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Abstract

In a recent paper, evidence was presented for a significant, positive correlation between
the total transverse momenta of particles on opposite hemispheres of hadronic events. A
new, model independent analysis of the data has been made. Two components can be
distinguished in the correlation, and quantitative estimates of each are given. The results
form a significant test of Monte Carlo models and some of the physics behind them.
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5Also Istituto di Cosmo-Geofisica del C.N.R., Torino, Italy.
6Now at LAL, Orsay
7Supported by CICYT, Spain.
8Supported by the National Science Foundation of China.
9Supported by the Danish Natural Science Research Council.

10Supported by the UK Particle Physics and Astronomy Research Council.
11Supported by the US Department of Energy, grant DE-FG0295-ER40896.
12Permanent address: Kangnung National University, Kangnung, Korea.
13Supported by the US Department of Energy, contract DE-FG05-92ER40742.
14Supported by the US Department of Energy, contract DE-FC05-85ER250000.
15Permanent address: Universitat de Barcelona, 08208 Barcelona, Spain.
16Supported by the Bundesministerium für Bildung, Wissenschaft, Forschung und Technologie, Germany.
17Supported by the Direction des Sciences de la Matière, C.E.A.
18Supported by Fonds zur Förderung der wissenschaftlichen Forschung, Austria.
19Now at SAP AG, D-69185 Walldorf, Germany.
20Now at Harvard University, Cambridge, MA 02138, U.S.A.
21Now at University of Geneva, 1211 Geneva 4, Switzerland.
22Supported by the US Department of Energy, grant DE-FG03-92ER40689.
23Now at University of California at Los Angeles (UCLA), Los Angeles, CA 90024, U.S.A.
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1 Introduction

Since hadronic decays of the Z include different quark flavour pairs and must conserve total
energy, some correlation between the opposite hemispheres of an event is to be expected.
However neither of these mechanisms could account for the transverse momentum correlations
reported in a recent paper [1]. The hadrons were produced in the reaction e+e− → Z → hadrons
at LEP. The analysis and interpretation of the data relied heavily on comparisons with Monte
Carlo models, in terms of which it was concluded that both non-perturbative and perturbative
effects were contributing to the correlation.

A new, model independent analysis of the data has been made. It shows that two
components, referred to as ‘soft’ and ‘hard’, can be distinguished in the correlation. Quantitative
estimates of each are given. The results test Monte Carlo models and some of the physics that
lies behind them.

Given an event axis, particles are allocated to hemispheres according to the sign of the
momentum component along that axis. Two different forms of thrust axes are used; precise
definitions are given later. The transverse momentum for each hemisphere is defined by

Pt =
∑

hemisphere

|pti| (1)

where pti is the momentum component of the ith particle transverse to the axis formed by the
vector sum of all the particles, charged and neutral, in that half. An event is described by
(Pt1, Pt2); the allocation to sides 1 and 2 is made at random. The correlation coefficient is

C(Pt1, Pt2) =
〈Pt1Pt2〉 − 〈Pt1〉 〈Pt2〉

σPt1σPt2

(2)

where the angular brackets signify averages over the data set and σPt is the standard deviation
of the Pt distribution.

The method combines correlation with clustering based on the Durham clustering
algorithm [2]. The controlling parameter in this algorithm is ycut, yij < ycut, whereby yij

between two particles or clusters i, j is defined as

yij =
2min{E2

i , E2
j }(1− cos θij)

E2
vis

, (3)

Ei and Ej are the respective energies of, and θij is the angle between, the two particles and
Evis is the measured total energy. Such pairs are combined in sequence up to the value ycut,
the two four-momenta being added. The clustering algorithm is always applied to the event as
a whole, and not to each half separately. To help the physics interpretation, it is convenient to
work in terms of a parameter my =

√
ycut s where

√
s is the known initial energy of 91.2GeV.

The event axis is maintained as clustering proceeds and Eq. (1) is generalized to the cluster
momenta, hence giving Pt(my). All this is unchanged from Ref. [1].

The technique used in [1] was firstly to partition the event with respect to the thrust axis
and apply a cut Pt1, Pt,2 < Pt,max = 25GeV/c which greatly reduced the effects of total energy
and momentum conservation. Discrimination between different models was then achieved by
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examining the behaviour of the correlation with my, i.e. C(Pt1(my), Pt2(my)), written as C(my).
The underlying idea was that any correlation arising through soft particles (e.g. from string
fragmentation [3]) would be largely removed by clustering to an appropriate value of my.

The present analysis is based on data acquired with the ALEPH detector in 1994 ([1] used
1992 data). The detector [4] and its performance [5] are described in detail elsewhere. As before,
candidate hadron events are required to have at least 5 charged tracks with polar angle θ to the
beam axis such that |cos θ| is less than 0.95, the tracks must originate from within a cylinder of
length 20 cm and radius 2 cm coaxial with the beam and centred at the nominal collision point
and there are at least four hits in the principal tracking chamber, the Time Projection Chamber.
The total visible energy of all such tracks must exceed 10% of the total centre of mass energy.

For the final data set, charged and neutral particles are reconstructed as ‘energy flow
objects’ [5] and events with total energy less than 70GeV are rejected. The selected event
axis is required to lie within the range of polar angles from 35 to 145◦ of the beam axis. Any
surviving τ pairs are removed by requiring that at least one side has Pt > 2.0GeV/c. More
details on the event selection and analysis can be found in [1]. About 1.2 million events remain
after these cuts.

2 Low my correlation

The study of correlations at low my is based on changes in C with my. As clustering proceeds,
sometimes a cluster will form near 90◦ to the event axis, such that only a small modification
to the event would be needed for the entire cluster to appear on the other side. When viewed
from one side, this effect, for a set of events, can be seen in terms of fluctuations about average
behaviours; it is a form of ‘shot noise’ akin to that experienced with statistical fluctuations in
electric currents. However, viewed from an event as a whole, such a cluster will not only raise
Pt by an amount δ on one side but also lower Pt by a comparable amount on the other. The
important point is that, irrespective of the sign of δ, such shot noise fluctuations will always make
a negative contribution to the correlation; in the simplest case, assuming δ to be uncorrelated
with either Pt and δ = 0, by −δ2/(σPt1σPt2). The effect can be of particular importance for
the present study, in which my is varied over a wide range and an individual cluster formed
at higher my can consequently carry a high value of transverse momentum. The new analysis
attempts to circumvent this shot noise contribution. Two approaches are described.

2.1 Pt(my) on one side only

Events are partitioned with respect to the thrust axis. The selection Pt1, Pt2 < Pt,max = 25GeV/c
is imposed. Events are clustered as described above but, rather than Pt1 and Pt2 being measured
at the same my, the correlation is examined between Pt1(my) and Pt2(my = 0). As always sides
1 and 2 are chosen at random. In the example above, side 1 will sometimes lose Pt to, sometimes
gain Pt from, side 2, but there will no longer be a term corresponding to −δ2 since the number
representing Pt2 does not change - the δ is on one side only. More generally, in the sum over
events

∑
Pt1(my)Pt2(0) needed for the correlation, Eq. (2), event-to-event fluctuations in the
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transfer of Pt will be averaged out, while still leaving open a possible dependence of either Pt on
the other. This correlation is written as C(my, 0), meaning that Pt1 is taken at the given my,
Pt2 at my = 0.

Figure 1(a) shows the uncorrected data; corrections for detector effects will be discussed
below. There is a relatively rapid fall in C(my, 0) from 0.079 at my = 0 to a low of 0.050 at
about my = 6GeV followed by a slow rise to 0.055 at my = 15GeV. Because it occurs at low
my, below 5GeV, this fall is referred to as the ‘soft correlation’. As an indication of its width,
half the fall occurs within my ≈ 1.4GeV.

2.2 Event groups

While the C(my, 0) correlation is designed to remove the shot noise effect, it does so at the
expense of only having clustered the softer particles from one hemisphere. The second technique
for reducing the effect of fluctuations is to follow the average behaviour with my of groups of
events characterized by having nearly the same initial (Pt1, Pt2) values. The individual Pt values
are now measured after clustering from both hemispheres, thus enhancing the correlation.

Prior to clustering, the set of events with Pt1, Pt2 ≤ Pt,max = 25GeV/c is subdivided into
1GeV/c square cells (k, l), 1 ≤ k ≤ 25; 1 ≤ l ≤ 25, so 625 in all. Each event contributes twice;
once to (k, l), once to (l, k), to give nkl = nlk members in a cell. Letting Akl be the average value
of Pt1 for the events in cell (k, l), a correlation can be found as in Eq. (2) from the substitution:

〈Pt〉 −→ 1
N

∑
k,l

nklAkl 〈Pt1Pt2〉 −→ 1
N

∑
k,l

nklAklAlk N =
∑
k,l

nkl (4)

To calculate the standard deviation, the r.m.s. value of Pt at each cell, referred to as Bkl, is also
needed. The cell size chosen is sufficiently small for the use of these averages in place of Eq. (2)
to have a negligible effect on the calculated correlation at my = 0. So far all that has been done
is to digitize the initial Pt values.

The events are now clustered to some given my. Following the group in a particular cell
(k, l), Pt values after clustering will generally span a wide range of values (usually lower). For
example, the same initial Pt1 might represent in one case a half event with a single, central core
and low momentum particles at larger angles; Pt1 in this case would probably fall to zero (i.e.
a single cluster) quite quickly. In another, the half event might initially produce two clusters
which only finally coalesced to one at an appreciably higher my. Sometimes clustering will move
Pt from side 2 to side 1; sometimes the other way. Given sufficient events in each cell, e.g. > 100,
these fluctuations will tend to average out. New averages Akl(my), also Bkl(my), are therefore
determined for each cell and the overall correlation is recalculated as in (4). This averaging still
preserves the underlying correlation; if, for example, higher Pt2 is associated with higher Pt1,
this will still show in the averages. This correlation is referred to as C(my).

The results for C(my) are also shown on Fig. 1(a) where they can be directly compared with
C(my, 0). The data show a generally similar behaviour; the fall has more of a tail, but reaches
a near constant value of C above about my = 6GeV, ycut = 0.0043. The two values agree at
my = 0, showing that the digitization of Pt has a negligible effect on the correlation. Half of the
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fall has occurred by my ≈ 1.55GeV, similar therefore to the 1.4GeV observed with C(my, 0).
More details for both correlations are given in Table 1, where the ‘plateau’ level is taken as the
average of values at 6, 8, 10 and 12GeV, and the soft correlation is the value of C(my = 0)
relative to this plateau. The choice of 1GeV/c for the cell size in C(my) is not critical; doubling
or halving this size changes these numbers by less than 0.0003. The fall in C(my) is about twice
that seen in C(my, 0). It is even larger for C(my) analysed in [1]. C(my) is equivalent to a
C(my) in which the cell size used for averaging goes to zero. Comparing C(my) with C(my) and
then C(my, 0), one sees a clear tendency for the reduction of the shot noise fluctuations which
were making a major contribution to the correlation.

Axis, correlation C(my = 0) Range (GeV) Plateau Soft correlation
Thrust, C(my, 0) 0.079 6–12 0.051 0.028 ± 0.001

Thrust, C(my) 0.079 6–12 0.022 0.057 ± 0.001
Thrust, C(my) 0.079 6–12 −0.021 0.100 ± 0.001

Table 1. Magnitudes of the soft correlation for data (uncorrected for detector effects). Events are
partitioned with respect to the thrust axis. Errors are statistical only.

2.3 The cluster axis

At a sufficiently high my, all events reduce to two clusters. When this occurs, the two halves of
an event have 3-momenta P1 and P2, and a ‘cluster axis’ is defined along the vector difference
P1 −P2. In effect, one is clustering first, then finding the thrust axis, rather than the other way
round. For most events the partitioning is unaltered; differences can arise with complex events
containing e.g. four jets which could have 2 jets on each side using the thrust axis and 1 plus 3
using the cluster axis. For an analysis over a wide range of my it is interesting to partition the
event through a reconstruction of the inferred, initial qq̄ rather than from the final hadrons.

The previous analyses were therefore repeated with the events partitioned by the cluster axis.
Figure 1(b) shows the results, on the same scale as Fig. 1(a). The dotted line again indicates
C(my). Comparing the two figures, the immediate effect of using the cluster axis is to move the
correlations in a negative direction, e.g. C(my) is now close to zero at high my. The magnitudes
of the soft correlations are extracted as for Table 1 and are shown in Table 2. They are very
close to the values using the thrust axis given in Table 1. The values of my at which half the
falls have occurred are also unchanged.

Axis, correlation C(my = 0) Range (GeV) Plateau Soft correlation
Cluster, C(my, 0) 0.053 6–12 0.025 0.028 ± 0.001

Cluster, C(my) 0.053 6–12 −0.006 0.059 ± 0.001

Table 2. Similar to Table 1 but with the events partitioned with respect to the cluster axis. Errors are
statistical only.
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2.4 The magnitude of the soft correlation

The general pattern and stability of the soft correlation encourages an attempt to measure
this quantity, written as Csoft. Attention is concentrated on the cluster axis measurement of
C(my) in Fig. 1(b), partly because the effect to be measured is larger with C(my), thereby
reducing sensitivity to other possible contributions, in particular any assumption about the soft
correlation from side 1 to 2 in C(my, 0); partly because, with the cluster axis, the correlation
above the soft region is seen to be small, and therefore less is assumed in projecting it back to
my = 0.

If the value of Csoft is to be meaningful, it should not be sensitive to the exact values of the
cuts used to define the data set. That this is the case is shown in Table 3 where the measurements
(uncorrected) of C(my) given in Table 2 are repeated, varying in turn the total energy and polar
angle cuts. Changes here are small, < 0.001. The fourth row shows what happens if yij and
my in (3) are calculated in terms of

√
s = 91.2GeV rather than in terms of Evis, there being

a possibility that event to event fluctuations in Evis could introduce an extraneous correlation.
The value at my = 0 is, of course, unaffected; the plateau level rises by about 0.0017. This is
considered as an uncertainty rather than as a correction. The fifth row shows the sensitivity
to the Pt,max cut. This is a rather different test as the data set itself is different; there is no
fundamental reason why the measured soft correlation between the two sides should not vary
with the range of Pt used. Nevertheless, the change in Csoft is still relatively small.

Cuts C(my = 0) Plateau Csoft

From Table 2 0.0530 −0.0061 0.0591 ± 0.0011
Vary total energy (70GeV) 65→ 75GeV 0.0538 − 0.0527 −0.0063 −−0.0056 0.0601 − 0.0583
Vary θ(35− 145◦)30− 150◦ → 40− 140◦ 0.0528 − 0.0536 −0.0065 −−0.0058 0.0593 − 0.0594
Fixed energy for my 0.0530 −0.0044 0.0574

Vary Pt,max(25GeV/c)20→ 30GeV/c 0.0575 − 0.0464 0.0011 −−0.0128 0.0564 − 0.0592

Table 3. Sensitivity of Csoft as measured to variations in the cuts on total energy and polar angle, the
definition of my and Pt,max of the data set. The left hand column shows, in brackets, the standard values,
followed by those used in the test. The right hand columns show the resulting values, e.g. dropping the
total energy cut from the standard 70GeV to 65GeV changes Csoft from 0.0591 to 0.0601 (values are
given to 4 decimal places in order to show the changes in Csoft).

Estimates of the corrections for detector effects are given in Table 4. They are made by
running the same analysis program, including the Pt,max cut of 25GeV/c, on generated and
reconstructed Monte Carlo events, noting the change Cgen − Crec at each my point, adding
this to the measured data point and hence calculating the change ∆Csoft in Csoft. Detailed
comparisons with several generators will be made in section 4. Since JETSET, for which the
largest sample of such events is available, does not give a good, overall description of the data,
lacking a plateau region at higher my, Csoft is taken as C(0) − C(my = 6). A modification,
‘culled JETSET’, will be described in section 5, where it is shown that the disagreement is
largely the result of a relative excess of JETSET events having Pt high on one side, low on the
other. These can be removed from the events as generated; the estimate for ∆Csoft is almost
unchanged. HERWIG gives a similar result, though with a higher statistical error. Although
the general agreement here is encouraging, considerable uncertainty attaches to just how reliable
is this correction. A corresponding analysis of the 1992 data and JETSET simulation gave
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an uncorrected value of 0.0605±0.0016, close therefore to the 1994 measurement, whereas the
indicated correction from JETSET was only 0.0034. Significant improvements had been made
to the simulation, and the 1994 value is therefore preferred. In the circumstances it is proposed
to add 0.010±0.006 to the uncorrected value. Since other effects are all small, this gives a result
of Csoft = 0.069 ± 0.006. Finally, JETSET is used to compare events including, and without,
initial state radiation. Changes are small, less than 0.0005 in Csoft, and can be neglected.

Data set C(my = 0) C(my = 6) Csoft ∆Csoft

ALEPH 0.0591 ± 0.0011

JETSET gen. 0.0395 −0.0231 0.0626 ± 0.002
JETSET rec. 0.0269 −0.0264 0.0533 ± 0.002 0.0093

JETSET gen, culled. 0.0574 −0.0077 0.0651 ± 0.002
JETSET rec, culled. 0.0438 −0.0102 0.0540 ± 0.002 0.0111

HERWIG gen. 0.0781 −0.0029 0.0810 ± 0.004
HERWIG rec. 0.0628 −0.0067 0.0695 ± 0.004 0.0115

Table 4. Values of Csoft for Monte Carlo generators, used to estimate detector effects (values are given
to 4 decimal places to show the changes in Csoft). The Table can also be used to compare JETSET and
HERWIG values of Csoft with the ALEPH measurement.

3 The region above my = 6GeV

From the preceding analysis, and as can be seen directly from Fig. 1(a,b), one can examine the
correlations after removing the soft coupling if the events are first clustered to my ≥ 6GeV, a
region referred to here as the ‘hard correlation’ or ‘hard’ region of my.

Neither C(my, 0) nor C(my) is appropriate for a study of the hard region: the Pt,max cut is
applied to the hadrons, C(my, 0) leaves one side unclustered, C(my) is better but is still based
on cells defined by the hadrons. In fact, C(my, 0) and C(my) are best suited to measuring
changes in the correlations at low my. For a consistent examination of the hard correlation, all
the analysis should be based on the events after pre-clustering. As a corollary, the cluster axis
rather than the thrust axis is used to partition the events.

3.1 Ctot(my), the full data set

The simplest and most direct measurement that fulfils the above pre-clustering condition is to
determine the Pt correlation as a function of my, that is Ctot(Pt1(my), Pt2(my)), or more briefly
Ctot(my), where Ctot implies that the entire data set has been used, i.e. there is no Pt,max cut.
The result is shown in Fig. 1(c) for a series of values of my from 50GeV down to zero.

The behaviour of Ctot at very high my is of interest, as in a sense it gives information about
the events at very early times. For example, the dashed curve shows the predicted Ctot(my),
using the JETSET O(α2

s) matrix element [6] (ΛQCD = 0.123, y′ = 1.0), for dd̄ partons. In this
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region the great majority of events have just two clusters; a small fraction have three and there
are none with four. Two cluster events have Pt values (0,0); 3 cluster correspond to (0,high) or
(high, 0). If these have relative weights 1, f , f , and for simplicity we assume a fixed, single high
Pt value, then

Ctot =
−f

1 + f

and Ctot is essentially equivalent to f . Ctot must therefore be negative at high my, tending to
a limit of zero as f approaches zero. At somewhat lower my the correlation will be sensitive to
the 4 cluster events and how these divide between 2− 2 and 1− 3.

There is relatively little variation in Ctot from my = 12 down to 6GeV. An overall measure
of the hard correlation can therefore conveniently be obtained by noting the magnitude of Ctot

at the minimum. Since Ctot only depends on clustering, and of course the use of Pt, the near
independence of my should be useful for making comparisons with Monte Carlo models, also
possibly with theory. For ALEPH the (uncorrected) minimum value is −0.0524 ± 0.0010, at
about my = 9GeV and therefore safely above the soft region.

While the main concern here is with the behavour above 6GeV, Fig. 1(c) by itself illustrates
nicely the very different behaviour in the two regions. In model terms one can almost picture the
evolution of the qq̄ with decreasing my; the gradual emergence of a parton branching structure,
terminating in the final fragmentation. Equally, starting from my = 0, one can also see how
effectively pre-clustering to my = 6GeV removes the soft correlation.

The stability of the minimum value has been investigated. Making the same changes to total
energy and polar angle cuts as in Table 3 alters Ctot by less than 0.0005. Unlike Csoft, there is
no Pt,max cut, which must also help. Using the alternative,

√
s based, definition of my changed

the ALEPH value from −0.0524 to −0.0507, again considered as an uncertainty. However, as
one might suspect from Figs. 1(a,b), the use of the hadron-based thrust axis has a major effect,
raising the minimum to −0.043 ± 0.0010. It is therefore important in this case to specify that
the cluster axis is used to partition the events.

Reconstruction errors are smaller than for Csoft. Making the same tests as described in
Table 4, the average of the three corrections adds 0.0025 to the measured −0.0531, making
−0.0506. There was no significant contribution from initial state radiation. Because of general
uncertainties in the correction procedure, it is proposed to assign a systematic error of ±0.003
to the corrected value. Since statistical errors are again small, this gives a value for minimum
Ctot using the cluster axis of −0.051 ± 0.003.

3.2 The Pt,max cut in the hard region

While Ctot(my), the correlation for the entire data set as a function of my, is conceptually simple,
total energy conservation manifestly plays an important role. The earlier paper [1] started
with the observed correlation as a function of the cut Pt,max. By reducing Pt,max to 25GeV/c,
the very asymmetric events were removed, giving a subset of events for which any correlation
contribution from total energy conservation should be small. In this section, a similar Pt,max

cut is applied after pre-clustering the events, i.e. as the soft coupling is progressively removed,
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thereby exposing any residual hard correlation. For the technique to be applied, minimum
Pt,max must be appreciably above my. The resulting family of correlations will be denoted by
Cmy(Pt,max), where my refers here to the level of pre-clustering.

Events are pre-clustered at a sequence of my values: 0, 1, 2 to 6GeV, and are partitioned
with respect to the cluster axis. Plots are made of Cmy(Pt,max), i.e. of C(Pt1(my), Pt2(my))
where Pt1, Pt2 ≤ Pt,max at the corresponding my. The results are shown in Fig. 1(d). There is
a general tendency for only a small variation in C with Pt,max between 25 and 12.5GeV/c at all
my, including my = 5 and 6GeV, where soft contributions should have vanished. As in [1] this
is in line with the idea that the (negative) contribution from energy conservation becomes small
as events with very high Pt are removed. The plots come together quite strikingly at my = 4, 5,
6GeV over all Pt,max, evidence of how pre-clustering removes the soft correlation. The residual
correlation is estimated by taking the average value of Cmy(Pt,max) at my = 6GeV, Pt,max =
15, 20 and 25GeV/c, giving about −0.013. The results are again found to be insensitive to the
changes previously described in the total energy cut; the polar angle cut; the use of fixed

√
s

in my and initial state radiation. Making the same corrections for detector effects as described
in Table 4 gave corrections ranging from +0.0014 to +0.0037. The figures therefore indicate a
small, residual correlation of about −1%.

4 Comparisons with Monte Carlo generators

It is interesting to compare the results with those from Monte Carlo generators, not only to test
the generators, but also for some of the underlying physics. The presence of both hard and soft
contributions was inferred in [1] from detailed comparisons with the partonic and fragmentation
phases of JETSET and ARIADNE, whereas the analysis presented here distinguishes two regions
of my, and the corresponding correlations, directly from the data.

A large sample of Monte Carlo events was generated using the program JETSET 7.4 [6]
modified to include detailed information on heavy flavour decays. These events were passed
through a detailed simulation of the detector and analysed as for the ALEPH data. A similar
but smaller sample of HERWIG version 5.6 [7] was generated and analysed. Comparisons are
also made with hadron events generated with ARIADNE 4.04 [8]. All these generators had
been tuned to ALEPH data [9]. Finally, ARIADNE was independently used to generate parton
showers from an initial dd̄ state in which the shower cut-off parameter p⊥,min was reduced to
0.3GeV/c. It had already been noted [1] that the correlation C(my = 0) for these partons was
close to that found in the ALEPH data, also that there was some support for using ARIADNE
to extrapolate beyond O(α2

s) [1, 10]. Since hadrons are observed, such a correlation also relies
on, and ultimately might help to test, the concept of local parton hadron duality [11], LPHD,
which is therefore used to denote the correlations using ARIADNE partons.

The generators are tested against the four main correlations: C(my, 0); C(my); Ctot(my);
and Cmy(Pt,max), Fig. 2(a) to (d) respectively. The first two mainly concern, and are sensitive
to, behaviour in the soft region, the last two mainly the hard my region. The measured ALEPH
values are corrected by adding, on a point by point basis, the change (Cgen − Crec) in the
corresponding values for the JETSET data set described above. Figure 2 includes these values
before and after correction. The corrections are greatest in the soft region, attaining a maximum
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value of +0.012 at my = 0, but are small at higher my.

It is evident that Pt correlations can be a severe test of a Monte Carlo simulation. While
JETSET describes quite well the variation with my in the soft region and also the magnitude
of Csoft (see Table 4), it fails in the hard region, seen most strikingly in Fig. 2(c). Evidence will
be presented in section 5 that an excess of events with high Pt on one side, low on the other, is
responsible.

ARIADNE hadrons badly overestimate the magnitude of the correlation at my = 0. This
persists throughout the my range. The possibility of a perturbative explanation of the Lund
string effect [3], often referred to as the drag effect [12], has been raised. The drag effect results
from colour coherence in which colour conservation leads to gluon radiation from boosted qq̄
dipoles. These gluons tend to populate the same angular regions as those identified by the string.
The correlation in the ARIADNE generator arises both in the parton cascade, itself described
in terms of boosted dipoles, and, as in JETSET, in the string. The excess correlation could
therefore indicate a certain level of overlap, or double counting, between the two explanations.
Since ARIADNE fails to give any plateau, or even minimum value for C(my), Fig. 2(b), it is
not possible to give a meaningful ARIADNE value for Csoft.

The result for the ARIADNE parton model, LPHD in Fig. 2, gives the best agreement for the
total correlation Ctot in the hard correlation region of Fig. 2(c). But examination of especially
Fig. 2(b) shows the absence of any sort of plateau region; although the correlation at my = 0 is
comparable with the ALEPH result, the fall off in C with my is much too slow and again it is
not possible to separate the hard and soft regions. The comparison with JETSET, which does
give a good description of the variation with my at low my, may indicate a possible basis for
distinguishing the string and drag mechanisms for particle flow [12].

Of the four generators discussed, HERWIG clearly gives the best overall description. It does
describe well the behaviour in the soft region (though from Table 4 Csoft itself is a little high)
and does tend to flatten out at higher my, Fig. 2(a,b). It is the only generator to give a good
description of the residual hard correlation, Fig. 2(d).

5 JETSET and the perturbative structure of events

In this section it is shown how clustering ideas, combined with partition, can be developed to
analyze the structure of events in the hard region, and hence expose where the JETSET events,
as generated, are failing. An empirical correction that brings these events much closer to the
ALEPH data on correlations, is described.

Events are clustered in steps of my = 5GeV, starting with step 1 to correspond to the
hadrons; step 2 to my = 5GeV and so on up to step 11, my = 50GeV. At some stage in the
clustering, the tracks in a hemisphere will collapse to a single cluster (i.e. with Pt = 0). The
steps at which this happens are described by two integers (i, j), 1 ≤ i ≤ j ≤ 12 where the first
side to do so collapses at step i, the second at step j. Thus if one such collapse occurs at say
17GeV, i.e. at step 5, and the other at say 7GeV, i.e. at step 3, the event is categorized as (3,5).
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Events are accumulated in an array i, j with Nij members. The numbers Nij describe
the hard structure of events in considerable detail. From a comparison of the ALEPH and
reconstructed JETSET arrays, the greatest differences are found for i ≤ 2, i.e. events in which
one side has collapsed to a single cluster by my = 5GeV. The ratio of JETSET to ALEPH events
signals a relative excess of such events which increases approximately linearly with j from about
4% at j = 2 to about 24% at j = 11.

The excess fraction of JETSET events can be rejected. This is interesting for several reasons.
Firstly, as a model of QCD processes and hadronization JETSET is recognized as giving a good
description of data over a wide range of reactions [13]; so when, as here, it fails quite badly, it is
important to know more. Secondly, JETSET is used in the present paper to estimate corrections
for detector effects; the presence of an excess negative correlation might be significant. Thirdly,
in the present study, JETSET gives quite a good description of Csoft; is this affected by its
failure in the hard region?

The JETSET data set was re-analyzed with the estimated excess of JETSET events, as
described by the linear relationship above, removed or ‘culled’. The cull is applied at the
generator level. It would be more direct to apply the cull on reconstructed events, but this could
distort the use of the resulting data set in exploring corrections for detector effects. Though
only a ‘first order’ correction, the correlations determined with the culled JETSET are in much
better agreement with ALEPH. Figure 3(a) and 3(b) show the new comparison with ALEPH
data for C(my, 0) and C(my), to be compared with the unculled JETSET of Figs. 2(a) and 2(b)
respectively. The JETSET points are still a little low, but are much closer to ALEPH and in
particular the behaviour in the soft region is very well described. From Table 4, the value of
Csoft at generator level is increased by only 0.0025 by the cull, though this is complicated by
the difference in the ‘background’ shapes in the two cases. In the hard region, the correlation
Ctot(my) is now much closer to the data than in Fig. 3(c). Lastly, Cmy as a function of Pt,max

after the events have been clustered at my = 5GeV (also 0 and 2GeV), can be compared with
Fig. 3(d). Though again JETSET distributions are a little low, they do now clearly show a
similar structure to that seen in the data.

6 Summary and Conclusions

Correlations are formed between quantities Pt1, Pt2, the total, internal transverse momenta
within the two hemispheres of hadronic events from Z decay. They are examined as a function
of a clustering parameter my =

√
ycut s based on the Durham cluster algorithm, where

√
s is

the total energy. It is found advantageous to partition the events with a thrust axis determined
after clustering each event to just two clusters.

Two correlations, C(my, 0) and C(my), designed in particular to circumvent the ‘shot noise’
contribution, are described and applied to ALEPH data. They give a consistent picture of a soft
correlation below my = 6GeV (ycut = 0.0043), which has a magnitude of Csoft = 0.069 ± 0.006
at a Pt,max of 25GeV/c and which falls to Csoft/2 at my ≈ 1.5GeV. The error is dominated by
systematic uncertainties in event reconstruction.

The correlation for the full data set, Ctot(my) is examined as a function of my. Starting
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from the highest my, 50GeV, this shows the growth in the (negative) correlation in the hard
region, terminating in a rapid rise in the soft region. Ctot(my) attains a minimum value of
−0.051 ± 0.003 at about my = 9GeV, safely therefore above the soft region.

A fourth correlation, Cmy(Pt,max), allows detailed changes to be followed as events are pre-
clustered to remove the soft coupling and an upper bound is imposed on Pt to minimize coupling
from total energy conservation. With both these applied, the residual correlation is small, about
−1.0%.

JETSET gives quite a good description of how the correlations vary in the soft region but
fails badly in all tests at higher my, generally by giving too strong a (negative) correlation.
ARIADNE hadrons, on the other hand, clearly give too large a positive correlation, possibly
attributable to having both string and drag mechanisms in the generator. ARIADNE partons
(LPHD) are generally closer to describing the data than either JETSET or ARIADNE hadrons,
but fail to distinguish the soft and hard regions in C(my). The contrast with JETSET may
indicate a possible basis for distinguishing the string and drag mechanisms for interjet particle
flow [12]. HERWIG gives the best overall agreement with the data.

The clustering technique is used to analyze the failure of JETSET events at high my. The
application of an ad hoc correction brings the simulation much closer to the data.
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Figure 1: Correlations for ALEPH data. a) and b) C(my, 0) and C(my), with events partitioned
with respect to the thrust axis and cluster axis respectively. The dashed lines indicate the
‘plateau’ levels (Tables 1 and 2). The dotted lines show C(my) as from [1]. c) Ctot(my), the
correlation for the full set of events. d) Cmy(Pt,max), the variation of the correlation with a
Pt,max cut for different levels of pre-clustering, my = 0 to 6GeV.
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Figure 2: Four Monte Carlo generators compared with corrected ALEPH data. The ALEPH
data is also shown before correction. The cluster axis is used throughout. a) and b) C(my, 0)
and C(my) as in Fig. 1. c) Ctot(my) as in Fig. 1(c). d) Cmy(Pt,max) at my = 5GeV. LPHD
refers to a model based on ARIADNE partons.
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Figure 3: Behaviour of reconstructed JETSET, again compared with ALEPH, after the removal
(cull) of some asymmetric events as described in the text. JETSET prior to the cull is seen in
Fig. 2.
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