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45 Dipartimento di Fisica Sperimentale, Università di Torino and INFN, Via P. Giuria 1, I-10125 Turin, Italy
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Abstract. Inclusive charged particle and event shape distri-
butions are measured using 321 hadronic events collected
with the DELPHI experiment at LEP at effective centre of
mass energies of 130 to 136 GeV. These distributions are
presented and compared to data at lower energies, in par-
ticular to the precise Z data. Fragmentation models describe
the observed changes of the distributions well. The energy
dependence of the means of the event shape variables can
also be described using second order QCD plus power terms.
A method independent of fragmentation model corrections
is used to determineαs from the energy dependence of the
mean thrust and heavy jet mass. It is measured to be:

αs(133 GeV) = 0.116± 0.007exp
+0.005
−0.004theo

from the high energy data.

1 Introduction

The running of the strong coupling constantαs is a fun-
damental prediction of QCD, the theory of strong interac-
tions. It is intimately connected to the properties of asymp-
totic freedom and confinement at large and small momentum
transfer, respectively. Asymptotic freedom allows elemen-
tary strong interaction processes at large momentum transfer
to be calculated reliably using perturbation theory. Confine-
ment explains why only colour neutral objects are observed
in nature.

Experimentally it is important to check the precise run-
ning of the strong coupling constant, which is predicted by
the beta function defined by the renormalization group equa-
tion. The running ofαs is most easily accessible by study-
ing the energy dependence of infrared-safe and collinear-safe
event shape measures of the hadronic final state ine+e− an-
nihilation. Theαs dependence of the average shape measure
is predicted in second order QCD [1, 2].

The hadronization process (the transformation of par-
tons into observable hadrons) also has an impact on the en-
ergy dependence. However, it is expected to show an inverse
power law behaviour in energy for many event shape vari-
ables, while the running of the strong coupling constant at
parton level is logarithmic to first order.

The power law dependence is predicted by Monte Carlo
fragmentation models and is also understood in terms of a
simple tube model [3]. Even at the Z energy, these contri-
butions are sizeable [4] and lead to significant uncertain-
ties in the determination ofαs. In the last few years this
topic has attracted much theoretical activity. Power correc-
tions to event shapes have also been predicted due to in-
frared renormalons, and have been calculated assuming an
infrared-regular behaviour ofαs at low energy scales [5–8].

This paper presents new experimental results from the
high energy run of LEP at 130 GeV and 136 GeV in the
autumn of 1995, with the aim of contributing to a better
understanding of the energy dependence of event shape dis-
tributions. This may lead to a better description of the frag-
mentation process, which in turn contributes to a more pre-
cise study of the energy dependence of the strong coupling
constant and finally to a more precise determination ofαs.

The paper is organized as follows. Section 2 discusses
the detector, the data samples, and the cuts and corrections
applied to the data. The measured inclusive single parti-
cle spectra and event shape distributions are presented in
Sect. 3.1 and are compared with corresponding data mea-
sured at the Z resonance and with some relevant Monte
Carlo fragmentation models. Sections 3.2 and 3.3 present
a phenomenological study of the energy dependence of the
mean values and integrals over restricted ranges of event
shape measures and a determination ofαs that is indepen-
dent of fragmentation models. Finally, Sect. 4 summarizes
the results.

2 Detector, data and data analysis

The analysis is based on data taken with the DELPHI detec-
tor at energies between 130 and 136 GeV with an integrated
luminosity of 5.9 pb−1.

DELPHI is a hermetic detector with a solenoidal mag-
netic field of 1.2 T. For this analysis only the tracking system
and the electromagnetic calorimetry of DELPHI have been
used.

The tracking detectors, which lie in front of the elec-
tromagnetic calorimeters, are a silicon micro-vertex detector
VD, a combined jet/proportional chamber inner detector ID,
a time projection chamber TPC as the major tracking device,
and the streamer tube detector OD in the barrel region; and
the drift chamber detectors FCA and FCB in the forward
region.

The electromagnetic calorimeters are the high density
projection chamber HPC in the barrel, and the lead-glass
calorimeter FEMC in the forward region. Detailed informa-
tion about the construction and performance of DELPHI can
be found in [9, 10].

In order to select well-measured charged particle tracks
and electromagnetic clusters, the cuts given in the upper
part of Table 1 have been applied; they are similar to those
for a related analysis at energies near the Z pole [11]. The
cuts in the lower part of Table 1 have been used to select
e+e− → Z/γ → qq̄ events and suppress background pro-
cesses such as two-photon interactions, beam-gas and beam-
wall interactions, and leptonic final states. Furthermore they
ensure a good experimental acceptance.
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Fig. 1.Reconstructed energy spectrum of photons from initial state radiation
(ISR). The peak atErec

γ near 40 GeV due to radiative return to the Z is
clearly seen. Events withErec

γ above 20 GeV are rejected in this analysis.
Thedotted histogramshows theErec

γ distribution for fully simulated events
generated withEγ ≥ 20 GeV

In contrast to the situation at the Z peak, hard initial
state radiation (ISR) is important. In many cases the emitted
photon reduces the centre of mass energy of the hadronic
system to the Z mass. These events are often called “radia-
tive return” events. The last two cuts in Table 1 are the most
important in discarding them.

For the first of these two cuts, the event is clustered us-
ing the DURHAM algorithm [13] until only 2 jets remain.
Assuming a single ISR photon emitted along the beam direc-
tion, the apparentγ energy is then calculated from the polar
angles of these jets. Events are rejected if this energy,Erec

γ ,
exceeds 20 GeV. Figure 1 compares the reconstructed pho-
ton energy spectra in data and simulation (PYTHIA [14]).
At Erec

γ ≈ 40 GeV, the enhancement due to radiative return
events is clearly visible. The agreement between data and
simulation is good.

For the second cut, each event is clustered (and forced)
into three jets and rejected if any jet is dominated by elec-
tromagnetic energy. If an ISR event survives the first cut,
one of the three jets is quite likely to be the single photon
and thus to have a large fraction of electromagnetic energy.

This selection procedure has an efficiency of about 84%
for events with no ISR (Eγ ≤ 1 GeV), and leads to a con-
tamination below 16% from events with ISR above 20 GeV.
A total of 321 events enter the further analysis. Two-photon
events are strongly suppressed by the cuts shown in Table 1.
They are estimated to be less than 0.3% of the selected sam-
ple, and have been neglected.

To correct for limited detector acceptance, limited res-
olution, and especially for the remaining influence of ISR,
the spectra have been corrected using a bin by bin correction

Table 1. Selection of tracks, electromagnetic clusters, and events. Herep
is the momentum,θ is the polar angle with respect to the beam (likewise
θThrust for the thrust axis),r is the radial distance to the beam-axis,z is
the distance to the beam interaction point (I.P.) along the beam-axis,φ is
the azimuthal angle;E is the electromagnetic cluster energy;Nchargedis the

number of charged particles,EJet1,2
ch.

are the energies carried by charged
particles in the two highest energy jets when clustering the event to three
jets,Erec

γ is the reconstructed ISR photon energy, andEjet
E.M./E

jet is the
highest fraction of electromagnetic energy in any of the three jets clustered

0.2 GeV≤ p ≤ 100 GeV

∆p/p ≤ 1.3

Track measured track length≥ 30 cm

selection 160◦ ≥ θ ≥ 20◦

distance to I.P inrφ plane≤ 4 cm

distance to I.P. inz ≤ 10 cm

E.M.Cluster 0.5 GeV≤ E ≤ 100 GeV

Ncharged ≥ 7

150◦ ≥ θThrust ≥ 30◦

Event EJet1,2
ch.

≥ 10 GeV

selection EJet1
ch. +EJet2

ch. ≥ 40 GeV

Erec
γ ≤ 20 GeV

Ejet
E.M./E

jet ≤ 0.95

factor evaluated from a complete simulation of the DELPHI
detector [10]. Events were generated using PYTHIA tuned
to DELPHI data at Z energies [11]. In order to examine the
corrections due to detector effects and due to ISR separately,
the correction factor was split into two terms:

C = Cdet × CISR =
h(f )gen,noISR
h(f )acc,noISR

× h(f )acc,noISR
h(f )acc

,

whereh(f ) represents any normalized differential distribu-
tion as a function of an observablef. The subscripts “gen”
and “acc” refer to the generated spectrum and that accepted
after full simulation by the cuts described in Table 1, while
“noISR” implies ISR photon energies below 1 GeV. The
correction factors are shown in the upper insets in Figs. 2 -
4. The final correction factors are smooth as a function of
the observables and are near unity in all cases. Note, how-
ever, that in many cases the detector and ISR corrections
compensate each other.

To calculate the means and integrals of the event shape
variables, the correction factors for the corresponding distri-
butions were smoothed using polynomials and applied as a
weight, event by event.

Corrections for ISR have been calculated using both
PYTHIA and DYMU3 [15] and are similar. The total sys-
tematic error, originating from the fit, the generator, and
the cut uncertainties, is small with respect to the statistical
error for all distributions and bins, and has therefore been
neglected.

3 Results

3.1 Inclusive and shape distributions
and model comparisons

Figure 2 shows corrected inclusive charged particle distribu-
tions as a function ofξp = ln 1/xp wherexp is the scaled mo-
mentum 2p/

√
s, the rapidityyS with respect to the sphericity
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axis, and the momentum components transverse to the thrust
axis in and out of the event plane,pint andpoutt respectively.
The exact definitions of these variables and of the event
shape variables used below are comprehensively collected
in Appendix A of [11]. Computer-readable files of the data
distributions presented in this paper will be made available
on the HEPDATA database [12].

In each case, the central plot compares the measured
distribution at an average energy of 133 GeV with the pre-
dictions of the JETSET 7.4 [14], ARIADNE 4.081 [16], and
HERWIG 5.8 [17] parton shower models. For completeness,
the corresponding distribution measured at the Z [11] is
shown compared to ARIADNE, which was found [11] to
describe these data best. The models describe both the Z
data and the high energy data well.

A skewed Gaussian [18] was used to fit the maximum
of the ξp distribution (Fig. 2a). It is measured to beξ∗ =
3.83± 0.05. This corresponds to a shift of 0.16± 0.05 with
respect to the Z data (ξ∗(MZ) = 3.67± 0.01, [19]), to be
compared with the change predicted by the MLLA (Modified
Leading Log Approximation) [20, 21] of:

∆ξ∗ ≈ 1
2
· ln

Ecm

MZ
= 0.19 .

Given the small statistics of the high energy data, no con-
clusions are possible about the presence of scaling violation
at high momenta, i.e. smallξp.

The rapidity distribution (Fig. 2b) shows the expected in-
crease in multiplicity with centre-of-mass energy. The max-
imum rapidity is given by:

ymax ≈ 1
2

ln

(
Ecm

2mhadron

)2

,

leading to a shift of the upper “edge” of the rapidity plateau
of ≈ 0.4. It can be seen that this expectation is fulfilled in
the data.

Large changes are observed in the transverse momentum
distributions (Figs. 2c,d). The cross-sections in the tails of
thepint andpoutt distributions increase by factors of about 3
and 2 respectively. This is due to the larger available phase
space for hard gluon emission at the higher energy.

It was checked that integrating over the rapidity and the
pt distributions yields an average total charged multiplicity
value consistent with recent measurements from the LEP
collaborations [22–25].

The lower insets in Fig. 2 show the observed and pre-
dicted ratios of the 133 GeV data to the Z data. This ratio
is perfectly predicted by all models. This is true even in the
case of thepoutt distribution, which is imperfectly described
by the models at the Z. This failure of thepoutt description
presumably comes from the missing higher order terms in
the Leading Log Approximation [11, 26], which is basic to
all parton shower models. If so, it is not expected to appear
in the evolution with energy.

Figure 3 presents the distributions as a function of
1−Thrust (1− T ), Major (M ), Minor (m), and Oblateness
(O). Most obvious is the trend to populate small values of
1− T , M andm, and correspondingly to depopulate higher

1 ARIADNE simulates only the parton shower process and employs the
JETSET routines to model the hadronization and decays

Table 2. Event shape means, integrals, and 3-jet event rates at the Z and at
133 GeV. The ranges of the integrals are restricted in order to largely ex-
clude the contribution of 2-jet events. There are too few events to calculate
them at 133 GeV, except in the EEC case

Observable Ecm = 91.2 GeV Ecm = 133 GeV

〈1− T 〉 0.0678± 0.0002 0.0616± 0.0034〈
M2
h

E2
vis

〉
0.0533± 0.0001 0.0506± 0.0030〈

M2
d

E2
vis

〉
0.0331± 0.0001 0.0337± 0.0026

〈Bsum〉 0.1144± 0.0003 0.1050± 0.0036

〈Bmax〉 0.0767± 0.0002 0.0730± 0.0037∫
(1− T ) T < 0.8 0.0130± 0.0005 —∫ M2

h

E2
vis

M2
h

E2
vis

> 0.1 0.0209± 0.0005 —∫
EEC |cosθ| < 0.5 0.0939± 0.0011 0.094± 0.010∫
Bsum Bsum > 0.2 0.0218± 0.0002 —∫
Bmax Bmax > 0.1 0.0355± 0.0001 —

RJade3 (ycut = 0.08) 0.1821± 0.0007 0.182± 0.024

RDurham
3 (ycut = 0.04) 0.1449± 0.0006 0.142± 0.021

values, at the higher energy. Thus the events appear more
2-jet-like on average. The Minor distribution in lowest order
depends quadratically onαs, which explains why the depop-
ulation appears most clearly for this variable. For similar rea-
sons, this is also observed for the hemisphere Broadenings
Bmax, Bmin, Bsum andBdiff (Fig. 4). Again the behaviour
observed in the data is reproduced very well by the models.

Figure 5 shows the 2-jet, 3-jet, 4-jet and 5-jet rates,R2,
R3, R4 andR5, using both the JADE [27] and DURHAM
[13] algorithms, as a function ofycut. The high energy data
agree well with the generator predictions tuned to Z data. In
particular, there is no significant excess of multijet events in
the data.

3.2 Energy dependence of event shapes and investigation
of leading power corrections

Several sources are expected to lead to an energy dependence
of event shape distributions [3, 4]:

– the logarithmic dependence of the strong coupling con-
stant,αs,

– the hadronization process, leading to a dependence pro-
portional to 1/Ecm,

– renormalons, which are connected to the divergence of
perturbation theory at high orders and lead to power sup-
pressed terms proportional to 1/Ep

cm, p ≥ 1 [6].

In order to study these contributions, the means of the event
shape distributions, their integrals over restricted ranges (de-
noted by

∫
f ) chosen to exclude the 2-jet region, and the

3-jet rates measured at Z energies and at 133 GeV, are
compared where possible with the data of other experiments,
mainly at lower energies [28]. The measured values are given
in Table 2.

Figure 6 compares the energy dependence of several of
these observables with the predictions of the ARIADNE,
HERWIG, and JETSET parton shower models. The models,
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Fig. 2a–d.The four central plots show inclusive charged particle distributions at 133 GeV (full circles) and at the Z (open circles) as a function of(a) ξp,
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tions of ARIADNE 4.8 (full curve), JETSET 7.4 (dashed), and HERWIG
5.8 (dotted)

which have been tuned to DELPHI data taken at Z energies
[11], agree very well with the experimental data over the
whole energy range. Thus the models seem to account cor-
rectly for the different sources of energy dependence quoted
above. Some discrepancies between the models are visible
at lower energies. At higher energies, the agreement is good.

The model predictions at the “parton level”, i.e. before
hadronisation, are shown as well. The difference between
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curvesshowing weaker energy dependence) final states
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the “hadron level” and “parton level” predictions indicates
the size of the so called “hadronisation correction” applied
in mostαs analyses of event shape distributions. The model
dependence of this difference can be taken as a measure
of the uncertainty of this correction. The influence of the
hadronisation is strongest for the integral of the energy-
energy correlation

∫
EEC, and for〈1− T 〉 and〈Bsum〉. The

correction is smaller for the wide hemisphere broadening
〈Bmax〉 and the heavy hemisphere mass

〈
M2

h/E
2
vis

〉
. This

is expected, since the low mass side of an event enters in∫
EEC,〈1− T 〉 and〈Bsum〉, but does not appear in the cal-

culation of
〈
M2

h/E
2
vis

〉
and 〈Bmax〉. For the difference of

hemisphere masses,
〈
M2

d/E
2
vis

〉
, as expected, the hadroni-

sation effects largely cancel: the parton level expectation is
above the hadron level one for this observable. The jet rates
RJade

3 andRDurham
3 show a more complex behaviour: the

hadronisation correction first falls rapidly with increasing
energy; then at medium energies it changes sign; and finally
it becomes very small (≤5% for all models) at the highest
energies displayed.

Figure 7 shows integrals of the (1−T ), M2
h/E

2
vis, Bsum

andBmax distributions over the restricted ranges of the vari-
ables chosen to largely exclude 2-jet events (see Table 2).
At the hadron level, the models describe the data well. The
differences between the hadron level predictions and the cor-
responding parton level predictions vanish much faster (ap-
proximately like 1/E2

cm) than for the corresponding mean
values. This is different from the behaviour of the

∫
EEC

data in Fig. 6 (for which 2 jet events are also largely ex-
cluded): the slower fall-off of the hadronisation correction
is preserved in the case of this variable. This behaviour of∫

EEC has been predicted in [6].
The comparisons of the models with the energy depen-

dence of the shape observables suggest that the variables
M2

h/E
2
vis, Bmax, and the jet rates can be calculated most

reliably, because the hadronisation corrections are particu-
larly small for these variables at high energy.

In order to assess the sizes of the individual contribu-
tions, the energy dependence of each event shape mean for
which lower energy data are available was fitted by :

〈f〉 =
1
σtot

∫
f
dσ

df
df = 〈fpert〉 + 〈fpow〉 , (1)

and similarly for each restricted-range integral, where

– fpert is theO (α2
s) expression for the event shape distri-

bution:

〈fpert〉 =
αs(µ)

2π
·A

(
1− αs(Ecm)

π

)
+

(
αs(µ)

2π

)2

·
(
A · 2πb0 · log

µ2

Ecm
+B

)
(2)

where A and B are parameters available from theory [1],
b0 = (33−2Nf )/12π, andµ is the renormalisation scale,

– fpow is a simplified power dependence with free param-
etersC1 andC2 to account for the fragmentation plus
renormalon dependence:

〈fpow〉 =
C1

Ecm
+

C2

E2
cm

. (3)
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Fig. 8a–c.Energy dependence of event shape observables using the cuts defined
in Table 2. The curves are results of the fits to equations (1–3). The corresponding
parameters are given in Table 3. Inb the fits withC2 = 0 are displayed. Thedotted
linescorrespond to the pure second order perturbative prediction,〈fpert〉, thefull
curvesrepresent the sum of the perturbative and power terms,〈fpert〉 + 〈fpow〉



240

Table 3. Fits to the mean values and integrals of event shape variables at all available energies

Observable C1(GeV) C2(GeV2) αs(MZ ) χ2/ndf

RJade3 (ycut = 0.08) −3.59± 0.55 61.3± 7.6 0.123± 0.002 8.0/13

RDurham
3 (ycut = 0.04) −2.53± 3.15 31.0± 28.4 0.137± 0.019 1.8/3

〈1− T 〉 0.67± 0.20 1.0± 2.0 0.126± 0.004 43.8/26
0.77± 0.07 0.0 (fixed) 0.125± 0.002 44.1/27〈

M2
h

E2
vis

〉
0.76± 0.26 −2.9± 3.3 0.116± 0.006 6.3/9
0.54± 0.08 0.0 (fixed) 0.121± 0.002 7.1/10〈

M2
d

E2
vis

〉 0.03± 0.15 2.0± 1.8 0.100± 0.006 5.6/6
0.0 (fixed) 2.4± 0.5 0.101± 0.002 5.7/7

0.19± 0.04 0.0 (fixed) 0.094± 0.002 6.9/7∫
(1− T ) T < 0.8 0.36± 0.03 0.9± 1.18 0.120 (fixed) 19.2/9∫ M2

h

E2
vis

M2
h

E2
vis

> 0.1 0.05± 0.03 9.6± 0.9 0.120 (fixed) 7.1/5∫
EEC |cosθ| < 0.5 1.26± 0.05 4.6± 0.8 0.120 (fixed) 66/12

The results of these fits are presented in Table 3 and com-
pared with the data in Fig. 8.

Satisfactory fits are obtained in most cases. Only for
〈1− T 〉, ∫ (1−T ), and especially for

∫
EEC are theχ2/ndf

values too large. However, Fig. 8 shows that this is largely
due to discrepancies between the data of the different exper-
iments.

It is remarkable that this simple model leads to perturba-
tive and hadronisation contributions comparable with those
obtained from the fragmentation models (compare Fig. 8
with Figs. 6 and 7). The values ofαs obtained are rea-
sonable for many fits. However they should not be inter-
preted quantitatively, given the simplied power dependence
assumed in the fits.

The fit forRJade
3 requires terms proportional to 1/E and

to 1/E2 as well as a significantO (αs) term (compare Ta-
ble 3 and Fig. 8a). The term proportional to 1/E is negative
and is partly compensated over a wide range in energy by
a strong contribution proportional to 1/E2. Thus the overall
power correction forRJade

3 is small over a wide range in
energy.

The same behaviour is perhaps observed forRDurham
3 ,

although the power terms are very poorly determined in this
case because no very low energy data are available, and
they could both be absent. This is unfortunate, since the
Monte Carlo predictions suggest a similar energy behaviour
for RDurham

3 andRJade
3 (see Fig. 6), contrary to a theoreti-

cal prediction [29] which expects a 1/E term forRJade
3 and

only a 1/E2 power term in case ofRDurham
3 .

The event shape means〈1− T 〉 and
〈
M2

h/E
2
vis

〉
require

only a 1/E power behaviour, as predicted in [7, 29]: fixing
C2 to zero changesχ2 only marginally (see Table 3). For〈
M2

d/E
2
vis

〉
, the overall power correction is smaller, and

successful fits can be obtained using either the 1/E or 1/E2

term alone. In all cases, however, the fitted value ofαs is
rather small. For

〈
M2

d/E
2
vis

〉
, contrary to other observables,

the fpert term determined from the fit (see Fig. 8b) and the
parton level curves (see Fig. 6b) are on opposite sides of the
data.

It is of interest to search for observables which have
no leading 1/E term, so that the power correction disap-

pears more rapidly with increasing energy, and theαs value
extracted at high energy may be more reliable. Figure 8c
shows the fits to

∫
(M2

h/E
2
vis),

∫
(1− T ) and

∫
EEC, where

the ranges of the variables dominated by 2 jet events are
excluded in all cases. As the data quality for these vari-
ables is relatively poor,αs was fixed to 0.120 for these fits.
It is indeed possible to describe the energy dependence of∫

(M2
h/E

2
vis) by a 1/E2 power term only, but

∫
(1− T ) and∫

EEC both require significant 1/E terms. It was correctly
predicted [6] that the leading power term of

∫
(M2

h/E
2
vis)

should be proportional to 1/E2, whereas for
∫

EEC it should
be proportional to 1/E, because 2-jet events can be shown to
always contribute to

∫
EEC while only events where a hard

gluon radiation took place enter
∫

(M2
h/E

2
vis). However, the

same argument was used to predict that, as for
∫

(M2
h/E

2
vis),

the leading power term for
∫

(1− T ) should be proportional
to 1/E2, and it is not. This may be because, for

∫
(1− T ),

the properties of the whole event enter, whereas while for∫
(M2

h/E
2
vis) only the hemisphere containing the hard radi-

ation contributes.
It is also worth noting that Fig. 6b) suggests that

∫
Bmax

may also show a power behaviour similar to that of
∫

(M2
h/E

2
vis)

and thus be equally well suited for determiningαs.

3.3 Fragmentation model independent determination ofαs

In order to inferαs quantitatively from the 133 GeV data in-
dependently of fragmentation models, the observables
〈1− T 〉 and

〈
M2

H/E
2
vis

〉
were chosen as their power terms

are well determined by the data and agree with expecta-
tions [7, 29], and they are reasonably well measured at 133
GeV. The prescription given in [7] was followed, where
〈f〉 = 〈fpert〉 + 〈fpow〉 with

〈fpow〉 = af · µI
Ecm

[
ᾱ0(µI )− αs(µ)

−
(
b0 · log

µ2

µ2
I

+
K

2π
+ 2b0

)
· α2

s(µ)

]
, (4)

ᾱ0 being a non-perturbative parameter accounting for the
contributions to the event shape below an infrared matching
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Table 4. Results of the fits to the energy dependence of the event shape
means according to the prescription given in [7]. The errors shown are
experimental

Ecm ≤MZ

Observable ¯α0 αs(MZ) Λ
MS

[ MeV] χ2/ndf

〈1− T 〉 0.534± 0.012 0.118± 0.002 224± 19 43/24〈
M2
h/E

2
vis

〉
0.435± 0.015 0.114± 0.002 182± 18 4.1/7

Table 5. Results from the evaluation ofαs from 133 GeV data using equa-
tion 4. The errors shown are experimental

DELPHI 〈Ecm〉 = 133 GeV

Observable ¯α0 (fixed) αs(MZ) Λ
MS

[ MeV] αs(133 GeV)

〈1− T 〉 0.534 0.124± 0.008 316+135
−106 0.117± 0.007〈

M2
h/E

2
vis

〉
0.435 0.122± 0.009 276+151

−110 0.115± 0.008

scaleµI , K = (67/18−π2/6)CA−5Nf/9 andaf = 4Cf/π.
Using this approach the value ofαs was inferred in two
steps.

Firstly, equations 1, 2 and 4 were used to fitαs and ᾱ0
to the variables〈1− T 〉 and

〈
M2

h/E
2
vis

〉
obtained from data

for energies up toEcm = MZ [11, 28] usingµI = 2 GeV and
µ = Ecm. The results of these fits are listed in Table 4. The
value ofᾱ0 should be around 0.5 [29], in agreement with the
observation. To estimate the influence of higher order terms
missing in the second order prediction, the renormalisation
scaleµ in equation 4 was varied between 0.5Ecm and 2Ecm.
This changedαs by +0.005

−0.004. The scaleµI was varied by
±1 GeV, ie by±50%, which changedαs(MZ) by ±0.002.
Thus, the combined value ofαs andΛMS from the data up
to and including Z energies [11, 28] is:

αs(MZ) = 0.116± 0.002exp
+0.006
−0.005theo

ΛMS = (203± 19exp
+75
−50theo) MeV.

The result is consistent with other determinations ofαs from
event shapes [3]. However, it should be noted that no Monte
Carlo fragmentation model was needed for this measure-
ment.

Secondly, values ofαs were obtained from the data at
〈Ecm〉 = 133 GeV alone, using the values of ¯α0 extracted
from the lower energy data. The results are listed in Table 5.
To estimate the scale error,µ andµI were varied as above,
using ᾱ0 from the corresponding low energy data fit. The
renormalisation scale error is+0.005

−0.004, and the error from the
choice ofµI is ±0.001. Combining the experimental errors
assuming maximal correlation gives:

αs(133 GeV) = 0.116± 0.007exp
+0.005
−0.004theo

ΛMS = (296+135
−106exp

+101
− 64theo) MeV,

consistent with the value at the Z mass. This is comparable
with recent measurements ofαs(133 GeV) from other LEP
collaborations [23–25]. Even though the theoretical errors
can be ignored when comparingαs(MZ) with αs(133 GeV),
the small statistics of the high energy data so far do not allow
a conclusion on the running ofαs between the Z energy and
133 GeV.

4 Summary

Inclusive charged particle distributions and event shape dis-
tributions have been measured from 321 events obtained
with the DELPHI detector at centre of mass energies of 130
and 136 GeV.

Compared with the Z data, theξp and rapidity distribu-
tions show the expected increases in the peak position and
maximum rapidity respectively, a large increase in particle
production is observed at high transverse momentum, and
the events appear more 2-jet-like on average.

The ARIADNE, HERWIG, and JETSET fragmentation
models quantitatively describe the changes observed in the
inclusive charged particle spectra and in the event shape
distributions.

The energy dependence of the event shape means is very
well described by the models, as well as by a simple power
law plus O (α2

s) dependence. The hadronisation corrections
estimated by the two methods are similar. Among the ob-
servables considered, the hadronisation correction at high en-
ergy is smallest (≤5%) for the jet rates, for the heavy hemi-
sphere mass variable

〈
M2

h/E
2
vis

〉
, and for the wide hemi-

sphere broadening〈Bmax〉.
From the energy dependences of the mean (1−Thrust)

and heavy hemisphere mass,αs is measured to be:

αs(MZ) = 0.116± 0.002exp
+0.006
−0.005theo

from the data up to Z energies [28] and

αs(133 GeV) = 0.116± 0.007exp
+0.005
−0.004theo

from the high energy data reported here, independently of
Monte Carlo fragmentation model corrections.

The smaller theoretical uncertainty ofαs(133 GeV) re-
sults from from the higher energy, and the improved con-
vergence of the perturbation series due to the inclusion of
equation 4 compared to an ansatz using onlyfpert. How-
ever, the large statistical error ofαs compared to [23–25]
results from the almost linear relation between〈f〉 andαs.

No conclusion is possible on a running of the strong cou-
pling constant between the Z energies and 133 GeV because
of the small statistics of the high energy data.
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