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We present a detailed theoretical investigation of hadron attenuation in deep inelastic scattering off complex
nuclei in the kinematic regime of the HERMES experiment. The analysis is carried out in the framework of a
probabilistic coupled-channel transport model based on the Boltzmann-Uehling-Uhlenbeck equation, which
allows for a treatment of the final-state interactions beyond simple absorption mechanisms. Furthermore, our
event-by-event simulations account for the kinematic cuts of the experiments as well as the geometrical
acceptance of the detectors. We calculate the multiplicity ratios of charged hadrons for various nuclear targets
relative to deuterium as a function of the photon energyn, the hadron energy fractionzh=Eh/n, and the
transverse momentumpT. We also confront our model results on double-hadron attenuation with recent ex-
perimental data. Separately, we compare the attenuation of identified hadrons(p±, p0, K±, p, and p̄) on 20Ne
and84Kr targets with the data from the HERMES Collaboration and make predictions for a131Xe target. At the
end we turn towards hadron attenuation on63Cu nuclei at EMC energies. Our studies demonstrate that
(pre-)hadronic final-state interactions play a dominant role in the kinematic regime of the HERMES experi-
ment while our present approach overestimates the attenuation at EMC energies.
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I. INTRODUCTION

During the past years the HERMES Collaboration has
carried out a detailed experimental investigation of deep in-
elastic lepton scattering off complex nuclei[1,2]. This has
led to numerous excellent data on the attenuation of high-
energy hadrons in “cold” nuclear matter which can be used
to study the hadronization of particles created in(hard) col-
lisions as proposed in Ref.[3].

Besides being an interesting topic on its own, the detailed
understanding of the space-time picture of hadronization
should also help to clarify to what extent the jet suppression
observed in heavy-ion collisions at RHIC[4] is due to
(pre-)hadronic final-state interactions(FSI) [5,6] or partonic
energy loss[7]. In this respect the lepton scattering experi-
ments also provide a benchmark for the interpretation of ul-
trarelativistic nucleus-nucleus collisions that aim at probing
the transition from deconfined matter to a color neutral inter-
acting hadron gas.

Contrary to nucleus-nucleus collisions, where the created
“fireball” is rapidly expanding, lepton-nucleus reactions pro-
vide rather clear geometrical constraints, which are well un-
der control experimentally. In the one-photon exchange ap-
proximation the scattering of a charged lepton off a nucleon
or nucleus can be decomposed into the emission and absorp-
tion of a virtual photon with energyn, virtuality Q2, and
polarizatione. In such a high-energy photon-nucleon inter-
action the reaction products hadronize, due to confinement,
long before they reach the detector. One can estimate the
formation time of a hadron by the time that its partonic con-
stituents need to travel a distance of the order of a hadronic
radius. According to this estimate the formation time in the
rest frame of the hadron is about 0.5–0.8 fm/c. Because of

time dilatation, the formation length in the laboratory frame
then can exceed nuclear radii at high energies. In lepton-
nucleus interactions the reaction products can therefore inter-
act with the surrounding nuclear medium during the forma-
tion time. Here the nuclear target can be viewed as a
microlaboratory that provides an intrinsic(variable) time
scale due to the size of the target nuclei, which can be ex-
ploited to get information on the actual time scale of the
hadronization itself.

The HERMES Collaboration has measured the multiplic-
ity ratios of pions, charged kaons, protons, and antiprotons in
deep inelastic positron scattering at 27.6 GeV off2D, 14N,
20Ne, and84Kr targets. The observed attenuation of the had-
ron multiplicities in complex nuclei has led to different in-
terpretations. One possible explanation is that the quark, that
was struck by the photon, propagates through the nucleus
and undergoes multiple scattering[8,9], thereby losing en-
ergy by induced gluon radiation. The authors of Ref.[10]
attribute the observed attenuation to a combined effect of
hadron absorption and a rescaling of the quark fragmentation
function in nuclei. In Refs.[11,12] we have shown that the
attenuation of charged hadrons at HERMES energies can
also be understood by final-state interactions of color neutral
prehadrons that are produced quite early after the photon-
nucleon interaction. This very short production time is in line
with the gluon-bremsstrahlung model of Ref.[13].

In this work we discuss different concepts of hadron pro-
duction and formation in the framework of a probabilistic
coupled-channel transport model which allows for a realistic
treatment of the FSI. We demonstrate that the coupled-
channel effects in the FSI lead to deviations from the results
of simple absorption models since particles produced in the
FSI affect the low-energy part of the hadron spectra and
thereby all energy-integrated observables. A strong effect of
the coupled channels becomes also visible in the attenuation
of kaons since kaon absorption is partially compensated by
kaon recreation in the FSI via secondary channels likep*Electronic address: Thomas.Falter@theo.physik.uni-giessen.de
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+N→K+Y+X. Furthermore, our event-by-event simulation
allows us to investigate how the observed attenuation ratios
depend on the kinematic cuts and the detector acceptance.
We will show that there is a sizable effect of the detector
acceptance on the multiplicity ratios, which does not drop
out by taking the multiplicity ratio and therefore has to be
considered explicitly when addressing any robust interpreta-
tion of the data.

Being able to compare with almost every observable that
is experimentally accessible we can test the limits of a purely
hadronic model and figure out at what point an extension
becomes necessary. For this reason we also include the EMC
data[14] on hadron attenuation at 100- and 200-GeV muon
energy in our analysis where the hard scale—set by the pho-
ton virtuality Q2—is closer to that of the highpT events at
RHIC [4]. We stress that our model is also applicable for a
broad range of other reactions such aspA, pA, andAA col-
lisions. A related study of hadron attenuation for high trans-
verse momentum particles ind+Au and Au+Au collisions at
RHIC energies has been carried out in Ref.[6].

Our paper is structured in the following way. In Sec. II we
discuss the description of the initial(virtual) photon-nucleon
interaction using the event generatorsPYTHIA 6.2 andFRI-

TIOF 7.02 and test our model input with experimental HER-
MES data on a hydrogen target[15]. Section III includes a
brief description of the shadowing corrections employed for
reactions on nuclei. The BUU transport model—used for the
description of coupled channel FSI—is recalled in Sec. IV,
while in Sec. V we discuss our concept of prehadrons. In
Secs. VI and VII we compare the results of our model with
experimental data of the HERMES and EMC collaborations.
We focus on the multiplicity spectra of charged hadrons as a
function of the photon energyn, the hadron energy fraction
zh=Eh/n, and the transverse momentumpT. Furthermore, we
discuss the effect of the detector geometry and investigate
the double-hadron attenuation as well as the attenuation of
identified hadrons such asp±, p0, K±, p, and p̄. We close
with a short summary in Sec. VIII. More technical details of
the transport approach are presented in the appendixes.

II. HIGH-ENERGY PHOTON-NUCLEON INTERACTIONS

Based on the earlier work on high-energy photon-nucleus
reactions in Ref.[16] we have developed in Refs.[11,17–19]

a method to describe high-energy photon- and electron-
induced reactions in the framework of a semiclassical trans-
port model. We thereby split the interaction of the virtual
photon with the nucleus into two parts. In the first step(i) the
virtual photon interacts with a bound nucleon of the target to
produce a final state which in step(ii ) is propagated within
the transport model. In the initialg* N interaction we ac-
count for nuclear effects, such as Fermi motion, Pauli block-
ing, and binding energies. Furthermore, coherence length ef-
fects in the entrance channel—leading to nuclear
shadowing—are taken care of using the method developed in
Refs.[18,19].

For small invariant masses of the photon-nucleon system
sWø2 GeVd we use an explicit resonance description for the
primary (virtual) photon-nucleon interaction as in Ref.[20].
Above the resonance regiong* N interactions become more
complex and in our model the final state is in general deter-
mined by the event generatorPYTHIA 6.2 [21]. We recall that
in a high-energyg* N interaction the virtual photon does not
always couple directly to a quark of the target nucleon; de-
pending on its kinematics it may also fluctuate into a vector
mesonV=r0,v ,f ,J/c [vector meson dominance(VMD )]
or perturbatively branch into a quark-antiquark pair[gener-
alized vector meson dominance(GVMD)] which subse-
quently scatters off the nucleon. In case of VMD events the
same processes as in hadron-hadron interactions can occur
including diffractive scattering and hard interactions between
the constituents of the nucleon and the vector meson. In ad-
dition, most of the hard interactions inPYTHIA involve gluon-
bremsstrahlung processes. The high-energy interactions of
the photon therefore lead to the excitation of several had-
ronic strings with large invariant masses whose decays are
described by the Lund fragmentation[22] routine JETSET

implemented inPYTHIA.
For technical reasons, resolvedg* N events, i.e., VMD

and GVMD events, can only be generated byPYTHIA if the
invariant massW of the photon-nucleon system is larger than
a threshold energyWPY which depends on thePYTHIA param-
eters; it takes the valueWPY=4 GeV for the default param-
eter set. For invariant masses 2 GeVøWøWPY we employ
the event generatorFRITIOF 7.02 [23] to simulate the re-
solved photon interactions. As discussed in Appendix AFRI-

TIOF is also used to model the high-energy hadronic FSI in
case of nuclear reactions. In contrast toPYTHIA, the FRITIOF

FIG. 1. Parametrization of the cross sections
for exclusive vector meson photoproductiongp
→Vp as a function of the invariant energyW in
comparison to the data[30].
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model can be applied down to the onset of the resonance
region. Below invariant energies of 10 GeV the hadron-
hadron interactions inFRITIOF are always diffractive.
Throughout this work we employ the sameFRITIOF param-
eters as in Refs.[24,25]. In Ref. [24] it was shown that this
choice of parameters provides a good description of particle
production over a broad energy range. The only exception is

the suppression factor forss̄ creation in the string fragmen-
tation, which we reset to theFRITIOF default value 0.3 to
improve the agreement with more recent strangeness produc-
tion data[26].

To simulate the VMD part of theg* N interaction with
FRITIOF we pass the photon as a vector mesonV with a
probability

PVsW2,Q2d =

S W2

W2 + Q2D3 e2

gV
2 f1 + ersmV

2,Q2dgS mV
2

mV
2 + Q2D2

sVN
tot sW2d

sg*N
tot sW2,Q2d

, s1d

where the numerator, according to Refs.[21,27], gives the
contribution of the vector meson componentV to the total
photon-nucleon cross sectionsg*N

tot . In Eq. (1) the VMD cou-
pling constants are denoted asgV; sVN

tot are the total vector
meson nucleon cross sections[21,27],

sr0N
tot ssd < svN

tot ssd < 13.63se + 31.79s−h fmbg,

sfN
tot ssd < 10.01se − 1.52s−h fmbg,

sJ/cp
tot ssd <

1

10
sfp

totssd, s2d

with s in GeV2 ande=0.0808,h=0.4525. The factor

rsmV
2,Q2d = 0.5

4mV
2Q2

smV
2 + Q2d2 s3d

accounts for the contribution of longitudinal photons to the
photon-nucleon cross section.

In Appendix A we show thatFRITIOF insufficiently de-
scribes elastic scattering, which directly affects the diffrac-
tive vector meson photoproductiongN→VN. In the transi-
tion region below WPY we therefore parametrize the
diffractive production cross section forr0, v, and f using
the Regge prescription of Donnachie and Landshoff[28]
which also provides the correct dependence on the four-
momentum transfer squaredt. The high-energy cross sec-
tions are continuously extrapolated to our parametrization in
the resonance region(cf. Ref. [16]). For the description of
J/c production close to threshold we use the two and three
gluon exchange model of Brodskyet al. [29] and param-
etrize the high-energyÎs dependence as

sgN→J/cN = 0.002S Îs

GeV
D0.77

mb. s4d

Figure 1 shows our parametrization of diffractive vector me-
son production forr0, v, f, and J/c in comparison to a
collection of experimental data and demonstrates that our
“input” for the g* p reaction is well in accordance with ex-
perimental information.

For the processesgN→VD we use our parametrizations
of the differential cross section forgN→fD and gN→vD
from Ref. [31] and take the same matrix element forgN
→r0D as forgN→vD.

To account for the virtualityQ2 of the photon we multiply
the vector meson photoproduction cross sections with the
VMD form factor of Ref. [27], which is also used in the
PYTHIA model [cf. Eq. (1)],

FV
2sQ2d = S W2

Q2 + W2D3

f1 + ersmV
2,Q2dgS mV

2

mV
2 + Q2D2

. s5d

The FRITIOF model has the tendency to simply flip the
spin of the incoming vector meson to zero thereby creating a
lot of events likeg* N→p0N with vanishing momentum
transfer, a problem not present inPYTHIA. These events
would correspond to diffractivep0 production. However,
since the Pomeron carries the quantum numbers of the
vacuum it cannot change the charge conjugation quantum
number of the incomingr0 sC=−1d to that of thep0 sC
= +1d. We therefore simply remove these unphysical events
from our simulation.

We have compared the particle spectra of VMD events as
generated byFRITIOF and PYTHIA at the threshold energy
WPY=4 GeV and found no significant differences between
the two approaches. However, we keep the option to also
generate the VMD events aboveWPY=4 GeV byFRITIOF to
ensure a continuous transition at invariant energiesW.WPY.
For calculations at EMC energies we always use thePYTHIA

model for event generation. Note, however, that the VMD
contribution vanishes with increasingQ2 and already atQ2

=1 GeV2 the VMD partsVMD
g*N accounts for only 50% of the

total photon-nucleon cross section at HERMES energies
[19].

The GVMD part belowWPY is modeled by passing a
vector meson with the quark content of theqq̄ fluctuation to
FRITIOF. In analogy to Eq.(1) the probability is now given by
the corresponding GVMD term of Ref.[27] normalized to
sg*N

tot . As discussed in Ref.[27] the products of a GVMD and
VMD event are different in nature since the VMD and
GVMD components of the photon involve different intrinsic
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transverse momenta. However, we have shown in Ref.[19]
that the GVMD part in the transition region only contributes
by less than 15% to the total photon-nucleon cross section.
Hence one can postpone a more sophisticated treatment un-
less one concentrates on events that are especially triggered
by the GVMD component of the photon.

We now compare our results for electroproduction on a
proton target with the hydrogen data of the HERMES Col-
laboration [15] taken at a positron beam energyEbeam
=27.6 GeV. In Fig. 2 we show thezh=Eh/n spectradNh/dzh
of p±, K±, p, and p̄ normalized to the numberNe of deep
inelastically scattered positrons. In our calculation we apply
the same cuts on the event kinematics as in the experiment:
For the positrons these areQ2.1 GeV2, W2.10 GeV2, and
0.1,y=n /Ebeam,0.85. For the hadrons we require
1 GeV/c,pp,15 GeV/c, 2 GeV/c,pK,p,p̄,15 GeV/c,
as well asxF.0.1, where we define the Feynman variablexF
as in experiment by

xF =
pi

cm

uqWcmu
. s6d

Herepi
cm denotes the momentum of the hadron parallel to the

momentumqWcm of the virtual photon in the center-of-mass
frame of the photon-nucleon system. Since the data are not
acceptance and efficiency corrected we account for the an-
gular acceptance of the HERMES detector[32], i.e.,
±170 mrad horizontally and ±s40–140d mrad vertically, for
both the scattered positrons and the produced hadrons in our
simulation. The solid line in Fig. 2 shows our result using
FRITIOF for the resolved events belowWPY=4 GeV as well
as for all VMD events aboveWPY. The dashed line repre-
sents a calculation where we have changed the default pa-
rameters ofPYTHIA 6.2 in such a way that it is applicable
down to WPY<3 GeV and hence simulateall events with
PYTHIA. Except for a small deviation in the proton spectra
both methods yield essentially the same result. In view of the
fact, that we do not include the detector efficiency in our
calculation, which is unknown to the authors, but only ac-
count for its angular acceptance, our calculations are in sat-

isfying agreement with the experimental data. One can see
that without any further fine tuning our simulation including
the kinematic cuts and detector acceptance reproduces the
absolute size of the multiplicity spectra. We have also com-
pared thexF, pT and total momentum spectra of the different
hadron species with the HERMES data and find a similar
good agreement. To demonstrate the effects of the kinematic
cuts and the limited angular acceptance of the HERMES
detector, the dotted line in Fig. 2 shows the results of a
simulation where no cuts on the hadron kinematics have
been applied and where we have assumed a 4p detector.

III. NUCLEAR SHADOWING

As discussed in the previous section the photon does not
always interact directly with a quark inside the target
nucleon since its wave function is a superposition of a bare
photon and resolved hadronic fluctuations:

ugl = cbareugbarel + o
V=r0,v,f,J/c

cVuVl + o
q=u,d,s,c,b

cquqq̄l. s7d

In an electron-nucleus interaction the hadronic components
of the photon in Eq.(7) are shadowed on their way through
the nucleus due to the strong interaction of these components
with the hadronic environment. The strength of this shadow-
ing effect depends on the “coherence length,” i.e., the dis-
tancelh that the photon travels as a hadronic fluctuationh.
This distance can be estimated via the uncertainty principle:

lh = qh
−1 = sk − khd−1, s8d

where k=În2+Q2 is the photon momentum andkh

=În2−mh
2 denotes the momentum of the hadronic fluctuation

on its mass shell. If the coherence lengthlh becomes larger
than the mean-free path of the hadronic fluctuation in the
nuclear medium the hadronic fluctuation gets shadowed. In
the kinematic region of interest in this work the shadowing
of the massiveqq̄ fluctuations can be neglected and one is
only left with the shadowing of the photon’s VMD compo-
nents. In Refs.[18,19] we have calculated the modification

FIG. 2. Energy spectra ofp±, K±, p, and p̄
within the HERMES detector acceptance for a
hydrogen target. The spectra are normalized to
the number of deep inelastically scattered lep-
tons. The solid lines represent the calculated re-
sults using our standard method of generating all
resolved photon-nucleon events belowWPY

=4 GeV and all VMD events aboveWPY with
FRITIOF. Generating all events down toW
=3 GeV with PYTHIA leads to the spectra shown
in terms of the dashed lines. The dotted lines
show the result of a simulation without employ-
ing any kinematic or detector cuts on the hadrons.
The data(full squares) are taken from Ref.[15].
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of the vector meson components at positionrW=sbW ,zd in the
nucleus:

uVl → s1 − GV
sAdsrWdduVl,

where the nuclear profile functionGV
sAd is determined within

Glauber theory, i.e.,

GV
sAdsbW,zd =E

−`

z

dzirsbW,zid
sVN

tot

2
s1 − iaVdeiqVszi−zd

3expF−
1

2
sVN

tot s1 − iaVdE
zi

z

dzkrsbW,zkdG . s9d

HeresVN
tot denotes the total vector meson-nucleon cross sec-

tion andaV is the ratio of the real and imaginary part of the
VN forward scattering amplitude. Note that the coherence
length (8) enters in the phase factor of Eq.(9). The modifi-
cation of the photon’s vector meson components are then
taken into account when generating the scattering event with
PYTHIA and FRITIOF. As we have demonstrated in Ref.[19]
our prescription is in full agreement with the coherence
length effects observed in incoherentr0 production off nu-
clei.

IV. BUU TRANSPORT MODEL

Our transport model—employed for the description of
FSI—is based on the Boltzmann-Uehling-Uhlenbeck(BUU)
equation. It has been originally developed to model heavy-
ion collisions at SIS energies[33] and later been extended to
describe pion-induced reactions[34] as well as photo- and
electroproduction[20] in the resonance region. In the more
recent past we have extended the model to simulate also
nuclear interactions of high-energy photons and electrons in
the kinematic regime of the Jefferson Lab[16–18] and HER-
MES [11,19] experiments. Obviously, one of the advantages
of the model is its applicability to many different nuclear
reactions with the same set of parameters and physics as-
sumptions. In addition, the coupled-channel treatment of the
FSI goes far beyond the standard Glauber approach since it
allows for a side feeding of channels under study and not just
absorption.

The BUU transport model is based on a set of generalized
transport equations for each particle speciesi,

S ]

]t
+ ¹W pWH¹W rW − ¹W rWH¹W pWDFisrW,pW ,m;td = IcollshFjjd, s10d

where

H = Îfm + USsrW,pW ;tdg2 + pW2 s11d

denotes the relativistic Hamilton function of a particle with
massm in a scalar potentialUS. For vanishing collision term
Icoll Eq. (10) describes the time evolution of the spectral
phase-space density

FisrW,pW ,m;td = f isrW,pW ;tdAism,pWd s12d

of noninteracting particles that move in a scalar mean-field
potentialUS, which in general depends on the phase-space

densitieshf jj of all other particle species(including i). The
spectral functionAi of particle typei is parametrized as in
Ref. [16]:

Aismd =
2

p

m2Gtotsm,pWd
sm2 − Mi

2d2 + m2Gtot
2 sm,pWd

, s13d

whereMi denotes the pole mass of particlei andGtot its total
width which in medium also depends on the particle momen-
tum pW .

The collision term

IcollshFjjd = − iSi
.shFjjdAi f i − iSi

,shFjjdAis1 ± f id s14d

in Eq. (10) accounts for changes in the spectral phase-space
density of particle speciesi =a1 due to multiparticle colli-
sions of the typea1, . . . ,an→b1, . . . ,bm and b1, . . . ,bm
→a1, . . . ,an. The factors1± fd has the plus sign for bosons
(Bose enhancement) and the minus sign for fermions(Pauli
blocking). The collision term consists of a loss term for par-
ticle speciesa1,

iSa1

. =
1

2Ea1

E Sp
j=2

n

gaj

d3paj

s2pd3

dmaj

2Eaj

Aaj
smaj

,pWaj
dfajD

3 Sp
k=1

m d3pbk

s2pd3

dmbk

2Ebk

Abk
smbk

,pWbk
ds1 ± fbk

dD
3s2pd4d4So

j=1

n

paj
− o

k=1

m

pbkD
3Sa2,. . .,an

Sb1,. . .,bm
uMa1,. . .,an→b1,. . .,bm

u2, s15d

and a gain term,

− iSa1

, =
1

2Ea1

E Sp
j=1

m

gbj

d3pbj

s2pd3

dmbj

2Ebj

Abj
smbj

,pWbj
dfbjD

3Sp
k=2

n d3pak

s2pd3

dmak

2Eak

Aak
smak

,pWak
ds1 ± fak

dD
3s2pd4d4So

j=1

m

pbj
− o

k=1

n

pajD
3Sb1,. . .,bm

Sa2,. . .,bn
uMb1,. . .,bm→a1,. . .,an

u2, s16d

wheregj are degeneration factors that account for the spin of
particle j . The quantityuMu2 is the squared matrix element
averaged over incoming and summed over outgoing spins.S
denotes symmetry factors that take into account the number
of identical particles in the incoming and outgoing channel,
e.g.,

Sb1,. . .,bm
= p

k=1

m
1

Mbk
!

s17d

with Mbk
denoting the multiplicity of particlebk.

All transport equations(10) are coupled by the collision
term and the scalar potentialUS in the Hamilton function
(11) where in our model the latter is only incorporated in
case of baryons. Furthermore, in the general collision term
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we will restrict to 2→n transitionssnù1d which is sufficient
for the lepton-nucleus reactions of interest. For a specifica-
tion of the scalar potentialUS in case of baryons as well the
2→n transition rates we refer the reader to Appendix B of
this work.

V. PREHADRONS

In this section we compare the concept of “prehadrons” in
the Lund model[22] with that generally used in transport
models [17,25,35]. The two concepts mainly differ in the
treatment of the production proper timetp of the color neu-
tral prehadrons which are created in the string decay. While
the production time of prehadrons in the Lund model de-
pends on the energy and momentum of the fragments,tp is
set to zero in conventional transport approaches[17,25,35].
In order to specify the differences and to define the relevant
quantities(production and formation times) we give a brief
reminder of the Lund model in the following.

A. Prehadrons in the Lund model

According to the Lund model[22] the hadronic strings—
created in the high-energy interactions—decay due to the
creation of quark-antiquark pairs from the vacuum. Figure 3
shows the space-time picture of a Lund fragmentation pro-
cess in the rest frame of aq̄0q0 string. In our example we
neglect the masses of the quarks, i.e., all quarks move on the
light cone. At time zero the quarkq0 carries the light-cone
momentump0

+ while the antiquarkq̄0 carries the light-cone
momentump0

−. During their separation they lose energy and
momentum to the string until they reach their turning points:

x0
+ =

p0
+

k
, x0

− = 0 s18d

and

xn
+ = 0, xn

− =
p0

−

k
, s19d

where the string tensionk in vacuum is known to bek
<1 GeV/fm.

The production process of then mesons with masses
m1, . . . ,mn due to the creation ofn−1 quark-antiquark pairs
qjq̄j at the production verticesxj

± can be viewed as a series of
steps along the(positive) light cone. Starting at the turning
point (18) of the original quarkq0 one takes random steps
along the positive light-cone,

Dxj
+ = zjxj−1

+ , zj P f0,1g, s20d

where the probability distribution for the random variablezj
is given by the Lund fragmentation function

fszjd = N
s1 − zjda

zj
expS− b

mTj
2

zj
D , s21d

which depends on the transverse mass,

mTj = Îmj
2 + pT

2, s22d

of the produced hadron. A step along the negative light cone
is fixed by the on-shell condition for hadronj ,

Dxj
− = −

mTj
2

k2Dxj
+ . s23d

Thus we obtain the recursion formulas

xj
+ = xj−1

+ − Dxj
+ = s1 − zjdxj−1

+ , s24d

xj
− = xj−1

− − Dxj
− = xj−1

− +
1 − zj

zjxj
+

mTj
2

k2 s25d

together with the constraint that the path must end at the
turning point(19) of q̄0.

Obviously, the proper timestps jd of the qjq̄j production
vertices,

tp
2s jd = xj

+xj
−, s26d

strongly depend on the massmj of the produced hadron. The
same holds true for the proper time of crossing world lines
for the pairqj−1 and q̄j,

t f
2s jd = xj−1

+ xj
−. s27d

The latter is often identified with the formation timet fs jd of
the hadronj .

In the Lund picture there are in principle three time scales
involved in the production of the hadronsq̄jqj−1d. This is the
formation timet fs jd of the hadron as well as the timestps j
−1d andtps jd when the first and the second constituent par-
ton is produced. As soon as theqj−1 and theq̄j are created
they form an intermediate object which can be viewed as a
color neutral prehadron. As pointed out in Refs.[36,37] the

FIG. 3. Simplified space-time picture of the fragmentation of a
q̄0q0 string with invariant mass squaredW2=p0

+p0
−. The string de-

cays inton hadrons with massesm1, . . . ,mn due to the creation of
n−1 quark-antiquark pairs from the vacuum. The production proper
times tps j −1d and tps jd correspond to the vertices where the
qj−1q̄j−1 and theqjq̄j pairs are produced. The formation proper time
t fs jd of hadron j refers to the space-time point where the world
lines of the quarkqj−1 and the antiquarkq̄j cross for the first time.
Note that, the “production times” of theq0 and q̄0—which in the
end are contained in the first and the last rank hadrons—are always
zero.
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longitudinal dimension of the string and its(color neutral)
fragments is never larger than typically 1 fm. Therefore it
does not make much sense to talk about freely propagating
colored quarks betweentps j −1d and tps jd since each color
charge is always attached via a string to the nearby anti-
charge. Instead one has to deal with the propagation of color
neutral prehadrons and color neutral remainder strings during
the fragmentation process.

As an example we recall the production and formation
times of the first rank particle(containing theq0),

tp
2 =

mT
2

k2

1 − z

z
, s28d

t f
2 =

mT
2

k2

1

z
, s29d

where for the first rank particlez corresponds to the fraction
zh

+ of the positive light-cone momentump0
+ that is carried

away by the first rank hadron. For fixedz both times increase
linearly with the(transverse) hadron massmT which implies
that heavier hadrons are in general created later in time.
Note, however, that the mass also enters into the Lund frag-
mentation function(21). Furthermore, the average produc-
tion and formation proper times increase with the rank of the
hadron as long as one considers a fragmentation into infi-
nitely many hadrons. We stress that the assumption of infi-
nitely many fragments enters explicitly in the derivation of
the production and formation times in Ref.[38] which are
averaged over infinitely many ranks. At HERMES energies,
however, a string typically fragments into only 3-5 hadrons.
Thus when using the Lund production and formation times in
our simulation, we explicitly extract the space-time points of
the vertices and crossing points of pairs from theJETSET

routines for each fragmenting string since the limit addressed
in Ref. [38] is inappropriate for the kinematical regime of
interest.

In the upper panel of Fig. 4 we show thezh dependence of
the extracted average production proper times of the two
hadron constituents as well as the hadron formation proper
time t f in electron-nucleon scattering at HERMES energies.
We always label the smaller production timetp1 and the
large tp2. Note that, if more than one string is produced in
the electron-nucleon interaction, the observedzh=Eh/n is in
general different fromzh

+. The difference is most significant
for zh&0.5. However, one also has to be careful with the
interpretation ofzh in the limit zh→1. In this kinematic re-
gime the hadron spectrum is dominated by diffractively pro-
duced vector mesons(cf. Fig. 5) whose production timestp1
and tp2 for the constituents are both zero. Furthermore, we
have learned from our theoretical study of incoherentr0

electroproduction[19] that also the formation timet f of a
diffractively produced vector meson is compatible with zero
in the HERMES kinematical regime. Consequently, the
proper timestp1, tp2, andt f for ther0 (dash-dot-dotted line)
vanish aszr0→1.

In a direct photon-nucleon interaction the probability, that
a meson contains the struck quark from the string end, in-
creases withzh and, consequently,tp1 vanishes for largerzh.
On the other hand, the diquark that is left behind, i.e., the-
second string end, will most likely form a proton with small
zh which leads to a vanishing oftp1 for low-zh protons(dash-
dotted line). In case of diffractive photon-nucleon interac-
tions the proton stays intact andtp1, tp2 and t f are zero
which leads to a decrease oftp2 and t f for low-zh protons.
The Lund model predicts a vanishing of the production time
tp2 for z→1 which can be seen from Eq.(28). However,
because of the finite bin-size the production timetp2 in Fig.

FIG. 4. Average(proper) times for hadron formation and the production of the first and second constituent as a function ofzh=Eh/n in
the kinematic regime of the HERMES experiment. All proper times have been extracted directly from theJETSETroutines which describe the
string fragmentation inPYTHIA. The solid squares indicate the average starting times of the prehadronic and hadronic interactions in the
constituent quark concept(32) using a formation timet f =0.5 fm/c.
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4 stays finite in the lastzh bin for all hadrons except for the
diffractively produced vector mesons.

In fact, one observes the general tendency that more mas-
sive hadrons like protons andr mesons are in general formed
later in proper time than lighter hadrons like pions(solid
line). This was already indicated by Eqs.(28) and (29) for
the production and formation times of the first rank hadron in
a string fragmentation. Again the diffractively produced vec-
tor mesons are the exception.

We find that the production proper timetp1 of the first
hadron constituent—averaged over all hadrons—lies be-
tween 0.04 fm/c at zh<0.95 and 0.4 fm/c at zh<0.35. The
production proper timetp2 of the second constituent is some-
what larger. It ranges from 0.3 fm/c at zh<0.95 to about
1.2 fm/c at zh<0.35. The average hadron formation proper
time t f is of the order 1.1–1.5 fm/c except for the very
large-zh hadrons which are dominated by diffractively pro-
ducedr0 mesons and hence have again a very small forma-
tion time around 0.4 fm/c at zh<0.95.

In the lower panel of Fig. 4 we also show the correspond-
ing production and formation times in the laboratory frame,
i.e., the rest frame of the target nucleon:

tp = g · tp =
zhn

mh
· tp, s30d

tf = g · t f =
zhn

mh
· t f . s31d

We emphasize that simply boosting the proper times with the
Lorentz gamma of the hadron—as done in Eqs.(30) and
(31)—is just an approximation. We currently carry out a
more thorough investigation on this topic[39]. Because of
time dilatation the light pions now have average production
and formation times as large as 10–70 fm/c. However, as
we discuss in the next section(and as can be seen from Fig.
5) pion production receives a large contribution from string
fragmentation intor mesons that—due to their larger mass—
have a considerably smaller average production time
0.5–3 fm/c in the laboratory frame.

Note that the production and formation times in Fig. 4 are
averagedtimes. In our actual simulation we assign in each

scattering event theindividual production and formation time
from JETSETfor each hadron.

B. Prehadrons in transport models

The hadrons containing the end-point partonsq0 andq̄0 of
the string, that emerges from the excitation of a hadron in a
scattering event, are not entirely created from the vacuum as
the otherqq̄ pairs. Indeed, the hadrons that emerge from the
string ends can be viewed as the remnants of the original
hadron. In the transport models[17,25,35] each string decay
into color neutral prehadrons is determined instantaneously
at the production vertex. During the formation timet f only
the beam and target remnants are allowed to interact with the
nuclear environment whereas the hadrons containing only
quarks or antiquarks from the vacuum are propagated freely
without interactions up to their hadron formation time in the
computational reference frame.

It is hard to identify the beam and target remnants of a
g* N event because particle production inPYTHIA and FRI-

TIOF is complicated by the resolved photon interactions as
well as the initial and final state gluon radiation that occur in
many hard scattering events. As a result one often ends up
with more than a single string per deep inelastic scattering
(DIS) event or a string that contains one or several radiated
gluons, i.e., it might have the structureqgq̄, qggq̄, etc. In
general, the gluons have momentum components transverse
to the cm momentum of the quark and antiquark. This leads
to more complicated string topologies than just a linearly
expanding string[22] and has to be taken into account in the
fragmentation.

To identify the target and beam remnants of a binary col-
lision we therefore trace the(anti)quarks of the projectile and
target all the way through the fragmentation process inJET-

SET. At the end of the reaction we then know those hadrons
that contain the original(anti)quarks, i.e., the beam and tar-
get remnants. Correspondingly, also those hadrons exclu-
sively made from(anti)quarks created in the string fragmen-
tation are known explicitly.

In Fig. 5 we show the energy spectra of hadrons produced
in electron-nucleon interactions at HERMES. The different
lines indicate the hadrons that contain zero(solid line), one
(dashed line), two (dotted line), or three quarks(dash-dotted

FIG. 5. Energy spectra of had-
rons produced in electron-nucleon
interactions at HERMES. The dif-
ferent lines indicate the hadrons
that contain zero(solid line), one
(dashed line), two (dotted line), or
three quarks (dash-dotted line)
from the beam or target. For the
proton the solid line nearly coin-
cides with thezh axis, which im-
plies that most protons contain at
least one leading quark.
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line) from the beam or target. In the dotted curves one can
clearly identify the diffractive peak in ther0 andf spectra at
zh<1, where the vector mesons contain theqq̄ of the re-
solved photon. By comparing ther0 andp0 spectra one finds
that ther0 strongly contributes to the total pion yield by its
subsequent decay intop+p−. From theK+ andK− spectra one
sees(dashed lines) that due to their quark contentsūsd theK−

mesons contain less quarks from the beam or target than the
K+ mesons. TheK−, that are not solely made of quarks and
antiquarks created from the vacuum in the string fragmenta-
tion, carry(anti)quarks from the resolved photon component
or the nucleon sea. Finally, one finds that there are only very
few protons containing no quarks from the beam or target
since diquark-antidiquark creation is strongly suppressed in
the string fragmentation due to the relatively large diquark
masses. This also explains why most protons at largezh con-
tain two of the original quarks, i.e., the diquark from the
target nucleon struck by the photon.

In our default approach we set the production timestp of
all prehadrons to zero and rescale their cross sections during
the formation timet f according to the constituent quark
model:

sprebaryon
tot =

norg

3
sbaryon,

spremeson
tot =

norg

2
smeson, s32d

wherenorg denotes the number of(anti)quarks in the prehad-
ron stemming from the beam or target. As a consequence the
prehadrons that solely contain(anti)quarks produced from
the vacuum in the string fragmentation do not interact during
t f. The assumption(32) is guided by the constraints of uni-
tarity, which implies that the summed cross section of the
products from a scattering process should not exceed the
cross section for the initial hadrons on short time scales. For
simplicity we assume that the formation time is a constantt f
in the rest frame of each hadron and that it does not depend
on the particle species as in Refs.[24,25]. In Sec. VII we
also discuss other concepts of the prehadronic cross section.
However, as we will show in Sec. VI the “standard” concept
(32) already gives a good description of the available HER-
MES data. This also holds for particle production in proton-

nucleus and nucleus-nucleus collisions in a wide dynamical
range[40].

VI. HADRON ATTENUATION AT HERMES ENERGIES

We start with an investigation of charged hadron attenua-
tion in semi-inclusive DIS of 27.6-GeV positrons off nitro-
gen and krypton. We apply the same kinematic cuts as in
experiment [2]: Q2.1 GeV2, W.2 GeV, n.7 GeV,
y,0.85, x.0.02, and Eh.1.4 GeV as well as the cut
zh.0.2 for then and pT spectra. Furthermore, we account
for the angular acceptance of the HERMES detector. The left
panel in Fig. 6 shows the average values of the photon en-
ergy n and the virtualityQ2 as a function of the energy frac-
tion zh of the charged hadrons produced on a84Kr target; the
right panel shows the average values ofzh andQ2 as a func-
tion of n. In the simulation we used the prehadron concept
(32) and a formation timet f =0.5 fm/c. Obviously, our
simulation is in perfect agreement with the experimental val-
ues for the average kinematic variables(open symbols).

The observable of interest is the multiplicity ratio defined
as

RM
h szh,n,pT

2,Q2d =

UNhszh,n,pT
2,Q2d

Nesn,Q2d
U

A

UNhszh,n,pT
2,Q2d

Nesn,Q2d
U

D

, s33d

whereNh is the yield of semi-inclusive hadrons in a given
szh,n ,pT

2 ,Q2d bin andNe the yield of inclusive deep inelastic
scattering leptons in the samesn ,Q2d bin. For the deuterium
target, i.e., the nominator of Eq.(33), we simply use the
isospin averaged results of a proton and a neutron target.
Thus in the case of deuterium we neglect the FSI of the
produced hadrons and also the effect of shadowing and
Fermi motion.

A. No prehadronic interactions

Before discussing the effect of prehadronic interactions
we show the modifications of the multiplicity ratio due to the
conventional hadronic FSI after the formation timet f and
explore the sensitivity of the results on the size oft f. We
therefore neglect any interactions duringt f and for simplicity

FIG. 6. Model predictions for the average values of the kinematic variables in charged hadron production of84Kr in comparison with the
experimental numbers at HERMES[41]. For the calculation we used the formation timet f =0.5 fm/c and the constituent quark concept(32)
for the prehadronic cross sections. Left:knl and kQ2l as a function ofzh compared to the experimental values for a84Kr target (open
symbols). Right: Same forkzhl and kQ2l as a function ofn.

HADRON ATTENUATION IN DEEP INELASTIC… PHYSICAL REVIEW C 70, 054609(2004)

054609-9



assume thatt f is a constant in the rest frame of each hadron
independent of the particle species. Due to time dilatation the
formation timetf in the laboratory frame is then proportional
to the particle’s energy[cf. Eq. (31)]. Figure 7 shows the
result for the84Kr target using formation times in the range
t f =0–1.5 fm/c. For t f =0 (dashed line) we get a much too
strong attenuation both in thezh andn spectrum. In this case
all reaction products start to interact immediately after the
g* N interaction and there is no effect of time dilatationstf

=t f =0d. As a consequence this limit leads to an almost flatn
dependence ofRM

h . We note that without the cut on the had-
ron energyEh and without the limitation by the HERMES
detector acceptance one would find a strong increase of the
hadron multiplicity at lowzh due to particle creation in the
FSI (cf. Fig. 10). However, after applying all cuts one is left
with a 10% effect only, as can be seen from thezh spectrum
in Fig. 7.

A slight increase of the formation timet f from zero to
0.1 fm/c (dotted line) already leads to a dramatic change in
RM

h . By using this unphysically small formation time one
obtains a good description of then dependence, but fails to
reproduce the high-energy part of the spectrum inzh. The
reason is that many of the high-energy particles, which are
directly created in the primaryg* N interaction, now escape
the nucleus due to time dilatation. Especially the formation
timestf of the light pions start to exceed the dimension of the
84Kr nucleus for energies larger thanEp<13 GeV. One also
sees that the multiplicity ratio at lowzh drops below one
because both the absolute number of FSI and the energy
available for particle production in the FSI is reduced. The
latter decreases the probability that the secondaries survive
the experimental cuts.

At larger values oft f one still has some attenuation due to
the FSI of more massive hadrons. As seen in Fig. 5 a large
fraction of the finally detected pions stem from the decay of
neutral (and charged) r mesons created in the string frag-
mentation. Due to their relatively large mass the latter have a
smaller formation time in the lab frame and are subject to
hadronic FSI, especially if they carry only a small fractionzh
of the photon energy. For example, the formation length of a
r meson produced by a 7-GeV photon is always smaller than
aboutg ·t f ·c<9·t f ·c. For t f =1.5 fm/c (short dashed line)
only the formation lengths of the massive vector mesons and
nucleons withzh&0.6–0.7 are short enough to give rise to
attenuation. We mention that the small deviation from unity

of RM
h at zh<1 is due to the Fermi motion of the bound

nucleons that affects the maximum energy available for had-
ron production in the initialg* N interaction.

B. Constituent quark model

From Fig. 7 one extracts that for reasonable formation
timest f *0.5 fm/c the (pre)hadronic interactions have to set
in quite early after theg* N interaction, especially for the
hadrons at largezh. The Lund model predicts a vanishing
prehadron production time aszh→1 as indicated by Eq.(28).
However, as we have shown in Ref.[11] the Lund produc-
tion time of Bialas and Gyulassy[38] does not reproduce the
charged hadron multiplicity ratios if one also accounts for
the production of secondary particles in the FSI. As in our
previous approach[11] we therefore set the production time
of all prehadrons to zero, but now rescale the prehadronic
cross sections according to the constituent quark concept
(32).

Figure 8 shows the results of our simulation for14N and
84Kr using formation timest f =0–1.5 fm/c. The dashed lines
st f =0d coincide with the ones in Fig. 7 since they only in-
volve hadronic FSI. By comparing then spectra of Figs. 8
and 7 for finite formation times one observes thatRM

h snd is
reduced by the prehadronic FSI, which also improve the
agreement ofRM

h szhd with the experimental84Kr data at large
zh. However, the attenuation of thezh spectra is too strong for
the 14N target which might already indicate a deficiency of
our simple prehadron concept. The experimental84Kr data
favor formation timest f *0.3 fm/c with only little sensitiv-
ity for larger values because of the finite size of the84Kr
nucleus. These times are in line with our simple estimate via
the hadronic radius and with the valuest f =0.4–0.8 fm/c
[42] extracted from antiproton attenuation inpA reactions at
AGS energies of 12.3 and 17.5 GeV on various nuclear tar-
gets[43]. A cleaner discrimination betweent f =0.3 fm/c and
larger formation times will be possible in an experimental
investigation at Jefferson Lab[44] with heavier targets and
lower photon energies.

FIG. 7. Calculated multiplicity ratio of charged hadrons for the
84Kr target(at HERMES) assuming no prehadronic interactions dur-
ing the formation timet f =0–1.5 fm/c. The data are taken from
Ref. [2].

FIG. 8. Calculated multiplicity ratio of charged hadrons for14N
and 84Kr nuclei (at HERMES) using the constituent quark model
(32) for the prehadronic cross section and different values of the
formation timet f =0–1.5 fm/c. The data are taken from Ref.[2].

FALTER et al. PHYSICAL REVIEW C 70, 054609(2004)

054609-10



In Fig. 9 we show the transverse momentum dependence
of the multiplicity ratio (33), where the transverse compo-
nentpT of the hadron is defined with respect to the momen-
tum direction of the virtual photon. In the simulation we use
the constituent quark concept(32) for the prehadronic cross
sections and the formation timet f =0.5 fm/c. We expect that
the pT distribution of the observed hadrons is broadened for
complex nuclei compared to deuterium due to multiple scat-
tering of the(pre)hadrons. Up topT

2<1 GeV2 the pT
2 depen-

dence of the multiplicity ratio is well reproduced for both the
nitrogen and the krypton target. However, the data of Ref.[2]
show a strong increase ofRM

h for pT
2*1 GeV2, which is not

reproduced by our(pre)hadronic FSI even if one assumes
that all elastic scattering events are isotropic in the center-of-
mass system(dashed line). This can be considered a signal-
for a partonic origin of the enhancement of high-pT hadrons
in eAcollisions either via a change of the parton distributions
inside the nuclear medium and/or the Cronin effect[45–47].

The Cronin effect was first observed in 1975[45] via an
enhancement of high-pT hadrons inpA collisions and has
become especially important recently in connection with data
from high-pT hadron production in heavy-ion collisions
[4,6]. Similar to pA collisions [46], a high-energy parton
produced in a directg* N interaction may be subject to soft
coherent and incoherent multiple rescatterings in the nuclear
medium. While the incoherent rescatterings can be inter-
preted intuitively as a random walk in transverse momentum
space[48], the coherent gluon radiation from different nucle-

ons is subject to Landau-Pomeranchuk-Migdal interference
effects [8]. The authors of Ref.[13] have calculated the
transverse momentum broadening that is caused by the mul-
tiple scattering of the struck parton before the prehadron pro-
duction time. Their calculation reproduces the strong in-
crease ofRM

h spTd for pT.1 GeV/c and thus supports the
interpretation in terms of a Cronin effect.

In our simulation we do not find any dependence of the
charged hadron multiplicity ratio(33) on the photon virtual-
ity Q2. This is no surprise since in the ratioRM

h the Q2 de-
pendence of the primary electroproduction cross section can-
cels out and our prehadronic cross sections(32) do not
depend on the virtuality of the photon. Therefore an experi-
mentally observed enhancement ofRM

h with Q2 could be in-
terpreted as a signature for color transparency[49,50]. We
will show in Sec. VII that indeed the simple constituent
quark ansatz for the prehadronic cross sections(32) overes-
timates the attenuation in the kinematic regime of the EMC
experiment, i.e., at larger values ofn andQ2.

C. Acceptance cuts

We now discuss how the geometrical acceptance of the
HERMES detector and the kinematic cuts affect the multi-
plicity ratio (33). In Fig. 10 we compare the results of our
simulation using the constituent quark concept(32) and a
formation time t f =0.5 fm/c for the HERMES acceptance
(solid line) in comparison to a 4p detector(dashed line). In
both calculations we still account for all kinematic cuts in the
HERMES experiment. As can be seen from thezh spectrum,
a detector with full angular coverage(dashed line) will detect
many more of the low-energy particles—produced in the
FSI—which simply do not end up in the HERMES detector.
As a result, then spectrum for a 4p detector is almost flat
since an increase of the formation time withn due to time
dilatation not only reduces the attenuation but also the par-
ticle production in the FSI. According to our simulations the
slope in then spectrum experimentally observed at HER-
MES partly arises because at lower photon energies particle

FIG. 9. The multiplicity ratio of charged hadrons for14N and
84Kr (at HERMES) as a function of the transverse momentum
squaredpT

2. In the simulation we use the constituent quark concept
(32) for the prehadronic cross sections and a formation timet f

=0.5 fm/c. In the simulation indicated by the dashed line we addi-
tionally assume that all elastic scatterings are isotropic in their
center-of-mass frame. The data are taken from Ref.[2].

FIG. 10. Influence of the HERMES detector geometry on the
observed multiplicity ratios for a84Kr target. In the simulation we
use the constituent quark concept(32) for the prehadronic cross
sections and a formation timet f =0.5 fm/c. The solid line repre-
sents the result of our simulation when accounting for the geometri-
cal acceptance of the HERMES detector. In the simulation indicated
by the dashed line no acceptance cuts have been employed. The
dotted line represents the result of a simulation where in addition to
the detector acceptance theEh.1.4 GeV cut has been neglected.
The data are taken from Ref.[2].
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production in the FSI is less forward peaked and therefore
less particles are seen by the HERMES detector. Note that
this problem is usually neglected in other approaches
[8–10,13] that intend to describe the observed multiplicity
ratios. The dotted line in Fig. 10 shows the result of a simu-
lation where in addition to the geometrical acceptance the
Eh.1.4 GeV cut has been neglected. As can be seen from
the lowzh part of the multiplicity ratio, one now detects even
more low-zh hadrons. Without the cutzh.0.2 the multiplic-
ity ratio as a function of the photon energy rises toRM

h snd
<1.5.

Summarizing this paragraph we stress that one has to take
the geometrical acceptance of the HERMES detector into
account if one wants to draw conclusions from a comparison
of experimental with theoretical results for the low-zh part
and then dependence of the multiplicity ratio.

D. Double hadron attenuation

Before we turn to the individual attenuation of the various
identified hadrons we compare our simulation with the re-
cently measured double-hadron attenuation at HERMES
[51]. In each event only the two(chargedor neutral) hadrons
with the highest energies are considered. In the following we
denote the hadron with the highestzh as the leading hadron
and the other one as the subleading hadron. The experimental
observable is the double-hadron attenuation ratio

R2sz2d =
UN2sz2d

N1
U

A

UN2sz2d
N1

U
D

. s34d

HereN2sz2d denotes the number of events where the leading
and subleading hadron carry the energy fractionz1.0.5 and
z2,z1, respectively, andN1 is the number of events where at
least one of them haszh.0.5. The kinematic cuts are the
same as for charged hadrons except for the Bjorken variable
x, which now has the new boundaryx.0.01.

Figure 11 shows the double-hadron multiplicity ratio(34)
for 14N, 84Kr, and 131Xe. To exclude contributions fromr0

decay intop+p− the charge combinations “1 2” and “2 1”
have been excluded both in experiment and in the simula-
tion. The solid line shows the result of a full coupled-channel
calculation using the constituent quark concept(32) and the
formation timet f =0.5 fm/c. The shape of the spectrum is
similar to that ofRM

h szhd of the charged hadron multiplicity
ratio shown in Fig. 8. The reason is quite simple: For the
interpretation we discard for a moment the constant factors
N1 in Eq. (34) and the factorsNe in Eq. (33) which have no
influence on the shape of thezh dependence. The only differ-
ence betweenuNhszhduA/ uNhszhduD anduN2sz2duA/ uN2sz2duD then
is that one restricts the detected hadron to the subleading
particle in the latter case. If the subleading particle(with
energy fractionz2) of the initial g* N reaction interacts with
the nuclear environment, it will produce a bunch of low-
energy particles. Thenew subleading hadron in the event
then has a energy fractionz28,z2. As for the usual charged
hadron multiplicity spectrum the coupled-channel FSI

shuffle strength from the highzh part to the lowzh part of the
spectrum. This is not the case for purely absorptive FSI
(dashed line in Fig. 11). As one can see, our coupled-channel
calculations(solid line)—using the constituent quark concept
(32) and the formation timet f =0.5 fm/c—are again in
quantitative agreement with the experimental data apart from
the last data point in the84Kr data, which indicates a multi-
plicity ratio R2sz2=0.5d<1. This behavior cannot be ex-
plained within our model.

As can be seen from Fig. 11, our calculations predict
about the same double-hadron attenuation ratio for131Xe and
84Kr. The reason is that the attenuation of leading and double
hadrons increases in the same way when going from the
krypton to the xenon target. Hence the double-hadron attenu-
ation ratio(34) stays roughly the same. Note that this does
not necessarily imply the same hadron attenuation for84Kr
and 131Xe. As we have shown in Ref.[11], and as one can
also see by comparing the multiplicity ratios for the two
targets in Figs. 12 and 14, the hadron attenuation in the131Xe
nucleus is on average 5% larger than for84Kr.

E. Attenuation of identified hadrons

We finally consider the attenuation ofp±, p0, K±, p, andp̄
in DIS of 27.6-GeV positrons off20Ne, 84Kr, and 131Xe
nuclei. For the krypton and xenon target the cuts are
the same as for charged hadrons plus the momentum
cuts necessary for particle identification at HERMES

FIG. 11. Double-hadron attenuation ratioR2 for a 14N, 84Kr, and
131Xe target as a function of the energy fractionz2 of the subleading
hadron. In the simulation(solid line) we use the constituent quark
concept(32) for the prehadronic cross sections and a formation time
t f =0.5 fm/c. To exclude contributions fromr0 decay intop+p− the
charge combinations “1 2” and “2 1” have been excluded both in
experiment and in the simulation. The dashed line shows a calcula-
tion with a purely absorptive treatment of the FSI. The preliminary
HERMES data are taken from Ref.[51].
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[2], i.e., 2.5 GeV/c,pp,K,15 GeV/c and 4 GeV/c,pp,p̄
,15 GeV/c. The following cuts are different for the neon
target [52]: 2 GeV,n,24 GeV, 0.6 GeV/c,pp

,15 GeV/c, and 2 GeV/c,pK,15 GeV/c.
For the moment we stick again to the prehadron concept

(32) and the formation timet f =0.5 fm/c in our simulation.
Figures 12 and 13 show the multiplicity ratios on84Kr and
20Ne, respectively. The attenuation of pions is well described
for the 84Kr nucleus while it is slightly too strong for the
light 20Ne target. This is no surprise since for84Kr our model
already reproduced the multiplicity ratio of charged
hadrons—dominated by pions—while the attenuation was
too strong in the case of the lighter14N nucleus.

The attenuation ofK+ mesons is well described for the
heavier krypton target while it is in poor agreement with the
20Ne data. In the latter case the calculated multiplicity ratio is
larger than one at smallzh in contradiction to the experimen-
tal data. For both nuclei our simulation yields approximately
the same attenuation forK− andK+ mesons at largezh. The
reason for this is directly related to theK+ andK− spectra in
Fig. 5, which show that due to the quark contentsūsd theK−

contain less quarks from the beam or target than theK+. The
few K− that are not solely made of quarks and antiquarks
created from the vacuum in the string fragmentation carry
(anti)quarks from the resolved photon component or the
nucleon sea. According to the constituent quark concept(32)

one has thus less prehadronic interactions ofK−. This is com-
pensated by the largerK−-nucleon cross section. In total this
leads to a similar attenuation ofK+ and K−. From Fig. 5 it
can also be seen that a large part of the kaons at highzh stem
from f decay intoK+K−. The attenuation ofK± at high zh
therefore strongly depends on the FSI of thef meson; this is
in analogy to the attenuation of charged hadrons(pions)
which are strongly affected by the FSI of ther meson.

There is a further complication connected with the multi-
plicity ratio of kaons, which is neglected in a purely absorp-
tive treatment of the FSI. The initialg* N interaction pro-
duces many more pions andr mesons than strange particles
(cf. Fig. 5). These high-energy particles can produce second-
ary K+ and K− in the nuclear FSI and thereby enhance the
multiplicity ratio for K± at low zh. This is illustrated by the
dotted lines in Fig. 13 which shows the result of a purely
absorptive treatment of the FSI, in which every particle that
undergoes FSI is simply removed from the simulation. One
clearly sees that kaon absorption in the FSI is compensated
to a large extent by the production of kaons in the nuclear
FSI of pions andr mesons. Forzh&0.35 theK+ production
exceeds the absorption in the light20Ne and leads to a mul-
tiplicity ratio larger than 1. This is not the case for the84Kr
nucleus which is large enough to also absorb some of the
secondary kaons. Of course this effect strongly depends on
the strangeness production cross section used in the FSI. Un-
less one does not have all these coupled channels under con-

FIG. 12. Multiplicity ratios of p±,0, K±, p, and p̄ for a 84Kr
nucleus(at HERMES) as a function of the hadron energy fraction
zh=Eh/n and the photon energyn. The solid line represents the
result of a simulation, where we use the constituent quark concept
(32) for the prehadronic cross sections and a formation timet f

=0.5 fm/c. The dotted line in the proton spectrum indicates the
result of a simulation where allg* N events are created byPYTHIA.
The data are taken from Ref.[2].

FIG. 13. Multiplicity ratios of p±, K±, p, and p̄ for a 20Ne
nucleus(at HERMES) as a function of the hadron energy fractionzh

and the photon energyn. The solid line represents the result of a
simulation where we use the constituent quark concept(32) for the
prehadronic cross sections and a formation timet f =0.5 fm/c. The
dotted line represent the result of a simulation with a purely absorp-
tive treatment of the FSI. The data are taken from Ref.[52].
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trol it is therefore hard to draw any conclusion from the kaon
attenuation in DIS off nuclei.

From Fig. 5 one also sees that there are only very few
protons that contain no quarks from the beam or target be-
cause diquark-antidiquark creation is strongly suppressed in
the string fragmentation due to the relatively large diquark
masses. The latter also explains why most protons contain
two of the original quarks, i.e., the diquark from the target
nucleon. These remnants have a very large prehadronic cross
section according to the constituent quark concept(32). As a
result the proton multiplicity ratio comes out too small for
both the 84Kr and the 20Ne nucleus. As discussed in Sec.
V A, the Lund model points to a larger formation time for
protons than for the lighter pions,r mesons, and kaons[cf.
Eq. (29)]. However, as we have shown in Fig. 8, a further
increase of the formation time tot.0.5 fm/c does not
change our result at largezh as long as the production time is
zero. Since proton attenuation at largezh is solely due to
prehadronic interactions this either points towards a smaller
prebaryonic cross section or a finite production time.

A further problem connected with the proton spectra is the
strong increase of the multiplicity ratio forzh,0.4 which is
seen in the experimental84Kr data. At small proton energies
RM

p becomes larger than one which might be understood in
our model by a slowing down of high-energy protons in the
FSI. Alternatively, protons might be knocked out of the
nucleus in the FSI of a high-energy meson produced in the
primary g* N interaction. We do indeed see these effects in
our simulation, however, in both cases the experimental mo-
mentum cutpp.4 GeV/c removes most of these protons
from the acceptance. Thus the protons in our transport simu-
lation lose too much energy per collision in the(pre)hadronic
FSI scenario.

As we have pointed out in the discussion of Fig. 2 the use
of FRITIOF in the simulation ofg* N events has a small effect
on the proton spectra. In Fig. 12 we therefore also show the
proton attenuation in a simulation whereall g* N interac-
tions aboveWPY=3 GeV are simulated byPYTHIA. One ob-
serves that besides a slight improvement at largezh and low
photon energiesn this has no effect on our result.

Within our simulation the attenuation of antiprotons also
comes out slightly too large in the(pre)hadronic FSI sce-
nario. We find that the antiprotons withzh*0.5 are mainly
beam or target remnants that contain an antiquark from the
resolved photon or the nucleon sea, whereas most of the
antiprotons withzh&0.5 are solely made of antiquarks that
are produced in the fragmentation of the string excited in the
g* N interaction. According to the constituent quark concept
(32) the attenuation of antiprotons withzh,0.5 is therefore
only caused by hadronic FSI aftert f.

In Fig. 14 we also show predictions for the attenuation of
identified hadrons on a131Xe target. In the simulation we
have used the constituent quark concept(32) and a formation
time t f =0.5 fm/c. By comparing the multiplicity ratiosRM

h

of negatively and positively charged pions for20Ne, 84Kr,
and131Xe nuclei, we find that the attenuations1−RM

h d scales
like Aa with an exponenta=0.22–0.29 atzh=0.95. If the
attenuation was simply proportional to the distance that the
particles propagate through the medium, one would naively
expect a scaling exponenta=1/3. Thedeviation is caused

by the finite formation time and the nonuniform density dis-
tribution in nuclei. At lower values ofzh or in the integrated
n spectra the scaling behavior is hidden by the coupled chan-
nel effects. We note that a scaling of the attenuation with the
target mass,sAd2/3, as predicted by Ref.[8], would imply an
increase of about 34% when using131Xe instead of84Kr.

F. Lund production and formation times

We now test the result of a simulation where both the
production times of the prehadrons and the formation timet f
of each individual particle are explicitly extracted from the
corresponding string fragmentation inJETSET(cf. Fig. 4). As
described in Sec. V A there are in principle three time scales
involved in the Lund fragmentation process:(i) The produc-
tion proper timetp1 of the hadron’s first constituent, which is
obviously zero if the hadron contains a constituent from a
string end,(ii ) the production proper timetp2 when the sec-
ond constituent is produced and a color neutral object is
formed, and(iii ) the formation proper timet f where the two
world lines of the constituents cross for the first time.

We point out that—due to technical reasons—all particles
that emerge from the primaryg* N interaction start to propa-
gate from the interaction vertex, while the production time
only affects the beginning of their interactions with the
nuclear medium. One may therefore expect slight deviations
from the real reaction geometry, where the excited string
propagates over a small distance prior to fragmentation.

FIG. 14. Predictions for the multiplicity ratios ofp±, p0, K±, p,
andp̄ for a 131Xe nucleus(at HERMES) as a function of the hadron
energy fractionzh and the photon energyn. In the simulation we use
the constituent quark concept(32) for the prehadronic cross sec-
tions and a formation timet f =0.5 fm/c.
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We now proceed and introduce two effective cross sec-
tions: s1 which accounts for the “partonic”interaction be-
tweentp1 and tp2, ands2 which accounts for the “prehad-
ronic” interactions of the color neutral object betweentp2
andt f. We first neglect the partonic interactionsss1=0d and
set the prehadronic cross sections2 equal to the full hadronic
cross sectionsh. In such a scenario we are no longer sensi-
tive to the formation timet f but only ontp2. The solid lines
in Fig. 15 show the result of such a simulation for a84Kr
target. Since the resulting attenuation is much too weak we
conclude that the strong FSI have to start earlier. Note that a
reduction ofs2 will further enhance the discrepancy with
experimental data. To achieve reasonable results for the mul-
tiplicity ratio one has to rescaletp2 by about a factor of 0.2
(dotted line), which is quite dramatic. According to the Lund
model[cf. Eq. (28)] this has to be interpreted as anincrease
of the string tensionk by an unreasonably large factor of
about 5 in the nuclear medium. Settings1 to zero implies to
neglect any interaction of the nucleon debris with the nuclear
medium between the moment of theg* N interaction andtp2.
This might be a problem, since the hadronic string that is
produced in the DIS may interact with a hadronic cross sec-
tion right from the beginning[37].

The average size of the prehadron-production times of the
gluon-bremsstrahlung model[13] is about a factor of 10
smaller than the timestp2 extracted fromJETSET. In fact, their
average size is rather compatible withtp1. If one assumes

that strong FSI already set in right aftertp1 and setss1
=s2=sh one gets the result indicated by the dashed curves in
Fig. 15, which are in satisfactory agreement with the experi-
mental data. However, such a large interaction cross section
s1 is definitely not of perturbative nature. Furthermore, this
recipe again implies that all beam and target remnants can
interact right after the photon-nucleon interaction since the
production timetp1 of their first constituent is zero. In fact,
this scenario is not much different from our constituent quark
ansatz discussed before. Again the interactions of the beam
and target remnants may be considered as effectively ac-
counting for the interaction of the strings right after their
creation in theg* N interaction. The solid squares in Fig. 4
indicate the average starting times of the prehadronic and
hadronic interactions according to the constituent quark
model (32) with t f =0.5. Thezh dependence of these two
times has to be compared withtp1 and tf, respectively. In
both cases the shape looks quite similar while the average
times of our constituent quark concept are somewhat smaller.
The latter is partly compensated by the reduced prehadronic
cross section, cf. Eq.(32). Due to time dilatation the produc-
tion times tp1 are in general already of the order of the
nuclear radius. This explains why the beam and target
remnants—for whichtp1=0—dominate the shape of the
spectra.

VII. HADRON ATTENUATION AT EMC ENERGIES

In this section we test different space-time pictures of
hadronization in comparison to the EMC data with 100- and
200-GeV muon beams[14]. In the previous section we have
seen that almost all of the HERMES data can be described
with the simple prehadron concept of Sec. V B, i.e., setting
the production timetp to zero for all hadrons and using the
constituent quark concept(32) for the prehadronic cross sec-
tions during the formation timet f. Obviously, this picture
can only represent a rough approximation to the real hadroni-
zation process. Neither is it very likely that the string frag-
ments convertinstantaneouslyinto color neutral prehadrons
nor do the cross sectionsinstantaneouslyjump from the res-
caled values(32) to the full hadronic size.

The kinematic regime of the EMC experiment, which
uses a 100-GeVs200-GeVd muon beam, is different from
that of the HERMES experiment. Here, the kinematic cuts
are Q2.2 GeV2, W.4 GeV, x.0.02, 10 GeV,n
,85 GeVs30 GeV,n,170 GeVd, andEh.3 GeV. In ad-
dition we again account for the angular acceptance of detec-
tor, i.e., ±5° horizontally and ±8° vertically[53].

In the upper panel of Fig. 16 we show the EMC result for
the multiplicity ratio of charged hadrons on a63Cu target as a
function of the hadron energy fractionzh. The solid line
shows the result for the simple prehadron concept(32) with
the constant formation timet f. The shaded area indicates the
region between the results of calculations using 100- and
200-GeV muon beam energy. Obviously, we get a much too
strong attenuation forzh.0.3. This either implies that the
prehadronic interactions set in too early or that the cross
sections(32) are too large.

The dashed line shows the result for a simulation when
assuming that duringt f the prehadron cross section increases

FIG. 15. Multiplicity ratios ofp±, p0, K±, p, and p̄ for a 84Kr
nucleus(at HERMES) as a function of the hadron energy fractionzh

and the photon energyn. In the simulation we use the proper times
tp2

(solid line), 0.2tp2
(dotted line), andtp1

(dashed line) from the
JETSET routine as the prehadron production time. The prehadronic
cross section is set to the full hadronic cross section and interactions
before the production time are neglected.
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quadratically in proper timet from zero to the asymptotic
valuesh. Such an ansatz can be motivated by color transpar-
ency, which states that the cross sections of the color neutral
prehadron scales with its diameter squared. While giving the
right attenuation for EMC energies, such an ansatz fails to
explain the HERMES data as long as the initial cross section
is exactly zero(see lower panel of Fig. 16). For the calcula-
tion indicated by the dash-dotted line in the lower panel of
Fig. 16 we assumed an initial prehadronic cross section
0.3sh followed by a quadratic increase in proper time up to
the full hadronic valuesh. The difference between the initial
prehadronic cross sections at HERMES and EMC might be
explained if one assumes that the cross section right after the
g* N interaction is set by the resolution of the virtual photon,
i.e.,Q2. Indeed, the average values ofQ2 in the EMC experi-
ment are more than twice as large as at HERMES energies.
However, the HERMES data[54] do not indicate a strong

enoughQ2 dependence of the multiplicity ratio to explain
such a dramatic difference between the two “initial” values
for the prehadron cross section.

In Sec. VI we have shown that, as long as one neglects a
strong partonic energy loss[8,9] right after theg* N interac-
tion, the(pre)hadronic interactions have to set in very early
(cf. Fig. 7) to explain the various HERMES data. Since the
Lorentzg factors involved in the EMC experiment are about
five times larger than at HERMES energies, a finite(but
small) production time will have a larger impact on the cal-
culated multiplicity ratios. In Fig. 17 we therefore also show
the results of a calculation with a constant production time
tp=0.1 fm/c as well as the production timetp=0.2tp2 with
tp2 extracted directly fromJETSET. For simplicity we neglect
all (partonic) interactions before the production time of the
prehadrons and set the prehadronic cross to the full hadronic
cross sectionsh.

The result fortp=0.1 fm/c in the kinematic region of the
HERMES experiment is shown in Fig. 7 and yields a too
weak attenuation at largezh. An additional formation time
with reduced cross sections would further enhance this dis-
crepancy. On the other hand, the production timetp
=0.1 fm/c is still too small to give the right attenuation at
EMC energies as can be seen from the dashed line in Fig. 17.

In Sec. VI F we have found that usingtp1 as the prehad-
ron production time yields a satisfactory description of the
HERMES data. However, usingtp1 as the prehadron produc-
tion time leads to the same problem observed for our con-
stituent quark concept in Fig. 16, i.e., a too strong attenuation
of the high-zh hadrons. The reason is again the strong pre-
hadronic interactions of the beam and target remnants right
after theg* N interaction.

When setting the prehadron production time to 0.2tp2
(solid line in Fig. 17), we observe again a slightly too strong

FIG. 16. Upper panel: Multiplicity ratio of charged hadrons for
a 63Cu target as a function of the fractional energyzh in the kine-
matic regime of the EMC experiment. The shaded areas are
bounded by simulations using a 100-GeV(lower boundary) and
200-GeV (upper boundary) muon beam. The data are taken from
Ref. [14]. Lower panel: Multiplicity ratio of charged hadrons for a
84Kr target as a function of the fractional energyzh in the kinematic
regime of the HERMES experiment. The data are taken from Ref.
[2]. The solid line shows the result of our simulation using the
constituent quark concept(32) for the prehadronic cross sections
and a formation timet f =0.5 fm/c. In the simulation represented by
the dashed line we assumed a prehadronic cross section increasing
quadratically in proper time duringt f =0.5 fm/c from zero up to the
full hadronic size. The dash-dotted line represents a simulation
where the prehadronic cross section increases quadratically in
proper time from 0.3sh to the full hadronic cross section.

FIG. 17. Multiplicity ratio of charged hadrons for a63Cu target
as a function of the fractional energyzh in the kinematic regime of
the EMC experiment. The shaded areas are bounded by simulations
using a 100-GeV(lower boundary) and 200-GeV(upper boundary)
muon beam. The data are taken from Ref.[14]. The dashed line
shows the result of our simulation using a constant prehadron pro-
duction timetp=0.1 fm/c. In the calculation indicated by the solid
line we used the Lund production timetp=0.2tp2, wheretp2 has
been directly extracted fromJETSET. In both calculation we set the
prehadronic cross section equal to the full hadronic cross section
and neglect interactions before the production time.
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attenuation. However, this concept is in better agreement
with the experimental data at EMC energies than our previ-
ous approaches.

In summary, it does not seem to be possible to simulta-
neously describe both the HERMES and the EMC data with
(pre) hadronic FSI only, as long as one does not account for
additional effects like color transparency.

VIII. SUMMARY AND OUTLOOK

In this work we have presented a detailed investigation of
hadron attenuation in deep-inelastic lepton scattering at
HERMES and EMC energies. In the primary production pro-
cess we do not only consider the direct interaction of the
virtual photong* with a quark inside the nucleon(nucleus),
but also diffractive and hard scatterings of the photon’s had-
ronic components. In the latter case we account for coher-
ence length effects that lead to nuclear shadowing in DIS of
nuclei (cf. Sec. III). Furthermore, our model description in-
corporates other nuclear effects like Fermi motion of the
bound nucleons, Pauli blocking, and nuclear binding. We de-
termine the complete final state of eachg* N interaction us-
ing the event generatorPYTHIA.

For the space-time picture of the hadronization process
we basically have considered two different scenarios. One is
motivated by the Lund model and the other one is that gen-
erally used in standard transport models. In the Lund model
the production proper times of the hadron constituents and
the formation proper time of the hadron are determined by
the underlying fragmentation process and depend on energy
and momentum of the hadron. SincePYTHIA is based on the
Lund fragmentation scheme we can directly extract the pro-
duction and formation times for each hadron from the corre-
sponding fragmentation process. We have shown explicitly
that the production and formation times in the Lund model
show a nontrivial dependence on the mass of the hadron.

On the other hand, the concept generally used in transport
approaches is that the production time of the prehadrons is
set to zero and the interaction probability is reduced during
the formation timet f. For simplicity the formation time is
assumed to be a constantt f in the rest frame of each hadron
in order to work with a single parameter, only.

The prehadronic final state interactions(FSI) between the
production and the formation time and the hadronic FSI after
t f are described within a transport model which allows for a
realistic coupled channel treatment beyond simple absorption
mechanisms. We explicitly account for particle creation in
the interactions of the primary reaction products emerging
from the initial g* N interaction. These secondary particles
are found to strongly influence the low-energy part of the
experimentally observed multiplicity ratios(33).

Furthermore, we have studied how the kinematic cuts and
the finite detector acceptance influence the experimental ob-
servables. We find strong effects that have to be taken into
account in any robust interpretation of the data.

We have investigated the attenuation of charged and neu-
tral pions, kaons, protons, and anti-protons as a function of
the fractional energyzh, the photon energyn, and the trans-
verse momentumpT, as well as the double-hadron attenua-

tion. While in the kinematic region of the HERMES experi-
ment most phenomena can be attributed to(pre) hadronic
FSI, we find limitations of our “standard” model for EMC
energies and for largepT. The latter supports a partonic ori-
gin for the Cronin effect in electron-nucleus interactions.

We have seen in Sec. VI F that a scenario in which any
interactions before the production of the color neutral pre-
hadrons at proper timetp2 are neglected does not yield
enough hadron attenuation. Instead, we had to assume strong
interactions right after the production timestp1 of the had-
ron’s first constituent. However, this does not necessarily im-
ply that there is a freely interacting quark that sees strong
FSI. As pointed out in Sec. V A the longitudinal dimension
of the string and its(color neutral) fragments is not expected
to be larger than 1 fm[36,37]. Therefore one has in principle
to deal with the propagation of color neutral strings that sub-
sequently fragment into prehadrons and color neutral remain-
der strings. A collision of a(remainder) string—before its
fragmentation—will most likely lead to a different final state
than an undisturbed decay. This is technically more involved
but will be incorporated in our future work. Apart from ex-
tensions on the theoretical side new experimental data also at
lower energies should help to clarify the problem of hadroni-
zation. The experiments that are currently performed at con-
siderably smaller energies at Jefferson Lab—and which are
planned after the upgrade to 12 -GeV beam energy—will be
more sensitive to the string fragmentation and hadron forma-
tion times since time dilatation effects are less pronounced.

Furthermore, in a direct photon-nucleon interaction at
very highQ2 and energyn the photon is expected to knock
out a highly virtual pointlike quark that immediately may
radiate gluons. The gluons then can split into quark-
antiquark pairs and finally the various colored quarks and
gluons combine to form the hadronic strings. While these
processes are in principle taken into account in our present
simulations viaPYTHIA, we have neglected their space-time
evolution so far and assumed that they take place instanta-
neously at the interaction point. This simplification may have
considerable consequences at EMC energies and possibly ex-
plain our difficulties in describing the data. An explicit con-
sideration of these partonic evolution effects is also planned
for the future.
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APPENDIX A: HIGH-ENERGY HADRON-NUCLEON
INTERACTIONS

1. Total cross sections

As pointed out in Sec. IV we model hadron-hadron colli-
sions above the resonance regionsW*2.3 GeVd by FRITIOF

[23]. In contrast toPYTHIA [21] the FRITIOF event generator
does not provide absolute cross sections but only determines
the final state of a scattering event. Therefore we have to
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explicitly parametrize the total cross sections at large ener-
gies. For all baryon-baryon collisions—that solely involve
nonstrange baryons in the entrance channel—we use the
cross section parametrization[55]

s = fA + Bpn + C ln2 p + D ln pg mb sA1d

with the parameters for proton-proton collisions listed in
Table I. In Eq.(A1) p denotes the laboratory momentum in
GeV. As shown in Ref.[55] this parametrization yields a
good description of the cross sections down to the resonance
region. In the current version of our transport simulation we
neglect collisions of strange and charmed baryons.

For the meson-nucleon interactions, that can be addressed
experimentally likep±p, K±p, andK±n, we use Eq.(A1) with
the parameters listed in Table I. The cross sections for the
other isospin channels are given by isospin symmetry

sp0N =
1

2
ssp+p + sp−pd,

sp+n = sp−p,

sp−n = sp+p,

sK0p = sK+n,

sK̄0p = sK−n, etc. sA2d

The cross sections for theK* and K̄* mesons are assumed to

be the same as forK and K̄. The total cross sections for the
vector mesons are given by thePYTHIA parametrization(2).

For all other high-energy meson-baryon collisions we em-
ploy an ansatz similar to that of the UrQMD model[35]:

smb
tot ssd = spN

tot ssds1 − 0.4xS
m − 0.5xC

mds1 − 0.4xS
b − 0.5xC

bd,

sA3d

wherexS,C
m andxS,C

b denote the strangeness and charm content
of the mesonm and baryonb, respectively:

xS
m =

uSsmdu
2

, xC
m =

uCsmdu
2

,

xS
b =

uSsbdu
3

, xC
b =

uCsbdu
3

. sA4d

Here S and C denote the strangeness and charm quantum
numbers of the meson and baryon, respectively.

2. Elastic scattering

There are two problems with the originalFRITIOF model
[23]. The first one is that it does not generate enough elastic
scattering events as can be seen by the solid triangles in Fig.
18. We cure this deficiency by also parametrizing the elastic
cross section and simulating elastic scattering externally;FRI-

TIOF is then only called for inelastic collisions(cf. Ref.[25]).
For all elastic baryon-baryon collisions, that solely involve
nonstrange baryons in the entrance channel, we use the same
parametrization as for elasticpp scattering(see Table I).

The cross sections for elasticp±p andK±p scattering are
again taken from experiment(see Table I) and those for elas-
tic VN scattering are given by VMD,

sVN
el < SgV

e
D2

sgN→VN.

For the remaining particles we use the relation[56]

sel = cstot
3/2 sA5d

to determine the size of the elastic cross sections from the
corresponding total cross sections. The valuec
=0.039 mb−1/2 is the same as in the UrQMD model[35]. The
angular distribution for elastic scattering 1+2→1+2 is
taken from thePYTHIA model,

dsel

dt
, eB1 2

el t, sA6d

with the slope parameter

B1 2
el = 2b1 + 2b2 + 4se − 4.2

with s given in units of GeV2 andB1 2
el in GeV−2. The con-

stants arebb=2.3 for baryons andbm=1.4 for mesons.

3. Quark-antiquark annihilation

A second problem withFRITIOF is that it does not account
for quark-antiquark annihilation in meson-baryon scattering
in correspondence to Reggeon exchange in thet channel.
This process, however, gives a finite contribution to the total
cross section for lowÎs. We therefore keep the option to
simulate its contribution to the inelastic collisions indepen-
dently of FRITIOF using the method developed in Ref.[26],

TABLE I. Parameters for the cross section parametrization(A1).
The parameters are taken from Ref.[55].

A B n C D

spp
tot 48.0 0. 0.522 −4.51

spp
el 11.9 26.9 −1.12 0.169 −1.85

sp̄p
tot 38.4 77.6 −0.64 0.26 −1.2

sp̄p
el 10.2 52.7 −1.16 0.125 −1.28

sp+p
tot 16.4 19.3 −0.42 0.19 0.

sp+p
el 0. 11.4 −0.4 0.079 0.

sp−p
tot 33.0 14.0 −1.36 0.456 −4.03

sp−p
el 1.76 14.0 −1.36 0.456 −4.03

sK+p
tot 18.1 0. 0.26 −1.

sK+p
el 5. 8.1 −1.8 0.16 −1.3

sK+n
tot 18.7 0. 0.21 −1.3

sK−p
tot 32.1 0. 0.66 −5.6

sK−p
el 7.3 0. 0.29 −2.4

sK−n
tot 25.2 0. 0.38 −2.9
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where the antiquark from the meson and a constituent of the
baryon with the same flavor may annihilate. We assume that
the momenta of the two annihilating quarks are very small so
that we do not need to treat the final gluon explicitly. The
final state of such an annihilation process is modeled by an
excited string with the invariant mass of the colliding sys-
tem. The decay of the string into hadrons is taken into ac-
count using the Lund fragmentation routineJETSET 7.3 as
also used byFRITIOF. In contrast to the two excited strings of
a FRITIOF event, the string—emerging afterqq̄ annihilation—
has a larger invariant mass and therefore has more energy
available forss̄creation. Hence the annihilation process has
a strong effect on strangeness production in meson-baryon
scattering and the energy dependence of its cross section.
AboveÎs=2.2 GeV the annihilation cross section relative to
strangeness production in pion-nucleon scattering can be fit-
ted by [26]

smb
anni

smb
inel = maxF1.2 − 0.2

Îs

GeV
,0G .

Figure 19 shows the resulting cross section for strangeness
production inp±p with (solid line) and without(dashed line)
the quark-antiquark annihilation contribution. One clearly

sees that the incorporation of the annihilation part leads to a
much better agreement with data.

Since the cross sections for baryon-baryon collisions be-
low Îs=2.6 GeV and meson-baryon collisions belowÎs
=2.2 GeV are given by the resonance model of Ref.[16], we
continuously connect the high-energy parametrization to the
resonance part. As an example, Fig. 18 shows our parametri-
zation of the total and elasticp±p andK±p cross section in
comparison with the experimental data.

4. Antibaryons

Finally, there is the possibility of elastic and inelastic

baryon-antibaryonsbb̄d interactions in the nuclear FSI. The
total and elastic cross sections forpp̄ scattering are again
taken from experiment, i.e., Eq.(A1) and Table I. For the rest
of the nonstrange antibaryons we use the same cross sections

as for antiprotons. Elasticbb̄ scattering is simulated in the
same way as in all other elastic channels. The inelastic frac-
tion of the total cross section is experimentally known to be
dominated by annihilation. We therefore reduce the inelastic
cross section of(anti) baryons that involvess̄ds quarks ac-
cording to the simple valence quark picture:

FIG. 18. Cross sections for
p±p andK±p scattering. The solid
(dashed) lines represent the total
(elastic) cross sections. The high-
energy part given by Eq.(A1) is
continuously connected to the
cross sections of the resonance
model [16] applied below Îs
=2.2 GeV. The solid triangles
show theFRITIOF result for elastic
pion-proton scattering. The data
are taken from Ref.[57].

FIG. 19. Cross sections for p±p
→strange particlesin comparison with experi-
mental data from Ref.[58]. The solid (dashed)
lines represent the simulation with(without) the
possibility of quark-antiquark annihilation. The
figure is taken from Ref.[26].
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s
YN̄

anni
= s

ȲN

anni
=

3 − uSu
3

sspp̄
tot − spp̄

el d, sA7d

whereS denotes the strangeness of the(anti) hyperons. The
annihilation in collisions involving charmed(anti) baryons is
neglected here. The annihilation process is modeled in the
same way as in Ref.[24]: After annihilation of a quark and
an antiquark with the same flavor the remaining(anti) quarks
form two orthogonalqq̄ jets which equally share the invari-
ant mass of the colliding system. As in the case ofqq̄ anni-
hilation in meson-baryon scattering the strings are frag-
mented usingJETSET7.3.

Throughout this work we neglect meson-meson, meson-
antibaryon, as well as antibaryon-antibaryon interactions.
They are very unlikely in lepton-induced reactions since they
require interactions between the few reaction products
among each other.

APPENDIX B: THE BUU TRANSPORT MODEL

1. Ingredients

The scalar potentialUS in the set of transport equations
(10) can be related to an effective(nonrelativistic) potential
U which accounts for the many-body interactions of the
baryons among each other. The general expression for the
relativistic energy of a particle under the influence of a scalar

potentialS and a vector potentialV=sV0,VW d is

H = Îsm + Sd2 + spW − VW d2 + V0. sB1d

In the local rest frame(LRF), i.e., where the baryon current

locally vanishes, the spatial componentsVW vanish. We arbi-
trarily setS=0 and interpret the effective potentialU as the
zeroth componentV0 of the vector potential:

HLRF = Îm2 + pLRF
2 + UsrW,pWLRFd. sB2d

We can then define the scalar potentialUS of Eq. (11) in any
frame as

USª
ÎHLRF

2 − pLRF
2 − m. sB3d

Note that for photon- and electron-induced reactions the lo-
cal rest frame coincides with the frame where the target
nucleus is at rest, i.e., the laboratory frame in case of fixed
target experiments.

For nucleons the effective potentialU is parametrized ac-
cording to Ref.[59] as a sum of a Skyrme part, which only
depends on the baryon densityr, and a momentum depen-
dent part:

UsrW,pWd = A
rsrWd
r0

+ BSrsrWd
r0

Dt

+
2C

r0
gE d3p8

s2pd3

fsrW,pW8d

1 +SpW − pW8

L
D2 ,

sB4d

where r0=0.168 fm−3 denotes the saturation density of
nuclear matter. In the reactions considered in this work the
nucleus remains close to its ground state and the phase-space

densityf in Eq. (B4) can be approximated by the phase space
density of(uncorrelated) cold nuclear matter,

fsrW,pWd , QspFsrWd − upW ud, sB5d

with the local Fermi momentum

pFsrWd = S6p2

g
rsrdD1/3

. sB6d

Here g=4 again denotes the factor of degeneracy. For the
density distribution of complex nuclei we use the Woods-
Saxon parametrization:

rsrd =
r0

1 + expS r − R

a
D sB7d

with the parameters of Table II that have been extracted from
a Hartree-Fock calculation[60] for stable nuclei. For light
nuclei like 14N, however, we use a Gaussian shape:

rgsrd =
1

p3/2ag
3 expS−

r2

ag
2A2/3D sB8d

with agA
1/3=Î2

3r rms and r rms=1.21A1/3 fm.
The use of Eq.(B5) allows us to employ an analytic ex-

pression for the momentum dependent part of the potential
(B4),

2C

r0
gE d3p8

s2pd3

QspFsrWd − upW8ud

1 +SpW − pW8

L
D2

=
2C

r0

g

s2pd3pL3H pF
2srWd + L2 − p2

2pL
lnF fp + pFsrWdg2 + L2

fp − pFsrWdg2 + L2G
+

2pFsrWd
L

− 2FarctanSp + pFsrWd
L

D
− arctanSp − pFsrWd

L
DGJ . sB9d

TABLE III. Parameters of the nucleon potential(B4) used in
this work.

A (MeV) B (MeV) C (MeV) t L sfm−1d

−29.3 57.2 −63.5 1.76 2.13

TABLE II. Woods-Saxon parameters(B7) for the nuclei inves-
tigated in this work.

R (fm) a (fm) r0 sfm−3d

14N 2.476 0.479 0.161
20Ne 2.851 0.479 0.161
63Cu 4.409 0.477 0.157
84Kr 4.911 0.476 0.155

131Xe 5.777 0.476 0.152
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The parameters of the mean-field potential(B4) are fitted
to the saturation properties of nuclear matter and the momen-
tum dependence of the nucleon optical potential as measured
in pA collisions [16]. Throughout this work we employ the
parameters given in Table III.

We use the same mean-field potential for all baryons ex-
cept for theD resonance for which we assume

UD =
2

3
U. sB10d

This choice is motivated by the phenomenological value of
−30 MeV at densityr0 [61]. As mentioned before, we ne-
glect any hadronic potential for mesons as well as any influ-
ence of the Coulomb potential in our present investigations.

TABLE IV. List of mesons included in the BUU model, their quantum numbers(spin J, isospinI, strangenessS, charmC) and decay
channels. The parameters are taken from Ref.[30] except for thes meson[62].

m
(MeV)

G
(MeV) J I S C Decay channel

p 138 0 0 1 0 0

h 547 1.2310−3 0 0 0 0 gg (40%), p+p−p0 (28%), 3p0 (32%)

r 770 151 1 1 0 0 pp

s 800 800 0 0 0 0 pp

v 782 8.4 1 0 0 0 pp (2%), p0g (9%), p+p−p0 (89%)

h8 958 0.2 0 0 0 0 r0g (31%), pph (69%)

f 1020 4.4 1 0 0 0 rp (13%), KK̄ (84%), p+p−p0 (3%)

K 496 0 0 1/2 1 0

K̄ 496 0 0 1/2 −1 0

K* 892 50 1 1/2 1 0 Kp

K̄* 892 50 1 1/2 −1 0 K̄p

hc 2980 0 0 0 0 0

J/c 3097 0 1 0 0 0

D 1869 0 0 1/2 0 1

D̄ 1869 0 0 1/2 0 −1

D* 2007 1 1 1/2 0 1 Dp

D̄* 2007 1 1 1/2 0 −1 D̄p

Ds 1969 0 0 0 1 1

D̄s
1969 0 0 0 −1 −1

Ds
* 2112 1.9 1 0 1 1 Dsg (94%), Dsp (4%)

D̄s
* 2112 1.9 1 0 −1 −1 D̄sg (94%), D̄sp (4%)

TABLE V. List of baryons withS,−1 orC.0 included in the BUU model, their quantum numbers(spin
J, isospinI, strangenessS, charmC) and decay channels. The parameters are taken from Ref.[30].

m
(MeV)

G
(MeV) J I S C Decay channel

J 1315 0 1/2 1/2 −2 0

J* 1530 9.5 3/2 1/2 −2 0 Jp

V 1672 0 3/2 0 −3 0

Lc 2285 0 1/2 0 0 1

Sc 2455 0 1/2 1 0 1

Sc
* 2530 15 3/2 1 0 1 Lcp

Jc 2466 0 1/2 1/2 −1 1

Jc
* 2645 4 3/2 1/2 −1 1 Jcp

Vc 2704 0 1/2 0 −2 1
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In the multi-GeV range of interest in this work the cou-
pling of the BUU equations(10) via the mean field is rather
low because the absolute value ofUS is about 100 MeV at
maximum. One is therefore left with the coupling through
the collision term (14). In case of high-energy lepton-
induced reactions binary collisionsa1, a2→b1, . . .bm play
the dominant role. Since some of the particles in our simu-
lation are unstable with respect to strong decays one has to
keep in mind that also the decay of a particle into several
other hadrons leads to changes in the phase-space densities.

In the mesonic sector we account for all particles listed in
Table IV. Mesons that can only decay due to the weak inter-
action are considered to be stable within our model. The only
exception is theh whose decay is explicitly accounted for
when evaluating pion production.

Besides the nucleonsmN=938 MeVd and the deltasmD

=1232 MeV,GD=118 MeVd we account for 29 other
nucleon resonances[16] in the baryonic sector whose prop-
erties are taken from an analysis ofpN scattering[62]. In our
model theD always decays toNp whereas the other reso-
nances can couple to the channelsNp, Nh, LK, Nv, Dp, Nr,
Ns, Ns1440dp, and Dr. In addition to the L smL

=1116 MeVd and theS smS=1189 MeVd, which are stable
with respect to the strong decay, we also include 19 further
S=−1 resonances that can decay intoLp, NK, Sp, S* p,
lh, NK*, and L* p.Furthermore, we include the strange and
charmed baryons of Table V in our model. Due to a lack of a
complete analysis, the parameters for the strange and
charmed baryons are taken from Ref.[30]. For each baryon
we also account for the corresponding antiparticle.

Since we explicitly consider the charge of the particles
each isospin state of a particle leads to a separate BUU trans-
port equation. The spin is only accounted for as a statistical
weight in the degeneracy factorg.

2. Numerical realization

The set of coupled differential-integral equations(10) is
solved via a test-particle ansatz for the spectral phase-space
densities(12):

FsrW,pW ,m;td =
1

N

s2pd3

g o
i=1

N

dfrW − rWistdgdfpW − pW istdgdfm − mistdg,

sB11d

where rWi, pW i, and mi denote the position, momentum, and
mass of the test particlei at timet andN is the number of test
particles per physical particle. In this work we use the
method of parallel ensembles, i.e., the test particles are di-
vided intoN different ensembles which do not influence each
other. This is equivalent to simulatingN independent nuclear
reactions in parallel and averaging the observables at the end.
For a test-particle numberN→` the test particles will give
the time evolution of the spectral phase-space densities.

When initializing a nuclear reaction the test particles, that
correspond to nucleons of the nucleus, are distributed in po-
sition space following a Woods-Saxon distribution(B7) or a
Gauss distribution(B8) for 14N, respectively. We here as-
sume that the form of the density distribution is the same for

protons and neutrons. For the initialization in momentum
space we use the local Thomas-Fermi approximation(B5).

The calculation is performed on a discretized time grid
with a default grid sizeDt=0.5 fm/c. During each time step
the test particles are assumed to move as noninteracting par-
ticles in the mean fieldUS. Substituting the test-particle an-
satz (B11) into the BUU equation(10)—with the collision
term set to zero—yields the classical Hamilton equations of
motion

drWi

dt
= ¹W pW i

H,

dpW i

dt
= − ¹W rWi

H,

dmi

dt
= 0, sB12d

with H being a functional of the phase-space densityf.
Between the time steps the particles may collide. We do

not assume any medium modification of the matrix elements
M that enter the collision term(14). If one accounts for the
energy shift caused by the scalar potentialUS, the transition
rates can be directly taken from the corresponding vacuum
cross sections. Note, however, that in the resonance region
cross sections might be modified due to in-medium changes
of the resonance properties as discussed in Refs.[16,20].

Concerning the collision criteria we follow the method by
Kodamaet al. [63]: Two particles collide in a time stepDt if
the impact parameterb, i.e., the minimum separation in their
center-of-momentum system, is smaller than

b øÎstotssd
p

. sB13d

Furthermore, it is checked if both particles reach this mini-
mal distance during the time stepDt. In Eq. (B13) stot de-
notes the total cross section for the interaction of the two
particles. For high-energy collisions these are the ones given
in Appendix A. Elastic interactions occur with a probability

Pel =
selssd
stotssd

; sB14d

the scattering angle is determined according to Eq.(A6). In
case of a high-energy inelastic collision the reaction products
are determined byFRITIOF (or JETSETfor baryon-antibaryon
annihilation). In the resonance region, i.e., belowÎs
=2.2 GeV for meson-baryon andÎs=2.6 for baryon-baryon
scattering, the total cross section is an incoherent sum of the
cross sections for the reactions,

mB↔ R, pN ↔ pN, pN → ppN, pN ↔ hD, pN ↔ vN,

pN → pvN,

pN ↔ fN, vN ↔ vN, vN → ppN, fN ↔ fN, fN

→ ppN, pB ↔ KY,
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pB → KK̄N, K̄N ↔ K̄N, K̄N ↔ pY, K̄N ↔ pY * ,

KN ↔ KN, KN → KpN,

in the case of meson-baryon collisions, and

NN↔ NN, NN↔ NR, NN↔ DD,

NN↔ NNp, NN→ NNv,

NR↔ NR8, BB→ NYK, BB→ NY* K, BB→ NNKK̄

for baryon-baryon collisions. Herem stands for a meson,B
=N, D; nucleon resonances are denoted byR and R8, hy-
peron resonances byY* and Y=S, L. The reactions involv-
ing antibaryons are obtained by charge conjugation. The re-
action channelab→ f in the collision of two particlesa and
b is chosen by Monte Carlo with a probability determined
from its contribution to the summed total cross section(see
Ref. [16] for details),

Pab→f =
sab→fssd
sab

totssd
. sB15d

An important feature of our model is the decay of un-
stable particles with massm and energyE during a time step
Dt. The corresponding decay probability is given by

Pdec= 1 − expS−
Gsmd

g
DtD , sB16d

where g=E/m is the Lorentz factor whileG denotes the
width of the particle in its rest frame. The final state of the
decay is again determined by Monte Carlo assuming the de-
cay to be isotropic in the rest frame of the particle since we
neglect the spin degree of freedom.

Due to the low densities of other baryons Pauli blocking
is only accounted for in collisions and decays that involve
nucleons in the final state. For lepton-induced reactions,
where the nucleus approximately stays in its ground state,
one can approximate the probability that an event with an
outgoing nucleon of momentumpW is Pauli blocked via Eq.
(B5) as

PPauli= QspFsrWd − upW ud. sB17d
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