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Hadron attenuation in deep inelastic lepton-nucleus scattering
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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 energythe hadron energy fractiomn,=E/v, and the
transverse momentumpy. We also confront our model results on double-hadron attenuation with recent ex-
perimental data. Separately, we compare the attenuation of identified haafons®, K*, p, andp) on ?Ne
and®Kr targets with the data from the HERMES Collaboration and make predictions'fdXa target. At the
end we turn towards hadron attenuation ¥Cu 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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[. INTRODUCTION time dilatation, the formation length in the laboratory frame
) ) then can exceed nuclear radii at high energies. In lepton-
During the past years the HERMES Collaboration hashycleus interactions the reaction products can therefore inter-
carried out a detailed experimental investigation of deep ingct with the Surrounding nuclear medium during the forma-
elastic lepton scattering off complex nucléi,2]. This has tion time. Here the nuclear target can be viewed as a
led to numerous excellent data on the attenuation of highmicrolaboratory that provides an intrinsiwariable time
energy hadrons in “cold” nuclear matter which can be usedcale due to the size of the target nuclei, which can be ex-
to study the hadronization of particles createdhard col-  ploited to get information on the actual time scale of the
lisions as proposed in Rejf3]. hadronization itself.
Besides being an interesting topic on its own, the detailed The HERMES Collaboration has measured the multiplic-
understanding of the space-time picture of hadronizatiority ratios of pions, charged kaons, protons, and antiprotons in

should also help to clarify to what extent the jet suppressiorgjeep inelastic positron scattering at 27.6 GeV @ N,
observed in heavy-ion collisions at Rng-] is due to ONe, and84Kr targets. The observed attenuation of the had-

(pre_)hadronic fina'_state interactiomgsl) [5,6] or partonic ron multlplICIIIeS in Comp|eX nUC|ei |’_laS Ied to diﬁerent in'
energy losg7]. In this respect the lepton scattering experi- terpretations. One possible explanation is that the quark, that
ments also provide a benchmark for the interpretation of ulWas struck by the photon, propagates through the nucleus

trarelativistic nucleus-nucleus collisions that aim at probing®d undergoes multiple scatterifig,9], thereby losing en-

the transition from deconfined matter to a color neutral inter~' 95 by induced gluon radiation. The authors of Rdl]

acting hadron gas. attribute the ot_)served attenuation to a combined effect_of
. adron absorption and a rescaling of the quark fragmentation
Contrary to nucleus-nucleus collisions, where the create

“fireball” i idl dina. lept | i nction in nuclei. In Refs[11,12 we have shown that the
ireball 1S rapidly expanding, iepton-nucleus reactions pro-yenyation of charged hadrons at HERMES energies can
vide rather clear geometrical constraints, which are well un

> also be understood by final-state interactions of color neutral
der (_:ontr_ol experlment_ally. In the one-photon exchange ap; rehadrons that are produced quite early after the photon-
proximation the scattering of a c_harged Iep'Fon_ off a nucleo ucleon interaction. This very short production time is in line
or nucleus can be decomposed into the emission and absorpzy i« gluon-bremsstrahlung model of REE3]

. . ) . . 5
t|0||1 c_>f ‘?. wrtu;al pho:]on ‘r"\('tﬂ energy, \r?r:uahty ? ' andt In this work we discuss different concepts of hadron pro-
polarizatione. In such a high-energy photon-nucieon Inter- 4, ion angd formation in the framework of a probabilistic

action the reaction products hadronize, due to Con_f'nemenEoupled-channel transport model which allows for a realistic
long before they reach the detector. One can estimate tl}§

¢ tion ti t 2 hadron by the time that it roni eatment of the FSI. We demonstrate that the coupled-
ormation ime ot a hadron by the time that 1S partonic Con- ., e effects in the FSI lead to deviations from the results

stituents need fo travel_ a d|§tance of the ordgr of.a hadromgf simple absorption models since particles produced in the
radius. According to this (_astlmate the formation time in theFSI affect the low-energy part of the hadron spectra and
rest frame of the hadron is about 0.5-0.8 tmBecause of 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

*Electronic address: Thomas.Falter@theo.physik.uni-giessen.dekaon recreation in the FSI via secondary channels tike
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FIG. 1. Parametrization of the cross sections
for exclusive vector meson photoproductiop
—Vp as a function of the invariant enerdy in
comparison to the dat0].

o(yp — Vp) [ub]

100 10°
W [GeV]

+N—K+Y+X. Furthermore, our event-by-event simulation a method to describe high-energy photon- and electron-
allows us to investigate how the observed attenuation ratiomduced reactions in the framework of a semiclassical trans-
depend on the kinematic cuts and the detector acceptangsort model. We thereby split the interaction of the virtual
We will show that there is a sizable effect of the detectorphoton with the nucleus into two parts. In the first stgghe
acceptance on the multiplicity ratios, which does not dropyirtual photon interacts with a bound nucleon of the target to
out by taking the multiplicity ratio and therefore has to be produce a final state which in st&jp) is propagated within
considered explicitly when addressing any robust interpretage transport model. In the initiay* N interaction we ac-

tion of the data. count for nuclear effects, such as Fermi motion, Pauli block-

. Being able to compare with almost every observable thaj, anq binding energies. Furthermore, coherence length ef-
is experimentally accessible we can test the limits of a purelyoots in  the entrance channel—leading to nuclear

hadronic model and figure out at what point an extensionsy,qowing—are taken care of using the method developed in
becomes necessary. For this reason we also include the EMIQefs.[lS 19.
data[14] on hadron attenuation at 100- and 200-GeV muon - 4 smajf invariant masses of the photon-nucleon system

energy in our analysis where the hard scale—set by the phgyy< > Gev) we use an explicit resonance description for the
ton virtuality Q"—is closer to that of _the higlpy events at primary (virtual) photon-nucleon interaction as in R¢20].
RHIC [4]. We stress that our model is also applicable for 8, e'the resonance regiort N interactions become more
broad range of other reactions suchmas, pA, andAA col- complex and in our model the final state is in general deter-

lisions. A related StUdY ?f hdi:_jern atéezuitx)n folrl_h_lgh rans nined by the event generatevTHIA 6.2[21]. We recall that
verse momentum particles @ Au and Au+Au collisions at i, 5 high-energyy* N interaction the virtual photon does not

RHéC energies h?s lzeendc_artrrl]edfolijt n Rél. In Sec. Il always couple directly to a quark of the target nucleon; de-
urpaper IS structured in the following way. in Sec. i we pending on its kinematics it may also fluctuate into a vector

discuss the description of the initiélirtual) photon-nucleon mesonV=p2, w, ¢, J/ ¢ [vector meson dominance/MD)]

interaction using the event generat®srHIA 6.2 andFRI- : : - :
. . : or perturbatively branch into a quark-antiquark p@ener-
I/II(I)EFSSOZ and teit gur model input VSV'th _expmlr_nelntgl HER-Jlized vector meson dominana&VMD)] which subse-
ata on a hydrogen targit5]. Section lllincludes a o1y scatters off the nucleon. In case of VMD events the

brief Qescr|pt|on Of. the shadowing corrections employed forsame processes as in hadron-hadron interactions can occur
reactions on nuclei. The BUU transport model—used for th

" . ; ‘?ncluding diffractive scattering and hard interactions between
des_crl_ptlon of coupleq channel FSI—is recalled in Sec. Vihe constituents of the nucleon and the vector meson. In ad-
while in Sec. V we discuss our concept of prehadrons._ Irblition, most of the hard interactions RYTHIA involve gluon-

Secs..VI and Vil we compare the results of our model .W'thbremsstrahlung processes. The high-energy interactions of
experimental data of the HERMES and EMC collaboratlonsthe photon therefore lead to the excitation of several had-

We chus on the multiplicity spectra of charged hadron; as Ponic strings with large invariant masses whose decays are
function of the photon energy, the hadron energy fraction described by the Lund fragmentatid@2] routine JETSET
z,=E,/ v, and the transverse momentym Furthermore, we implemented irPYTHIA

discuss the effect of the detector geometry and investigate For technical reasons, resolved N events, i.e., VMD

the double-hadron attenuation as well as the attenuation cg .
) o = nd GVMD events, can only be generatediyrHiA if the
identified hadrons such as®, #°, K*, p, andp. We close y b€ 9
with a short summary in Sec. VIII. More technical details of

the transport approach are presented in the appendixes.

invariant mas3V of the photon-nucleon system is larger than
a threshold energWpy Which depends on theyTHIA param-
eters; it takes the valud/py=4 GeV for the default param-
eter set. For invariant masses 2 GeW= W,y we employ
II. HIGH-ENERGY PHOTON-NUCLEON INTERACTIONS the event generatoFRITIOF 7.02 [23] to simulate the re-
solved photon interactions. As discussed in AppendixrA
Based on the earlier work on high-energy photon-nucleusioF is also used to model the high-energy hadronic FSI in
reactions in Ref[16] we have developed in Refigl1,17-19 case of nuclear reactions. In contrasttarHiA, the FRITIOF
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model can be applied down to the onset of the resonancihe suppression factor fas creation in the string fragmen-
region. Below invariant energies of 10 GeV the hadron-tation, which we reset to therITIoF default value 0.3 to
hadron interactions inFRITIOF are always diffractive. improve the agreement with more recent strangeness produc-
Throughout this work we employ the sarmRrRITIOF param-  tion data[26].

eters as in Refd24,25. In Ref.[24] it was shown that this To simulate the VMD part of they* N interaction with
choice of parameters provides a good description of particlerITIOF we pass the photon as a vector medorwith a
production over a broad energy range. The only exception iprobability

WZ 3e2 2 2 .
(m) g—\zl[1+er(m\2/,Q2)]<m\z/rTvaz) (W)
TN (WAQY) ’

Py(W2,Q%) =

1)

where the numerator, according to Reff21,27), gives the For the processegsN— VA we use our parametrizations
contribution of the vector meson componadnto the total  of the differential cross section fopN— ¢A and yN — wA
photon-nucleon cross sectioffy. In Eq.(1) the VMD cou-  from Ref. [31] and take the same matrix element fgil

pling constants are denoted gg oy, are the total vector — p°A as for yN— wA.

meson nucleon cross sectiojzd, 27, To account for the virtualityd? of the photon we multiply
tot ot . _n the vector meson photoproduction cross sections with the
0 ,0N(S) = T n(S) = 13.63°+ 31.7%77 [mb], VMD form factor of Ref.[27], which is also used in the

PYTHIA model[cf. Eq. (1)],
ogn(s) = 10.05° - 1.5277 [mb],

W |3 2
FS(QZ)Z(QZT\/\F) [1+er(m\2,,Q2)](m\2/n:_\2/Q2) 0

1
OFip(9) = 1o inS), 2) _ ,
The FRITIOF model has the tendency to simply flip the
with s in GeV2 and e=0.0808,7=0.4525. The factor spin of the incoming vector meson to zero thereby creating a
5 lot of events like y* N— #°N with vanishing momentum
r(m2,0%) = 0.5 4miQ° 3) transfer, a problem not present w¥yTHIA. These events
M (M + QY2 would correspond to diffractiver® production. However,

o o since the Pomeron carries the quantum numbers of the
accounts for the contribution of longitudinal photons to theyacyum it cannot change the charge conjugation quantum
photon-nucleon cross section. number of the incoming® (C=-1) to that of the #° (C

In Appendix A we show thaFRITIOF insufficiently de- 1) \we therefore simply remove these unphysical events
scribes elastic scattering, which directly affects the dlffrac-from our simulation

tive vector meson photoproductiopN— VN. In the transi-
tion region below Wpy we therefore parametrize the

diffractive producu'on' cross section f?’O’ w, and ¢ using Wpy=4 GeV and found no significant differences between
the Regge prescription of Donnachie and Landsh@8] e 'ty approaches. However, we keep the option to also
which also provides the correct dependence on the fourgenerate the VMD events aboVé., =4 GeV byFRITIOF to
. ensure a continuous transition at invariant energies\Wpy.
"For calculations at EMC energies we always usereHIA
model for event generation. Note, however, that the VMD
Contribution vanishes with increasir@? and already aQ?

We have compared the particle spectra of VMD events as
generated byrRITIOF and PYTHIA at the threshold energy

the resonance regioftf. Ref. [16]). For the description of
J/ ¢ production close to threshold we use the two and thre

gluon exchange model of Brodsiat al. [29] and param-  _; Ge\2 the VMD partay,n accounts for only 50% of the
etrize the high-energys dependence as total photon-nucleon cross section at HERMES energies
\g 0.77 [19].
TN agn = 0.00 Gev mb. (4) The GVMD part belowWey is modeled by passing a

vector meson with the quark content of the fluctuation to
Figure 1 shows our parametrization of diffractive vector me-FRITIOF. In analogy to Eq(1) the probability is now given by
son production forp?, w, ¢, and J/¢ in comparison to a the corresponding GVMD term of Ref27] normalized to
collection of experimental data and demonstrates that Owt;,)*tN. As discussed in Ref27] the products of a GVMD and
“input” for the y* p reaction is well in accordance with ex- VMD event are different in nature since the VMD and

perimental information. GVMD components of the photon involve different intrinsic
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10'¢-
10°
10" FIG. 2. Energy spectra of*, K*, p, andp
within the HERMES detector acceptance for a
107 hydrogen target. The spectra are normalized to
the number of deep inelastically scattered lep-
. 10" tons. The solid lines represent the calculated re-
{5‘: 102 sults using our standard method of generating all
£ resolved photon-nucleon events beloW/py
%‘ 10° =4 GeV and all VMD events aboviV/py with
FRITIOF. Generating all events down toW
10 - =3 GeV withPYTHIA leads to the spectra shown
A in terms of the dashed lines. The dotted lines
10 show the result of a simulation without employ-
10? ing any kinematic or detector cuts on the hadrons.
10° The data(full square$ are taken from Ref{15].

transverse momenta. However, we have shown in R&j.  isfying agreement with the experimental data. One can see
that the GVMD part in the transition region only contributes that without any further fine tuning our simulation including
by less than 15% to the total photon-nucleon cross sectiorihe kinematic cuts and detector acceptance reproduces the
Hence one can postpone a more sophisticated treatment uabsolute size of the multiplicity spectra. We have also com-
less one concentrates on events that are especially triggerpdred thexg, p; and total momentum spectra of the different
by the GVMD component of the photon. hadron species with the HERMES data and find a similar
We now compare our results for electroproduction on agood agreement. To demonstrate the effects of the kinematic
proton target with the hydrogen data of the HERMES Col-cuts and the limited angular acceptance of the HERMES
laboration [15] taken at a positron beam enerds,.,m  detector, the dotted line in Fig. 2 shows the results of a
=27.6 GeV. In Fig. 2 we show thg=E,/v spectradN,/dz,  simulation where no cuts on the hadron kinematics have
of #*, K*, p, andp normalized to the numbeX, of deep  been applied and where we have assumedr aldtector.
inelastically scattered positrons. In our calculation we apply
the same cuts on the event kinematics as in the experiment: 1. NUCLEAR SHADOWING
For the positrons these a@#>1 Ge\#, W2>10 Ge\?, and
0.1<y=v/Epear<0.85. For the hadrons we require As discussed in the previous section the photon does not
1GeVic<p,<15GeVlk, 2 GeVl<pkpp<15GeVk, always interact directly with a quark inside the target
as well asx=> 0.1, where we define the Feynman variakle nucleon since its wave function is a superposition of a bare

as in experiment by photon and resolved hadronic fluctuations:
Xe = ﬂ (6) %) = Coard Yoare * 2 V) + 2 Cq|qa§- (7)
i |Geml v=p2 0,314 g=u,d,s,c,b

Herepﬁm denotes the momentum of the hadron parallel to thdn an electron'—nucleus interaction the hadrqnic components
momentumd,, of the virtual photon in the center-of-mass ©f the photon in Eq(7) are shadowed on their way through
frame of the photon-nucleon system. Since the data are nd¢€ nucleus due to the strong interaction of these components
acceptance and efficiency corrected we account for the afVith the hadronic environment. The strength of this shadow-
gular acceptance of the HERMES detectf82], i.e., N9 effect depends on the “coherence Iengt_h," ie., th_e dis-
+170 mrad horizontally and #0—140 mrad vertically, for ~ tancel, that the photon travels as a hadronic fluctuation
both the scattered positrons and the produced hadrons in oGifiS distance can be estimated via the uncertainty principle:
simulation. The solid line in Fig. 2 shows our result using |hZQHl:(k‘kh)_l, (8)
FRITIOF for the resolved events beloWpy=4 GeV as well

as for all VMD events abov&\Vpy. The dashed line repre- where k=\»*+Q? is the photon momentum and;,
sents a calculation where we have changed the default pa—v"vz—mﬁ denotes the momentum of the hadronic fluctuation
rameters ofPYTHIA 6.2 in such a way that it is applicable on its mass shell. If the coherence lengitbecomes larger
down to Wpy=3 GeV and hence simulatall events with than the mean-free path of the hadronic fluctuation in the
PYTHIA. Except for a small deviation in the proton spectranuclear medium the hadronic fluctuation gets shadowed. In
both methods yield essentially the same result. In view of théhe kinematic region of interest in this work the shadowing
fact, that we do not include the detector efficiency in ourof the massiveyq fluctuations can be neglected and one is
calculation, which is unknown to the authors, but only ac-only left with the shadowing of the photon’s VMD compo-
count for its angular acceptance, our calculations are in satients. In Refs[18,19 we have calculated the modification
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of the vector meson components at position(b,z) in the  densities{f;} of all other particle speciegncludingi). The

ucleus: spectral functionA; of particle typei is parametrized as in
Ref. [16]:
V)= (1-TFOW, S )
_ < tot\ A
where the nuclear profile functioh(f) is determined within Ailw) = 7 (u? = M2+ W2 (w,p)’ 9

Glauber theory, i.e., N _
whereM; denotes the pole mass of particlendI’, its total

width which in medium also depends on the particle momen-
tum p.
The collision term

xexp[-gawl-mv) f dep(B,Zk)}- 9 lean({Fi}) = = i3 (FHAf - IZT(FHA(L££) (14)
g

tot

z
IP(b,2) = f dm»(b,a)%‘(l—ia\,)ein@-a

ot in Eq. (10) accounts for changes in the spectral phase-space

Here oy, denotes the total vector meson-nucleon cross segensity of particle species=a; due to multiparticle colli-
tion anday, is the ratio of the real and imaginary part of the gjons “of the typeay, ..., a,—by, ... b, and by, ... b

VN forward scattering amplitude. Note that the coherence .5 = a4  The factor(1+f) has the plus sign for bosons

length (8) enters in the phase factor of E@). The modifi-  gyge enhancemenand the minus sign for fermion®auli
cation of the photon's vector meson components are thepjacking). The collision term consists of a loss term for par-
taken into account when generating the scattering event withq species,

PYTHIA and FRITIOF. As we have demonstrated in R¢19]

our prescription is in full agreement with the coherence i 1 " d°ps, dita R
length effects observed in incohergst production off nu- ! ;: H Oa 3 Aa (1a,Pa)fa
dei 2Eal =2 1(2m) 2Eaj T B

" dpy, Ay,
IV. BUU TRANSPORT MODEL

— Pp)(L£f
k1:[1 (2m)° ZEbkAbk(Mbk Pb,)( bk))
Our transport model—employed for the description of n m

FSI—_|S based on the Bo_ltz_mann-Uehllng-UhIenbeBkJU) xm* S pa - py

equation. It has been originally developed to model heavy- 1) ke ¢

ion collisions at SIS energig83] and later been extended to >
describe pion-induced reactiofi34] as well as photo- and ><Saz,...ansol,...,bm|/\/’al,...,an—»bl,...,bm| ' (15
electroproductiorj20] in the resonance region. In the more .

recent past we have extended the model to simulate als%nd a gain term,

nuclear interactions of high-energy photons and electrons in 1 M d®py dup, .
the kinematic regime of the Jefferson LE6—19 and HER- -i3g = oF f I1 gbjmjéElAbj(ﬂbjipbj)fbj
MES [11,19 experiments. Obviously, one of the advantages a7 A=l e,
of the model is its applicability to many different nuclear " d®p, du
reactions with the same set of parameters and physics as- x| T1 a';—akAa (ta ,ﬁak)(lifak)
sumptions. In addition, the coupled-channel treatment of the k=2 (2m) 2B, o
FSI goes far beyond the standard Glauber approach since it m n
allows for a side feeding of channels under study and not just ><(27r)454(2 P~ > pa,)
absorption. =t k=1
The BUU transport model is based on a set of generalized
transport equations for each particle specjes Xsol""*bmsaz"‘"bn|Mb1"'"bm_’al""*an|2' (16)

9 - - . . whereg; are degeneration factors that account for the spin of
(E +VsHV~ V;HV,;) Fi(F,p, ;) = leou({F}), (10)  particlej. The quantity| M|? is the squared matrix element
averaged over incoming and summed over outgoing s@ins.

where denotes symmetry factors that take into account the number
- _ of identical particles in the incoming and outgoing channel,
H=[u+UgF,p;0 ] + p? (1)  eg,
denotes the relativistic Hamilton function of a particle with moq
massy in a scalar potentidls. For vanishing collision term ST I1 Mol (17)
lcon EQ. (10) describes the time evolution of the spectral k=1 Wy
phase-space density with My, denoting the multiplicity of particléy.
Fi(F, B, ) = £i(F, B 0).A (B (12) All transport equationg10) are coupled by the collision

term and the scalar potentialg in the Hamilton function
of noninteracting particles that move in a scalar mean-field11) where in our model the latter is only incorporated in
potential Us, which in general depends on the phase-spacease of baryons. Furthermore, in the general collision term
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xo= "2, x5=0 (18)
K
and
X =0, x;:& (19
K

where the string tensior in vacuum is known to bex
~1 GeV/fm.

The production process of the mesons with masses
my, ..., m, due to the creation afi—-1 quark-antiquark pairs
g;0; at the production vertic s can be viewed as a series of
steps along thépositive) light cone. Starting at the turning
point (18) of the original quarkg, one takes random steps

FIG. 3. Simplified space-time picture of the fragmentation of a@long the positive light-cone,
Qoo String with invariant mass squarét?=pip,. The string de- o .
cays inton hadrons with massesy, ... ,m, due to the creation of ij = X1 4 € [0,1], (20
n-1 quark-antiquark pairs from the vacuum. The production propewhere the probability distribution for the random variable
times 7,(j—1) and Tp(J) correspond to the vertices where the js given by the Lund fragmentation function
0;- 1qJ _pand thquqJ pairs are produced. The formation proper time
71(j) of hadronj refers to the space-time point where the world (1-2z)? ﬁl

f(z) = N—=exp - b ,

G

lines of the quarlg;_; and the antiquarly; cross for the first time. z Z (1)
Note that, the “production times” of th@, and go—which in the ! :
end are contained in the first and the last rank hadrons—are alwayghich depends on the transverse mass,
zero. 2 2
r‘n'l'] = \mJ +PT (22)

we will restrict to 2— n transitions(n= 1) which is sufficient  of the produced hadron. A step along the negative light cone
for the lepton-nucleus reactions of interest. For a specificais fixed by the on-shell condition for hadrgn

tion of the scalar potentidls in case of baryons as well the 5
2—n transition rates we refer the reader to Appendix B of AX = — _mrl_+ (23)
this work. P KPAX

Thus we obtain the recursion formulas
V. PREHADRONS Xj+ = X]-+_1 - ij+ =(1- Zj)Xj+—l’ (24)
In this section we compare the concept of “prehadrons” in )
the Lund model[22] with that generally used in transport Cox A =X ~Z My
models[17,25,35. The two concepts mainly differ in the PTG TRt szJ-’f K2
treatment of the production proper timg of the color neu- h h th hat th h d h
tral prehadrons which are created in the string decay. Whil éoget er with the fconstralnt that the path must end at the
the production time of prehadrons in the Lund model detumlng point(19) of go . . — .
pends on the energy and momentum of the fragmentis Obviously, the proper times,(j) of the g;q; production

set to zero in conventional transport approachigs25,353.  Vertices,

(25

In order to specify the differences and to define the relevant 2() =x'x, (26)
quantities(production and formation timgsve give a brief P 7
reminder of the Lund model in the following. strongly depend on the mass of the produced hadron. The

same holds true for the proper time of crossing world lines
for the pairg;-; andg;,

. o 7)) =% (27)
According to the Lund modgR2] the hadronic strings—

created in the high-energy interactions—decay due to th&he latter is often identified with the formation timg(j) of
creation of quark-antiquark pairs from the vacuum. Figure 3he hadronj.
shows the space-time picture of a Lund fragmentation pro- In the Lund picture there are in principle three time scales
cess in the rest frame of @ string. In our example we involved in the production of the hadrdn;q;-,). This is the
neglect the masses of the quarks, i.e., all quarks move on tHfermation timer(j) of the hadron as well as the times(j
light cone. At time zero the quar, carries the light-cone —1) and 7,(j) when the first and the second constituent par-
momentumpg while the antiquarkgy carries the light-cone ton is produced. As soon as tie; and theq; are created
momentump,. During their separation they lose energy andthey form an intermediate object which can be viewed as a
momentum to the string until they reach their turning points:color neutral prehadron. As pointed out in R€f36,37 the

A. Prehadrons in the Lund model
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25

20

1.5

<[fm/c]

1.0

0.5

10

t [fmic]

0.1

FIG. 4. Averaggpropep times for hadron formation and the production of the first and second constituent as a fundierEgfy in
the kinematic regime of the HERMES experiment. All proper times have been extracted directly fraemgizeroutines which describe the
string fragmentation iPYTHIA. The solid squares indicate the average starting times of the prehadronic and hadronic interactions in the
constituent quark concep82) using a formation time;=0.5 fm/c.

longitudinal dimension of the string and itsolor neutral  routines for each fragmenting string since the limit addressed
fragments is never larger than typically 1 fm. Therefore itin Ref. [38] is inappropriate for the kinematical regime of
does not make much sense to talk about freely propagatingterest.

colored quarks between,(j—1) and 7,(j) since each color In the upper panel of Fig. 4 we show thedependence of
charge is always attached via a string to the nearby antithe extracted average production proper times of the two
charge. Instead one has to deal with the propagation of coldradron constituents as well as the hadron formation proper
neutral prehadrons and color neutral remainder strings duringme 7; in electron-nucleon scattering at HERMES energies.

the fragmentation process. We always label the smaller production timg, and the
As an example we recall the production and formationlarge 7. Note that, if more than one string is produced in
times of the first rank particlécontaining thegp), the electron-nucleon interaction, the obserggdE,/v is in
5 general different frong;. The difference is most significant
Tzzﬁl_‘z (28) for z,=0.5. However, one also has to be careful with the
Pk oz’ interpretation ofz, in the limit z,— 1. In this kinematic re-
gime the hadron spectrum is dominated by diffractively pro-
. m2r1 duced vector mesor(sf. Fig. 5 whose production times,;
T = 27 (29 and 7, for the constituents are both zero. Furthermore, we

have learned from our theoretical study of incoherght
where for the first rank particle corresponds to the fraction electroproductiori19] that also the formation time; of a
Z, of the positive light-cone momentumy, that is carried diffractively produced vector meson is compatible with zero
away by the first rank hadron. For fixedoth times increase in the HERMES kinematical regime. Consequently, the
linearly with the(transversghadron massn;: which implies  proper timesry;, 7,,,, andr; for the p° (dash-dot-dotted line
that heavier hadrons are in general created later in timevanish asz0— 1.
Note, however, that the mass also enters into the Lund frag- In a direct photon-nucleon interaction the probability, that
mentation function(21). Furthermore, the average produc- a meson contains the struck quark from the string end, in-
tion and formation proper times increase with the rank of thecreases wittz, and, consequently,,; vanishes for largez,.
hadron as long as one considers a fragmentation into infiOn the other hand, the diquark that is left behind, i.e., the-
nitely many hadrons. We stress that the assumption of infisecond string end, will most likely form a proton with small
nitely many fragments enters explicitly in the derivation of z, which leads to a vanishing of,, for low-z, protons(dash-
the production and formation times in R¢88] which are  dotted ling. In case of diffractive photon-nucleon interac-
averaged over infinitely many ranks. At HERMES energiestions the proton stays intact angl,, 7,, and 7y are zero
however, a string typically fragments into only 3-5 hadrons.which leads to a decrease g@f, and 7; for low-z, protons.
Thus when using the Lund production and formation times iriThe Lund model predicts a vanishing of the production time
our simulation, we explicitly extract the space-time points ofr,, for z—1 which can be seen from E@28). However,
the vertices and crossing points of pairs from tESET  because of the finite bin-size the production timgin Fig.
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4 stays finite in the last, bin for all hadrons except for the scattering event thimdividual production and formation time
diffractively produced vector mesons. from JETSETfor each hadron.
In fact, one observes the general tendency that more mas-
sive hadrons like protons apdmesons are in general formed
later in proper time than lighter hadrons like pio¢solid B. Prehadrons in transport models
line). This was already indicated by Eq&8) and (29) for The hadrons containing the end-point partgpandg of
the pI’OdUCtiOI’l and formation times of the first rank hadron |nthe String, that emerges from the excitation of a hadron in a
a string fragmentation. Again the diffractively produced vec-scattering event, are not entirely created from the vacuum as
tor mesons are the exception. _ _ the otherqq pairs. Indeed, the hadrons that emerge from the
We find that the production proper timg, of the first  string ends can be viewed as the remnants of the original
hadron constituent—averaged over all hadrons—lies benadron. In the transport moddl7,25,35 each string decay
tween 0.04 fm¢ at z,~0.95 and 0.4 fmé at z,~0.35. The  jnto color neutral prehadrons is determined instantaneously
production proper timey, of the second constituent is some- at the production vertex. During the formation timeonly
what larger. It ranges from 0.3 fr/at z,~0.95 to about  the heam and target remnants are allowed to interact with the
1.2 fm/c at z,~0.35. The average hadron formation propernyclear environment whereas the hadrons containing only
time 7; is of the order 1.1-1.5 fnt/ except for the very quarks or antiquarks from the vacuum are propagated freely
largez, hadrons which are dominated by diffractively pro- without interactions up to their hadron formation time in the
ducedp® mesons and hence have again a very small formacomputational reference frame.
tion time around 0.4 fmd at z,~0.95. It is hard to identify the beam and target remnants of a
In the lower panel of Fig. 4 we also show the correspond-,« N event because particle production RRTHIA and FRI-
ing production and formation times in the laboratory frame,tor is complicated by the resolved photon interactions as
i.e., the rest frame of the target nucleon: well as the initial and final state gluon radiation that occur in
many hard scattering events. As a result one often ends up
t=myer = LV , (30) with more than a single string per deep inelastic scattering
p= Y m, (DIS) event or a string that contains one or several radiated
gluons, i.e., it might have the structuggaq gqggqg etc. In
general, the gluons have momentum components transverse
=y 7= 4y 7. (31) to the cm momentum of the quark and antiquark. This leads
My, to more complicated string topologies than just a linearly
expanding string22] and has to be taken into account in the
We emphasize that simply boosting the proper times with théragmentation.
Lorentz gamma of the hadron—as done in E@9D) and To identify the target and beam remnants of a binary col-
(83D)—is just an approximation. We currently carry out a lision we therefore trace th@ntiquarks of the projectile and
more thorough investigation on this topi89]. Because of target all the way through the fragmentation processein
time dilatation the light pions now have average productiorseT. At the end of the reaction we then know those hadrons
and formation times as large as 10—70 tmHowever, as that contain the originalantijquarks, i.e., the beam and tar-
we discuss in the next sectigand as can be seen from Fig. get remnants. Correspondingly, also those hadrons exclu-
5) pion production receives a large contribution from stringsively made from(antiquarks created in the string fragmen-
fragmentation intgpp mesons that—due to their larger mass—tation are known explicitly.
have a considerably smaller average production time In Fig. 5 we show the energy spectra of hadrons produced
0.5-3 fmf in the laboratory frame. in electron-nucleon interactions at HERMES. The different
Note that the production and formation times in Fig. 4 arelines indicate the hadrons that contain z¢€solid line), one
averagedtimes. In our actual simulation we assign in each(dashed ling two (dotted ling, or three quarkgdash-dotted
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FIG. 6. Model predictions for the average values of the kinematic variables in charged hadron produariroéomparison with the
experimental numbers at HERME&L]. For the calculation we used the formation time 0.5 fm/c and the constituent quark concépp)
for the prehadronic cross sections. Left) and (Q?) as a function ofz, compared to the experimental values foP*r target (open
symbolg. Right: Same foKz,) and{(Q?) as a function ofv.

line) from the beam or target. In the dotted curves one camucleus and nucleus-nucleus collisions in a wide dynamical
clearly identify the diffractive peak in the? and ¢ spectra at  range[40].
z,~1, where the vector mesons contain )@ of the re-
solved photon. By comparing the and#° spectra one finds  v|. HADRON ATTENUATION AT HERMES ENERGIES
that thep® strongly contributes to the total pion yield by its
Subsequent decay inte" 7. From theK™ andK™ spectra one We start with an investigation of charged hadron attenua-
seegdashed linesthat due to their quark conteiis) thek~  tion in semi-inclusive DIS of 27.6-GeV plositron.s off nitro—.
mesons contain less quarks from the beam or target than t€n and krypton. We apply the same kinematic cuts as in
K* mesons. Thé&™, that are not solely made of quarks and €xperiment [2]: Q*>1 GeV¥, W>2 GeV, v>7 GeV,
antiquarks created from the vacuum in the string fragmentay <0.85, x>0.02, andE,>1.4 GeV as well as the cut
tion, carry(antjquarks from the resolved photon componentZ> 0.2 for the v and pr spectra. Furthermore, we account
or the nucleon sea. Finally, one finds that there are only verfor the angular acceptance of the HERMES detector. The left
few protons containing no quarks from the beam or targePanel in Fig. 6 shows the average values of the photon en-
since diquark-antidiquark creation is strongly suppressed i§9Y » and the virtualityQ® as a function of the energy frac-
the string fragmentation due to the relatively large diquarkion z, of the charged hadrons produced offér target; the
masses. This also explains why most protons at lajgen-  ight panel shows the average valuegpandQ? as a func-
tain two of the original quarks, i.e., the diquark from the tion of ». In the simulation we used the prehadron concept
target nucleon struck by the photon. (32 an_d a formatlon timer;=0.5 fr_n/c. ObV|0u_st, our

In our default approach we set the production timgsf simulation is in perfect agreement with the experimental val-

all prehadrons to zero and rescale their cross sections duriégs for the average kinematic variablepen symbols
the formation timer; according to the constituent quark  1he observable of interest is the multiplicity ratio defined

model: as
o g Ni(2Zh, 7,05, Q)
Oprebaryon— 3 Obaryor h 2 2 Ne(v Qz) A
RV (2, v, P5, Q%) = : ) (33)
e Ni(Zh, 7,7, Q)
ot _ Norg (32) Ne(»,Q%  |p

Opremesori™ 2 Omeson
where Ny, is the yield of semi-inclusive hadrons in a given
whereng,, denotes the number eantiquarks in the prehad- (z,,»,p2,Q?) bin andN, the yield of inclusive deep inelastic
ron stemming from the beam or target. As a consequence th@attering leptons in the same, Q%) bin. For the deuterium
prehadrons that solely contafantjquarks produced from i5rqet i.e., the nominator of Eq33), we simply use the
the vacuum in the string fragmentation do not interact duringsogpin averaged results of a proton and a neutron target.
7. The assumption32) is guided by the constraints of uni- Thys in the case of deuterium we neglect the FSI of the

tarity, which implies that the summed cross section of theyoquced hadrons and also the effect of shadowing and
products from a scattering process should not exceed th€srmi motion.

cross section for the initial hadrons on short time scales. For
simplicity we assume that the formation time is a constant

in the rest frame of each hadron and that it does not depend
on the particle species as in Ref24,25. In Sec. VII we Before discussing the effect of prehadronic interactions
also discuss other concepts of the prehadronic cross sectione show the modifications of the multiplicity ratio due to the
However, as we will show in Sec. VI the “standard” conceptconventional hadronic FSI after the formation timeand
(32) already gives a good description of the available HER-explore the sensitivity of the results on the sizerafWe
MES data. This also holds for particle production in proton-therefore neglect any interactions durirngand for simplicity

A. No prehadronic interactions
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FIG. 7. Calculated multiplicity ratio of charged hadrons for the
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assume that; is a constant in the rest frame of each hadron n

independent of the particle species. Due to time dilatationthe -, g calculated multiplicity ratio of charged hadrons ¥

formation ti_metf in the laboratory frame_ is then proportional ;484 nuclei (at HERMES using the constituent quark model
to the partlclgtis energyct. Eq. (31)]. Figure 7 shows the (3 for the prehadronic cross section and different values of the
result for the®*Kr target using form_at|0n times in the range formation timer;=0—1.5 fmk. The data are taken from Rd2]
71=0-1.5 fmk. For =0 (dashed ling we get a much too

strong attenuation both in tte and v spectrum. In this case h 4 . .
all reaction products start to interact immediately after theOf Ru atz,~1 is due to the Fermi motion of the bound

Z* I\_I interaction and there is no effect of time dilatati@p ?:nc Isgondsut:r;iaotna;‘rf]etcgz tirr:ﬁig]ﬁx:\]milrj]grigﬁggny available for had-
=7;=0). As a consequence this limit leads to an almostiflat
dependence dR{,. We note that without the cut on the had-
ron energyEy, and without the limitation by the HERMES . )
detector acceptance one would find a strong increase of the From Fig. 7 one extracts that for reasonable formation
hadron multiplicity at lowz, due to particle creation in the times7=0.5 fm/c the(prejhadronic interactions have to set
FSI (cf. Fig. 10. However, after applying all cuts one is left in quite early after they* N interaction, especially for the
with a 10% effect only, as can be seen from thepectrum hadrons at large,. The Lund model predicts a vanishing
in Fig. 7. prehadron production time as— 1 as indicated by Eq28).

A slight increase of the formation time from zero to ~ However, as we have shown in R¢11] the Lund produc-
0.1 fm/c (dotted ling already leads to a dramatic change in tion time of Bialas and Gyulasg8] does not reproduce the
Rl,. By using this unphysically small formation time one charged hadron multiplicity ratios if one also accounts for
obtains a good description of thedependence, but fails to the production of secondary particles in the FSI. As in our
reproduce the high-energy part of the spectrunginThe  Previous approacfill] we therefore set the production time
reason is that many of the high-energy particles, which ar@f all prehadrons to zero, but now rescale the prehadronic
directly created in the primary* N interaction, now escape Cross sections according to the constituent quark concept
the nucleus due to time dilatation. Especially the formation(32)- _ _
timest; of the light pions start to exceed the dimension of the,, Figure 8 shows the results of our simulation féN and
8Kr nucleus for energies larger th&i,~13 GeV. One also  Kr using formation times=0-1.5 fm£k. The dashed lines
sees that the multiplicity ratio at low, drops below one (7=0) coincide with the ones in Fig. 7 since they only in-
because both the absolute number of FSI and the energfplve hadronic FSI. By comparing the spectra of Figs. 8
available for particle production in the FSI is reduced. Theand 7 for finite formation times one observes tRgf(v) is
latter decreases the probability that the secondaries survivéduced by the prehadronic FSI, which also improve the
the experimental cuts. agreement oRR,l(zh) with the experimentdi’kr data at large

At larger values ofr; one still has some attenuation due to z,. However, the attenuation of tizg spectra is too strong for
the FSI of more massive hadrons. As seen in Big large  the N target which might already indicate a deficiency of
fraction of the finally detected pions stem from the decay ofour simple prehadron concept. The experimefitkr data
neutral (and chargedp mesons created in the string frag- favor formation timesr; = 0.3 fm/c with only little sensitiv-
mentation. Due to their relatively large mass the latter have &y for larger values because of the finite size of fH&r
smaller formation time in the lab frame and are subject tonucleus. These times are in line with our simple estimate via
hadronic FSI, especially if they carry only a small fractign  the hadronic radius and with the values=0.4—0.8 fmE£
of the photon energy. For example, the formation length of 442] extracted from antiproton attenuation i\ reactions at
p meson produced by a 7-GeV photon is always smaller thaAGS energies of 12.3 and 17.5 GeV on various nuclear tar-
abouty-7;-c=9-7;-c. For :=1.5 fm/c (short dashed line  gets[43]. A cleaner discrimination betweef=0.3 fm/c and
only the formation lengths of the massive vector mesons anthrger formation times will be possible in an experimental
nucleons withz,<0.6—0.7 are short enough to give rise to investigation at Jefferson La#4] with heavier targets and
attenuation. We mention that the small deviation from unitylower photon energies.

B. Constituent quark model
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R BUU ] cal acceptance of the HERMES detector. In the simulation indicated
1.1 ) . ) )
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;

transverse momentum broadening that is caused by the mul-

FIG. 9. The multiplicity ratio of charged hadrons f&iN and t|ple.scatt.er|ng of the struck parton before the prehadron pro-
84y (at HERMES as a function of the transverse momentum duction tlmhe. Their calculation reproduces the strong in-
squaredp?. In the simulation we use the constituent quark conceptcrease ofRy(py) for pr>1 GeV/c and thus supports the
(32) for the prehadronic cross sections and a formation time interpretation in terms of a Cronin effect.
=0.5 fm/c. In the simulation indicated by the dashed line we addi- In our simulation we do not find any dependence of the
tionally assume that all elastic scatterings are isotropic in theicharged hadron multiplicity ratic33) on the photon virtual-
center-of-mass frame. The data are taken from R4f. ity Q2 This is no surprise since in the rati], the Q? de-

In Fig. 9 how the t wm d d Cpendence of the primary electroproduction cross section can-

9. © we Show the fransverse momentum dependencéy s oyt and our prehadronic cross sectig8® do not

of the multiplicity ratio (33), where the transverse compo- : : .
nentpy of the hadron is defined with respect to the momen_depend on the virtuality of the photon. Therefore an experi

: 5 .
tum direction of the virtual photon. In the simulation we usetn;?nrt;”e%oﬁsszvgdnzrggfen?g:ng:gﬁggg ae%lgqbev\'g
the constituent quark conce(82) for the prehadronic cross '”p h in's 9 VI that indeed th Pe | e tituent
sections and the formation time=0.5 fm/c. We expect that w Sk ow '? fecfh ha dm ee € simpie constituen
the py distribution of the observed hadrons is broadened foﬁrl:gtes?ﬁ: ;ttgLua?iopr:einih:aorll:(r:]ecriloastiscSr?acﬁ((rﬁ?(;vgsslz-M c
complex nuclei compared to deuterium due to multiple scat-ex eriment, i.e., at larger values ofand 02 9
tering of the(prephadrons. Up tg3~1 Ge\? the p? depen- P e 9 :
dence of the multiplicity ratio is well reproduced for both the
nitrogen and the krypton target. However, the data of Rgf.
show a strong increase 6&*,3,| for p3=1 Ge\, which is not We now discuss how the geometrical acceptance of the
reproduced by oufprehadronic FSI even if one assumes HERMES detector and the kinematic cuts affect the multi-
that all elastic scattering events are isotropic in the center-ofplicity ratio (33). In Fig. 10 we compare the results of our
mass systenidashed ling This can be considered a signal- simulation using the constituent quark concép®) and a
for a partonic origin of the enhancement of highhadrons formation time 7;=0.5 fm/c for the HERMES acceptance
in eAcollisions either via a change of the parton distributions(solid line) in comparison to a # detector(dashed ling In
inside the nuclear medium and/or the Cronin eff@d&—47.  both calculations we still account for all kinematic cuts in the
The Cronin effect was first observed in 19/45] via an HERMES experiment. As can be seen from thepectrum,
enhancement of highy hadrons inpA collisions and has a detector with full angular coveragéashed lingwill detect
become especially important recently in connection with datanany more of the low-energy particles—produced in the
from highp; hadron production in heavy-ion collisions FSI—which simply do not end up in the HERMES detector.
[4,6]. Similar to pA collisions [46], a high-energy parton As a result, thev spectrum for a 4 detector is almost flat
produced in a direct* N interaction may be subject to soft since an increase of the formation time withdue to time
coherent and incoherent multiple rescatterings in the nucleatilatation not only reduces the attenuation but also the par-
medium. While the incoherent rescatterings can be interticle production in the FSI. According to our simulations the
preted intuitively as a random walk in transverse momentunslope in thev spectrum experimentally observed at HER-
spacd 48], the coherent gluon radiation from different nucle- MES partly arises because at lower photon energies particle

C. Acceptance cuts
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production in the FSI is less forward peaked and therefore 12k ' ' ' . I
less particles are seen by the HERMES detector. Note that 11L N 1]
this problem is usually neglected in other approaches 10
[8-10,13 that intend to describe the observed multiplicity ool ]
ratios. The dotted line in Fig. 10 shows the result of a simu- 08} .
lation where in addition to the geometrical acceptance the 0.7} ® HERMES [no (+-)] (preliminary) J
E,>1.4 GeV cut has been neglected. As can be seen from 12 \t ' ' *"I‘K ]
the lowz, part of the multiplicity ratio, one now detects even 11L i |
more lowz, hadrons. Without the cut,>0.2 the multiplic- 1.0 T
ity ratio as a function of the photon energy risesR{Q(v) o 0.9f .
~15. 08f TTte-lTTre -
Summarizing this paragraph we stress that one has to take 071 : : : : .
the geometrical acceptance of the HERMES detector into 12} 131 ¥
account if one wants to draw conclusions from a comparison 11} \ Xe I
of experimental with theoretical results for the Iaypart 1.0 ]
and thev dependence of the multiplicity ratio. g.g o \‘ .
o7f O TTTmTTTT
D. Double hadron attenuation 00 01 02 03 04 05
Before we turn to the individual attenuation of the various Z,

identified hadrons we compare our simulation with the re-

cently measured double-hadron attenuation at HERME%lF'G- 11. Double-hadron attenuation raig for aN, ¥, and
[51]. In each event only the tw@hargedor neutra) hadrons Xe target as a function of the energy fractiyof the subleading
with the highest energies are considered. In the following wéiadron. In the simulatiogsolid line) we use the constituent quark
denote the hadron with the highestas the leading hadron concept(32) for the prehadronl_c cross sectlgns and_a formation time
and the other one as the subleading hadron. The experimen&F 0-5 fm/c. To exclude contributions from’ decay intor" " the

observable is the double-hadron attenuation ratio charge combinations —" and “— +” have been excluded both in
experiment and in the simulation. The dashed line shows a calcula-
Ny(2,)

tion with a purely absorptive treatment of the FSI. The preliminary
HERMES data are taken from R¢b1].

N
Rez) == 1" (34)
% shuffle strength from the high, part to the lowz, part of the
1 D

spectrum. This is not the case for purely absorptive FSI
HereN,(z,) denotes the number of events where the leadingdashed line in Fig. J1As one can see, our coupled-channel

and subleading hadron carry the energy fractipn 0.5 and calculationgsolid line—using the constituent quark concept

2,<z,, respectively, and, is the number of events where at (32 and the formation timer;=0.5 fm/c—are again in
least one of them hag,>0.5. The kinematic cuts are the guantitative agreement with the experimental data apart from

. . 4 . . . .
same as for charged hadrons except for the Bjorken variabfée 1ast data point in th&kr data, which indicates a multi-

x, which now has the new boundaxy>0.01. plicity ratio Ry(z,=0.5=1. This behavior cannot be ex-
Figure 11 shows the double-hadron multiplicity ratgsy ~ Plained within our model. _ _
for 2N, 84r, and ¥iXe. To exclude contributions from® As can be seen from Fig. 11, our calculations predict

decay intor* 7 the charge combinationst* —” and “— +»  about the same double-hadron attenuation ratid¥ote and

have been excluded both in experiment and in the simulaKr. The reason is that the attenuation of leading and double

tion. The solid line shows the result of a full coupled-channelhadrons increases in the same way when going from the
calculation using the constituent quark conced®) and the krypton to the xenon target. Hence the double-hadron attenu-
formation time 7;=0.5 fm/c. The shape of the spectrum is ation ratio(34) stays roughly the same. Note that this does
similar to that ofR{)(z, of the charged hadron multiplicity MOt r113elcessanly imply the same hadron attenuatiorfir

ratio shown in Fig. 8. The reason is quite simple: For theBnd ~Xe. As we have shown in Ref11], and as one can
interpretation we discard for a moment the constant factor§/S0 see by comparing the multiplicity ratios for the two
N, in Eq. (34) and the factord\, in Eq. (33) which have no targets in Figs. 12 and 14, the hadron attenuation irtthee
influence on the shape of tlzg dependence. The only differ- Nucleus is on average 5% larger than Fr.

ence betweeN;(z,)|a/ Nn(z)|p @and Nx(z5)|a/ Na(2)|p then

is that one restricts the detected hadron to the subleading
particle in the latter case. If the subleading partichgth
energy fractiorz,) of the initial y* N reaction interacts with We finally consider the attenuation of, 7°, K*, p, andp

the nuclear environment, it will produce a bunch of low-in DIS of 27.6-GeV positrons off’Ne, 8Kr, and *Xe
energy particles. Thaew subleading hadron in the event nuclei. For the krypton and xenon target the cuts are
then has a energy fractiary <z,. As for the usual charged the same as for charged hadrons plus the momentum
hadron multiplicity spectrum the coupled-channel FSlcuts necessary for particle identification at HERMES

E. Attenuation of identified hadrons
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FIG. 12. Multiplicity ratios of 70, K%, p, andp for a 8Kr FIG. 13. Multiplicity ratios of 7%, K*, p, andp for a ®Ne
nucleus(at HERMES as a function of the hadron energy fraction nucleusat HERMES as a function of the hadron energy fractipn
z,=E,/v and the photon energy. The solid line represents the a_nd th(aj photon energy. The solid !lne represents the result of a
result of a simulation, where we use the constituent quark conceptimulation where we use the constituent quark concepfor the
(32) for the prehadronic cross sections and a formation tipe ~Prehadronic cross sections and a formation tif0.5 fm/c. The
=0.5 fm/c. The dotted line in the proton spectrum indicates thedotted line represent the result of a simulation with a purely absorp-
result of a simulation where ajf* N events are created yTHia.  tive treatment of the FSI. The data are taken from Red].

The data are taken from RgER]. L . L
4] one has thus less prehadronic interactionkofThis is com-

[2], i.e., 2.5 GeVE<p,k<15GeVlc and 4 GeVE<p,;  pensated by the largé&-nucleon cross section. In total this
<15 GeV/c. The following cuts are different for the neon leads to a similar attenuation & andK™. From Fig. 5 it
target [52]: 2 GeV<r<24 GeV, 0.6 GeVé<p, can also be seen that a large part of the kaons atjigtem
<15 GeV/ic, and 2 GeVE<pc<15 GeVlie. from ¢ decay intoK*K™. The attenuation oK* at high z,

For the moment we stick again to the prehadron conceptherefore strongly depends on the FSI of theneson; this is
(32 and the formation time=0.5 fm/c in our simulation. in analogy to the attenuation of charged hadrgp®ns
Figures 12 and 13 show the multiplicity ratios &#r and ~ which are strongly affected by the FSI of themeson.

“Ne, respectively. The attenuation of pions is well described There is a further complication connected with the multi-
for the 8Kr nucleus while it is slightly too strong for the plicity ratio of kaons, which is neglected in a purely absorp-
light ?°Ne target. This is no surprise since f8Kr our model tive treatment of the FSI. The initiaj* N interaction pro-
already reproduced the multiplicity ratio of chargedduces many more pions apdmesons than strange particles
hadrons—dominated by pions—while the attenuation wagcf. Fig. 5. These high-energy particles can produce second-
too strong in the case of the light&¥iN nucleus. ary K* and K™ in the nuclear FSI and thereby enhance the

The attenuation oK* mesons is well described for the multiplicity ratio for K* at low z,. This is illustrated by the
heavier krypton target while it is in poor agreement with thedotted lines in Fig. 13 which shows the result of a purely
2Ne data. In the latter case the calculated multiplicity ratio isabsorptive treatment of the FSI, in which every particle that
larger than one at smad), in contradiction to the experimen- undergoes FSI is simply removed from the simulation. One
tal data. For both nuclei our simulation yields approximatelyclearly sees that kaon absorption in the FSI is compensated
the same attenuation fé¢~ and K* mesons at large,. The  to a large extent by the production of kaons in the nuclear
reason for this is directly related to ti& andK™ spectra in  FSI of pions ancp mesons. For,=<0.35 theK* production
Fig. 5, which show that due to the quark contém) theK~  exceeds the absorption in the ligliNe and leads to a mul-
contain less quarks from the beam or target tharktheThe tiplicity ratio larger than 1. This is not the case for fH&r
few K~ that are not solely made of quarks and antiquarkswucleus which is large enough to also absorb some of the
created from the vacuum in the string fragmentation carrysecondary kaons. Of course this effect strongly depends on
(antijguarks from the resolved photon component or thethe strangeness production cross section used in the FSI. Un-
nucleon sea. According to the constituent quark con(@pt  less one does not have all these coupled channels under con-
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trol it is therefore hard to draw any conclusion from the kaon 1.2 R

attenuation in DIS off nuclei. (A |
From Fig. 5 one also sees that there are only very few 0.6 \ /

protons that contain no quarks from the beam or target be-

cause diquark-antidiquark creation is strongly suppressed in 1.0 E"]

the string fragmentation due to the relatively large diquark 0.8 \ /

masses. The latter also explains why most protons contain 0.8

two of the original quarks, i.e., the diquark from the target 1.0 2

nucleon. These remnants have a very large prehadronic cross 0.8 /
08

section according to the constituent quark con¢8gy. As a

result the proton multiplicity ratio comes out too small for o 1
84 20, : . 1.0 I_K_l
both the®Kr and the“"Ne nucleus. As discussed in Sec. 0.8 -
V A, the Lund model points to a larger formation time for ° 06
protons than for the lighter piong, mesons, and kaorjsf. ==
Eqg. (29)]. However, as we have shown in Fig. 8, a further 10 L

. ]
increase of the formation time te>0.5 fm/c does not 08
change our result at largg as long as the production time is

zero. Since proton attenuation at largeis solely due to }(2; X
prehadronic interactions this either points towards a smaller 0.8
prebaryonic cross section or a finite production time. 0.6 — ]
A further problem connected with the proton spectra is the 1.0 5 |
strong increase of the multiplicity ratio fay,< 0.4 which is 0.8 —
4 . . 0.6
seen in the experiment&iKr data. At small proton energies 04 ———— ]
Rp, becomes larger than one which might be understood in 02040608 8 12 16 20 24
our model by a slowing down of high-energy protons in the % v[GeV]

FSI. Alternatively, protons might be knocked out of the

nucleus in the FSI of a high-energy meson produced in the FIG. 14. Predictions for the multiplicity ratios of*, 7° K*, p,
primary y* N interaction. We do indeed see these effects irandP for a**Xe nucleusat HERMES as a function of the hadron
our simulation, however, in both cases the experimental mognerdy fractiorz, and the photon energy. In the simulation we use
mentum cutp,>4 GeV/c removes most of these protons t_he constituent qugrk goan(ﬁZ) for the prehadronic cross sec-
from the acceptance. Thus the protons in our transport simfions and a formation time;=0.5 fm/c.

lation lose too much energy per collision in tfpre)hadronic

FSI scenario. by the finite formation time and the nonuniform density dis-

As we have pointed out in the discussion of Fig. 2 the usdribution in nuclei. At lower values of, or in the integrated
of FRITIOF in the simulation ofy* N events has a small effect v spectra the scaling behavior is hidden by the coupled chan-
on the proton spectra. In Fig. 12 we therefore also show theel effects. We note that a scaling of the attenuation with the
proton attenuation in a simulation whea#i y* N interac- target mass-(A)??, as predicted by Ref8], would imply an
tions aboveWpy=3 GeV are simulated byyTHIA. One ob-  increase of about 34% when usifgXe instead of“Kr.
serves that besides a slight improvement at largend low
photon energiew this has no effect on our result.

Within our simulation the attenuation of antiprotons also
comes out slightly too large in th@rehadronic FSI sce- We now test the result of a simulation where both the
nario. We find that the antiprotons wity=0.5 are mainly  production times of the prehadrons and the formation time
beam or target remnants that contain an antiquark from thef each individual particle are explicitly extracted from the
resolved photon or the nucleon sea, whereas most of theorresponding string fragmentation JeTseT(cf. Fig. 4). As
antiprotons withz,<0.5 are solely made of antiquarks that described in Sec. V A there are in principle three time scales
are produced in the fragmentation of the string excited in thénvolved in the Lund fragmentation proce$s: The produc-

y* N interaction. According to the constituent quark concepttion proper timer, of the hadron’s first constituent, which is
(32) the attenuation of antiprotons wity<<0.5 is therefore obviously zero if the hadron contains a constituent from a
only caused by hadronic FSI aftey. string end(ii) the production proper time,, when the sec-

In Fig. 14 we also show predictions for the attenuation ofond constituent is produced and a color neutral object is
identified hadrons on &*!Xe target. In the simulation we formed, andiii) the formation proper time; where the two
have used the constituent quark cona@&® and a formation  world lines of the constituents cross for the first time.
time 7:=0.5 fm/c. By comparing the multiplicity ratioRr,\‘,I We point out that—due to technical reasons—all particles
of negatively and positively charged pions f8iNe, 8K, that emerge from the primary* N interaction start to propa-
and***Xe nuclei, we find that the attenuatioh-R{,) scales gate from the interaction vertex, while the production time
like A* with an exponentv=0.22—-0.29 atz,=0.95. If the only affects the beginning of their interactions with the
attenuation was simply proportional to the distance that theauclear medium. One may therefore expect slight deviations
particles propagate through the medium, one would naivelyrom the real reaction geometry, where the excited string
expect a scaling exponent=1/3. Thedeviation is caused propagates over a small distance prior to fragmentation.

F. Lund production and formation times
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that strong FSI already set in right afteg; and setso,
=0,=0}, 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
o 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 timer,, 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 they* 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 7=0.5. Thez, dependence of these two
times has to be compared witl, and t;, 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. Eq32). Due to time dilatation the produc-
tion timesty are in general already of the order of the

| P EL e

02 04 06 08 nuclear radius. This explains why the beam and target
z, v [GeV] remnants—for whicht,;=0—dominate the shape of the
spectra.

FIG. 15. Multiplicity ratios of 7, 72, K*, p, andp for a #Kr
nucleusat HERMES as a function of the hadron energy fractign VII. HADRON ATTENUATION AT EMC ENERGIES
and the_ photon energy. Inthe_simulation we use th_e proper times In this section we test different space-time pictures of
Tp, (S0lid line), 0.2r,, (dotted ling, and 7, (dashed lingfrom the o 4yonization in comparison to the EMC data with 100- and
JETSETrouyne_ as the prehadron pro_ductlon tlme_. The prehadro_chOO_GeV muon beamid4]. In the previous section we have
cross section is set_ to the full hadronic cross section and mteractlorgseen that almost all of the HERMES data can be described
before the production time are neglected. . . . .

with the simple prehadron concept of Sec. V B, i.e., setting

We now proceed and introduce two effective cross secthe production timer, to zero for all hadrons and using the
tions: o; which accounts for the “partonic’interaction be- constituent quark conceps2) for the prehadronic cross sec-
tween 7, and 7, and o, which accounts for the “prehad- tions during the formation timey. Obviously, this picture
ronic” interactions of the color neutral object betwegp  can only represent a rough approximation to the real hadroni-
and 7;. We first neglect the partonic interactiois;=0) and  zation process. Neither is it very likely that the string frag-
set the prehadronic cross sectionequal to the full hadronic  ments convertnstantaneouslynto color neutral prehadrons
cross sections;,. In such a scenario we are no longer sensi-nor do the cross sectiomsstantaneouslyump from the res-
tive to the formation timer; but only on,,. The solid lines  caled valueg32) to the full hadronic size.
in Fig. 15 show the result of such a simulation fof%r The kinematic regime of the EMC experiment, which
target. Since the resulting attenuation is much too weak weses a 100-Ge\(200-GeV} muon beam, is different from
conclude that the strong FSI have to start earlier. Note that that of the HERMES experiment. Here, the kinematic cuts
reduction ofo, will further enhance the discrepancy with are Q?>2 Ge\?, W=>4 GeV, x>0.02, 10 Ge\Kwv
experimental data. To achieve reasonable results for the muk 85 GeV(30 GeV<v<170 Ge}, andE,>3 GeV. In ad-
tiplicity ratio one has to rescalg,, by about a factor of 0.2 dition we again account for the angular acceptance of detec-
(dotted ling, which is quite dramatic. According to the Lund tor, i.e., 5° horizontally and +8° verticallis3].
model[cf. Eq.(28)] this has to be interpreted as mtrease In the upper panel of Fig. 16 we show the EMC result for
of the string tensiork by an unreasonably large factor of the multiplicity ratio of charged hadrons orf3Cu target as a
about 5 in the nuclear medium. Setting to zero implies to  function of the hadron energy fraction, The solid line
neglect any interaction of the nucleon debris with the nucleashows the result for the simple prehadron cong¢8gj with
medium between the moment of thy& N interaction andr,,.  the constant formation timg. The shaded area indicates the
This might be a problem, since the hadronic string that igegion between the results of calculations using 100- and
produced in the DIS may interact with a hadronic cross sec200-GeV muon beam energy. Obviously, we get a much too
tion right from the beginning37]. strong attenuation fog,>0.3. This either implies that the

The average size of the prehadron-production times of therehadronic interactions set in too early or that the cross
gluon-bremsstrahlung mod¢lL3] is about a factor of 10 sections(32) are too large.
smaller than the timetg, extracted fromyETSET In fact, their The dashed line shows the result for a simulation when
average size is rather compatible with. If one assumes assuming that durings the prehadron cross section increases
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L~ B T ~~_ FIG. 17. Multiplicity ratio of charged hadrons for°aCu target
. as a function of the fractional energy in the kinematic regime of
0.8 - ""i\..‘..__ 1 the EMC experiment. The shaded areas are bounded by simulations
.'""'\.\ ] using a 100-Ge\(lower boundaryand 200-GeMupper boundary
m  HERMES o s s muon beam. The data are taken from R@#]. The dashed line
06 - ---- G,,,ehadmfmin(f Iz, 1)o, [ shows the result of our simulation using a constant prehadron pro-
[—— S g =min(0.3+tzlvf,1)ch ] Quction timer,=0.1 fm/c. In the palcglation indicated by the solid
. B o . line we used the Lund production timg=0.27,,, where 7, has
0.0 0.2 0.4 0.6 0.8 1.0 been directly extracted fromeTseT In both calculation we set the
z prehadronic cross section equal to the full hadronic cross section

and neglect interactions before the production time.
FIG. 16. Upper panel: Multiplicity ratio of charged hadrons for

a%Cu target as a function of the fractional enemgyin the kine-  enoughQ? dependence of the multiplicity ratio to explain
matic regime of the EMC experiment. The shaded areas aréuch a dramatic difference between the two “initial” values
bounded by simulations using a 100-GeMwer boundary and ~ for the prehadron cross section.

200-GeV (upper boundarymuon beam. The data are taken from  In Sec. VI we have shown that, as long as one neglects a
Ref. [14]. Lower panel: Multiplicity ratio of charged hadrons for a Strong partonic energy lo$8,9] right after they* N interac-

84 r target as a function of the fractional enemgyin the kinematic ~ tion, the (pre)hadronic interactions have to set in very early
regime of the HERMES experiment. The data are taken from Ref(Cf. Fig. 7) to explain the various HERMES data. Since the
[2]. The solid line shows the result of our simulation using the Lorentzy factors involved in the EMC experiment are about
constituent quark concep82) for the prehadronic cross sections five times larger than at HERMES energies, a firibeit

and a formation time;=0.5 fm/c. In the simulation represented by small) production time will have a larger impact on the cal-
the dashed line we assumed a prehadronic cross section increasigglated multiplicity ratios. In Fig. 17 we therefore also show
quadratically in proper time during=0.5 fm/c from zero up to the  the results of a calculation with a constant production time
full hadronic size. The dash-dotted line represents a simulatior,=0.1 fm/c as well as the production time,=0.27,, with
where the prehadronic cross section increases quadratically if,, €xtracted directly fromdETSET For simplicity we neglect
proper time from 0.3, to the full hadronic cross section. all (partonig interactions before the production time of the
prehadrons and set the prehadronic cross to the full hadronic
cross sectiory,

The result forr,=0.1 fm/c in the kinematic region of the
ERMES experiment is shown in Fig. 7 and yields a too
eak attenuation at largg,. An additional formation time

quadratically in proper time- from zero to the asymptotic
value gy, Such an ansatz can be motivated by color transpar-
ency, which states that the cross sections of the color neutr
prehadron scales with its diameter squared. While giving thGis, requced cross sections would further enhance this dis-
right attenuation for EMC energies, such an ansatz fails tQ:repancy. On the other hand, the production ti
explain the HERMES data as long as the initial cross section.g1 fm/c is still too small to give the right attenuation at

is exactly zerqsee lower panel of Fig. J6For the calcula-  EmC energies as can be seen from the dashed line in Fig. 17.
tion indicated by the dash-dotted line in the lower panel of |n Sec. VI F we have found that using, as the prehad-
Fig. 16 we assumed an initial prehadronic cross sectiofon production time yields a satisfactory description of the
0.30, followed by a quadratic increase in proper time up toHERMES data. However, using, as the prehadron produc-
the full hadronic valuery,. The difference between the initial tion time leads to the same problem observed for our con-
prehadronic cross sections at HERMES and EMC might batituent quark concept in Fig. 16, i.e., a too strong attenuation
explained if one assumes that the cross section right after thef the highz, hadrons. The reason is again the strong pre-
v* N interaction is set by the resolution of the virtual photon, hadronic interactions of the beam and target remnants right
i.e., Q% Indeed, the average values@f in the EMC experi-  after they* N interaction.

ment are more than twice as large as at HERMES energies. When setting the prehadron production time to7{,2
However, the HERMES datgb4] do not indicate a strong (solid line in Fig. 13, we observe again a slightly too strong
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attenuation. However, this concept is in better agreemertion. While in the kinematic region of the HERMES experi-
with the experimental data at EMC energies than our previment most phenomena can be attributedoe) hadronic
ous approaches. FSI, we find limitations of our “standard” model for EMC
In summary, it does not seem to be possible to simultaenergies and for largpy. The latter supports a partonic ori-
neously describe both the HERMES and the EMC data wittgin for the Cronin effect in electron-nucleus interactions.
(pre) hadronic FSI only, as long as one does not account for We have seen in Sec. VI F that a scenario in which any
additional effects like color transparency. interactions before the production of the color neutral pre-
hadrons at proper timey, are neglected does not yield
enough hadron attenuation. Instead, we had to assume strong
Viil. SUMMARY AND OUTLOOK interactions right after the production times, of the had-

In this work we have presented a detailed investigation ofON'S first const_ituent. However, th_is does not necessarily im-
hadron attenuation in deep-inelastic lepton scattering aly that there is a freely interacting quark that sees strong
HERMES and EMC energies. In the primary production pro-FSI.- As pomted out in Sec. VA the Iong|tqd|nal dimension
cess we do not only consider the direct interaction of the?f the string and itgcolor neutral fragments is not expected
virtual photony* with a quark inside the nucleofnucleug,  to be larger than 1 fri36,37. Therefore one has in principle
but also diffractive and hard scatterings of the photon’s hadto deal with the propagation of color neutral strings that sub-
ronic components. In the latter case we account for cohei§équently fragment into prehadrons and color neutral remain-
ence length effects that lead to nuclear shadowing in DIS offer strings. A collision of aremaindey string—before its
nuclei (cf. Sec. Il). Furthermore, our model description in- fragmentation—will most likely lead to a different final state
corporates other nuclear effects like Fermi motion of thethan an undisturbed decay. This is technically more involved

bound nucleons, Pauli blocking, and nuclear binding. We debut will be incorporated in our future work. Apart from ex-

ing the event generateTHIA. Iower energies shpuld help to clarify the problem of hadroni-
For the space-time picture of the hadronization procesgation. The experiments that are currently performed at con-
we basically have considered two different scenarios. One i§iderably smaller energies at Jefferson Lab—and which are
motivated by the Lund model and the other one is that genPlanned after the upgrade to 12 -GeV beam energy—uwill be
erally used in standard transport models. In the Lund modéelore sensitive to the string fragmentation and hadron forma-
the production proper times of the hadron constituents an§On times since time dilatation effects are less pronounced.
the formation proper time of the hadron are determined by Furthermore, in a direct photon-nucleon interaction at
the underlying fragmentation process and depend on energf"y highQ® and energyv the photon is expected to knock
and momentum of the hadron. SineeTHia is based on the ©Out @ highly virtual pointlike quark that immediately may
Lund fragmentation scheme we can directly extract the prof@diate gluons. The gluons then can split into quark-
duction and formation times for each hadron from the correntiquark pairs and finally the various colored quarks and
sponding fragmentation process. We have shown explicithg!uons combine to form the hadronic strings. While these
that the production and formation times in the Lund modelProcesses are in principle taken into account in our present
show a nontrivial dependence on the mass of the hadron. Simulations viaPYTHIA, we have neglected their space-time
On the other hand, the concept generally used in transpofvolution so far and assumed that they take place instanta-
approaches is that the production time of the prehadrons j@€ously at the interaction point. This simplification may have
set to zero and the interaction probability is reduced duringonsiderable consequences at EMC energies and possibly ex-
the formation timer;. For simplicity the formation time is Plain our difficulties in describing the data. An explicit con-
assumed to be a constantin the rest frame of each hadron sideration of these partonic evolution effects is also planned

in order to work with a single parameter, only. for the future.
The prehadronic final state interactiof<SI) between the
production and the formation time and the hadronic FSI after ACKNOWLEDGMENTS

7; are described within a transport model which allows for a i

realistic coupled channel treatment beyond simple absorption 1 NiS work has been supported by BMBF. The authors

mechanisms. We explicitly account for particle creation in2cknowledge valuable discussions with A. Accardi, P. Di

the interactions of the primary reaction products emergingt'_ez,za’ G. Elbakyan, A. Hillenbrand, B. Z. Kopeliovich, P.
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are found to strongly influence the low-energy part of the

experimentally observed multiplicity rati@83). APPENDIX A: HIGH-ENERGY HADRON-NUCLEON
Furthermore, we have studied how the kinematic cuts and INTERACTIONS

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. As pointed out in Sec. IV we model hadron-hadron colli-
We have investigated the attenuation of charged and newions above the resonance regitii=2.3 Ge\) by FRITIOF

tral pions, kaons, protons, and anti-protons as a function of23]. In contrast toPYTHIA [21] the FRITIOF event generator

the fractional energy,, the photon energy, and the trans- does not provide absolute cross sections but only determines

verse momentunpy, as well as the double-hadron attenua-the final state of a scattering event. Therefore we have to

1. Total cross sections
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TABLE I. Parameters for the cross section parametrizatidn. tot(s) % (s)(1 - 0.4% - 0.5)(1 - 0'4@_ 0_5(2)’
The parameters are taken from RE5). i
(A3)
A B n C D wherexZ andxg . denote the strangeness and charm content
0}?; 48.0 0. 0522 451 of the mesorm and baryorb, respectively:
oo 11.9 26.9 -1.12 0.169 -1.85 m_ |S(m)| m_ |C(m)|
o 384 776  -064 0.26 -1.2 Xs = X =,
o%p 10.2 52.7 -1.16 0.125 -1.28
Jv, 164 193 -042 0.19 0. NECRRE0)
o 0. 114 -04 0079 0. Xs= "5 XcT 5 (A4)
o, 330 14.0 -1.36 0.456 403 e andC denote the st 4 ch .
3 _ _ ere S an enote the strangeness and charm quantum
"g);p 1.76 14.0 1.36 0.456 4.03 numbers of the meson and baryon, respectively.
Tk+p 18.1 0. 0.26 -1.
el _ -
‘Tﬁp 5 8.1 18 0.16 13 2. Elastic scattering
Ogn 18.7 0. 0.21 -1.3 , o
fot There are two problems with the origineRiTIoF model
Oy- 32.1 0. 0.66 -5.6 . . . .
K 73 0 0.29 o4 [23]. The first one is that it does not generate enough elastic
‘T{gp ' ' ' ' scattering events as can be seen by the solid triangles in Fig.
Okn 25.2 0. 0.38 -2.9 18. We cure this deficiency by also parametrizing the elastic

cross section and simulating elastic scattering exterrely;
TIOF is then only called for inelastic collisiornsf. Ref.[25]).
explicitly parametrize the total cross sections at large energor all elastic baryon-baryon collisions, that solely involve
gies. For all baryon-baryon collisions—that solely involve nonstrange baryons in the entrance channel, we use the same
nonstrange baryons in the entrance channel—we use thgarametrization as for elastjip scattering(see Table)l
cross section parametrizati¢f5] The cross sections for elastierp and K*p scattering are

) again taken from experimergee Table)l and those for elas-

o=[A+Bp"+CIn“p+DInp] mb (A1) tic VN scattering are given by VMD,

with the parameters for proton-proton collisions listed in 5 (gv)
Table I. In Eq.(Al) p denotes the laboratory momentum in OyN~ e TyN—VN-
GeV. As shown in Ref[55] this parametrization yields a
good description of the cross sections down to the resonandeor the remaining particles we use the relatj66]
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 addressegl determine the size of the elastic cross sections from the
experimentally liker*p, K*p, andK*n, we use Eq(Al) with  corresponding total cross sections. The value
the parameters listed in Table I. The cross sections for the.039 mb'/2is the same as in the UrQMD mod@5]. The
other isospin channels are given by isospin symmetry angular distribution for elastic scattering 1+2L+2 is

taken from theryTHIA model,

g = Ca’f’olt2 (A5)

1
070N = _(0-17+p + 0-'n'_p)v dO’ EI
2 2 BS
~e"1 (A6)
dt
O = O p, with the slope parameter

O, n=0_+9,
e with s given in units of Ge¥ andB¢', in GeV2 The con-
stants ardé,=2.3 for baryons anth,,=1.4 for mesons.
OKOp = OK*n»
3. Quark-antiquark annihilation

OKOp = O-n» €IC. (A2) A second problem witlFRITIOF is that it does not account

for quark-antiquark annihilation in meson-baryon scattering
The cross sections for th€* and K* mesons are assumed to in Correspondence to Reggeon exchange inttlebannel.
be the same as fdf andK. The total cross sections for the This process, however, gives a finite contribution to the total
vector mesons are given by tR&THIA parametrizatior(2). cross section for low's. We therefore keep the option to
For all other high-energy meson-baryon collisions we emsimulate its contribution to the inelastic collisions indepen-
ploy an ansatz similar to that of the UrQMD mod8b]: dently of FRITIOF using the method developed in RE26],
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n p hotal
100F £ = 'p, elastic E3
+ elastic by FRITIOF
10} +
"'1"’":’-_
s
E “u
E 1 e’ SRR
B
. i

n p, total
7 p, elastic
elastic by FRITIOF

i

T
FIG. 18. Cross sections for

m*p andK*p scattering. The solid
(dashedl lines represent the total
(elastig cross sections. The high-
energy part given by EqAl) is
continuously connected to the
cross sections of the resonance
model [16] applied below s
=2.2 GeV. The solid triangles
show therrITIOF result for elastic
pion-proton scattering. The data
are taken from Ref{57].

100} Kp

&x Eeri g x

10}

1 2 3 4 567891 2 3 4 5 6 780910
Vs [GeV]

where the antiquark from the meson and a constituent of theees that the incorporation of the annihilation part leads to a
baryon with the same flavor may annihilate. We assume thanuch better agreement with data.

the momenta of the two annihilating quarks are very small so  Since the cross sections for baryon-baryon collisions be-
that we do not need to treat the final gluon explicitly. Thelow ys=2.6 GeV and meson-baryon collisions belovs
final state of such an annihilation process is modeled by ar2.2 GeV are given by the resonance model of RE], we
excited string with the invariant mass of the colliding sys-continuously connect the high-energy parametrization to the
tem. The decay of the string into hadrons is taken into acresonance part. As an example, Fig. 18 shows our parametri-
count using the Lund fragmentation routioeETSET 7.3 as  zation of the total and elastis*p and K*p cross section in
also used byRITIOF. In contrast to the two excited strings of comparison with the experimental data.

aFRITIOF event, the string—emerging afteq annihilation—

has a larger invariant mass and therefore has more energy

available forsscreation. Hence the annihilation process has 4. Antibaryons

a strong effect on strangeness production in meson-baryon

scattering and the energy dependence of its cross section. Finally, there is the possibility of elastic and inelastic
Above ys=2.2 GeV the annihilation cross section relative to baryon- antlbaryor(bb) interactions in the nuclear FSI. The
strangeness production in pion-nucleon scattering can be fitetal and elastic cross sections fpp scattering are again

ted by[26] taken from experiment, i.e., EGA1) and Table I. For the rest
_ of the nonstrange antibaryons we use the same cross sections
Urannbm_ ax{l 2-0 S O} as for antiprotons. Elastibb scattering is simulated in the
nel =M 2-0.2——,0]. : . . .
phvi same way as in all other elastic channels. The inelastic frac-

tion of the total cross section is experimentally known to be
Figure 19 shows the resulting cross section for strangenestominated by annihilation. We therefore reduce the inelastic
production ina*p with (solid line) and without(dashed ling  cross section ofanti) baryons that involves)s quarks ac-
the quark-antiquark annihilation contribution. One clearlycording to the simple valence quark picture:

4 T T T T T T
n'p - strange particles 7 p — strange particles /
3t ) o
// FIG. 19. Cross sections for 7p

= ol 1 — strange particlesin comparison with experi-
= mental data from Ref{58]. The solid (dashed
° lines represent the simulation witlwithout) the

1t - possibility of quark-antiquark annihilation. The

figure is taken from Ref{26].
0 T T
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i anni_ |q Jot_ el TABLE Il. Woods-Saxon paramete(87) for the nuclei inves-
Ty T 3 (O - o5, (A7) tigated in this work.
whereS denotes the strangeness of taati) hyperons. The R (fm) a (fm) po (fm™9)
annihilation in collisions mvplw_ng charme((a_ntD baryons is 14y 5476 0.479 0.161
neglected here. The annihilation process is modeled in the 20 » 851 47 161
same way as in Ref24]: After annihilation of a quark and o3 € -85 0.479 0.16
an antiquark with the same flavor the remainiagti) quarks Cu 4.409 0.477 0.157
form two orthogonalyq jets which equally share the invari- #Kr 4.911 0.476 0.155
ant mass of the colliding system. As in the casejgfanni- 13lxe 5.777 0.476 0.152

hilation in meson-baryon scattering the strings are frag
mented USINGETSET7.3.

Throughout this work we neglect meson-meson, mesondensityf in Eq.(B4) can be approximated by the phase space
antibaryon, as well as antibaryon-antibaryon interactionsdensity of(uncorrelateglcold nuclear matter,
They are very unlikely in lepton-induced reactions since they

require interactions between the few reaction products f(F,p) ~ ©(pe(N) =[P, (BS)
among each other. with the local Fermi momentum
772 1/3
APPENDIX B: THE BUU TRANSPORT MODEL pF(F) (—p(r)) . (B6)
g

1. Ingredients
Here g=4 again denotes the factor of degeneracy. For the

ensity distribution of complex nuclei we use the Woods-
Saxon parametrization:

The scalar potentidlg in the set of transport equations d
(10) can be related to an effectiaonrelativistig potential
U which accounts for the many-body interactions of the

baryons among each other. The general expression for the Po
relativistic energy of a particle under the influence of a scalar p(r) = r-R (B7)
potential S and a vector potential =(Vy,V) is 1+ exr( )

H= \/(M +9°2+(p- \7)2 +V,. (B1) with the parameters of Table Il that have been extracted from
a Hartree-Fock calculatiof60] for stable nuclei. For light
In the local rest frameLRF), i.e., where the baryon current nuclei like 14N, however, we use a Gaussian Shape:
locally vanishes, the spatial componelmsanish. We arbi- 1 2
trarily setS=0 and interpret the effective potentidl as the pe(1)=—55 € p(— _) (B8)

zeroth component, of the vector potential: a2
Hirr = Vi? + pPre + U(F, BLre).- B2)  with aAY®=\Zr andr .= 1.21A12 fm.

_ . . The use of Eq(B5) allows us to employ an analytic ex-
We can then define the scalar potentiglof Eq. (11) inany  pression for the momentum dependent part of the potential

frame as (B4,
Us:= VHfre = Pire = - (B3 2C [ d% O(pe() - [p'])
i i po ) @m*  (p-p

Note that for photon- and electron-induced reactions the lo 14—
cal rest frame coincides with the frame where the target A
nucleus is at rest, i.e., the laboratory frame in case of fixed 2 2_ 2 2. A2
target experiments. 2C g { P+ A =P [[p : IOF(F)]Z i Az]

For nucleons the effective potentidlis parametrized ac- po @m" 2pA [P-pe(N]“+A
cording to Ref.[59] as a sum pf a Skyrme part, which only 2p() p+ pe(D)
depends on the baryon densjiy and a momentum depen- +—=-2 t
dent part:

. p- pF(F)>]

. r N\~ 2C d’p’ f(r - arctar(— : B9

U(r,p):Aﬂ+B(@) + =g . _,pa, ” A (B9)
Po Po (277') P
TABLE Ill. Parameters of the nucleon potenti@4) used in
this work.
(B4)

where p,=0.168 fm® denotes the saturation density of A (MeV) — B(Mev)  C(MeV) T A (fm™)
nuclear matter. In the reactions considered in this work the _»g 3 57.2 —635 1.76 213

nucleus remains close to its ground state and the phase-space
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TABLE IV. List of mesons included in the BUU model, their quantum numkispsn J, isospinl, strangenessS, charmC) and decay
channels. The parameters are taken from R3] except for thec meson[62].

m r
(MeV) (MeV) J | S C Decay channel
77 138 0 0 1 0 0
7 547 1.2x10°3 0 0 0 0 vy (40%), w70 (28%), 370 (32%)
p 770 151 1 1 0 0 7w
o 800 800 0 0 0 0 7w
) 782 8.4 1 0 0 0  amw (2%), 7y (9%), w7 70 (89%)
7 958 0.2 0 0 0 0 p% (31%), mwy (69%)
¢ 1020 4.4 1 0 0 0 o (13%), KK (84%), w770 (3%)
K 496 0 0 1/2 1 0
K 496 0 0 1/2 -1 0
K* 892 50 1 1/2 1 0 K
K 892 50 1 1/2 -1 0 Kar
e 2980 0 0 0 0 0
Jl 3097 0 1 0 0 0
D 1869 0 0 1/2 0 1
D 1869 0 0 1/2 0 -1
D* 2007 1 1 1/2 0 1 Dm
D* 2007 1 1 1/2 0 -1 D=
Ds 1969 0 0 0 1 1
D 1969 0 0 0 -1 -1
D, 2112 1.9 1 0 1 1 Dgy (94%), Dgrr (4%)
D, 2112 1.9 1 0 -1 -1 Dy (94%), Dgr (4%)
The parameters of the mean-field poten¢d) are fitted 2
to the saturation properties of nuclear matter and the momen- Us= §U- (B10)

tum dependence of the nucleon optical potential as measured
in pA collisions[16]. Throughout this work we employ the This choice is motivated by the phenomenological value of

parameters given in Table IlI. —-30 MeV at densitypy [61]. As mentioned before, we ne-
We use the same mean-field potential for all baryons exglect any hadronic potential for mesons as well as any influ-
cept for theA resonance for which we assume ence of the Coulomb potential in our present investigations.

TABLE V. List of baryons withS<-1 orC>0 included in the BUU model, their quantum numbesgin
J, isospinl, strangenesS, charmC) and decay channels. The parameters are taken from|[BGaf.

m r
(MeV) (MeV) J | S C Decay channel
=i 1315 0 1/2 1/2 -2 0
=h 1530 9.5 3/2 1/2 -2 0 =L
Q 1672 0 3/2 0 -3 0
A¢ 2285 0 1/2 0 0 1
3 2455 0 1/2 1 0 1
S, 2530 15 3/2 1 0 1 Ao
=5 2466 0 1/2 1/2 -1 1
= 2645 4 3/2 1/2 -1 1 =
Q 2704 0 1/2 0 -2 1

o
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In the multi-GeV range of interest in this work the cou- protons and neutrons. For the initialization in momentum
pling of the BUU equation$10) via the mean field is rather space we use the local Thomas-Fermi approximatiz®).
low because the absolute value W§ is about 100 MeV at The calculation is performed on a discretized time grid
maximum. One is therefore left with the coupling throughwith a default grid size\t=0.5 fm/c. During each time step
the collision term (14). In case of high-energy lepton- the test particles are assumed to move as noninteracting par-
induced reactions binary collisiors;, a,—b,,...b, play ticles in the mean field)s Substituting the test-particle an-
the dominant role. Since some of the particles in our simusatz(B11) into the BUU equation(10)—with the collision
lation are unstable with respect to strong decays one has term set to zero—yields the classical Hamilton equations of
keep in mind that also the decay of a particle into severamotion
other hadrons leads to changes in the phase-space densities.

In the mesonic sector we account for all particles listed in dari =V-H
Table IV. Mesons that can only decay due to the weak inter- dt P
action are considered to be stable within our model. The only
exception is then whose decay is explicitly accounted for dp, -
when evaluating pion production. P - ViH,

Besides the nucleofimy=938 MeV) and the deltam,
=1232 MeV[I',=118 MeV) we account for 29 other d
nucleon resonancd46] in the baryonic sector whose prop- K 0, (B12)
erties are taken from an analysis# scatterind62]. In our dt
model theA always decays tdNw whereas the other reso- | iih H being a functional of the phase-space density

nances can couple to the chanrigis, N7, AK, No, A, Np, Between the time steps the particles may collide. We do
No, N(14407, and Ap. In addition to the A (My ot assume any medium modification of the matrix elements
=1116 MeV) and theX (my=1189 Me\}, which are stable ) ( that enter the collision terriiL4). If one accounts for the
with respect to the strong decay, we also include 19 furthegnergy shift caused by the scalar potentia) the transition
S=-1 resonances that can decay intar, NK, X, 3* 7, ates can be directly taken from the corresponding vacuum
A7, NK*, and A* 7r.Furthermore, we include the strange andcyoss sections. Note, however, that in the resonance region
charmed baryons of Table V in our model. Due to a lack of across sections might be modified due to in-medium changes
complete analysis, the parameters for the strange angf the resonance properties as discussed in R&6s20.
charmed baryons are taken from Rgg0]. For each baryon Concerning the collision criteria we follow the method by
we also account for the corresponding antiparticle. Kodamaet al. [63]: Two particles collide in a time steft if

Since we explicitly consider the charge of the particlesthe impact parametds; i.e., the minimum separation in their
each isospin state of a particle leads to a separate BUU tranggnter-of-momentum system, is smaller than

port equation. The spin is only accounted for as a statistical
weight in the degeneracy factgr %(s
g g y1acg b< 1/, (B13)
r

2. Numerical realization

Furthermore, it is checked if both particles reach this mini-
The set of coupled differential-integral equatioil®) is  mal distance during the time sted. In Eq. (B13) ¢ de-
solved via a test-particle ansatz for the spectral phase-spaoetes the total cross section for the interaction of the two

densities(12): particles. For high-energy collisions these are the ones given
(2m? N in Appendix A. Elastic interactions occur with a probability
.. 127 I . .
F(F,p,ust) = =2 [F = (0]1ap - B w - wi(v)], o*(s)
N g ix Pei= oy (B14)
O_tot(s)
(B11)

Lo . the scattering angle is determined according to @&,). In
wherer;, p;, and ; denote the position, momentum, and case of a high-energy inelastic collision the reaction products
mass of the test particleat timet andN is the number of test 5,6 determined byRITIOF (or JETSETfor baryon-antibaryon
particles per physical particle. In this work we use theannihilatior). In the resonance region, i.e., belows

method of parallel ensembles, i.e., the test particles are di_:2.2 GeV for meson-baryon an=2.6 for baryon-baryon
vided intoN different ensembles which do not influence eachgcaitering, the total cross section is an incoherent sum of the

other. This is equivalent to simulatingindependent nuclear .4 sections for the reactions,

reactions in parallel and averaging the observables at the end.

For a test-particle numbéd— < the test particles will give  mB« R, #N < aN, 7N — 72N, 7N+ A, 7N < wN,

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 distributi@i/) or a

Gauss distributionB8) for N, respectively. We here as- N ¢N, oN > oN, oN = 77N, $N — ¢N, ¢N

sume that the form of the density distribution is the same for — N, 7B — KY,

7N — 7TwN,
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7B — KKN, KN < KN, KN < 7Y, KN < 7Y *

KN < KN, KN — KN,
in the case of meson-baryon collisions, and
NN« NN, NN« NR, NN« AA,

NN < NNz, NN — NNw,

NR+— NR’, BB— NYK BB— NY* K, BB— NNKK

for baryon-baryon collisions. Hema stands for a mesor
=N, A; nucleon resonances are denotedynd R’, hy-
peron resonances by and Y=2, A. The reactions involv-
ing antibaryons are obtained by charge conjugation. The r
action channedb— f in the collision of two particles and

b is chosen by Monte Carlo with a probability determined

from its contribution to the summed total cross sectisee
Ref. [16] for detaily,

ab—f =  tot

P .
Uab( S)

(B15)
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An important feature of our model is the decay of un-
stable particles with mags and energ)E during a time step
At. The corresponding decay probability is given by

)

where y=E/u is the Lorentz factor whilel" 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
e- X ) ; ;
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 momentum is Pauli blocked via Eq.
(B5) as

r
Pyoc= 1 - ex;:(— T o (B16)
y

Ppaui= O(pe(f) = [p]). (B17)
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