 andQ2 sets a physical boundary condition on the kine-
matical evolution of the cascade, it is technically advanta-
geous to reconstruct the cascade backwards in time starting
from t50 at the hard vertexQ2 and trace the history of the
struck quark back toQ0

2 at t5t0. The method used here is a
space-time generalization of the ‘‘backward evolution
scheme’’ @32,35#. To sketch the procedure, consider the
spacelike branchingpn21→pnpn8 which is closest to thegq
vertex in Fig. 5. The virtualities satisfy@31# upn

2u.upn21
2 u,

andpn
2 ,pn21

2 ,0 ~spacelike! but pn8
2.0 ~timelike!. The rela-

tive probability for this branching to occur betweenp̃ 2 and
p̃ 21dp̃ 2 is given by

dPn21, n
~S! ~xn21 ,xn ,p̃

2; Dt !

5
dp̃ 2

p̃ 2

dz

z

as„~12z! p̃ 2
…

2p
gn-1→nn8~z!

3S F~r n21 ;xn21 ,p̃
2!

F~r n ;xn ,p̃
2!

D T ~S!~Dt !, ~20!
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wherexj5(pj )z /Pz ( j5n,n21) are the fractions of longi-
tudinal proton momentum Pz , with
F(r j ;xj ,p̃

2)[F(r j ,pj ) the corresponding parton distriibu-
tions introduced before, and the variables

z5
En

En21
.

xn
xn21

, 12z5
En8

En21
.
xn212xn
xn21

~21!

specify the fractional energy or longitudinal momentum o
partonn and n8, respectively, taken away fromn21. The
function as /(2p p̃ 2) g(z) is the usual DGLAP branching
probability in the MLLA, with g(z) giving the energy dis-
tribution in the variablez. The last factor in Eq.~20! deter-
mines the time interval in theep c.m.s.,Dt5tn2tn21, that is
associated with the branching processn21→nn8. We take
here simply

T ~S!~Dt !5dS xn2xn21

upn
2u

Pz2Dt D , ~22!

which accounts for the formation time ofn by its mother
n21 on the basis of the uncertainty principle
Dt5DE/upn

2u, DE.(xn2xn21)Pz .
The ‘‘backwards evolution’’ of the spacelike branchin

pn21→pn1pn8 is expressed in terms of the probability tha
parton (n21) did not branch between the lower boundp̃ 0

2,
given by the initial resolution scaleQ0

2, andp̃ 2. In that case,
partonn cannot originate from this branching, but must hav
been produced otherwise or already been present in the
tial parton distributions. This nonbranching probability i
given by theSudakov form factor for spacelike branchings:

Sn~xn ,p̃
2,p̃ 0

2 ; Dt !5expH 2 (
a

E
p̃0
2

p̃2 E
z2~ p̃8!

z1~ p̃8!
dPn, n21

~S!

3~xn ,z,p̃ 82; Dt !J , ~23!

where the sum runs over the possible speciesa5g,q,q̄ of
partonn21. The upper limit of thep̃ 2 integration is set by
p̃ 2&Q2, associated with the scattering vertex of quarkn
with the photon in Fig. 5. The limitsz6 are determined by
kinematics@34#: z2( p̃)5Q0 / p̃ and z1( p̃)512Q0 / p̃. The
knowledge ofSn(xn ,p̃

2,Q0
2) is enough to trace the evolution

of the branching closest to the hard vertex backwards fro
pn
2 at t5tn[0 to pn21

2 at tn2152xn /upn
2uPz . The next pre-

ceding branchingspn22→pn21pn218 , etc., are then recon-
structed in exactly the same manner with the replaceme
tn→tn21, xn→xn21, pn

2→pn21
2 and so forth, until the initial

point p0
2 at t052Q0

21 is reached.

2. Timelike parton shower

Timelike cascades are initiated by the secondary parto
i.e., those that emerge from the side branches of the initi
state radiation from the scattering quark beforet50, as well
as those that are produced by final-state emission from
scattered quark aftert50. Consider the timelike cascade in
Fig. 5 that is initiated by the outgoing quark of momentum
k[km emerging from the hard vertex att50 and off shell by
an amountk2[km

2 &Q2.
f
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Again, an angular-ordered~rather than virtuality-ordered!
time evolution of the cascade is employed to incorporate
interference effects of soft gluons emitted along the tree in
Fig. 5. In contrast with~19!, the timelike version of the an-
gular evolution variable is@36#

k̃ j
2[Ej

2j j21, j j21 5
pj21•pj218

Ej21Ej218
. 12cosu~ j21!,~ j21!8

~m> j>1! ~24!

so that the timelike cascade can be described by
k̃2-ordered~rather thank2-ordered! evolution, which corre-
sponds to an angular ordering with decreasing emissio
anglesu j , j 8.u ( j21),(j21)8.

Proceeding analogously to the spacelike case@cf. Eq.
~20!#, the probabilitydPm, m21

(T) for the first branching after
thegq vertex,km→km21km218 with km21

2 ,km2182 , is given by
the space-time extension@23,26# of the usual DGLAP prob-
ability distribution @33#,

dPm, m21
~T! ~z,k̃2; Dt ! 5

dk̃2

k̃2
dz

as~k2!

2p
gm→~m21!,~m21!8~z!

3T ~T!~Dt ! , ~25!

whereT (T)(Dt) is the probability that partonm with virtu-
ality km

2 and corresponding proper lifetimetm}1/Akm2 de-
cays within a time intervalDt:

T ~T!~Dt !512expS 2
Dt

tm~k! D . ~26!

The actual lifetime of the decaying partonm in theep c.m.s.
is then tm(k)5g/tm(k), where tq(k)'3E/(2ask

2) for
quarks andtg(k)'E/(2ask

2) for gluons@8#. As before,F j
denotes the local density of parton speciesj5m,m21, and
as /(2pj)g(z) is the DGLAP branching kernel with energy
distributiong(z). The probability~25! is formulated in terms
of the energy fractions carried by the daughter partons,

z5
Em21

Em
, 12z5

Em218

Em
, ~27!

with the virtuality km of the quarkm related toz and j
through km

2 5km1

2 1km218 2 12Em
2 z(12z)j, and the argument

k2 in the running couplingas in Eq. ~25! is @34#
k252z2(12z)2Em

2 j.k'
2 .

The branching probability~25! determines the distribution
of emitted partons in both coordinate and momentum space
because the knowledge of four-momentum and lifetime~or
Dt between successive branchings! gives the spatial posi-
tions of the partons, if they are assumed to propagate o
straight paths between the vertices. The probability that par
ton m doesnot branch betweenk̃2 and a minimum value
k̃0
2[m0

2 is given by the exponentiation of Eq.~25!, yielding
theSudakov form factor for timelike branchings:
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Tm~ k̃2,k̃0
2 ; Dt !5expH 2 E

k̃0
2

k̃2 (
a

E
z2~ k̃8!

z1~ k̃8!
dPm, m21

~T!

3~z,k̃82; Dt !J , ~28!

which is summed over the speciesa5g,q,q̄ of parton
m21. The integration limitsk̃0

2 and z6 are determined by
the requirement that the branching must terminate when
partons enter the nonperturbative regime and begin to h
ronize. As we discuss later, this condition can be para
etrized by the confinement length scaleLc;1 fm with
k̃0
2*Lc

22[m0
2 andz1( k̃m)512z2( k̃m)5m0 /A4k̃m2 , so that

for z1( k̃0
2)5z2( k̃0

2)51/2 the phase space for the branchin
vanishes.

The Sudakov form factor~28! determines the four-
momenta and positions of the partons of a particular em
sion vertex as we sketched above for the first branching,
subsequent branchings are described completely analogo
by replacingtm→tm21, xm→xm21, km

2→km21
2 , etc. Hence,

T( k̃2,k̃0
2 ; Dt) generates the timelike cascade as sequen

branchings starting fromt50 at the hard vertex forward in
time, until the partons eventually hadronize as discussed
low.

F. Cluster formation and hadronization

Both the cluster formation from the collection of quark
and gluons at the end of the perturbative phase and the
sequent cluster decay into final hadrons consist of two co
ponents:~i! the recombination of thesecondary timelike par-
tons, their conversion into colorlessparton clusters,and the
subsequent decay into secondary hadrons;~ii ! the recombi-
nation of theprimary spacelike partonsthat remained spec-
tators throughout the collision development intobeam clus-
tersand the fragmentation of these clusters.

The important assumption here is that the process of h
ron formation depends only on the local space-, time-, a
color-structure of the parton system, so that the hadron
tion mechanism can be modeled as the formation of col
singlet clusters of partons as independent entities~prehad-
rons!, which subsequently decay into hadrons. This conc
is reminiscent of the ‘‘preconfinement’’ property@37# of par-
ton evolution, which is the tendency of the produced parto
to arrange themselves in color-singlet clusters with limit
extension in both position and momentum space, so that
suggestive to suppose that these clusters are the basic
out of which hadrons form.

1. Cluster formation

a. Parton clusters.Parton clusters are formed from sec
ondary partons, i.e., those that have been produced by
hard interaction and the parton-shower development. T
coalescence of these secondary partons to color-neutral c
ters has been discussed in detail in Refs.@14,16#, so that we
confine ourselves here to the essential points. Throughout
dynamically-evolving parton-shower development, we co
sider every parton and its nearest spatial neighbor as a
tential candidate for a two-parton cluster, which, if colo
neutral, plays the role of a ‘‘preconfined’’ excitation in th
the
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process of hadronization. Within each single time step, the
probability for parton-cluster conversion is determined for
each nearest-neighbor pair by the requirement that the tota
color charge of the two partons must give a composite color-
singlet state, and the condition that their relative spatial dis-
tanceL exceeds the critical confinement length scaleLc . We
defineL as the Lorentz-invariant distanceLi j between parton
i and its nearest neighborj :

L~r i ,r j !5Li j[min~D i1 , . . . ,D i j , . . . ,D in!, ~29!

whereD i j[Ar i jmr i j ,m, r i j5r i2r j , and the probability for the
coalescence of the two partonsi , j to form a cluster is mod-
eled by a distribution of the form

P i j→c}@12 exp~2DFLi j !# . 12expS L02Li j
Lc2Li j

D
if L0,Li j<Lc , ~30!

and 0~1! if Li j,L0 (Li j.Lc). Here,DF is the local change
in the free energy of the system that is associated with the
conversion of the partons to clusters, and the second expres
sion on the right side is our parametrization in terms of
L050.6 fm andLc50.8 fm that define the transition regime.
As we studied in Ref.@16#, the aforementioned color con-
straint, that only colorless two-parton configurations may
produce a cluster, can be incorporated by allowing coales-
cence for any pair of color charges, as determined by the
space-time separationLi j and the probability~30!, however,
accompanied by the additional emission of a gluon or quark
that carries away any unbalanced net color in the case tha
the two coalescing partons are not in a colorless configura-
tion.

b. Beam clusters.The remaining fraction of the longitudi-
nal momentum and energy that has not been redirected an
harnessed by the interaction with the photon is carried by the
primary partons of the initial proton, which remained spec-
tators throughout. In our approach these partons maintain
their originally assigned momenta and their spacelike virtu-
alities. Representing the beam remnant, they may be pictured
as the coherent relics of the original proton wave function.
Therefore, the primary virtual partons must be treated differ-
ently than the secondary partons which are real excitations
that contribute incoherently to the hadron yield. In theep
c.m.s. the primary partons are grouped together to form a
massive beam cluster with its four-momentum given by the
sum of the parton momenta and its position given by the
three-vector mean of the partons’ positions.

2. Hadronization of clusters

a. Parton clusters.For the decay of each parton cluster
into final-state hadrons, we employ the scheme presented in
Refs.@14,16,38#: If a cluster is too light to decay into a pair
of hadrons, it is taken to represent the lightest single meson
that corresponds to its partonic constituents. Otherwise, the
cluster decays isotropically in its rest frame into a pair of
hadrons, either mesons or baryons, whose combined quan
tum numbers correspond to its partonic constituents. The
corresponding decay probability is chosen to be
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Pc→h5Tc~Ec ,mc
2! NE

mh

mcdm

m3 expS 2
m

m0
D , ~31!

whereN is a normalization factor, and the integrand is
Hagedorn spectrum@39# that parametrizes quite well the den
sity of accessible hadronic states belowmc which are listed
in the particle data tables, andm05mp . In analogy to Eq.
~26!, Tc is a lifetime factor giving the probability that a clus
ter of massmc

2 decays within a time intervalDt in the global
frame, here theep c.m.s.,

Tc~Ec ,mc
2!512expS 2

Dt

tc~Ec ,mc
2! D , ~32!

with the Lorentz-boosted lifetimetc5gctc.Ec /mc
2 . In this

scheme, a particular cluster decay mode is obtained from
~31! by summing over all possible decay channels, weight
with the appropriate spin, flavor, and phase-space facto
and then choosing the actual decay mode according to
relative probabilities of the channels.

b. Beam clusters.The fragmentation of the beam cluste
containing the spectator partons mimics in our model what
commonly termed the ‘‘soft underlying event,’’ namely, th
emergence of those final-state hadrons that are associ
with the nonperturbative physics which underlies the pertu
batively accessible dynamics of the hard interaction wi
parton-shower fragmentation.

In the spirit of Ref.@34#, we employ a~suitably modified
for our purposes! version of the soft hadron production
model of the UA5 Collaboration@40#, which is based on a
parametrization of the CERNpp̄ collider data for minimum-
bias hadronic collisions. The parameters involved in th
model are set to give a good agreement with those data.

We view soft hadron production as a universal mech
nism @41# that is common to all high-energy collisions tha
involve beam hadrons in the initial state, and that depen
essentially on the total energy momentum of the fragmenti
final-state beam remnant. Accordingly, we assume that
fragmentation of the final-state beam cluster depends so
on its invariant massM , and that it produces a charged
particle multiplicity with a binomial distribution@40#,

P~n!5
G~n1k!

n!G~k!

~ n̄/k!n

~11n̄/k!n1k
, ~33!

where the mean charged multiplicityn̄[n̄(M2) and the pa-
rameterk[k(M2) depends on the invariant cluster mass9

according to the particle data parametrization@40#,

n̄~M2!510.68~M2!0.11529.5,
~34!

k~M2!50.029ln~M2!20.064.

9Notice that in our modelM fluctuates statistically, as a result o
fluctuations of the initial-state parton configuration in the proto
and the variation of the hard scattering variablesx andQ2. Hence,
the distribution~33! and the mean multiplicity~34! vary from event
to event. This is in contrast with the original UA5 model, in whic
the fixed beam energyAs/2 controls the energy dependence of so
hadron production.
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Adopting the scheme of Marchesini and Webber@34#, the
fragmentation of a beam cluster of massM proceeds then as
follows: First, a particle multiplicityn is chosen from Eq.
~33!, and the actual charged, particle multiplicity is taken to
ben plus the modulus of the beam cluster charge. Next, th
beam cluster is split into subclusters (q1q̄2),(q2q̄3), . . . ,
(qi5u,d), which are subsequently hadronized in the beam
cluster rest frame, in the same way as the parton cluste
described in the preceding subsection. To determine the su
cluster momenta, we assume a mass distribution

P~M !5c~M21!exp@2a~M21!#, ~35!

with c a normalization constant anda52 GeV21, resulting
in average value of̂M &'1.5 GeV. The transverse momenta
are taken from the distibution

P~p'!5c8p'exp@2bAp'
21M2#, ~36!

with normalizationc8 and slope parameterb53 GeV21,
and the rapiditiesy are drawn from a simple flat distribution
P(y)} const with an extent of 0.6 units and Gaussian tails
with 1 unit standard deviation at the ends. Finally, all had-
ronization products of the subclusters are boosted from th
rest frame of the original beam cluster back into the globa
frame, i.e., theep c.m.s.

IV. MODEL RESULTS FOR NONDIFFRACTIVE DIS
AT HERA

A. Characteristic evolution of small-x vs large-x
scattering events

The kinematics of DIS has very different consequences i
the small-x and large-x regime, as we shall discuss now
within our model. Specifically, we distinguish here and in the
following the two distinct regimes

‘‘small’’ x: 1.731024<x<2.331023

~37!
‘‘large’’ x: x.531023,

where the small-x regime is the typical range probed at
HERA, and part of the large-x range (x*531022) corre-
sponds to previous fixed-target experiments~cf. Fig. 3!.
Table I provides the corresponding massW of the hadronic
system~equal to the total hadronic energy in thegp c.m.s.!,
where the small-x regime is the HERA range which we pri-
marily focus on in the following.

Figure 6 illustrates vividly the differences between the
small-x ~left panel! and large-x ~right panel! kinematics for
typical HERA values ofQ258/14/28 GeV2. The top plots
show the associated probability distributions for the occur
rence of a particular massW of the hadronic system pro-
duced by the hard interaction in the specifiedQ2 and x
range. As could be expected, the differences between the tw
x domains are striking: not only the shape, but also the mea
values of the distributions are very distinct~note the different
scales of theW axis!. The most probableW values lie be-
tween 100–200 GeV~small x) and between 10–20 GeV
~largex). The plots in the middle show theW dependence of
the total hadron multiplicity calculated within our model.
The shape of the curves is again rather different, which is
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direct consequence of the probability distribution inW, and
the phase space available for a givenW. On the other hand,
the total numbers of produced hadrons (Nh.35–40! in
events around the most probableW are very similar. The
bottom plots show the corresponding mean values of the
xF52pz /W, with pz in theep c.m.s. along the beam axis in
the opposite direction to the incoming proton, i.e., the frac-
tional longitudinal momentum carried by the final-state had-
rons which emerge from the parton shower and fragmenta
tion of the struck quark jet. Again, theW dependences of
^xF& are very different in the small-x and large-x regimes,
with the typicalxF ranges 0.03&^xF&&0.13 and^xF&*0.5,
respectively.

The distinct characters of small-x and large-x DIS events
in the kinematic regimes discussed above are accompanie
by different space-time evolution patterns of the particles in
position and momentum space. As explained in Sec. III, our
approach allows us to follow the time rate of change of the

p
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t
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p
C
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f
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FIG. 6. Characteristic differences in global properties between
‘‘small’’- x ~left panel! and ‘‘large’’-x DIS events~right panel!, as
defined in Eq.~37!. The two ranges refer to the values of Bjorken
x of the quark struck by the photon with selectedQ2. The small-x
range is typical for the kinematics of HERA experiments, whereas
the large-x regime corresponds to the phase-space region probed b
previous fixed-target experiments. Compared are~a! the probability
distributions for the production of a hadronic system of massW
~top!, ~b! the correspondingW dependence of the total hadron mul-
tiplicity Nh ~middle!, and ~c! the resulting mean values of
xF52pz /W, with pz in the ep c.m.s. along the beam axis in the
opposite direction to the incoming proton.
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article densities and associated spectra. Figure 7 exhibit
he time evolution of the rapidity (y) distribution, and the
article distributions in longitudinal (z) and transverse (r')
irection with respect to theep c.m.s., our chosen global
rame of description. The left~right! panel corresponds to
mall-x ~large-x) events with fixedQ2528 GeV2. In each
lot the three curves correspond to times 0.4/12/20 fm/c af-
er the photon-quark scattering, and each curve includesall
articles~partons and formed hadrons!, which are actively
resent in the mixed particle system at the specified times
omparing the time development of the spectradN/dy spec-
ra for small-x and large-x events, one observes that in the
ormer event-type most particles are produced at central ra
idities uyu<1, with a shift toward the proton side~negative
y), while in the latter event class this region is least popu-
ated. Related to that, thedN/dz distributions show a much

y

FIG. 7. Characteristic differences in the space-time evolution
attern of ‘‘small’’-x ~left panel! and ‘‘large’’-x DIS events for DIS
vents atQ2528 GeV ~in correspondence with Fig. 6!. Compared
t three different timest50.4/12/20 fm/c are~a! the rapidity distri-
utiondN/dy ~top!, ~b! the particle distribution along theep beam
xis, dN/dz, and ~c! the particle distribution perpendicular to the
eam axis, 1/NdN/dr' . Note that the distributions include all par-
icle species~partons and hadrons! present in the system at the
uoted given times. However, they distributions only count the
econdary particles and exclude the primary partons of the origina
roton, beacuse their rapidity is not well defined, whereas thez and

' spectra include also those primary partons.
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larger particle production along the beam axis aroundz50
fm for small-x than that for large-x events. From the
1/NdN/dr'

2 distribution one can see that for small-x scatter-
ing the diffusion of the expanding particle system in th
transverse direction is faster than that in the large-x events,
an effect that arises from the transverse pressure of the la
number of produced particles in the central region.

B. Inclusive hadron spectra inxF , pT*
and the ŠpT*

2
‹ dependence

The study of particle multiplicities and momentum distr
butions of the hadronic final state at HERA provides sen
tive information about both the QCD processes at the par
level and the properties of hadron formation. An excelle
recent review can be found in Ref.@42#. One of the attractive
features of the HERA experiments is the production of
large-mass hadronic final state withW. 100–250 GeV~an
order of magnitude larger than those in previous fixed-tar
experiments!. The conjecture is, therefore, that the influen
of the nonperturbative QCD effects is less important a
that, in the spirit of ‘‘local parton-hadron duality’’@43#, the
observed hadronic final state reflects more the dynamics
the partonic processes.

Particularly sensitive measures of the parton level dyna
ics are thexF andp'

* distributions, as well as thêp'
* 2& of

produced charged hadrons, as measured in thegp c.m.s.~5!,
where the Feynman variablexF52pi* /W andp'

* character-
ize the momentum components of hadrons parallel and tra
verse to the photon direction. At large values ofW ~small
values of Bjorkenx), these observables are sensitive to ha
multigluon radiation. This feature is evident in Fig. 8, whe
we plot our model results for thexF andp'

* spectra and the
dependence of̂ p'

* 2&, for three typical HERA values
Q258/14/28 GeV2 and the small-x regime defined by Eq.
~37!. Also shown are the corresponding measured distri
tions for Q2528 GeV2 from ZEUS @24#, with which the
calculated dashed-dotted curves (Q2528 GeV2) agree rea-
sonably well. All three distributions have a specific form du
to QCD gluon emission on the parton level which cannot
explained by the naive ‘‘quark-parton model’’~QPM! which
accounts only for the lowest-order photon-quark scatter
and omits all higher-order QCD radiation. For compariso
the QPM results are plotted as thin curves.

The xF distributions ~top! show steep exponential de
creases abovexF'0.05–0.1 and an enhanced particle yie
below that value. Note that the QPM, i.e., the leading-ord
Born scattering alone, gives a slightly shallower decrea
The effect of the higher-order radiative processes is, ho
ever, very prominent in thep'

* spectra~middle! integrated
over xF>0.05, which show a power-law dependence due
multigluon emission and a significant contribution of ha
gluons with transverse momenta*3 GeV ~large, in view of
AQ25 3–5 GeV!. This result is in vivid contrast with the
corresponding QPM result, which hardly gives any tran
verse momenta*1 GeV. The mean square ofp'

* , ^p'
* 2&

~bottom! is particularly sensitive to the tail of the distributio
and exhibits half of a ‘‘sea-gull’’ shape for positive values o
xF . The rise of̂ p'

* 2& with increasingxF is due to the lead-
ing hadron effect, which can be understood as follows:
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If

zh denotes the fraction of momentum the initially struck
quark transferred to a hadron,

^p'
* 2&5zh~^p'

* 2&prim1^p'
* 2&sec! 1 ^p'

* 2& frag, ~38!

wherep'prim* is the primordial transverse momentum of the
quark to which the photon couples@cf. Eq. ~7!#, p' sec is the
secondary contribution from QCD radiation, andp' frag de-
notes the additional transverse momentum produced in th
fragmentation and hadron formation process, which is in th
average about 0.45 GeV and almost independent ofW and
Q2. From Eq.~38! one sees that the leading hadrons at large
xF , which carry higher fractional momentumzh , also carry
a higher fraction of the actual parton transverse momentum
~primary plus secondary!. This explains qualitatively the
‘‘sea-gull’’ shape and the rise of thêp'

* 2& of hadrons as a
function of xF . Furthermore, one observes that the more
gluons with relatively large transverse momentum are radi
ated, the larger the contribution to^p'

* 2&sec, and hence the
stronger is the effect. In the QPM with no QCD radiation at

FIG. 8. Model results for differential charged hadron multiplici-
ties with respect to thegp c.m.s. as a function ofxF and p'

* for
xF.0.05, as well aŝp'

* 2& as a function ofxF . We compare results
for the small-x regime ~37! at typical HERA values of
Q258/14/28 GeV2. The data points are measured distributions
from ZEUS @43# for Q2528 GeV2, and the thin solid curves rep-
resent the corresponding expectations of the ‘‘naive’’ quark parton
model ~QPM!.
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all, the total̂ p'
* 2& is, therefore, a factor of 5–10 smaller an

has only a weakxF dependence.
In Fig. 9 theW andQ2 dependences of the mean squar

p'
* of hadrons is shown for two intervals 0.1,xF,0.2 and

0.2,xF,0.4, and compared with data obtained by the ZEU
Collaboration. The agreement with the data is fairly good
the Q2 dependence, whereas it is less clear for the dep
dence onW. The ^p'

* 2& depends strongly on bothW ~for
fixedQ2528 GeV2) andQ2 ~for fixedW5120 GeV!. It is
worth noting that in previous fixed-target experiments
lower energies thêp'

* 2& is generally much smaller, depend
ing only weakly onW ~however, at much smallerW values!,
and essentially flat inQ2.

We remark that the new class of diffractive events with
large rapidity gap is measured@24# to have very different
p'
* spectrum and̂p'

* 2& from the nondiffractive events tha
we have just discussed. The particle distribution inp'

* of
diffractive events falls much steeper and resembles clos
the QPM curve in the middle plot of Fig. 8. The mean valu
^p'
* 2& are smaller by a factor of 2–5, and lie just slight

above the QPM curve in the bottom plot of Fig. 8. Th
indicates that diffractive events resemble in a way D
events with very little QCD radiation, consistent with th
common interpretation that the photon couples in the
events to the proton via a colorless intermediate state wh
does not fragment by multiparton emission.

FIG. 9. Model results for theW dependence for fixedQ25 28
GeV2 and theQ2 dependence for fixedW5 120 GeV of the mean
squared transverse momentum of charged hadrons^p'

* 2&. The plots
refer to thegp c.m.s. and separate the two intervals 0.1,xF,0.2
and 0.2,xF,0.4. The data points are from the ZEUS experime
@43#.
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C. Transverse energy flow

Whereas the inclusivexF and p' distributions of pro-
duced hadrons are sensitive to the multijet structure due t
hard-gluon radiation as discussed above, the analysis of in
clusive hadron distributions in terms of the global energy
flow extends to classes of events which cannot be identifie
unambiguously asn-jet events. According to the idea of ‘‘lo-
cal parton-hadron duality’’@43#, the pattern of overall distri-
bution of energy among the partons in an event determine
the energy flow observed in the hadronic spectrum. The en
ergy flow dE'

* /dh* , and similarly the particle flow
dNh /dh* , are commonly studied as a function of pseudora
pidity h* in the hadronic center-of-mass system, i.e., the
gp c.m.s., where

h*52 lnS tanu*2 D 5 lnS E*1pi*

p'
* D , E'

*5AE* 21p'
* 2,

~39!

with u* ,pi* ,p'
* defined with respect to the photon direction.

In Fig. 10 we show model results for the distribution of

nt

FIG. 10. Hadron distributions in thegp c.m.s. as a function of
pseudorapidityh* and of transverse energyE'

* , as well as the
E'
* flow vs pseudorapidity. The model results refer to

Q258/14/28 GeV2 and 2.331024<x<1.731023 corresponding
toW.60/90/130 GeV.
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hadrons inh* , E'
* , and as well as in theE'

* flow. As before,
we chooseQ258/14/28 GeV2 for the small-x regime
2.331024<x<1.731023 corresponding toW. 60/90/130
GeV ~cf. Table I!. The plotted distributions reflect the typica
event geography that one expects already from QPM cons
erations. Recall that in the QPM, with the neglect of highe
order QCD corrections, the struck quark and the proton re
nant system each carry an energyW/2 in thegp c.m.s. and
move back to back with rapidities6ymax* }6 lnW/mp . The
fragmentation of the two receding charges fills the interm
diate pseudorapidity region with hadrons.10 The width of the
hadron distribution in the final state is proportional to lnW,
while its height is approximately independent ofW. The
width of the quark jet and the proton fragmentation regio
bounded by6hmax* is typically about 2 units, corresponding
to thexF rangeuxFu.0.05. Hence, at high values ofW ~small
x), the pseudorapidity range populated by hadrons can
divided in three regions:~i! the current jet region from
(hmax* 22) tohmax* ~ii ! theproton fragmentation regionfrom
(2hmax* 12) to2hmax* , and~iii ! a central plateau regionin
between.

The pseudorapidity distributiondNh /dh* ~Fig. 10, top!,
as calculated in our model, shows a distorted version of t
naive QPM picture due to the higher-order QCD radiatio
effects. The spectrum is asymmetric and the central plate
is rising from the proton fragmentation region to the curre
jet region, rather than being flat. Particularly different from
the QPM is the behavior in the current jet regionh**3,
which shows a clear increase withQ2 of both the height and
the width of this part of the hadron distribution, an effect o
the jet broadening due to gluon radiation off the struc
quark.

The transverse energy distributiondNh /dE'
* ~Fig. 10,

middle! is naturally similar to thep'
* spectrum discussed

before ~cf. Fig. 8!. It again exhibits a power-law behavior
that is characteristic for gluon emission with significantp'

* a
feature which becomes more prominent with increasingQ2,
because of the enlarged phase space and extended dur
of parton-shower activity before hadronization.

The hadronic energy flowdE'
* /dh* ~Fig. 10, bottom!

mirrors the distribution of energy and transverse momentu
among the final-state particles in a similar way to the pse
dorapidity distribution discussed above. The characteris
features are: first, a central plateau with a slight dip and
height almost independent ofQ2, second, an increase with
Q2 of energy deposit in the current jet region aroun
h*'3, resulting from radiation of the timelike shower of th
quark after the hard scattering, and third, a similar thou
much less significant increase withQ2 of the activity around
h*'25 in the proton fragmentation region due to radiatio
from the spacelike shower before the hard interaction, whi
is going along the proton direction and opposite to the tim
like radiation.

In Fig. 11 thex ~or equivalently,W) dependence of the
E'
* flow in the current jet hemisphere in thegp c.m.s. is

investigated for fixedQ2528 GeV. We plotdE'
* /dh* for

10For the purposes of this discussion, we will now neglect th
difference between rapidityy and pseudorapidityh.
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three different x ranges with average values
^x&53.731023/1.531023/7.231024, corresponding to
W.78/137/197 GeV. Also depicted are the data points of
the measured distributions from the ZEUS collaboration
@44#. Although the model slightly underestimates the data
aroundh*50, qualitative conclusions that may be drawn
are: first, the height of the plateaulike region forh*&1.5 is
rather independent ofx, and second, with decreasing^x&
~from top to bottom! the peak around the current jet moves
visibly towards larger rapidities, withhpeak* .2.4/2.8/3.2, re-
spectively, while the height of the peak appears to be stable

D. Mass distributions of the observed hadronic final state

As mentioned in the introduction, a new class of DIS
events is observed at HERA in the experiments by ZEUS@5#
and H1 @6#, events which are characterized by a large-
rapidity gap~LRG! between the proton and the rest of the
hadronic final state that is measured in the detector. Th
properties of these events indicate a diffractive production
mechanism via exchange of a coherent colorless object be
tween the photon and the proton@cf. Fig. 1~b!#, accompanied
by a suppression of QCD radiative processes, which are, a
we discussed, so prominent in nondiffractive events@cf. Fig.
e

FIG. 11. Thex (W) dependence of theE'
* flow on the current

jet side in the gp c.m.s. at Q2528 GeV and for
^x&53.731023/1.531023/7.231024, corresponding to
W.78/137/197 GeV. The experimental data are from ZEUS@44#.
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1~a!# with no rapidity gap~NRG!. Because in the experimen
both diffractive LRG and nondiffractive NRG events ar
mixed ~with a relative contribution of' 5–10 % from LRG
events!, the determination of the diffractive cross section r
quires the detailed knowledge and subtraction of the non
fractive contribution.

A method to separate diffractive and nondiffractive co
tributions suggested by ZEUS@45# uses the massMX of the
hadronic systemX that is measured in the detector, where

MX
2[H S (

j
Ej D 22S (

j
pxj D

2S (
j
pyj D 22S (

j
pzj D 2J

detector

,W2, ~40!

includesall observed particles except the outgoing electro
Because of the finite resolution and geometric acceptanc
the detector,MX is naturally smaller than the total invarian
massW, with the event fluctuations giving rise to a distribu
tion in MX . The remarkable feature of the distributions
MX

2 and lnMX
2 is that they exhibit very different behavior fo

the two event-types and are sensitive measures of the e
structures. In this context, we investigate in the following t
MX spectrum of purely nondiffractive NRG events and i
Q2 andx ~or W) dependences, so as to provide an estim
of the nondiffractive contribution underlying the diffractiv
LRG component.

Let us briefly summarize the state of knowledge in ord
to set the stage. As illustrated in Fig. 1~b!, in diffractive
scattering the outgoing proton or low-mass nucleonic syst
remains colorless and escapes through the forward be
hole, while the systemX from the dissociation of the photon
is, in general, almost fully contained in the detector. Diffra
tive dissociation prefers smallMX values (lnMX

2&4) with an
event distribution of the form@45#

dNdiff

dlnMX
2 5aS 1

MX
2 D n, ~41!

where at high energy one expectsn'0 @41#, approximately
independent of the totalgp c.m. energyW.

On the other hand, innondiffractiveevents the incident
proton is broken up and the remnant of the proton is a c
ored object with the struck quark taking away the net col
As we discussed before, this results in a substantial amo
of initial- and final-state radiation followed by hadron forma
tion between the directions of the proton and the current
@cf., Fig. 1~a!#. From perturbative QCD arguments, as well
simple phase-space considerations, one expects@45# that the
associated event distributions are peaked at largeMX values
(lnMX

2' 5–10! with an exponential falloff towards smalle
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masses,11

dNnondiff

dlnMX
2 5cexp~b lnMX

2 !, ~42!

wherec is a constant. The slopeb is the parameter of inter-
est: on the parton level it can be shown to be determined b
the QCD Sudakov form factor and thus the probability for
gluon emission. In our model for parton-hadron conversion
it is, therefore, closely related to the probability for cluster
formation and hadron production.

In Fig. 12 we show the nondiffractive event distributions
in MX ~top! and lnMX

2 ~bottom!. The plots compare calcula-
tions with the fixed valuesQ25 8/14/28 GeV2, normalized
to the total number of events, and within the nominal kine-
matic acceptance of the ZEUS detector,23.8<h<4.3. The
distribution 1/NdN/dMX (N[Nnondiff) in the top part of the
figure exhibits a clearQ2 dependence in both the position of
the peak and the extension of the tail towards largeMX val-
ues. The mean valueŝ MX&578/93/105 GeV for
Q258/14/28 GeV2. The properties of the distributions are
most evident when studied as a function of lnMX

2 as in the

11Another salient feature of the lnMX
2 distribution is an observed

scaling in lnMX
22lnW2 @45#, implying that the position of the high-

mass peak in lnMX
2 grows proportional to lnW2, and the slope of the

exponential fall off to small lnMX
2 values is approximately indepen-

dent ofW.

FIG. 12. Comparison of normalized event distributions inMX

~top! and lnMX
2 ~bottom! at Q258/14/28 GeV2, and for

2.331024<x<1.731023, with 23.8<h<4.3.
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bottom part where 1/NdN/dlnMX
2 is shown for the same pa

rameters. In this representation the mass peak exhibi
steep exponential fall off towards smallerMX

2 values. The
associated slope exhibits no significant dependence onQ2

and comes out asb50.9560.1, when compared with the
form ~42! as indicated by the straight line in the plot. On th
other hand, an experimental data analysis by ZEUS@45#
yields a steeper slope, namely,bexpt51.4660.15. The dis-
crepancy betweenbexpt andb can have various reasons ass
ciated with experimental effects that we did not attempt
simulate or correct for, e.g., detector acceptance or other
fects, such as energy loss of particles in the calorimeter. S
effects may affect the value ofb. However, the fact that both
b andbexpt come out to be universally constant supports t
conjecture that the difference between the values ofb and
bexpt is due to global effects that are missing in our calcu
tions.

In Fig. 13 we investigate theW dependence of the lnMX
2

distribution atQ2514 GeV, plotting our results for three
distinct intervals of the totalgp c.m. energyW. One ob-
serves that the slope is the same in all threeW ranges, and
hence, appears to be independent ofW as well asQ2. The
position of the peak, however, is shifted to larger values
W is increased, as in the previous figure whenQ2 is in-
creased. Also shown in Fig. 13 are the corresponding m
sured distributions measured by ZEUS@45#, with which our
model calculations agree reasonably well for the largeMX

range, lnMX
2* 4–6, but which show an additional compone

FIG. 13. Model results for theW dependence of the lnMX
2 dis-

tribution atQ2514 GeV for threeW intervals, compared with the
corresponding measured distributions from ZEUS@45#.
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at small values lnMX
2&4. This latter is due to the diffractive

~LRG! contribution, which evidently has a plateaulike~rather
than exponential! shape, in agreement with the expectation
~41!. The comparison between the data points and our mod
results exhibits two important conclusions. First, the diffrac
tive component cannot at all be explained by the standa
QCD parton-shower evolution plus hadronzation model o
nondiffractive events: in fact, it is completely absent therein
Second, the diffractive and nondiffractive contributions ap
pear to be sharply separated when studied with respect to t
variable lnMX

2 and allow one to subtract cleanly from the
measured data sample the nondiffractive part, as calculat
using this or other QCD parton-shower models.

Finally, we would like to comment on the difference be-
tween the value ofb calculated within our model, as com-
pared to other parton-shower models@18,20,21#, which use
the string fragmentation approach@46# to hadron formation
from the final-state parton ensemble. As investigated in Re
@45#, the latter give a value ofb.2, i.e., about twice as large
as in our model. We believe that this difference arises from
differences in modeling the parton-hadron transition, i.e
string fragmentation vs cluster formation and decay,12 as we
now discuss in more detail.

Let us first recall some general features of hadron distr
butions and correlations within the Mueller approach@47#,
where they are related by unitarity to appropriate absorptiv
parts of forward multiparticle scattering amplitudes. In the
beam fragmentation region, which is relevant to this discus
sion, asymptotic properties of the single- and multiparticle
distributions are controlled by Regge singularities. In par
ticular, the asymptotic value of the single-particle density i
controlled by the pomeron, with subasymptotic correction
and finite-range multiparticle correlations controlled by sub
leading Regge singularities. These give, in particular, loca
two-particle correlations with a correlation length
Dy51/Da, whereDa is the difference between the inter-
cepts att50 of the pomeron and the next subleading trajec
tories, commonly believed to be ther and degenerate trajec-
tories withDa.1/2, yieldingDy.2. Thep trajectory with
Da.1 would yield shorter-range correlations withDy.1.
These subleading trajectories would also yield subasymptot
corrections to theMX distribution:b.2Da, corresponding
to b.1(2) for the r(p) trajectories, with the tail corre-
sponding to rapidity-gap events corresponding to pomero
exchange withb.0.

With these points in mind, we now recall aspects of par
ticle production according to the Lund string fragmentation
model @46#, as compared to our approach. In the forme
model, the string is chopped at an ordered sequence of poin
along the rapidity axis, with separations chosen randomly b
with a mean valuedy.1. The string bits then hadronize
independently, with resonance decays resulting in a correl
tion length Dy.dy.1. The adjacency in rapidity of the
Lund fragmentation model clearly results in the minimum
possible correlation lengthDy, and hence, effectively to the

12The preceding parton-shower stage is essentially the same in o
and other models@17#, with our additional space-time information
becoming relevant during cluster formation and hadronization.
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largest possibleDa. Thus, it is no surprise to find that simu
lations based on this model yield a relatively high value
b.2, corresponding to thep trajectory in the Mueller lan-
guage. On the other hand, in our space-time approach,
prehadronic clusters are formed by adjacent pairs of part
in position space, which are not necessarily the closest
rapidity space. This point is reflected in Fig. 14, where w
see that the separation in rapidity between partons that c
bine to form a cluster is typicallydy.2, approximately a
factor 2 larger than that in the Lund model. We, therefo
expect in our model thatDy.2, corresponding toDa.1/2
andb.1 as we found above.

To the extent that the experimental value ofb exceeds
unity, it may be that our space-time approach deviates too
from the adjacency in rapidity of the Lund string fragment
tion model, and the truth may well lie somewhere in b
tween, corresponding in the Mueller approach perhaps t
combination of ther andp trajectories. One way to test thi
would be to measure experimentally the rapidity correlati
length, and compare it directly with the predictions of va
ous models. An interesting issue to watch will be wheth
b and the effective two-particle correlation length depend
Q2 or W2. The naive Mueller Regge described above h
been derived for incident hadrons, and may require mod
cation at largeQ2.

V. SUMMARY

We have presented in this paper the application to DIS
HERA of a model for the quantum kinetics of multiparticl
production that includes the space-time development of

FIG. 14. Top: Population of rapidityy* in the gp c.m.s. of
prehadronic clusters formed from coalesced parton pairs in the
rent jet region. Bottom: Distribution in relative rapidity
dy*5y1*2y2* of parton pairs making up the clusters. The thin fu
line represents a constant rapidity separationdy*51 and serves as
reference to the discussion in the text.
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parton shower, cluster formation, and hadronization. Com-
pared with our previous work, novel features include track-
ing back to the initial proton the development of the space-
like parton-shower prior to its interaction with the virtual
photon radiated by the electron. Our procedure tracks in
space and time the emission and evolution during this devel-
opment of timelike secondary partons, as well as the specta-
tor partons in the proton beam fragment.13 As in our previous
work, the coalescence of partons to form prehadronic clus-
ters is determined statistically by a spatial criterion moti-
vated by confinement and a simple nonperturbative model
for hadronization.

Our space-time approach has enabled us to map the his
tory of the particle densities and associated spectra, including
the rapidity, longitudinal, and transverse distributions of par-
ticles. These hard results may be compared with intuitive
pictures of the space-time development of hadronic final
states in DIS. They will also form the basis for the subse-
quent extension of our approach to shadowing and other in-
teresting effects ineA scattering.

We have also explored in our model inclusive hadron
spectra inxF and pT , and the transverse energy flow. Al-
though our model reproduces the general features of the ob-
served pattern in energy flow, it shares with other simula-
tions the tendency to undershoot the data aroundh*50.
However, the discrepancy is not dramatic, and does not make
a strong case for the presence of important physical effects
not present in the MLLA approach we use here.

Our model provides distributions of the massMX of the
observed hadronic final state in events without a large rapid-
ity gap, which can be used to estimate the background to the
cross section for LRG events. We find a spectrum
;exp(blnMX

2) with an exponentb.1, which is not very dif-
ferent from the observed valuebexpt.1.5. A detailed com-
parison with the data requires more understanding of detec-
tor effects and final-state hadron interactions, which goes
beyond the scope of this paper. The value ofb is sensitive to
the rapidity density and other properties of prehadronic clus-
ters, so the relative success of our model, which has no pa-
rameters adjusted from its previous applications toe1e2 an-
nihilation, gives us some hope that we are capturing
important aspects of this physics.

As already mentioned, the new features of our approach
introduced in this paper, including the space-time treatment
of the initial hadronic state, open the way to future applica-
tions of our model toeA, pp, pA, andAA collisions, where
the novel features associated with high parton densities will
become more marked. We aim eventually at a unified space-
time description of all these hadronic processes.
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