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@ Abstract

An analysis of global event-shape variables has been carried out for the reaction
ete”— Z° — hadrons to measure the strong coupling constant a,. This study is
based on 52720 hadronic events obtained in 1989/90 with the ALEPH detector at the
LEP collider at energies near the peak of the Z-resonance. In order to determine «,,
second order QCD predictions modified by effects of perturbative higher orders and
hadronization were fitted to the experimental distributions of event-shape variables.
From a detailed analysis of the theoretical uncertainties we find that this approach is
best justified for the differential 2-jet rate, from which we obtain a,(M2%) = 0.121 +
0.002(stat.) £ 0.003(sys.) £ 0.007(theo.) using a renormalization scale u = Mz/2.
The dependence of a,( M%) on p is parameterized. For scales my < pu < Mgz the result

. 007
varies by *0.9%7,
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1. Introduction

We report on a determination of the strong coupling constant, e,, based on properties
of hadronic events from electron-positron annihilation at center- of-ma.ss energies in the range
91.0 GeV < Ecoy < 91.5 GeV. Similar studies were done for lower energies at PEP and PETRA
[1}. The reaction e*e~— hadrons is described in the Standard Model as the annihilation of the
electron and positron into a gauge boson, which then decays into a quark-antiquark pair. In
absence of a complete theoretical description of the transformation of the initial quark-antiquark
pair into the final hadrons, this fragmentation process is devided into two steps:

e The subsequent emission of quarks and gluons, described by perturbative QCD.

¢ The hadronization, where a system of partons is transformed into observable hadrons,
described by phenomenological models.

Perturbative QCD calculations to order o are available for parton level distributions of several
event-shape variables which are insensitive to soft or collinear gluon emission. A comprehensive
review is given in reference [2]. The effects of the unknown higher order corrections and the
final hadronization process hamper the direct comparison of these theoretical predictions with
the data. This is expected to limit the attainable precision of a measurement of &, to =~ 10%
at LEP energies.

The paper is organized as follows. After a description of event selection and data correction
in chapter 2 we describe our analysis strategy in chapter 3. In chapter 4 the model calculations
used to estimate the theoretical errors are discussed. In chapter 5 we finally present the results
for a, for a set of global event-shape variables, i.e. variables where the structure of an event is
decribed by a single number. Chapter 6 summarizes the result.

2. Data Analysis

A description of the ALEPH detector which provides both tracking information and calorime-
try over almost the full solid angle can be found in reference [3].

The trigger used was a total energy trigger requiring at least 6.5 GeV in the barrel of the
electromagnetic calorimeter or 3.8 GeV in either endcap or 1.6 GeV in both endcaps. A second
trigger was a penetrating particle trigger requiring at least four hits in the hadron calorimeter
in an azimuthal region where at least 6 coordinates in the Inner Tracking Chamber (ITC) were
recorded. The combined efficiency of both triggers was 100% for hadronic events.

The measurements presented here are based on the charged particles measured by the Time
Projection Chamber (TPC) and the ITC of the ALEPH detector. Charged tracks are required
to have at least four three-dimensional coordinates from the TPC, to extrapolate to within 2 cm
of the beam line and to within 5 cm of the origin in the direction along the beam. In addition,
the angle with respect to the beam is required to be at least 20 degrees, and the transverse
momentum component relative to the beam must be at least 200 MeV/c. Using tracks which
meet these criteria, the sphericity axis and the total charged energy are computed. Events are
required to have at least five accepted charged tracks, the polar angle of the sphericity axis,
8.ph, in the range 35° < 0,,, < 145°, and a total charged energy of at least 15 GeV.

We have measured the global event-shape variables Thrust, Oblateness, C-parameter, Heavy
Jet Mass, Mass Difference and Differential Two-Jet Rate. The C-parameter is defined by
C = 3(z\1)\z + A2ds + Agk;) with Aizy 23 the eigenvalues of the spherocity tensor Tj; =
(Za{PiPl)/Pa)/ TaPa- Heavy Jet Mass and Mass Difference are defined by M} r/s and M}, =
(Mg — MEr)/s, with s = E% and Mgy (Mrr) the larger (smaller) one of the invariant



masses seen in the two hemispheres defined by the plane orthogonal to the thrust direction.
The Differential Two-Jet Rate dn/dys, i.e. the distribution of the jet resolution parameter y,
which marks the transition between two and three jets for a given event was measured with
the Ey clustering algorithm: One starts out by considering each final state particle to be a jet.
The resolution parameter y;; = 2E;E;(1 — cos 6;;)/E%, (“JADE metric”[4]) is determined for
any pair of jets < and j and the pair with the smallest value is merged into one jet with energy
E;; = E;+ E; and momentum 3;; = (p; + 7;) - 1J/|15', + p;|- The procedure is iterated until only
three jets are left at which point the smallest y;; is the value of y; for the event.

All event-shape distributions were corrected for effects of geometrlcal acccptance detector
efficiency and resolution, decays, missing neutral particles, secondary interactions and initial
state photon radiation by the following procedure: A first set of hadronic events with flavour
composition as predicted by the Standard Model was generated using the Lund Parton-Shower
model (PS) [5] including initial state photon radiation. The events were passed through the
detector simulation program to produce simulated raw data, which were then processed through
the same reconstruction and analysis chain as the real data. A second set of Monte Carlo data
without detector simulation was generated, in which all particles with mean lifetimes less than
1 ns were required to decay, the others were treated as stable, and initial state radiation was
turned off. Correction factors for each data point were obtained by comparing bin by bin the
two Monte Carlo distributions. These factors were used to correct the measurements to a fixed
center-of-mass energy and a well defined final state particle composition that can be compared
directly to QCD model calculations. For the regions used to extract the strong coupling constant
the corrections are typically between 1.0 and 1.25 and dominated by the geometrical acceptance.
The correction for neutral particles is typically less than 5%. The experimental systematic errors
due to these corrections were estimated by varying the selection cuts and simulating the effects
of residual track distortions in the TPC.

3. Determination of a,(M2)

In the determination of the strong coupling constant «, the theoretical predictions from
a second order QCD calculation {2] based on the Ellis-Ross-Terano (ERT) matrix elements
(6] were convoluted with a phenomenological “smearing function” and fit to the experimental
distributions. The smearing function f.(2,,s) is the probability density that an event-shape
variable z with the value z, at the parton level acquires the value z, in the hadronic final
state. Integrating fz(z,,zx) over finite bin sizes yields transition probabilities p;; that an event
which at the parton level belongs in bin j falls into bin ¢ after hadronization. Various smearing
functions based on different hadronization models [5,7,8] were used, and the spread in the «,
values obtained is taken as an estimate of the theoretical uncertainty.

The correlation between parton and hadron level for y; is shown in figure 1 for the Lund
second order matrix element model [7]. The gap at low values of y3, is due to the infrared cut-off
Ymin = 0.01 (see below). Figure 2(a) shows the ratio of the two projections from figure 1, the
dotted lines indicating regions in the event-shape distributions where distortions are small. To
illustrate that higher order and hadronization effects can be large the same ratio is displayed
in 2(b) for Oblateness. Figures 2(c) and (d) finally show the amount of smearing, i.e. the
distribution of z, — zx, for both variables in the regions between the dotted lines of figs.2(a)
and (b). Small width (small smearing distortions) and mean value close to zero (unbiased
measurement) for all models are the signature of a “good” event-shape variable, i.e. a variable
where the parton level distribution is only slightly distorted by higher order and hadronization



effects. Thus y; turns out to be a “good” variable, while oblateness is an example for a “bad”
one,

For every event-shape variable, a range in which this variable is least biased and well measured
is defined. The regions were required to be sufficiently far from singularities in the partonic cross
sections. The y; distribution, for example, has its singularity at ya = 0. Between y3 = 0.05
and y3 = 0.30 the parton level distribution and the hadron level distribution agree within
10%. Above ys = 0.25, however, the experimental corrections exceed 25%, indicating that the
measurement becomes less stable. Therefore, the fit interval was restricted to 0.1 < ya < 0.2
The intervals chosen for all event-shape variables under study are given in table 1.

The strong coupling constant is then obtained by fitting to the data the second order QCD
prediction convoluted with the smearing information for the transition from parton to hadron
level. The fit consists in minimizing the x?:

v =y Rl 1)

i

Here the d; denote the measured cross sections with errors iy tj(a,) the second order QCD
prediction as a function of the strong coupling constant and p;; the transition probabilities as
defined above. Tables of the measured cross section can be found in reference [9]. The theoretical
prediction for a given event-shape variable can be obtained through integration of the second
order QCD matrix elements as described for example in reference [2]. It can be parameterized

in the form () () \
o, a,

t; =‘%'Aj+(—2i—)2‘(2ﬂbolﬂ(%)'flj+ﬂj) (2)
with by = (33 — 2ns)/(12m). Here, ny(= 5) denotes the number of active flavours and +/3 is the
center of mass energy. The functions 4; and B; are specific for every event shape variable and
contain the full information of the second order matrix elements. The parameter t denotes the
renormalization scale used for the calculation. -

For any scale u we can determine a,(u?) by comparing (2) to the data and then translate
this result into a,(M%) using the two-loop expression for the running coupling constant

1 _ byIn(ln(4?/A%)
boln (/A7) (1 Bin (42/47) ) )

with b, = (153 — 19n;)/(24n?). The u dependence in (3) is such that equation (2) becomes
invariant under changes of y in order a?, i.e. in the finite order in which the perturbative
calculation is done. Therefore, the value a,(M, %) extracted from (3) does not depend on the
scale to this order. The choice of p does, however, enter the result to third order, reflecting our
ignorance of higher order corrections. Since «, is relatively large (as compared for example to
agpp) this third order effect still has a significant impact on the numerical results.

The quantitative investigation of this scale dependence inherent in equation (2) shows that it
only depends on the magnitude of the second order term relative to the first order term. There
are therefore two possibilities to formally eliminate the sensitivity to the choice of u:

a,(u?) =

e The higher order term can be almost cancelled at poR /s if one considers. differences of
variables with similar next to leading order terms. Examples are the difference of the heavy
and light jet masses and the energy-energy correlation asymmetry.

- The normally large and positive term B can be compensated by the term. 2w, In(u?/s)
if the logarithm becomes large and negative, i.e. if the scale is chosen.to be pt = f-s



with f <« 1. Several theoretical prescriptions for scale optimization have been given in
the literature, all tending to at least partially cancel the next to leading order term and
therefore generally leading to very small scales [10]. Very small scales contradict, on the
other hand the naive expectation that the perturbative series can only be well-behaved for
f close to 1.

However, the smallness of the second order term does not guarantee that the third order
term is negligible. We prefer to determine the value a,(M3)using the QCD prediction for
f = 1 and to use the Lund Matrix Element (ME) [7] model tuned at f = 1 to empirically
correct for fragmentation effects and treat the scale dependence separately. Part of the impact
of higher order corrections can be studied by means of shower Monte Carlo models which include
higher order QCD effects in the framework of the leading-logarithin approximation.. A reliable
improvement of these systematic uncertaintiues is more likely to result from a complete third
order QCD calculation than from sophisticated choices of .

Some other experiments have chosen to study the result for «,(M3%) using a version of the
Lund ME model tuned at f = 0.002 [11]. In this case the model is able to better describe event
shape distributions even in regions where second order perturbation theory breaks down, e.g.,
the ya distribution in the region ys < 0.05. In the fitting ranges used in this paper there is
no improvement of the fit quality when going to f = 0.002. In order to permit to translate
our results for «,(M32)to different choices for the renormalization scale we give an explicit
parameterization of the shift in a,(M3) with f for every event shape variable. All results quoted
here refer to the choice f = 0.25. ‘

4. Model Calculations

The transition from the second order to the final hadronic level has been investigated us-
ing the Lund Matrix Element (ME) [7] and the Lund O(«,) Parton Shower (PS) model [5] as
implemented in the program JETSET version 7.2. In both types of models one starts with
a system of partons generated according to perturbative QCD. In the shower model the ini-
tial quark-antiquark pair evolves into a system of quarks and gluons according to the leading-
logarithm approximation [12,8]. Successive branchings of the type ¢ — ¢g,9 — ggand g — ¢7
are repeated until the invariant mass of the resulting partons falls below a specified cut-off of
{1 GeV). The final conversion of partons into colour neutral hadrons is simulated using the
string fragmentation scheme. In the ME approach the perturbative state hadronizes directly
according to the Lund string fragmentation model.

Specifically we considered the following models, all of which were tuned to give a good
description of hadronic Z° decays as measured experimentally [9]:

(1) Lund O(a?) ME model, J ETSET version 7.2, based on ERT matrix elements evaluated for
a renormalization sea.le p? = M3,

(2) Lund O(a?) ME model, J ETSET version 7.2, based on ERT matrix elements evaluated for
- a-renormalization scale u* = 0.002 - MZ.
By enhancing the four-jet cross section this modification of the matrix element model
provides a better description of the data than the previous one [13,14].

(3) Lund PS model with the parton level defined at an intermediate level in the shower history
where the parton off-shellness falls below a cut-off scale of 13 GeV. o



The value of 13 GeV was chosen in order to have the same average parton multiplicity as
given by the matrix element model with the renormalization scale u? = M2 (model 1),

(4) Lund PS model with the parton level defined at an intermediate cut-off scale of 7.2 GeV.
Here the cut-off scale was chosen such that the average parton multiplicity is four, which
can be viewed astheé limiting case of a second order matrix elemient model with the infrared
cut-off pushed down to zero.

In the ME models (1) and (2), the relative probabilities for two-, three-, and four-parton final
states are given by integrating the O(a?) QCD formulae over a region of pha.se space limited by
the infrared cut-off parameter Ymin = mi;/s = 0.01, the minimum scaled invariant mass squared
of any two partons ¢ and j. For the QCD formulae used to determme o, there is no such cut-
off. Therefore the parton level dlstnbutmns from Lund ME do not exactly correspond to the
theoretical predictions [2], even though both are based on the same QCD matrix elements. More
precisely, since the infrared cut-off increases the average invariant mass, of any two-parton system,
the matrix elements effectwely are evaluated at a higher than the normnal renormalization scale

= M2 (m model 1) and p? = 0.002 - M2 (in model 2) respectlvely, thereby bracketing a
ch01ce of p? M % in equation 2. The 1ntermed1ate mass scales in the pa,rton shower models
(models 3 and 4) were chosen.such that the 1ntermed1a.te level represents a.pprox.xma,tely the
result of a second order QCD calculation. The amb1gu1ty in the cut-off scale that defines this

“second order” level thereby is related to the arbitrariness of the renormallzatlon scale y in
perturbative QCD, the ‘higher cut-off (model 3) corresponding to a larger scale p and the lower
cut-off (model 4) to a sma.ller scale, respectively.

In order to separate the effects of perturbative higher orders and the ﬁnal hadromzatwn step,
the eﬁect of the hadronization a,lone was studied for two models

(5) Lund PS model with “parton level” defined at the end of the shower, and hadronization
according to the Lund string fragmentation model. -

(6) HERWIG model. A parton shower similar to that of the Lund PS is generated with “parton
level” defined at the end of the shower development The ‘hadronization i is ca.rrled out
according to a cluster model.

Since both these models employ very similar algonthms to simulate perturba.tlve hlgher
orders, but use very different fragmentation schemes, the differences between the two give an
mdlcatlon of the uncerta.mty due to the hadronlza.tlon process

5. Experimental Results

“Corrected values for a, were determmed with transition probablhtles Pij. from all models
under consideration. In addition an uncorrected’ value a“""’""’: was fitted, settmg pii = &,
i.e. pretendmg that the measured 'distributions are und1storted with réspect 'to “the second
order parton level distributions. Except for oblateness the theoretlcal pred;ctlons it the data

well.” The results translated to a renormallzatron scale p'= Mz/2 are given in table 1. The
uncorrected va.lue a, (M2 z) uneerr’ i llsted together with the range of values a,(M%) hadr obta.med'_
when correctmg for hadromzatlon only (models 5 and 6) and the range a,(M 2) i obtamed
after correctmn for hadronlzatmn plus perturbatlve h1gher orders (models 1- 4) '



Variable Fit Interval | o,(M2) "™ | a,(M2) hadr a,(M2) <

Thrust 0.70 - 0.90 | 0.140 £ 0.002 | 0.130 — 0.135 | 0.106 — 0.123
Oblateness | 0.10 - 0.40 | 0.090 £+ 0.001 | 0.125 — 0.142 | 0.150 — 0.204
C 0.32-0.60 | 0,139+0.002 | 0.119 - 0.132 | 0.095 — 0.117
MIZI.T/" 0.10 - 0.20 | 0.130 £0.002 | 0.123 — 0.138 { 0.124 — 0.146
MB,T/"’ 0.10- 0.20 | 0.100 £0.002 | 0.113 — 0.127 | 0.128 — 0.142
Ys - 0.10-0.20 | 0.119 +£0.002 | 0.120-0.124 | 0.114 — 0.123

Table 1: Fit intervals, uncorrected values for a,(M2) (using pi; = 6;;) and ranges obtained when correcting only
for hadronization (p;; fiom models § and 6) or for both hadronization and perturbative higher orders (p;; from
models 1 to 4). The renormalization scale ¢ = Mz /2 applies throughout.

From table 1 it is clear that the most robust variable for the measurement of «, is y3, because
the corrections have the least influence on the result. One also sees that the corrected values
all are consistent with each other. The remarkable stability of y; can be understood as a result
of the Ey clustering algorithm together with the JADE metric for y;; where mass effects are
systematically ignored in a consistent way both on parton and on hadron level. Alternative
recombination schemes, the E and p-scheme as defined in reference [2], constituting alternative
event shape variables With' different theoretical predictions, have been tried but were found to
be subject to larger theoretical uncertainties. We will therefore retain only the results from the
differential 2-jet rate based on the most stable recombination algorithm. '

Comparison of the uncorrected value for a,, first with the one corrected for hadronization
effects, and then with the final result that includes also the correction for higher-than-second
order effects permits an evaluation of the impact of perturbative higher orders and of non-
perturbative effects on the different event-shape variables. Thrust for instance is only weakly
affected by hadronization process, but significantly biased by perturbative higher orders. Oblate-
ness on the other hand is very sensitive to effects of both higher orders and hadronization. The
C-parameter is found to behave similarly to thrust, albeit with slightly larger sensitivity to the
theoretical uncertainties. Finally one finds that both Mgy and Mp r are moderately dependent
on higher orders and hadronization.

The results gwen in table 1 correspond to a renormalization scale in equation 2 set to
p = Mz/2. The small shifts in a,(M2) induced by changing this formal parameter of the
theory has been determined by fitting the uncorrected second order QCD prediction to the data
for various values of . These shifts have been parameterizcd in the form

2 f
fo'

with f = p?/MZ. The results for the different event-shape variables are summarized in table
2. The ﬁrst column gives the nominal results for ‘a,(M32) obtained with the Lund ME (model
1) corrcctlon, which is expected to be the most reliable correction from pa.rton to ha.dron level
since it contains the same QCD matrix elements at the same renormalization scale as used in the
fitting procedure. The first error. given is the statistical and systematic error of the experiment
combined in qua.dra.ture, the second the theoretlca.l uncertmnty due to h:gher-than-second order
effects, which dominates in ali cases, The latter was estimated by the maximum dlscrepancy
between the corrected value based on model (1) and the range of values gwen in table 1. As this
is a rough estimate of the error, it is conservatively quoted as being symmetric. The second and

o,(f) - a.(fo) = (c1+2¢c2lnfp)- ln — + cz2ln
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third columns contain the coefficients of our parameterization of the scale dependence Aa,(f)
and the last column a lower limit for the scale parameter f for which the parameterization is
still less than one (statistical) standard deviation away from the fitted result.

Distribution | a,(M%),f = 0.25 a1 c2 fmin
Thrust 0.119 + 0.004 £ 0.013 | 0.0093 | 0.00051 | 0.001
Oblateness | 0.186 & 0.003 + 0.036 | 0.0003 | 0.00133 | 0.040
C 0.112 4 0.004 £ 0.017 { 0.0089 | 0.00051 | 0.001
MEr/s 0.136 4 0.004 4+ 0.012 | 0.0063 | 0.00052 | 0.003.
| M3 /s 0.142 4+ 0.004 + 0.014 | 0.0025 | 0.00054 | 0.004
ys | 0.121 + 0.004 & 0.007 | 0.0053 | 0.00037 | 0.001

Table 2:  Results for @,(M7) and coefficients of a parameterization for the ‘change a,(f) — a,( fo) =
(c1 + 2¢21n fo) - In(f/fo) + caln?(f/fo) found by fitting o, (4> = f - M) and evolving this to a,(M2). The
last column gives a lower limit for the scale parameter f where the parameterization is still within the statistical
error of the fitted result.

Finally, we choose the differential 2-jet rate based on the Ey- algorithm for the best determi-
nation of «,, because this variable has the smallest theoretical uncertainties. Since the choice of
the renormalization scale is arbitrary, we consider conservatively all scales from p = Mz down
to the b-quark mass. Using the information in table 2, the result for the central value yu = Mz /2
is found to be

a,(M%) =0.121 £ 0.002 + 0.003 + 0.007

where the errors are the statistical error, experimental systematics and the theoretical uncertain-
ties due to perturbative higher orders and hadronization effects. The dependence on p changes

the result in addition by ¥5.997,

Figure 3 shows the measured y; distribution compared to the fitted theoretical predictions
for QCD only and also QCD folded with the Lund-ME transition probabilities. The fitted values
of a, are 0.119 for pure second order QCD and 0.121 after the Lund-ME correction. The good
agreement between data and theory extends well outside the restricted range chosen for the fit:
the result clearly is insensitive to the choice of this range.

These results are in good agreement with those obtained by Mark II [15] and by the other
LEP experiments [11] if translated to the respective choices of renormalization scale. They also
agree with measurements by OPAL and DELPHI based on energy-energy correlations [16].

6. Summary

We have measured the strong coupling constant «,(MZ) from global event-shape variables
in hadronic Z° decays. Within their theoretical uncertainties the shape variables studied yield
consistent results. The measurement with the smallest theoretical error is obtained from the
differential 2-jet rate measured with the Fo-clustering algorithm:

a,(M3z) = 0.121 £ 0.002(stat.) = 0.003(sys.) £ 0.007(theo.)
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for 4 = Mz /2. The dependence on the choice of the renormalization scale can be parameterized
as
(M3, f) — a,(M},f =0.25) = 0.00431n(4f) 4 0.00037 - In?(4f).

This corresponds to an additional error of T3%7 if 4 is allowed to vary between Mz and the

b-quark mass.
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Figure Captions

Figure 1: Distribution of y; observed on hadron level versus y, distribution on parton level
in the Lund second order matrix element model. The gap due to the infrared cut-off ym, = 0.01
is clearly visible. The dotted lines indicate the region used for the fit of «,, chosen such that it
is unaffected by the infrared cut-off.

Figure 2: Lund ME (model 1) predictions for the ratio of the parton level and hadron
level distributions of y; (part a) and Oblateness, O, (part b) as well as smearing for both
variables when going from the partonic to the hadronic level for 0.1 < y3, < 0.2 (part ¢) and
0.1 < Ox <£0.4 (part d). .

Figure 3: Measured y3 distribution corrected for detector effects, decays and missing neu-
trals compared to the second order QCD prediction with scale fixed to g = Mz/2. The solid
line represents the second order predictions convoluted with the smearing information from the

Lund matrix element model and the dashed line the fit without corrections for perturbative
higher orders and hadronization.
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