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Perturbative QCD corrections to leptoproduction events can be introduced either in the form 
of matrix elements or of parton showers. Each of these approaches has its advantages and 
disadvantages, making a comparison of the two interesting. At present energies, both methods can 
be made to agree reasonably well with data, whereas differences appear at higher energies. The 
influence of these QCD effects on the expected event structure at ep colliders, HERA in 
particular, is investigated in detail. This includes multiplicity and momentum distributions, 
transverse momentum flow and correlations, as well as jet properties. 

I. Introduction 

L e p t o p r o d u c t i o n  is one of the main  fields of exper imenta l  high energy physics,  

wi th  a p r o g r a m  complemen ta ry  to the ones offered b y  e+e  - ann ih i la t ion  and 

h a d r o n  coll is ions.  At  present ,  new results are main ly  p rov ided  by  the fixed target  

p r o g r a m s  at  C E R N  and Fermi lab .  In  a few years H E R A  is p l a nne d  to offer ep 

col l i s ions  at  30 GeV on 820 GeV; a combina t ion  of LEP  and  L H C  might  give 95 

G e V  on 8.5 TeV. Studies at higher  energies have two ma in  objectives,  to improve  

cur ren t  unde r s t and ing  of  the s t andard  model  and  to look for signals for new 

physics .  These  studies will be based  bo th  on the overal l  k inemat ica l  var iables  and on 

the de ta i l ed  event  structure.  

The  two m a i n  k inemat ica l  variables,  x and Q Z, can be  ca lcula ted  f rom a 

knowledge  of  incoming  and scat tered lep ton  momenta .  F o r  an incoming  electron or  

m u o n  beam,  this p rocedure  is s t ra ight forward  in neut ra l  current  (~ / /Z  ° exchange) 

events,  bu t  less so in charged current  (W + exchange) ones, where the ou tgoing  

neu t r ino  is no t  detected.  If  the hadron ic  system in the event can be  measured,  

e n e r g y - m o m e n t u m  conservat ion gives the neut r ino  momen tum,  however.  I t  then 

becomes  a ma t t e r  of unders tand ing  the deta i led  response of  a detector ,  in par t icu la r  

deg rada t i ons  due  to an imperfect  angular  coverage, which presupposes  a knowledge  

of  the  s t ruc ture  of  the hadronic  system. Some of this knowledge,  bu t  not  all, m a y  

come  f rom a "ca l ib ra t ion"  in neut ra l  current  events, where bo th  the scat tered l ep ton  
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and the hadronic system may be observed. Also a more elaborate study of the event 
shape, e.g. a search for new particles decaying into several jets, or combinations of 
leptons and jets, must be based on some notion of what to expect from standard 
model backgrounds. Hence, it is important to have as well-founded expectations as 
possible for the event structure in very high energy leptoproduction. 

The required understanding of hadron production is today not provided directly 
by QCD. Rather, a composite picture is used, wherein a perturbative treatment of 
parton production is combined with a nonperturbative model for the fragmentation 
of a partonic state into hadrons. In the latter capacity, the Lund string model [1] 
will be used throughout. For the perturbative part, two main alternatives are 
possible: matrix elements and parton showers. In principle, the former approach is 
superior, in that matrix elements involve no kinematical approximations and in that 
the complete structure in x and Q2 is included. For fixed target energies, the matrix 
element route has already been proven phenomenologically viable [2-4]. However, 
experience with experiments at PETRA and PEP have taught us that not even 
second order matrix elements provide a satisfactory description of data at or above 
W =  30 GeV [5]. In particular, the amount of multijet events is underestimated, 
indicating a need for higher order corrections. It is therefore not to be expected that 
the matrix elements at our disposal in leptoproduction, which are of first rather than 
second order, should fare any better at the larger W-values probed with HERA. 
Parton showers are based on an iterative picture of successive branchings. Multipar- 
ton configurations are therefore generated in a natural fashion, resulting in an 
improved agreement with the multijet phenomenology in e+e - annihilation [5]. The 
parton shower approach should therefore also give a more realistic picture of the 
complexity of high energy leptoproduction events than that offered by first order 
matrix elements. Unfortunately, the parton shower algorithms include various 
kinematical simplifications, making the results particularly uncertain for the amount 
of hard emission. 

The objective of the present paper is to compare the matrix element (ME) and 
parton shower (PS) approaches, in the context of currently available data as well as 
expectations for higher energies. These comparisons will be exclusively for standard 
model e ve n t s -  the not insignificant differences obtained between the two ap- 
proaches is as good a motivation as any why the study of QCD phenomena should 
not be considered a finished chapter. The plan of the paper is as follows. A brief 
introduction to the simple quark parton model (QPM), without any QCD correc- 
tions, and its two extensions (ME and PS) is given in sect. 2. In sect. 3 it is shown 
that parton showers can be made to agree with data at present energies, as has 
already been shown for the ME approach by EMC [4, 6], while the quark parton 
model fails. At higher energies differences will become even larger, in particular if 
phenomena sensitive to multijet emission are studied; sect. 4. The specific problem 
of kinematics reconstruction from the hadronic system (in charged current events) is 
briefly discussed in sect. 5. Finally, a summary and outlook is given in sect. 6. 
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Fig. 1. Kinematics notation for the naive parton model, i.e. without any QCD corrections. Particles that 
appear "after" the boson exchange are always written with a prime. The proton four-momentum is 

denoted by capital P. 

2 .  T h e  m o d e l s  

The kinematics of leptoproduction, fig. 1, is given in terms of the four-momenta k 
and k '  of the incoming and outgoing lepton and the nucleon target momentum 
vector P. The momentum of the exchanged electroweak current, q = k -  k ' ,  is a 
spacelike vector, i.e. q2 = _ Q2, Q2 > 0. A commonly used variable is v, defined by 

the relation mpV = P -  q, i.e. the energy of the current in the target rest frame. The 
scaling variables are given by 

Q2 Q2 

x - 2P----~q 2mpv '  (1) 

P . q  2 P . q  v 
- -  = , ( 2 )  

Y -= P .  k s Vm~ x 

where s = ( P  + k)  2 is the total invariant mass-squared. We note that the identifica- 
tion of x as the momentum fraction of the incoming quark, i.e. p = xP, is only 
correct for a scattering of massless partons - a condition which will normally not be 
fulfilled in QCD processes, where off-shell partons may occur. The invariant mass 
of  the hadronic final state, which is an important variable both for perturbative 
Q C D  and hadronization, is given by 

l m x  W 2 = ( p + q ) 2 = Q 2  + 2 
X t'?'lp. (3) 

The deep inelastic scattering cross section can be well illustrated by that of the 
purely electromagnetic interaction, i.e. photon exchange, 

d2o 
=27 ra  { l + ( l _ y ) 2  } 2  • e~xf~(x, Q2), (4) 

d x d Q  2 xQ 4 i=q,~ 
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Fig. 2. The first order QCD processes, gluon radiation and boson-gluon fusion, giving the lowest order 
corrections to the basic process in fig. 1. 

where f~ is the structure function for a quark of flavour i with electric charge e i. 

The same basic structure holds also for the weak processes, but with other 
Q2-dependent propagators, y-dependent helicity factors and flavour couplings. 
QCD corrections are included through the Q2 dependence of the structure func- 
tions. QED radiative corrections, in particular photon bremsstrahlung off the 
incoming lepton, introduce further complications. These are not considered in the 
present paper, since they are normally corrected for in the experimental data. 

The lowest order (QPM) partonic process 7 * +  q --' q is in first order QCD 
supplemented by gluon radiation and boson-gluon fusion, 7 * +  q ~ q + g and 
7 * + g ~ q + C:t, as shown in fig. 2. (The virtual photon may here also symbolize a 
general electroweak exchange of W and 3,/Z bosons.) The matrix elements [7] are, 
for each given x and Q2, complicated functions of three (Lorentz invariant) 
variables. These variables correspond to the new degrees of freedom in terms of, 
e.g., the relative sharing of energy between the two scattered partons, the opening 
angle between them, and an azimuthal angle with respect to the scattered lepton 
direction Although the azimuthal dependence can often be neglected to first 
approximation, it is included for completeness in our treatment. The matrix ele- 
ments are divergent in the limit when the gluon energy or the opening angle 
vanishes (soft or collinear singularities). These divergences are partly cancelled by 
virtual corrections to the lowest order graph, and partly absorbed in the Q2-depen- 
dent structure functions. 

For convenient Monte Carlo simulation of events, it is necessary to impose a 
cutoff on the singular regions of the first order matrix elements. This can be done 
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Fig. 3. Schematic drawing of the QCD branching processes in initial and final state radiation. (The lines 
with momenta p symbolize partons in general, i.e. quarks and gluons.) 

e.g. by requiring a minimum invariant mass mcu t between any pair of partons in the 
hadronic final state (with the target remnant system counted as one parton). From a 

physical point of view, it would be natural to assume m cu t independent of W. 
However, with increasing W the first order processes would then ultimately obtain a 
probability larger than unity. It is therefore necessary to allow for some variation in 

mcu t as a function of W (and x). The complete electroweak scattering cross section, 
exact first order QCD matrix elements and target remnant treatment are imple- 
mented in a Monte Carlo event generator [8] which has been used for the results in 

this paper. The EHLQ set 1 structure functions [9] have been used throughout, but 

we note that our results are not sensitively dependent on the specific structure 

function parametrization used. 
An alternative to matrix elements is provided by parton showers, schematically 

illustrated in fig. 3. In the parton shower approach a number of interference effects 
are neglected. In particular, there is an arbitrary separation of radiation into an 
initial state cascade and a final state one. Both of these showers can be described as 
a successive application of the three basic branchings q ---, qg, g ~ gg and g ~ qFq, as 
described by the Altarelli-Parisi equations [10]. The details are different, however. 
The initial state shower is a spacelike one: there is a main branch of the cascade, 
stretching from the shower initiator up to the patton at the hard interaction, along 
which parton virtualities are increasingly spacelike (Q2 < Q32 < Q2 in fig. 3, where 
Q2 = _ m  2 > 0). Only the side branches (partons 2 and 4 in fig. 3) may be on 
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mass-shell or timelike. The final state shower, on the other hand, is a timelike one, 
i.e. all partons have m2>~ 0, and virtualities decrease at each branching. A cutoff, 
typically m~ = Q0 z = 1 GeV 2, is used to limit the emission of soft and collinear 
partons. Contrary to the matrix element alternative, there is no need (or motivation) 
for introducing an energy dependence in this cut. The models for initial and final 
state showers in leptoproduction are presented in [11] together with some general 
results. 

The final state shower approach has been extensively studied in e+e annihila- 
tion at P E T R A / P E P  energies. It is well developed, with soft gluon interference 
effects taken into account [12], leading to a good agreement with the data. We use 
the algorithm in [13,14]. The initial state shower algorithms are less mature, but 
have nevertheless proven phenomenologically relevant in high-p± p~ collider events. 
The backwards evolution scheme of [15,16] is here employed. The initial state 
radiation contribution to gluon emission is less extensive than that from final state 
one, as a combined effect of phase space differences and a structure function related 
suppression of initial state radiation. Some new problems arise when shower models 
are to be used for deep inelastic scattering. In order that the shower algorithm leave 
kinematical variables unchanged, as defined by the scattered lepton, additional 
constraints must be taken into account [11]. 

It is furthermore ambiguous as to what sets the scale for the maximum virtuality 
in the shower. The natural alternatives here are Q2 and W 2 (or more generally a 
function of these two variables). A good scheme for matching on to the exact first 
order matrix elements for deep inelastic scattering, which could resolve this, is still 
lacking. We note that, although Q2 is the fundamental parameter in the matrix 
elements, the x-dependent factors make the basic transverse momentum properties 
depend mainly on W 2 (for not too small x) [7]. One way to study the effects of the 
different possibilities is shown in fig. 4, where average summed E± of partons is 
plotted as a function of W for different fixed Q2 values. For reasonably large Q2, 
PS with either Q2 or W 2 (properly speaking W2/4 [11]) as maximum virtuality then 
agree with the ME result (considering that the ME approach does not include the 
soft gluon region covered by the PS one), whereas for Q2 << W 2 (x small) the use of 
Q2 as scale would seem preferable, if the ME results are used as guideline. This is 
only half of the story, however: even with Q2 << w 2 the ME approach does contain 
a tail of high-p,  jets, which is entirely absent with an abrupt PS cutoff at virtuality 
Q2. In a Monte Carlo approach, it would therefore be preferable to use W 2 as scale, 
but then apply rejection techniques to match on to the hard emission matrix element 
results. Based on these considerations we choose to use W 2 for the maximum 
virtuality, but note that our results are not very sensitive to this choice since we 
impose cuts that avoid the problematic low-x region. In the spirit of the leading log 
approximation, one would then expect soft and collinear gluon emission to be well 
described by parton showers, whereas the amount of hard radiation is somewhat 
uncertain. 
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Fig. 4. Average summed transverse energy of partons, ( E E ± ) ,  as a function of W/v/s at HERA energy 
for (a) Q2 = 104 GeV 2 (Q2/s = 0.1) and (b) Q2 = 100 GeV 2 (Q2/s = 0.001). Patton shower (PS) with 
m a x i m u m  virtuality W 2 (full line), with Q2 (dotted line) and for first order matrix elements (ME) 

(dashed line). 

Once the parton configuration of a leptoproduction event has been specified, by 
matrix elements or patton showers, the fragmentation of these partons can be 
described, e.g., by the Lund string fragmentation model [1,14]. In the simplest case, 
valence quark scattering without gluon emission, a string is stretched between the 
scattered quark and the remnant diquark. For more complicated events there may 
be one or more strings, each corresponding to a colour singlet subsystem. Each 
string is stretched between a quark end and an antiquark or diquark one, with 
gluons appearing as energy and momentum carrying kinks on these strings. In first 
order matrix elements and leading log shower evolution alike, the way the strings 
should be stretched between the scattered partons (i.e. their colour ordering) is 
unambiguous; problems would arise with exact second order matrix elements, 
however. 

The treatment of the hadron remnant system is not unique, except possibly when 
a valence quark is "kicked out" of the incoming hadron, leaving behind a diquark 
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system. For  processes which give a more complex remnant, phenomenological 
recipies must be employed [17]. In the boson-gluon fusion process (or a parton 
shower initiated by a gluon), the colour octet qqq-remnant is subdivided into a 
colour triplet quark and an antitriplet diquark, sharing the available energy accord- 
ing to an assumed distribution, and connected by two independent strings to the 
produced antiquark and quark, respectively. Correspondingly, if a sea antiquark 
(quark) is kicked out of a nucleon, the remaining qqqq (qqq~  system, which 
contains the partner quark (antiquark) to the struck one, is divided into a baryon 
plus a quark (a meson plus a diquark); the latter is connected with a string to the 
struck quark. Sensible recipes are here included in the Monte Carlo descriptions. 

3. Comparisons with present data 

The natural testing ground for a model is, of course, comparisons with experimen- 
tal data. In this section we focus on recent results from the European Muon 
Collaboration [18], which provide an update of previous studies [6]. In these papers, 
results for different variations of the basic Lund model for deep inelastic scattering 
[19] are also presented. It is concluded that good agreement with the data can be 
obtained if both hard first order QCD processes (matrix elements) and soft gluon 
radiation (in an approximate resummation treatment [3]) are included, but not if 
either of these components is absent. In this section, we therefore emphasize the 
comparisons with the new parton shower alternative, which is an attempt to 
describe both hard and soft perturbative QCD radiation within the same frame- 
work. As will be seen, a qualitatively good agreement is obtained, but with some 
visible quantitative differences. These are most likely real but, while the EMC data 
are corrected for detector imperfections, residual differences could be present 
compared to our Monte Carlo event simulation, which only take the overall 
kinematical cuts into account, i.e. 

Q2 > 4 GeV2, 4 <  W <  20 GeV, 20 < v < 260 GeV, 

E~, > 20 GeV, y < 0.9, 0, > 0.75 ° . (5) 

In fig. 5 is shown the average p [  w.r.t, the current direction as a function of 
XF= 2 p J W  (in the hadronic CM frame). This is a measure of the activity 
separately for the forward and backward regions. In the parton shower language, 
the increased forward activity is a result of final state radiation being more extensive 
than initial state one, enhanced by a tendency of initial state radiation to be more 
central. In the backward region, the main p± contribution therefore comes from 
fragmentation P_L and primordial transverse momentum, k ± .  The fragmentation 
p j_ used here is given by a gaussian in Px and py separately, with o = 0.40 GeV, to 
be compared with the standard e+e - values 0.35 GeV for parton showers and 0.40 



562 M. Bengtsson et aL / QCD effects in leptoproduction 

Q8, 

O~ 

&-.- 
>~ 

0.4 

0.2 

O0 
-OA 

' I ' I I I L ~1 

~ Q o = I G e V  

. . . .  Qo=4GeV 

÷ 

, I L I a I 
-Q4 QO Q4 Q8 

XF 

Fig. 5. Average p~ as a function of x F = 2pz/W in the hadronic CM frame. PS with cutoff mass 1 GeV 
(full line) and 4 GeV (dashed line); data from EMC [18]. 

GeV for matrix elements. The primordial k ± ,  which is treated by a similar 
gaussian, has o = 0.44 GeV, corresponding to a reasonable Fermi motion. For large 
positive xF, however, QCD contributions are important. With a 4 GeV parton 
shower cutoff mass, the model is here far below the data, as is the matrix element 
alternative without soft gluon radiation [6,18]. If instead the standard cutoff mass, 1 
GeV, is used, the extra emission of soft gluons in the shower leads to a significant 
increase of ( p ~ )  at large xF, although not enough to explain the data. It is very 
difficult to increase the model results in this region, by changing available parame- 
ters within reasonable limits, without destroying the good agreement in other 
regions and variables. An increase of A to 0.8 GeV can give agreement out to 
x v = 0 . 5 5 ,  but would eventually have a ( p ~ )  decreasing with x v ,  as a fairly 
straightforward consequence of the limited phase space for gluon emission in this 
region. An increase of primordial k± could give the desired effect in the forward 
region, but would then give too large an effect in the backwards direction (cf. ref. 
[18]). We note, however, that the systematic errors on the data (not shown) are not 
insignificant in this region, but presumably of a magnitude similar to the statistical 
ones. Such errors would, furthermore, normally lead to an overestimate compared to 
the true values. 

In contrast to e+e - physics, leptoproduction events contain a well-defined event 
axis given by the virtual boson direction. Therefore, a detailed insight into the 
effects of primordial k .  and soft gluons may be found by studying the details of 
transverse momentum compensation, as suggested in ref. [3]. In the EMC analysis 
[18], a leading forward trigger particle is defined by the requirement x v > 0.5, and a 
leading backward one by -0 .5  < x v < - 0 . 2  (i.e. excluding the extreme backward 
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region where acceptance is worse). The p±-weighted rapidity spectrum of the trigger 
particle in the hadronic CM frame is then defined by 

d P  trig 1 J r p ±  d2N trig 
dp± , 

dy  * Nev d p .  d y  * 
(6) 

where N trig is the number of trigger particles, and a balancing transverse momen- 
tum flow by 

dpb~l 1 d 2N hal 

f p , ,  dp,,  . (7) 
d y  * Nev dp~_ d y  * 

Here p~=p± c osG  where q) is the azimuthal angle around the virtual photon 
direction with q)= 0 being defined by the trigger particle. The trigger particle 
spectra, fig. 6a, are very much constrained by the average p~ in these x F bins, 
earlier shown in fig. 5, and consequently a good agreement exists. The rapidity 
spectra for the balancing particles, shown in fig. 6b and 6c, are nontrivial. For 
example, a large primordial k± would lead to a strong maximum around y * = - 2  
for the p± compensation of a forward particle [3,18]. Also, the effects of fairly soft 
gluon emission are crucial for a reasonable agreement, as is shown by the difference 
between the results for 1 and 4 GeV cutoff masses in the showers. 

In fig. 7 is shown the sum of all final state hadron p2 in and out of an event 
plane, which contains the current direction q and is rotated (around the current 
axis) so as to minimize 2 ~P±out, i.e. a kind of sphericity orientation. The long tail in 
the 2 EP±  in distribution again emphasizes the importance of gluon emission effects, 
but  this time predominantly of fairly hard gluons, which (in this aspect) are here 
seen to be well modelled by the parton shower. 

The charged particle multiplicity is a simple event measure (although not trivially 
measured) with a surprisingly rich structure. In a recent EMC study [20], multi- 
plicity distributions are shown to agree well either with a positive binomial, a 
poissonian or a negative binomial, depending on the total energy W and the rapidity 
window used. At all energies, however, the deviations from a simple poissonian are 
small. In table 1 a comparison is presented with the data for average multiplicity 
and the 1/k value in the full rapidity range. It should be noted that the model 
calculations involve no explicit fitting to a given shape, but only derive the 1/k 
value from the relation ( O / n )  2 = l / n  q- l/k, with 1/k = 0 for a poissonian, < 0 for 
a positive binomial and > 0 for a negative one. 

At EMC energies, the evolution of <rich ) with W provides no discrimination 
between the QPM and the PS alternatives: either gives a reasonable, but not good, 
description of data, table 1. In these figures, K ° A, A and Dalitz 7r ° decays are S, 

excluded. If this is not done, multiplicities are almost 10% higher. Since the 
multiplicity is affected by most aspects of the perturbative QCD and fragmentation 
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forward and (c) backward trigger particle. PS with cutoff mass 1 GeV (full line) and 4 GeV (dashed line); 

data from EMC [6,18]. 

process, several parameters of the model could be used to shift the results by  small 
amounts .  H a d  not  the preferred fragmentat ion p± value been changed from 0.35 to 
0.4 GeV (without a corresponding returning of  longitudinal fragmentat ion parame- 

ters), (nch) would have been up to 0.3 units higher (for the larger W values). A 
change of  the A parameter  in the par ton shower, f rom 0.4 to 0.3 GeV, would have 
given almost  as large a reduction. By comparison,  the dependence on the details of  
the target r emnant  treatment is smaller: rather drastic variations give less than + 0.1 

units of  change. 
The  results for 1 / k  follow the W evolution of  the data very well. The model 

curves are systematically more narrow, however, by about  0.025 units in 1 / k .  This is 
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event plane chosen so as to minimize ZP~out. PS with cutoff mass 1 GeV (full line) and 4 GeV (dashed 

line); data from EMC [18]. 

t rue bo th  wi thou t  and  with showers:  in the energy range cons idered  here the 

inc reased  wid th  caused by  gluon emission is ba lanced  by  the increased average 

mul t ip l ic i ty .  I t  may  be somewhat  surpr is ing that  also the Q P M  gives d is t r ibu t ions  

a lmos t  as b r o a d  as poissonian  ones. The reason here is that  the presence of  a 

h a d r o n i c  b e a m  remnan t  gives a reduct ion  of the average mult ipl ic i ty ,  c o m p a r e d  to 

the case of  an an t iquark  r emnan t  (e+e  - events or  p ion  target),  wi thout  a corre-  

s p o n d i n g  r educ t ion  in width.  A t  small  energies this effect is overshadowed by  a 

genera l  na r rowing  s imply from energy conservat ion  effects. 
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TABLE 1 

Average charged multiplicity and the 1/k parameter for different W bins 

W data Q P M  PS 

(GeV)  ( n ch ) 1 / k  ( n ch ) 1 / k  ( n ~h ) 1 / k  

4 - 6  4.08 - 0.058 3.81 - 0.087 3.78 - 0.088 

6 - 8  4.89 - 0.034 4.44 - 0.062 4.44 - 0.067 

8 - 1 0  5.55 - 0.018 5.06 - 0.042 5.14 - 0.053 

1 0 - 1 2  6.09 - 0.013 5.67 - 0.032 5.72 - 0.038 

1 2 - 1 4  6.51 - 0.002 6.05 - 0.027 6.31 - 0.030 

1 4 - 1 6  6.85 0.003 6.52 - 0.019 6.74 - 0.024 

1 6 - 1 8  7.20 0.007 6.86 - 0.020 7.21 - 0.017 

1 8 - 2 0  7.48 0.017 7.14 - 0.010 7.57 - 0.010 

k is defined by (o / (nch ) )  2 = 1 / ( r i ch  ) + 1 / k ,  where o is the dispersion. Quark-parton model and 

parton shower model compared with EMC data [20]. 

The EMC analysis also contains information on multiplicities separately in the 
forward and backward hemisphere, and in rapidity windows. Here particle identifi- 
cation is important, since masses enter explicitly in the boost from the lab frame to 
the hadronic CM frame. As an example, the bin 18 < W < 20 GeV would give a 
backward hemisphere multiplicity of 3.14 if correct masses are used, 2.80 if all 
particles are assumed massless, and 3.45 if twice the pion mass (i.e. an "average 
charged mass") is used. The EMC Collaboration can only identify approximately 
50% of the tracks, and then make various assumptions for the rest [20]. In 
comparison with the data, the PS results are consistently 0.3 units too low in the 
backward hemisphere, with the QPM results even lower, table 2. As a consequence, 
the models are above the data in the forward hemisphere. In summary, multiplicities 
are not good probes of QCD properties at EMC energies, since so much of the 

TABLE 2 

Average charged multiplicity in the forward (current) and backward hemispheres 
for the QPM and PS models compared to EMC data [20] 

W rich forward rich backward 
(GeV)  data Q P M  PS da ta  Q P M  PS 

4 - 6  2.10 2.22 2.25 1.85 1.59 1.52 

6 - 8  2.60 2.59 2.63 2.14 1.84 1.81 

8 - 1 0  3.01 3.00 3.03 2.46 2.06 2.11 

1 0 - 1 2  3.26 3.36 3.39 2.71 2.31 2.34 

1 2 - 1 4  3.55 3.58 3.73 2.83 2.47 2.58 

1 4 - 1 6  3.65 3.83 3.98 3.03 2.69 2.77 

1 6 - 1 8  3.88 4.00 4.24 3.28 2.86 2.97 

1 8 - 2 0  3.96 4.15 4.42 3.49 2.99 3.14 
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results obtained depend on details of the model and the analysis, present already 
with the QPM. 

4. Event properties at higher energies 

While the QPM fails to describe event properties already at present energies, 
either the ME or the PS option give a reasonable description of the data. Some P l  
quantities do, however, require the inclusion of soft gluon effects in the ME 
approach, i.e. a step towards the PS one. At higher energies the difference between 
the approaches is expected to increase, but in going from the SPS to the FNAL 
muon beam the increase in v~- from 23 to around 37 GeV is not big enough to show 
them clearly. At HERA, with vrS - = 314 GeV, or a possible combination of LEP and 
LHC, with ~ = 1.8 TeV, the ME and PS results will differ substantially in some 
aspects. However, since the main difference between ME and PS is the lack of extra 
soft jets in the former description, the overall event shapes should still show a large 
similarity. 

The most easily observed consequence of soft gluon emission is a faster increase 
of multiplicity with W, fig. 8. This statement is, however, strongly coupled to the 
choice of fragmentation parameters; it is always possible to make up for some of the 
effects of soft gluons by an explicit softening of the fragmentation spectrum (but 
not to change the basic in W increase of (rich)). The fragmentation parameters used 
for the ME approach have been determined by comparison with e +e-  annihilation 

2 matrix data, for an effective cutoff mass of roughly 4 GeV applied to the order a~ 
elements. If larger cutoff masses are used in leptoproduction, as becomes necessary 
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when W is large, it would be allowed (but inconvenient) to retune the parameters 
accordingly. No corresponding excuse exists for the PS alternative; parameters 
determined in e+e - annihilation with the cutoff mass I GeV should also be valid 
for leptoproduction at all energies, as long as the same cutoff and A are used. The 
strong increase in multiplicity with the inclusion of multiple gluon emission is 
evident in fig. 8, but we note that the multiplicity in leptoproduction is still 
significantly lower than in e+e - annihilation events at the same energy. The reason 
for this is partly related to the reduced initial state radiation as compared to final 
state radiation (see sect. 2) and partly to the different fragmentation properties of 
the target remnant (diquark) as compared to normal quark hadronization. 

The increase of the QCD effects from SPS to Fermilab fixed target energies is 
illustrated by the inclusive p~ distribution in fig. 9. As noted before, the largest 
effect is concentrated in the forward region, although a significant increase in the 
backward target fragmentation region is also obtained. The ME results (not shown) 
are still similar to the PS ones; yet higher energies are required to clearly show the 
higher order effects in the PS approach in such inclusive variables. 

For  the following studies of ep collider physics, we normally use neutral current 
event samples (with full 7 / Z  ° structure) defined by lower cuts in Q2 and W 2, 
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full, e+e events of same energy dash-dotted. 

in order to concentrate on the new and interesting region. For HERA the cuts are 
Q2, W 2 > 103 GeV 2 and for LEP + LHC Q2, W 2 > 3 × 104 GeV 2. This amounts 

to having these variables larger than = 1% of the maximum possible, and the 
resulting cross-section in the standard model is 215 and 12 pb, respectively, leading 
to useful event samples with realistic luminosities. For some observables the 

influence of varying kinematics is not desirable, since that washes out the interesting 
effects. In such cases we fix the kinematics at x = 0.1, y = 0.3, which are approxi- 

mately the mean values in the regions defined above. At HERA this corresponds to 
Q 2 =  2950 GeV 2 and W =  163 GeV, at L E P +  LHC to Q 2 =  96900 GeV 2 and 

W = 934 GeV. Since our objective is to study the hadronic final state, the scattered 
lepton is never included in the following studies. 

The charged multiplicity distributions are shown in fig. 10 for events with fixed 
kinematics. Note that not only the mean values (rich) are increased when going 
from QPM to ME to PS events, but even more so the width, i.e. the distributions 
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become increasingly non-poissonian. At these energies, already the QPM distribu- 
tion is wider than a poissonian, as a consequence of the hadron remnant (cf. sect. 3). 
e +e-  events, simulated with the same final state parton shower algorithm and at the 
same energies, show even larger multiplicities and fluctuations. 

The importance of the baryon produced in the target region has already been 
noted [3]; see also ref. [21] for the basically good agreement of the model and EMC 
data on baryon x F spectra. This importance is not an effect that disappears with 
increasing energy, see fig. 11 for the z-weighted XF-spectrum of charged particles 
( z  = 2 E / W ,  x v = 2 p J W  in the hadronic CM frame). The rapidity distributions in 
the hadronic CM frame, fig. 12, not only show the unequal fragmentation regions 
but also that QCD radiation predominantly occurs in the forward region (also the 
( p ± ) values are significantly larger there). 

In order to characterize event shapes, table 3 gives the mean values of (Slin), 
(Aim) (linear sphericity and aplanarity measures) and (rtjet) (using LUSPHE and 
LUCLUS in [14]) for charged particles. Here (Sli.) gauges the general level of 
non-twojetness, while (Am~) measures the activity out of the event plane, and thus 
only receives parton level contributions from four-jets and onwards. While the ME 
and PS show a similar behaviour in the former quantity, PS are bound to give a 
much larger (Aim) at large energies. The number of reconstructed jets tells a similar 
story as (Aim) does. Again note the strong forward-backward asymmetry in jet 
activity. 

The angular energy flow is defined as the energy-weighted cross-section, as a 
function of the parton/hadron polar angle w.r.t, the current axis in the hadronic 
CM frame. It has been suggested as an interesting observable, which reveals 
properties of the perturbative QCD matrix elements, see [3] and references therein. 
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In QCD, radiated ghions tend to be along the scattered quark direction, thus 
producing a forward-backward asymmetry in the energy flow. We have, however, 
previously shown [3] that, at fixed target energies, this effect is almost completely 
washed out by the transverse energy flow produced by the dominating 2-jetlike 
events (quark + diquark jets) because of fragmentation P i  and resonance decays. 
On the other hand, the unequal fragmentation properties of the forward quark and 
backward diquark lead to a larger asymmetry in the energy flow at fixed target 
energies. At HERA, these non-perturbative effects are expected to be less im- 
portant, so that the measurable hadron energy flow should reveal the underlying 
parton level result from perturbative QCD. This is demonstrated in fig. 13. Al- 
though the 2-jet events (QPM, which essentially gives &functions at cos 0 = _+ 1 at 
the parton level) still give a sizable hadron energy flow at large angles, it is smaller 
than that from QCD effects. It can also be seen that the PS result is less asymmetric 
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TABLE 3 
Event shape properties of charged particles in the hadronic CM frame for HERA 

with Q2, W 2 > 103 GeV 2 and LEP + LHC with Q2, w 2 > 3 x 104 GeV 2 

( Sli n ) ( A lin ) ( nje t ) asymmetry 

HERA:  
QPM 0.033 0.010 1.98 0.02 
ME 0.075 0.016 2.40 0.26 
PS 0.104 0.026 2.79 0.47 
e + e -  0.150 0.035 3.18 
LEP + LHC: 
QPM 0.006 0.002 2.01 0.00 
ME 0.034 0.003 2.66 0.28 
PS 0.062 0.011 4.58 1.13 
e+e  - 0.104 0.016 5.52 

Mean  values of  linear sphericity and aplanarity, number  of reconstructed jets and the difference 
between number  of jets in the forward (current) and backward hemisphere. 

than the ME one, as a consequence of washout effects from the multigluon 
emission. Although the PS method involves approximations, this indicates that 
higher order effects tend to reduce the asymmetry calculated from first order QCD. 
This is more clearly seen in fig. 14, which shows the asymmetry defined by 

0)' 0 < 0 < 90 ° , (8) 

where E(O) is the energy at polar angle 0. Also at HERA energies, the parton level 
asymmetry is significantly reduced by hadronization effects, as is clear from the 
comparison of the parton and hadron level result, but it remains large enough for 
experimental investigation of the basic QCD effect. 

While the hadron CM frame is convenient for theoretical event studies, the boost 
from the lab frame to the hadronic CM frame does presuppose a knowledge of the 
event kinematics as well as hadron masses. Therefore studies in the lab frame have a 
certain interest. In terms of rapidity distributions, the beam jet looks the same, apart 
from an overall shift by ln [2(1-  x)[PI/W]. The current jet is now fairly well 
compressed around the naive direction of the scattered quark, again with QPM 
giving the narrowest and PS the broadest distribution, fig. 15. (It should be noted, 
that even in the QPM model the energy and angle of the current jets are not exactly 
those expected from naive kinematics, due to the primordial k . . )  When different 
kinematical configurations are averaged over, the sharp dn/dy peak is smeared out, 
and what remains is a general increase in the "forward" region, where the current 
jets are to be found. In the QPM the resulting "forward-backward" asymmetry is 
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almost entirely kinematical in origin, whereas the ME and PS contain a further 
enhancement of the forward multiplicity from extra jet activity. 

A broadening of jet width in azimuthal angle (around the beam axis), i.e. dn/dep, 
is also visible in a comparison between QPM, ME and PS. However, this broad- 
ening does not lead to significant changes 180 ° away from the scattered quark 
direction ( <  factor 2). In particular, the isolation of the scattered electron is usually 
not worse because of the additional gluon radiation in PS compared to the ME case. 
A tiny class of events does appear, however, where the electron overlaps with a jet, 
which may make the electron energy measurement more difficult. 

In e+e - annihilation, studies of the energy-energy correlation [22] have been 
useful as probes of the internal structure of jets [23]. In the hadronic CM frame, 
exactly the same analysis is easy to define. It is also possible to use a similar 
technique in the lab frame, as follows. For each event, denote by 7/i, ~i, E±i the 
pseudorapidity, azimuthal angle and transverse energy of particle i (or calorimeter 
cell i). Define a distance ~o~j = (71i- ~;j)2 + ( ~ _  ~j)2 in the 7 / - f f  space. With the 
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k~_ 2 = Q 2 ( 1 - y )  of the scattered lepton as suitable normalization, the transverse 
energy-energy correlation at distance ¢o is then given by 

1 Ej - iE j -J  8(o~ - ~oij ) 
~ ( ~ ) =  Neven----- ~ E E Q2(1 _ y )  events i ~j 

(9) 

(where the 6 function is smeared by the bin width used in histogramming). Note 
that the autocorrelation i = j  at the origin is not included here. The function ~2(¢0) is 
shown in fig. 16 for ¢o < 1. 

The three alternatives considered differ drastically in the predictions of ~(¢o) on 
the parton level. In the QPM, only one jet is scattered, and ~2(¢o) is therefore 
vanishing. In the ME approach, ~2(~o) is rather abruptly cut off for values smaller 
than o~ = 0.4. The presence of this central hole is a consequence of the invariant 
mass cuts imposed to stay away from the collinear singularity in the matrix 
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elements. An approximate energy independence of the value to -- 0.4 comes from the 
need to increase the mass cutoff as the energy is increased, in order to keep the 
probabil i ty for first order processes below unity. By contrast, parton showers are 
based on an energy-independent mass cutoff, and therefore the central hole shrinks 

with increasing energy. 
Fragmentat ion effects tend to smear this picture; in particular the central hole is 

filled up by  particle pairs coming from the same jet. Therefore no strong dip is 
present in the ME model for to = 0.1-0.4, as might have been expected. Only at 
LEP + L H C  energies do the first signs of this appear (at to---0.3). Already at 
HERA,  however, there is a clear difference between the very narrow QPM distribu- 
tion, the somewhat broader ME one and the rather broad PS one. Note that the 
difference between ME and PS indeed is a question of the "internal structure" of 
jets; for the wide angle region (to > 1, not shown) the two approach each other. 

For  an explicit jet reconstruction in the lab frame, it is again convenient to use 
the (~, q~, E±)  set of variables, here in a jet finding algorithm of the generic UA1 
type (LUCELL in ref. [14]). In the algorithm, the transverse energy in all cells 
within a distance to < tom~, around an "init iator" cell are summed up, and if the 
E E ±  > E±.,in for some threshold transverse jet energy E j_ ~an, these cells together 
define one jet. In the following, typically E± ~ .  = 5 GeV and tomax = 0.5 will be 
used. It should be pointed out that this kind of procedure is very convenient and 
natural  in events where the current jet is reasonably central, but it may need to be 
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modi f ied  for  a search of very forward current  jets. A separate  s tudy of this is in 
progress  [24]. (There is also no built-in symmet ry  between finding jets  resulting f rom 
initial and  f rom final state radiation; for that, analyses in the hadronic  C M  frame 
are preferable .)  For  the following jet  studies we have therefore chosen the fixed 
k inemat ics  conf igurat ion which for H E R A  means  a naive current  jet  at 44 ° f rom the 
p r o t o n  b e a m  direction, and for LEP + L H C  at 25 °. 

Resul t ing je t  multiplicity distributions are shown in fig. 17. The  probabi l i ty  that  
m o r e  than  one jet  is found in the Q P M  case is exceedingly small, while several jets 
are found  frequent ly  with M E  and PS. One jet  is here usually fairly hard,  and is to 
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Fig. 17. Multiplicity distribution of reconstructed jets, (a) for HERA events, (b) for LEP + LHC ones, 
both with x = 0.1, y = 0.3. QPM dotted, ME dashed, PS full. 

be found close to the naive current jet direction, whereas the softer jets are 
predominantly found shifted towards the beam jet direction, but still at fairly 
central rapidities. This is shown by the pseudorapidity distribution dn je t /d t  / for the 
reconstructed jet  directions in fig. 18. Note that, while a very few jets are to be 
found closer to the target jet region with ME or PS than with QPM, most of the 
increased jet  activity from higher order QCD is to be found in the same region as 
the current jets. This observation, also true in an event sample with varying 
kinematics, is not entirely trivial, since the kinematically allowed t/ range of 
emission is larger for the "extra" lower-energy jets. The number of jets found is 
obviously a function of the algorithm parameters. In fig. 19 is shown the effects of 
varying O~ma x from 0.1 to 2, while keeping E±min = 5 GeV fixed. Again, parton 
shower events are seen to have a richer subjet structure than matrix element ones. 
For  very small ~ma~, the algorithm becomes sensitive to the "calorimeter" granular- 
ity and is therefore less reliable. 
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Fig. 18. Pseudorapidity distribution (1/Nev)dnjet/d~ of reconstructed jets, (a) for HERA events and 
(b) for LEP + LHC ones, both with x = 0.1, y = 0.3. QPM dotted, ME dashed, PS full. 

5. Reconstruction of event kinematics 

For most studies at future ep colliders a precise knowledge of the event kine- 
matics is of major importance; the structure function analyses, e.g., require differen- 
tial cross sections as functions of x and QZ. As noted in the introduction, the 
kinematics is in principle straightforwardly obtained from the scattered lepton in 
neutral current events, whereas it has to be measured from the hadronic system in 
charged current interactions. In the naive QPM, the scattered quark gives the 
necessary information, but in reality a number of smearing effects enter, like 
fragmentation, mass effects and jet reconstruction algorithms. When QCD effects 
are included, the kinematics of the hard scattering is more complicated, since initial 
state radiation may give the struck quark a large virtuality and transverse momen- 
tum. In addition, final state radiation gives a set of partly separated jets, with total 
energy, direction and invariant mass difficult to determine. 
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Fig. 19. Average number  of reconstructed jets (subtracting one to account for the trivial current jet) as a 
funct ion of  jet  cone opening angle ~0m~ , in the jet finding algorithm, appfied to H E R A  events with 

x = 0.1, y = 0.3. QPM dotted, ME dashed, PS full. 

Thus, it is important that the kinematics reconstruction does not rely on finding 
individual jets in the final state, which should instead be regarded as a single system 
whose internal structure is not of importance. This is the essence of the "Jacquet- 
Blondel" method [25] which is based on energy-momentum conservation between 
the invisible neutrino and the hadronic system. Letting pi~ be the four-vector of the 
complete hadronic system, i.e. the vector sum of all hadrons, the experimentally 
useful relations are simply derived from the basic kinematics as follows 

P'q p.(pn_p) Ep(EI-I-PzrI) EH--PzH Y~h(Eh--Pzh) (10) 
P" k P" k 2EeE p 2E e 2E  e 

kf p2 [ hp h]2 
Q2 _ (11) 

1 - y  1 - y  1 - y  

The lepton and proton masses are here neglected and the incoming proton moving 
in the + z  direction. Clearly this method makes no assumption on the internal 
structure of the incoming proton nor of the final ha&on  system. 

This method is particularly suitable since particles along the proton direction, 
which are likely to be lost in the beam pipe, have a minimal influence because of 

their small E h -Pzh  and p± h" Nevertheless, the ultimate accuracy is determined by 
these particle losses (as well as the lost neutrinos from heavy flavour decays). The 
resulting uncertainty in y and Q2 is illustrated in fig. 20 for HERA and LEP + LHC. 
It  is important  to realise that the errors arise dominantly from kinematical config- 
urations where the current jet is close to the beam pipe. The larger energy at 
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Fig. 20. Relative error on y and Q2 reconstruction due to particle losses at HERA with Q2, W 2 > 103 
GeV 2, (a) and (b), and at LEP + LHC with Q2, w 2 > 3 x 104 GeV 2, (c) and (d). QPM with full angular 
coverage dash-dotted (tail due to neutrinos from charm etc, decays). With 70 mrad beam hole: QPM 

dotted, ME dashed, PS full. 

LEP + LHC tend to give more collimated jets, which is an advantage in this respect. 
On the other hand, the larger energy ratio between the beams gives a larger boost 
that moves the current jet closer to the beam hole. Thus, the resulting reconstruction 
accuracy depends strongly on the kinematic region studied. In our example, the 
relative errors are similar as at HERA. Comparing the different models, the ME and 
PS results agree well, i.e. the extra soft gluon emission in parton showers do not 
contribute significantly to any extra smearing of the kinematics reconstruction. A 
use of the QPM, which totally neglects ghion radiation, would however paint too 
rosy a picture of the kinematics reconstruction problem. 

Although the shifts arising in the kinematical variables through these effects can 
to a large extent be corrected for, it will influence the useful region where migration 
between different x, Q2 bins are of a tolerable magnitude. Furthermore, it should 
be noted that the examples above are based on ideal detectors; only the limited 
coverage is taken into account. In the real world, extra sources of error arise through 
calorimeter imperfections and radiative corrections. 
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6. Summary 

It has been known for a long time that the quark parton model description fails to 
account for a number of observed properties of leptoproduction events. A generally 
good description has been obtained with an approach based on first order matrix 
elements. There have been a few distributions, notably those for transverse momen- 
tum compensation, where agreement has not been entirely satisfactory. In order to 
understand these, soft gluon effects have been invoked and, with a simple soft gluon 
simulation scheme, good agreement with the data has indeed been obtained. In this 
paper we have shown that a parton shower approach is equally successful (except 
for a too low ( p 2 )  at larger xF, fig. 5), and this without the need for an artificial 
separation into hard and soft radiation. (This may, of course, be considered as a 
post facto justification for our simple soft gluon summation scheme.) Good agree- 
ment is only obtained if the parton shower cutoffs are chosen fairly small, e.g. 
m0 = Q0 = 1 GeV, in agreement with experience from e+e - annihilation. 

At HERA energies, results obtained with the quark parton model are entirely 
misleading, since QCD effects are very important for the structure of the hadronic 
system. For overall event properties, the approach based on first order QCD matrix 
elements and that of parton cascades show more agreement than might have been 
expected. Nonetheless, the higher order QCD effects included in parton showers 
give noticeable effects by making the events more "smeared": they have larger 
charged multiplicity, broader current and target jets, more signs of multijet struc- 
ture, etc. A limitation of the matrix element approach here is that a fairly large 
cutoff is required to avoid the divergences, and thus keep the total probability for 
the first order QCD processes below unity. Despite the uncertainties present in the 
formulation of the parton shower alternative, it is therefore likely that the picture 
obtained here is also the more realistic one. 
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