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Abstract: :
A Monte Carlo model of hadronic cascading in inelastic lepton nucleus
scattering is constructed to investigate space-timé scenarios consistent

- with the momentum space description of string models of multiparticle -
* . production. The prospects for resolving the ambiguity inherent in the
definition of a formatipn length for composite hadrons are emphasized.

1 Introduction

It was realised [1] a long time ago that, as a result of time dilation, the formation
length £ of a high energy particle should grow linearly with its energy,

E av o

) | 3(15)"’?“'7' (1)

where z = (E/v), and v is the total energy available. The constant & has
dimensions of an effective string tension parameter, and should be on the order of a
GeV/fm. More generally, the fluctuations and correlations of z and £ are described
in terms of a distribution D(z,£), the shape of which depends sensitively on the
specific particle production mechanism considered (e.g., string fragmentation).

Ideally, what we would like to learn from eA data may be expressed in terms
of questions such as: What is the size of k7 What information can be obtained
concerning the phase space distribution D(z, ), and how does this help do decide -
between competing dynamical models? Furthermore, as hadrons are composite
particles, an ambiguity arises as far as the definition of £ is concerned: should it refer
to the formation of the final state hadron, or of its constituents (partons)? Finally,
what impact do the answers to the above questions have on our understanding of
the evolution of the energy density in high energy nuclear collision experiments at

BNL and CERN?
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In the following, we investigate secondary hadronic cascading in inelastic lep-
ton nucleus scattering experiments. Renewed interest in this topic stems from new
experimental proposals (PEGASYS [2]) that may provide answers to the above
questions. As will be discussed in detail below, previous studies [3,4,5] of the ex-
perimentally observed [6,7] nuclear attenuation effect in the forward region either
neglected the contribution of rescattered secondaries, or else are unable to describe
the recently observed energy dependence [7]. '

In section 2, we briefly review some basic properties of the Lund string model
[8] related to the formation length; concerning the ambiguity in defining £ for a
composite hadron, we introduce the concepts of the yoyo formation length and
the constituent formation length [9] as two extreme alternatives for assigning a
formation point to a hadron. The consequences of adopting either one of these
two scenarios for the study of inelastic eA interactions, as well as the differences
between them, are discussed in terms of a schematic analytic model.” Section 3
contains a description of the Monte Carlo model PERSEUS [10], and numerical
results obtained for a 14.5GeV/c electron beam scattering oh noble gas targets.
Finally, conclusions as well an outlook for further theoretical studies are presented
in section 4. ‘ : '

2 The FormatiOn;Length in String Models

A successful description of a wide range of observables and phase space distributions
for hadronic multiparticle production in ete~, pp , pA and (to an accuracy of about
20% ) also in AA collisions, has been provided by the string models developed by
the Lund group [8]. Below, we shall apply the basic concepts of these models
(concerning string excitation, scattering and fragmentation) as well as the available
Monte Carlo routines {11,12] as an input for our analysis of nuclear effects on the
fragmentation function.

A Lund string is specified by its light cone momenta E* = E £ P,, its transverse
momentum P, and the quark flavors at the ends; excitation and fragmentation
of strings into secondary hadrons are represented graphically in momentum space
diagrams such as Fig.1. While the Lund model by itself does not contain any
configuration space description of either string motion or string fragmentation, it is
suggestive to think of a string as a system of two relativistic point particles in 1+1
dimensions that are bound by a linear (confining) potential V' = sr, where & is the
string tension (x =~ 1 GeV/fm). The corresponding equations of motion describe
"relativistic yoyos”, and a momentum space diagram such as Fig.1 can be mapped
onto coordinate space by rescaling all distances with a factor 1/«; in particular, the
length scale characteristic of the yoyo motion of a strmg of energy E is then given
by L = E/x.

In order to test experimentally such a space- tlme scenario, it is important to
consider both pA and eA scattering data, as these two types of processes yield quite
different phase space constraints. Specifically, apart from any cascading effects, for
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reasonable values of the projectile energy, the initial pN interaction is always non-
perturbative, with momentum transfers @* ~ A}cp, whereas the initial eN vertex
is perturbative for Q% > 1 GeV2. Furthermore, a single pN collision already creates
at least two strings with variable masses, while an eN collision produces exactly one
string, the 4-momentum of which can be determined from the kinematic variables
of the scattered lepton. Finally, in the absence of rescattering of secondaries, eA
collisions can be expected to behave roughly like the corresponding eN processes; by
contrast, pA produces on the average about 14 A'/3 multistring excitations, which
implies characteristic differences in the rapidity distributions of secondaries between
eA and pA (cf.Fig.Q). As the purpose of our investigation is to use rescattering
. effects as a probe of ‘the underlying space time-picture, we see that eA data is

much cleaner because of the absence of multistring effects and can serve to fix the

theoretical "input” for a study of the more complex pA and AA reactions. . '

One of the relevant questions one hopes to answer by analysing the A-dependence
of the data concerns the ambiguity inherent in the definition of a formation length
for a composite hadron. In the context of a Lund type string model, the problem is
illustrated in Fig.3. Consider a hadron (H; in Fig.3) which is formed out of a quark ¢

-and an antiquark § and carries a fraction z of the string energy. One possibility is to
assume that it can rescatter beyond its "yoyo pdint”, z= 2y, ‘where the trajectories
of ¢ and g intersect for the first time. Alternatively, one could hypothesize that its
constituent antiquark § may interact with the nuclear medium immediately after

"it is created at z = £., which would correspond to a smaller effective formation
length for the hadron. Subsequently, £, and ¢, will be ﬁéférred to as yoyo length
and constituent length, respectively. In terms of z, one finds ¢, — £, = zL ; clearly
"the differences between ¢y and ¢, are largest forz — 1 (cf.Fig.él,‘ where we plot
the mean values of £.(z) and £,(z), and of the naive inside-outside cascade formula
eq(1), for the Lund model). Ultimately, the question whether attenuation due to
rescattering in the nuclear medium starts at £, or at ¢, or at some different point,
can only be answered by the experiment. The answer is of considerable importance
for tqe ongoing discussion about the possibility of creating a quark-gluon-plasma
in the relativistic nucleus-nucleus collision experiments at CERN and at BNL. For
a 200 AGeV oxygen beam interacting with: Au target nuclei, Fig.5 shows that the
evolution of the energy density (as calculated with the ATTILA code [13] extending
the Lund model to coordinate space along the lines discussed here) is extremely
sensitive to the formation lengthlused as an input for cascade calculations.

To get a qualitative understanding of the expected A-dependence of particle
production in the forward region in eA collisions, let us briefly consider the following
schematic model illustrated in Fig.6, where the z-axis is chosen in the direction of the
3-momentum of the virtual photon, R denotes the dimension of the nucleus in this

“direction, and 7o (0 < 2o < R) denotes the position of the hadronic vertex. A hadron
that initially carries an energy fraction zo will be formed at the point zp + €(xo)
and thus can be scattered on its way out of the nucleus if z/ = R — 2 — {(zo) > 0.
The details depend (a) on the nuclear geometry, and (b) on the dynamics of the
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rescattering process. Concerning (a), if the nuclear density pg is taken to be uniform,
the probability for a hadron to rescatter n times may be parametrlzed asa Poxsson
distribution,

P (z0,20) = ©O(z0+ € z0)— R) 6,0 ' . @)
+ O(R - 20— U(z0) (R o “””0)) eip( B0 = 1wo),

A

where A = (poo) ™" is the inelastic hadronic mean free path in the target nucleus.

As for point (b), the dynamics are described in terms of a scattering kernel
K,(z,z0), which is defined as the probability for a hadron of an initial energy
fraction zo to be left with a fraction z after being scattered n times on target
nucleons

" The fragrnentatlon function DCA(:IZ) may then be written in a multlple colhslon
expansion,

o0

DA@) = X D@ ()
' n=0 : B i
where ' : : _
. eAv R dZo ! eN ' '
Dn (.’II) = /(; 7 / d.’L‘o D (:L‘o) I&n(.’II,.'L‘Q) Pn(.’II(),Zo) (4)
Note that the n = 0 contribution depends only on nuclear geometrsr,
ed . Uz R—{¢(z).. S :
D) = D) P 4 21 - ap(- B2y )

The higher order terms depend on K,. For the sake of illustration, consider
the case of a fixed inelasticity (1 — a) associated with every single collision, i.e.
K,(z,z0) = é(z — &™), which implies, for n > 1,

D) = — DN P (©)
where N e
B = -5 E5E Rota)) oo B0y sy g

The resulting ratio of fragmentation functions, R4(z) = D®4(z)/D*N(z), is
sketched in Fig.7, where the simple parametrizations ¢, ~ zL and £, ~ z(1 — z)L
have been used for the yoyo and for the constituent formation length, respectively.
In the kinematic region of interest for the PEGASYS experiment [2], Ejs < 15GeV,
in the high and intermediate z region R4(z) will be dominated by the survival
probability Po(x), while hadrons that suffer n > 1 collisions will typically contribute
in the region below z ~ a™. See the Appendix for an analytic model employing the



ansatz .D(z) = (1 — z?) for the fragmentation function as well as more reasonable
parametrizations for the scattering kernel. That model yields results consistent with
numerical results from the PERSEUS Monte Carlo routine that will be discussed
in the following section. Here, we would like to emphasize that;

Dg#(z) depends on the dimensionless ratios (A/R), (R/L) = (xR/v) which
can be studied experimentally by varying A and E;a;,, and on g(z) = {(z)/L
Wthh is'a model dependent input function.

e -qu n > 1, D¢4(z) depends in addition on the inelasticity distribution (on the
parameter « in our schematic model calculation).

3 Ha‘dronic'Casc‘ading in eA Collisions

In. this section, we introduce a Monte Carlo model (PERSEUS) of hadronic cas-
-cading""in eA collisions that includes effects of multistring excitation, rescattering
and fragmentation in a way consistent with the momentum space description of
the Lunid/Fritiof models [8,14]. We investigate the consequences of three different
assurnptlons concerning which fqrma,tlon length is relevant for the onset of hadromc
cascadmg (a) the yoyo formation length, (b) the constituent formation length and
~(¢) zero formation length (£(z) = 0). Our model contains the following basic steps:

1. The initial (q-qq) string configuration formed in an inelastic lepton nucleon
scattering process is set up by calling the appropriate Lund routine, LEPT04.3 [12],
and the space coordinate of the target nucleon involved in the initial eN collision is
randomly selected according to a three parameter Wood Saxon distribution.

2. the first generation (=primary) hadrons produced in the fragmentation of the
initial string are allowed to rescatter within the nucleus: for each primary hadron

a) the formation point zp is determined depending on the model for 4(z)

b) the mean number of inelastic collisions < n. > is calculated assuming straight
lme propagatlon '

<ne>= J./ooodsp(zp-i-sf)) (8)

where o is the inelastic cross section (taken to be 20mb for mesons, and 30mb for
baryons) and p is the unit vector in the direction of the hadron’s three momentum.
The actual number of 1nelast1c collisions that hadron suffered is then chliosen fram
a Poxsson distribution,
< ng >t _
P(n.) = — T exp(— < n.>) (9)

c*

" ¢) n. subsequent collisions are processed according to the Fritiof string-string
scattering algorithm [14], where each of the colliding hadrons (=strings) can be
excited to a higher mass M according to a M ! law.

3) Finally the fragmentation of all excited strings in the final state is executed
according to the Lund JETSET6.3 routine [11].



Below, we show results obtained for 14.5 GeV electrons scattering on neon and
on xenon targets. All distributions and observables relate to the rest frame of the
target nucleus. Unless explicitly stated otherwise, calculations were done for the
canonical parameter value of the string tension, K = 1 GeV/fm. The limit of large
string tension corresponds to the case of vanishing formation length. Thus, the
curves labeled & = 10 GeV/fm refer to that limit, £ ~ 0.

Figs.8 to 10 illustrate the effects of nuclear geometry, in conjunction thh a
string length L = (v/k) ~ 10fm (a value to be compared with nuclear rms radii of 5
to 6 fm). In Fig.8, the distribution of the position z of the hadronic formation point
relative to the center of the nucleus (z=0) is plotted for hadrons of inverse ranks i =
0,...,4 (where inverse rank 0 corresponds to the hadron produced from the diquark of
the initial qg-q jet, rank 1 corresponds to the next hadron produced, etc.). Clearly,
there are considerable differences between the yoyo and the constituent formation
cases, while the effects of going from Ne to Xe targets are small by comparison.
Fig.9 shows the average number of collisions, < n, >, as a function of inverse rank
for a Xe target. Since the hadronic mean free path, A = 3fm for a meson, is close
to the radius of the target nucleus, R4, the average number of collisions varies only
between one and two. This puts severe limits on the information to be gained from
such events. By contrast, a factor 2-3 in < n, > may be gained if one triggers on
high multiplicity events, by selecting events where the initial eN interaction occurred
in the backward hemisphere of the nucleus (z & —R4 in Fig.8). The corresponding
distributions in the number of recoil nucleons, for the "no bias” events as well as
for our "high multiplicity trigger” events, are presented in Fig.10.

Having seen the limits imposed by nuclear geometry, we now come to the dis-
tributions D*4(z), i.e. to the dependence of the fragmentation functions on the
nuclear medium. In Fig.11, the function D,+(z) is plotted for different assumptions
concerning the formation length relevant for the onset of hadronic cascading. We
have also included data [15] obtained in neutrino-proton scattering experiments.
Clearly, on an absolute scale the difference between the constituent case and the
yoyo case (the latter is approximately the same as the case of eN) is very hard to
determine; in fact, in the region = > 0.5 it is comparable to the size of the error
bars in the vp-data. Again, the situation greatly improves if one triggers on high
multiplicities.

In Fig.12, the ratio of fragmentation functions, R,(z) = DCA(I)/DEN(’D)
plotted rather than absolute values (which emphasizes the effect of nuclear atten-
uation in the forward region). As noted above, for the yoyo formation length with
k = 1GeV /fm no effect is observed. In the constituent case, the value at z = 1 is
determined by nuclear geometry alone ({.(z = 1) = 0, cf. Fig.4). As can be seen
explicitly in Fig.13, in the region of low and intermediate = the rescattered hadrons
(ne 2 1) contribute significantly and actually give rise to an ”anti-attenuation” ef-
fect (Ra(z) > 1) for « > 0.2. The data, taken from[7] (experimental errors are of
the size of the symbols), are from an earlier SLAC experiment [6] performed with an
electron beam of 20 GeV/c and a Sn target. In the region of large and intermediate
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z, the data are not well described by any of the curves that correspond to a finite
formation length, but seem to be consistent with the assumption £ ~ 0. In the low
z region dominated.by the contribution from secondary cascading, they disagree
with all the model calculations; in fact, as can be seen from Fig.13, the data points
.. would seem to agree with the zero rescattering component for the constituent for-
~ mation case and £ = 1GeV/fm. At this point one might be tempted to speculate
 that the assumption of zero formation length together with very high inelasticities
(which would shift the n. > 1 contribution to z-values below 0.05) could indeed
offer .a consistent expla.natxon of the experimental .d_ata. However_,vaapart from prob-
lems with understanding such large inelasticities, a model with #(z) = 0 disagrees
with the recent experimental observation [7] that the effect of nuclear attenuatlon
disappears at hxgher energies (i.e., at higher v). -

.Previous studies that managed to fit the data d1d o) at the cost of- exther ne-
. glecting the secondary cascading (n, > 1) contr1but10n [4,7] or of adopting scenarios
(3,5] that do not yield the recently observed energy- dependence. Thus, the model
of ref.[5] describes a simple inside-outside cascade scenario (cf.eq.(1)), with an ex-
treme k.55 ~ 7 GeV/fm, and ref.[3] corresponds to a Glauber model (£ = 0) for
intranuclear scattering of the leading quark of the intial (g-qq) string configuration,
with an energy-independent ansatz for the inelasticity dxstrlbutlon
» Unfortunately, the results of the old SLAC experiment represent the only data -
presently available in the regime. of V.~ 10GeV. If those observations were confirmed
they could point to a significant lack in our understanding of the underlylng space-
time picture. Clearly, at this point it is highly desirable to get new and more
sensitive experimental data.

4 - Conclusions and Outlook.v

We have investigated the sensitivity of hadronic caecading effects in eA scattering

on the underlying space-time scenario of hadronization. The necessary theoretical
input consists of - : : : _ - .

e the momentum space dynamics, specified by the inelastic hadron nucleon cross
sections, gin(hN), as well as a scatterlng kernel I,,(z, zo) to descrlbe nuclear
stopping power, and ' ;

¢ additional model assumptions concerning the mapping of momentum space
information onto coordinate space, as specified by the string tension & (to
fix the length scale) and by the z-dependence of the formation length (the
. unknown function ¢g(z) = e(z)/L)

Here, we used the parametrization of phase space distributions provided by
‘the Fritiof/Lund string models (8,14,11,12] as an input, and we considered the two
extreme cases where either the yoyo or the constituent formation length are taken to
determine the onset of intranuclear cascading. For the kinematic range of interest,



< v >~ 10GeV, it turns out that, unless one chooses to trigger on special classes
of events, very precise measurements are required in order to decide between the
two different scenarios. The reason for this is that in the average event hadrons
formed within the nucleus traverse a distance d ~ A/*fm on their way out, which
means that on the average they will suffer not more than 1-2 collisions with target
nucleons. In addition to the constraints that can be obtained by varying the energy
transfer v and the nuclear targets used, one may get considerably more sensitive
information by triggering on high multiplicities; thus effectively increasing the range
of intranuclear distances d probed (up to 2A1/3fm, which would correspond to an
Acs ~8AY).

For the canonical string tension parameter value k =1 GeV /fm, our calculations
- with the yoyo formation model show virtually no nuclear attenuation (as measured
by the ratio Ra(z) = D*4(z)/D*N(z)). For the constituent formation model, a
clear effect is found: for large and intermediate values of z, R 4(z) is determined
by the survival (no scattering) probability Py(z), while the low z region (z < 0.3)
is dominated by the rescattered (n, > 1) component. It is precisely in that low
z region where we find the strongest discrepancy between our results and data |7
from a SLAC experiment [6]. These data seem to be well described by the n, = 0
component alone, which would suggest, as pointed out in [7], that virtually all the
~ rescattered hadrons would have to be shifted to values z < 0.05! However, the
Fritiof/Lund description, as well as competing models for inelastic hN scattering,
cannot account for such extreme inelasticities.

At this point, we stress again that previous studies that succeeded in fitting the
SLAC-data either have done so by ignoring the secondary cascade component (and
thus their fits only test if the zero rescattering component can account for the data),
or else fail to describe the experimental observation [7] that the attenuation effect
goes away in the limit of large v. The latter fact clearly rules out the case of zero
formation length. ‘

At present, no experimental information other than the old SLAC data is avail-
able for the kinematic region of v ~ 10 GeV. In this situation, the need for new
much higher precision data is obvious. If these should indeed confirm the surpris-
ing-behavior of R4 in the low z regime, one may be forced to abandon hadronic
rescattering scenarios altogether and consider alternatives, such as scattering of the
initial (q-qq) string, or of the leading quark, within the nuclear medium. Work
along these lines is in progress; the results will be presented elsewhere.



Appendlx

Consider the case D(z) = 1(1 — z?), for which it has been shown [9] that the
constituent length #.(z) and the yoyo length £,(z) are given by

In(1/2%) — 1 + 22

t(z) = zL - (10)
By(:zv:)v = zL lnT(—l:/-gl (11)

where L = v/« is the length of the string.
We can rewrite the-scattering kernel as

Ki(z,30) = / du fu(u) 8(z - [xm.n+u(xo—xmm])

1 T — Tmin

= I

Zo — Tmin To — Tmin

(12)

where T = (mT/VV) is a lower cutoff for z,z¢ due to the finiteness of the mass
of the string, W, and of the transverse mass m7 of the scattered hadrons.
‘e shall parametrize the distributions f,(u) in the canonical form

folw) = an w | (13)

where < u >, = a,/(an, +1); we choose a; = 3 and a, = 1 for n > 2 to compare
with the Monte Carlo results obtained with the Fritiof string scattering algorithm.
" As in section 2, the integration over z, may be carried out immediately and
replaces the P, (z, zo) by the P,(z) in eq(4). For the case of the constituent formation
.length with k > 1 GeV/fm (i.e., also for the limiting case £ = 0), in the kinematic
regime under investigation (v &~ 10 GeV) we have Py(z') < 1for all 0 < 2’ < 1,
and the P,(z') vary slowly with z’, such that the integrands are dominated by the
(2o — Tmin) " factors. One may then take the P, out of the integral and evaluate
them at the lower limit of integration, z. For the relevant cases of parameter values
an, the remaining integrals can be evaluated analytically, and one finds

Ra(z) = (2 = Tmin)"™" " Pa(2) [0a(1) = san(@)]  (14)
n2>1
with
.Sl-'(.’II) = i [(l—mmm) Inz - Trmin —11’1(.’1,') - .’Um,'n.'l'] (15)
1 -1
so(z) = YR (n(z) — (1+425:0) (¢ = Tmin) — ZTmin(l - 3,1,,1) ;——;——']
1 -z Toni | r?
— 1 min ‘ mtn‘ o _ 2‘ mm
o0 = g () (L) 2220 — (- ah) o]



Figure Captions
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1 String excitation and fragmentation in the Fritiof /Lund model .
2 Rapidity distributions in eA and in pA
3 Constituent formation length and yoyo formation length of the hadron H,

4 The z-dependence of the mean values for the constituent formation length,
the yoyo formation length and the formation length of a naive inside-outside
cascade scenario as in eq(1)

5 Time evolution of the energy density in high eﬁergy nuclear collisions,
for various formation zone models. The calculations were done with the

ATTILA /Fritiof code [13].

6 Secondary cascading in eA

7 z-dependence of the ratio of the eA and the eN fragmentation function in
" the schematic model of eqs(3-7), for the constituent and for the yoyo formation
model. For the constituent case, the separate contributions due to hadrons

that suffered n inelastic collisions are shown as well.
8 Formation point distributions for hadrons of inverse rank 0,...,4

9 Average number of inelastic collisions plotted agamst the inverse rank of
the hadron

Fig.10 Distribution of the multiplicity of recoil nucleons for various formation

length models and a Xe target; included are curves for the “high multiplicity
trigger” (top). For the constituent formation model, the effects of varying the
nuclear targets are shown (bottom).’

Fig.11 7nt- yields per event, as a function of the energy fraction carried by the 7.

Data points are from [15].

Fig.12 Ratio of the 7t yields per event of Xe and D, for various formation models.

The data are from [7].

Fig.13 As Fig.12, but with the contributions due to hadrons that suffered a specific

number N, of inelastic collisions rnade explicit (for the constituent model, with

k =1GeV/fm).
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