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The LEP results for the effective mixing angle sin
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from measurements of the inclusive charge flow in

hadronic Z decays are presented. Using the very precise LEP data on exclusive and inclusive particle spectra

to constrain the predictions of hadronization models systematic uncertainties have been reduced. The combined

LEP result is sin2 ei“f; = 0.2320 4+ 0.0010.

1 Introduction

The inclusive charge flow is a sensitive measure-
ment of the effective weak mixing angle sin® Hi?p;.
In the framework of the Standard Model the
forward-backward asymmetry AfFB at the 7 pole
is a function of the ratio of the couplings of
the fermions to the Z and therefore sensitive to
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In the presence of this asymmetry the propaga-
tion of the primary quark (parton) charge to the
hadronic final state leads to an observable charge
flow. A good understanding of this charge propa-
gation 1s crucial for such a measurement. There-
fore precise exclusive and inclusive particle spectra
measured at LEP are used to constrain hadroniza-
tion models leading to an improved control of sys-
tematic uncertainties. In the following the mea-
surements presented by ALEPH', DELPHI? and
OPAL?3 are reviewed.

2 The inclusive charge flow

The primary quark charge is estimated from the
charged particles in an event hemisphere as de-
fined by the thrust axis. The hemisphere charge
Qrem 1s obtained from
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where ¢; is the charge of the particle and p; is its

Qhem = (3)

momentum vector projected onto the thrust axis.

k 1s a weight parameter. Different choices of &
exploit different aspects of the event. In the limit
of kK = 0, the hemisphere charge is just the average
over the charges, while for kK — oo only the leading
particle contributes to Qpem.

The charge flow @ rp is given by the difference
of the forward and backward hemisphere charge

<QrB>f = <Qr—Qp>; (4)
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The charge flow 1s linked to the forward-backwards
asymmetry via the charge separation §; =< @y —
(7 > between the fermion and antifermion hemi-
sphere. For hadronic events one obtains

< Qrp >= Y RpdpALg, (7)
f

where Ry is the fraction of 7 — ff events in the
sample.

The charge separation d; for the different
flavours has to be measured from the data or can
be taken from predictions of hadronization mod-
els. A very useful observable 1s the mean squared
charge separation
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62 can be measured either from the width of the
charge flow opp and the total charge og, or from
the product of QF and Qp.



Table 1: Comparison of results for §; for a given x.

Experiment | & dp
ALEPH 1 | —0.2057 + 0.0061
DELPHI 1 | —0.2010 & 0.0056

OPAL 0.5 | —0.1381 + 0.0052
ALEPH 0.5 | —0.1410 + 0.0040

3 Measurements of §, and J.

The charge separation J, for b quarks is extracted
from the data itself using the same method as used
to measure A%y from the charge flow. Using the
lifetime information provided by silicon vertex de-
tectors, the experiments are able to select b en-
riched samples from the data. The 6% in the life-
time tagged sample is given by

32 = RbEb(sg + RCEC(SE + RudsEUds(Sst : (10)

The b efficiency ¢, 1s measured directly from the
data comparing the rate of events with single and
double tagged hemispheres in the same manner as
for the Ry measurement. OPAL imposes R from
the Standard Model and extracts also ¢, from the
data, while ALEPH and DELPHI use ¢. from the
simulation. In all cases the remaining uds com-
ponent has to be subtracted using the simulation.
Table 1 shows the comparison of d; results for dif-
ferent choices of k. These results include 10 %
corrections for charge correlations between both
hemispheres.

Using samples of different b purity ALEPH is
able to extract also §. = +0.228 + 0.028 (k = 1)
from a combined fit to the data '. This value
agrees well with the direct measurement ' of 6. =
+0.193 + 0.020 (x = 1) in events where one hemi-
sphere is tagged by a high momentum D*T lead-
ing to a ¢ purity of 79+ 3 %. The ALEPH Monte
Carlo is able to reproduce . after a careful tuning
of inclusive D branching ratios and vector meson
rates. DELPHI and OPAL use similar tunings to
extract d, from the simulation.

4 Monte Carlo modelling of 4,, 44 and 4,

The determination of the individual light quark
charge separation relies on hadronization models
due to the lack of an efficient tag to select u, d
or s quark events. Therefore reliable predictions
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Figure 1: Comparison of measured baryon spectra at LEP
to Monte Carlo predictions. HERWIG fails to describe the

p and A spectra at the same time.

lept

are crucial for a precise determination of sin? Heff

from this method.

The measured inclusive §2,__ . agrees with the
fully simulated Monte Carlo predicted Szred to a
few %. This is due to the charge separation prop-
erties that stem from a limited number of princi-
ples which are implemented in hadronization mod-
els. In the absence of strange particle and baryon
production, the charge separations of light quark
events are expected to be identical although the
primary quark charges are unequal. The common
scale depends on resonance production and pro-
perties of gluon radiation and longitudinal frag-
mentation functions determining the momentum
spectra in hadronic events. It is tightly con-
strained by the measured §2,_,,. Isospin symme-
try breaking production of strange particles and
baryons lead to systematic differences between

8y and &4, which can not be observed in 62, ,,.
Therefore measured spectra of K°, K*, p and

A from LEP are essential to constrain the model
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Figure 2: Example for a random walk in the DELPHI pa-
rameterization of the multiplicity as a function of LUND a

and LUND b.

predictions. Here the HERWIG * model fails to
describe the baryon production (figure 1) and is
therefore not used by the experiments to predict
d;. ALEPH and OPAL are using JETSET 7.4
> while DELPHI uses a different parton shower
model implemented in ARTADNE 4.08°.

Different approaches are used to extract dy 4 s
from the fragmentation models. OPAL uses the
best tuning of the model parameters (> 15) as
the central value and varies each parameter in-
dependently within its uncertainty. ALEPH and
DELPHI constrain the parameters in a correlated
way using a fit of the model to the data of event
shapes, inclusive spectra, K°, K%, p and A spec-
tra, baryon correlation measurements and reso-
nance spectra. The charge separations &, 4, are
extracted directly from the fit.

ALEPH parameterizes the dependence of the
JETSET 7.4 prediction as a function of the model
parameters using a linear ansatz. A x? is then con-
structed comparing this parameterization to the
measured input spectra. To allow for deficits in
the model description, the xy?/NDF is scaled to

be 1 for each input distribution. Here the extreme
is pf“*, where an scaling of 1/590 has been used.
Also the parameters for the popcorn mechanism
and for fast baryon suppression are fixed to the
central values and varied separately. The charge
separations for kK = 1 are determined minimizing

the x2 to be

5, = +0.4062 0.0081 (11)
5, = —0.229440.0087 (12)
5, = —0.3287+0.0047. (13)

These numbers include acceptance effects of the
detector.

DELPHI uses a slightly different approach
based on a full 2nd order approximation including
correlations of the ARIADNE 4.08 hadronization
model. Here a random walk in the n-dimensional
space of parameters is performed (figure 2) and the
x?2 for the comparison of the prediction to the data
is calculated. For each of these parameter sets the
charge separations é; are calculated leading to x?
vs &; clouds. Applying the criteria x? < 2-x2,.
lead for k = 1 to mean values

b, = 40370 , 64=—0.192 (14)
5, =—0300 , 6. =+0.163.  (15)

No errors are quoted because parameters are
highly correlated.
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5 Determination of sin Heff

After the charge separations d; are determined,
the effective mixing angle 1s extracted from the
measured < (Jpp > using equation 7. The rates
R; for the different flavours are taken from the
standard model. ZFITTER 7 is used to relate
sinzﬁi?p; to AfFB.

The experiments use different choices of k in
order to maximize the sensitivity. DELPHI used
k = 1 to obtain < Qrp >, while OPAL is us-
ing ¥ = 0.5 and determines < Qrp > as a func-
tion of cosfd. ALEPH does a full correlated fit to
< Qrp > for five different k between 0.3 and oo.
This way the maximum charge flow information is
used to reduce the error. All experiments present
results on sinzﬁi?p; based on the data up to 1994.
The comparison is shown in figure 3. The com-
bined average is sinzﬁi?p; = 0.2320£0.0010 taking

correlations into account.



ALEPH  90-94 ———— 0.2322 = 0.0008 = 0.0011
DELPHI 91-94 0.2311 = 0.0010 = 0.0014
preliminary
OPAL  91-94 0.2326 = 0.0012 = 0.0013
preliminary
average —h— 0.2320 = 0.0010
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Figure 3: Comparison of the LEP results of sin? €l:ff from

inclusive charge flow measurements.

ALEPH and OPAL use the data at /s =
89.52 GeV and /s = 92.94 GeV from 1991
and 1993 to test the energy dependence of the
< @rp > due to the change in the asymmetries
as predicted by the Standard Model. Good agree-
ment with the data is found by both experiments.

6 Summary

The measurement of the effective mixing angle
sin? Hi?p; from the inclusive charge flow has be-
come very precise. Using the lifetime informa-
tion provided by the silicon vertex detector to
select b events the charge separation d; is mea-
sured directly from the data. Uncertainties of
the hadronization models to predict light quark
charge separations were limiting the experimental
precision in the past. Constraining the models to
the LEP results on exclusive and inclusive parti-
cle spectra leads to a better understanding of the
model uncertainties. The results presented based
on the measured inclusive charge flow from the
data up to 1994 are

sin? 0,7; = 0.2322£0.0014

sin? 0,7; = 0.2311 £ 0.0017

sin” 077 = 0.2326 £ 0.0018

(ALEPH) (16)
(DELPHI) (17)
(OPAL). (18)

A comparison of combined LEP and SLC re-
sults on sin? Hi?p; using different methods is shown

in figure 4. The combined result sin’ Hi?p; =

0.23204 0.0010 based on the inclusive charge flow
measurements is in good agreement with the re-
sults from the combined lepton, ¢ and b asymme-
tries, Arr and the 7 polarization and the 7 polar-
1ized asymmetry. Note that the two most precise

<Qpp> - v 0.2320 = 0.0010
Apg(b) 0.23246 = 0.00041
Apglc) 0.23155 = 0.00112
Apglept) —y—1 0.23085 = 0.00056
A, 0.23264 = 0.00096
A, 0.23240 = 0.00085
Ar - 0.23061 = 0.00047
average 0.23165 = 0.00024
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Figure 4: Comparison of results on sin® ﬁleefp; from LEP and
SLC.

measurements A%B and Apg are only in rough
agreement. Also shown 1s the prediction of the
Standard Model as a function of m;,, and mgiggs.
Good agreement with the DO and CDF average ®
of Myop = 1754+ 6 GeV/c? is found.
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