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Abstract. A precise measurement of the strange quark forward-backward asymmetry used 3.2M multi-
hadronic events around the Z0 peak collected by the DELPHI experiment from 1992 to 1995. The ring
imaging Cherenkov detectors in the barrel and end-cap regions identify high energy charged kaons which
tag the s quark. The s quark asymmetry was measured at different centre-of-mass energies; in particular
at the Z0 pole

A0
ss̄ = 0.1008 ± 0.0113 (stat.) ± 0.0040 (syst.), (1)

taking the expected d and u quark asymmetries from the Standard Model. The quark flavour fractions
are assumed from the Standard Model and the fragmentation process is modelled by JETSET. From the
s quark pole asymmetry the electroweak mixing angle was determined:

sin2 θlept
eff = 0.2321 ± 0.0029. (2)

The parity violating coupling of the s quark to the Z was determined to be:

As = 0.909 ± 0.102 (stat.) ± 0.036(syst.). (3)

1 Introduction

The differential cross-section for fermion pair production
in the process e+e− → Z → ff in first order can be written
as:

dσf f̄

d cos θ
= σtot

f f̄ (s)
(

1 + cos2 θ +
8
3
Af f̄

FB(s) cos θ

)
3
8
, (4)

where σtot
f f̄ is the total cross-section, s is the total energy

and θ is the angle between the outgoing fermion f and the
incoming electron.

The cos θ term corresponds to a forward-backward
asymmetry Af f̄

FB in the fermion production. This asymme-
try can be expressed in the Standard Model as a function
of the vector vf and axial vector af couplings of the fermion
to the Z boson. From the forward-backward asymmetry at
the Z the pole asymmetry A0

ff
can be obtained:

A0
ff

=
3
4
AeAf =

3
4

2veae

v2
e + a2

e

2vfaf

v2
f + a2

f
, (5)

where Ae and Af are the parity violating couplings of the
electron and fermion to the Z. In the improved Born ap-
proximation, the higher order radiative corrections can be
taken into account by substituting in equations (4) and (5)
the effective couplings v̄f and āf . In this way an effective
electroweak mixing angle θlept

eff is defined as:

sin2 θlept
eff =

1
4|Qf |

(
1 − v̄f

āf

)
(6)

where Qf is the fermion electric charge. Therefore the mea-
surement of the forward-backward asymmetry of fermions
allows a measurement of the effective electroweak mixing
angle and an accurate test of the Standard Model. Several
measurements have been already performed by the LEP
collaborations for the bottom and the charm quarks [1]:

A0
bb

= 0.0990 ± 0.0021 (7)

A0
cc = 0.0709 ± 0.0044.
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From equations (5) and (6) it follows that the down-type
quarks are more sensitive than up-type quarks or leptons
to the electroweak mixing angle.

The predicted difference Abb
FB −Ass

FB is of the order of
O (10−4) [2], beyond the present experimental accuracy.
Thus the measurement of the s quark asymmetry is a uni-
versality test of the quark couplings. It further provides a
measurement of the effective electroweak mixing angle for
strange quarks and a determination of the parity violating
coupling of the strange quark to the Z.

The first measurement of Ass
FB has been presented by

the DELPHI collaboration using the data collected in 1992
[3]. More recently a measurement has been provided also
by the OPAL collaboration [4]. The present paper gives a
precise measurement based on 3.2 M hadronic events col-
lected by DELPHI in 1992-1995. Two alternative analyses
are presented, giving consistent results and similar total
systematic uncertainties.

The method used to measure Ass
FB in this analysis

is similar to the one used for Abb
FB which relies on the

semileptonic decays of B hadrons. A strange hadron of
high momentum is likely to be a signature of a primary s
quark. Moreover, the electric charge (for mesons) carries
information on the charge of the primary quark produced
in the same event hemisphere and thus allows the s quark
to be separated from the s̄. Identified high energy charged
kaons with momentum in the range 10 ≤ p ≤ 24 GeV/c
are used to measure the s quark forward-backward asym-
metry with the highest available precision. The fraction
of s quarks in hadronic events will not be measured and
assumed from the Standard Model.

2 Detector description and event selection

The DELPHI detector has been described in detail else-
where [5]. Only the components relevant for this analysis
are discussed below. The reference frame used has the z
axis along the incoming e− direction, the polar angle θ is
defined with respect to this axis and the azimuthal angle
φ in the Rφ plane orthogonal to this direction.

In the barrel region, the tracking system is composed
of cylindrical coaxial detectors, the Vertex Detector (VD),
the Inner Detector (ID), the Time Projection Chamber
(TPC) and the Outer Detector (OD).

The VD is the nearest detector to the interaction re-
gion and consists of 3 concentric layers of silicon micro-
strips located at average radii of 6.3 cm, 8.8 cm and 10.9
cm. For polar angles of 44◦ ≤ θ ≤ 136◦, a particle crosses
all three layers of the VD. At the start of 1994, the first
(Closer) and third (Outer) layers were equipped with
double-sided silicon detectors, giving measurements also
in the z direction. The polar angle coverage of the Closer
layer was increased to 25◦ ≤ θ ≤ 155◦. The ID is a cylin-
drical drift chamber (inner radius 12 cm and outer radius
22 cm) covering polar angles between 23◦ and 157◦. Since
the beginning of 1995 a new longer ID has been opera-
tional. Polar angle acceptance is now 15◦ ≤ θ ≤ 175◦.
The TPC is the main tracking device of DELPHI, a cylin-

der of inner radius 30 cm, outer radius 122 cm, 2.7 m long,
providing up to 16 measured space points per particle tra-
jectory at radii of 40 to 110 cm between polar angles of
39◦ ≤ θ ≤ 141◦. At least three space points per track are
available for polar angles of 20◦ ≤ θ ≤ 160◦. The OD con-
sists of 5 layers of drift cells at radii between 192 cm and
208 cm, covering polar angles between 43◦ and 137◦.

In the forward region (11◦ ≤ θ ≤ 33◦ and 117◦ ≤ θ ≤
169◦) the tracking system is completed with two sets of
drift chambers placed at ± 160 cm (FCA) and ± 270 cm
(FCB) in z.

A super-conducting solenoid surrounding the whole
tracking system generates a 1.2 T magnetic field coax-
ial with the beam direction, used for the measurement of
the charged particle momenta.

The average momentum resolution depending on the
detectors included in the fit, ranges from δp/p2 ' 0.001
to 0.01 (GeV/c)−1.

The particle identification is based on Ring Imaging
CHerenkov (RICH) detectors in the barrel and forward re-
gions. The Barrel RICH (BRICH [6]), placed between the
TPC and the OD, covers the angular region 40◦ ≤ θ ≤
140◦. The Forward RICH (FRICH [7]) is located in the
end-caps between FCA and FCB covering the polar angles
15◦ ≤ θ ≤ 35◦ and 145◦ ≤ θ ≤ 165◦. The FRICH is used
for the data taken in 1994 and 1995. Forward and Barrel
RICHes combine two different types of radiators, one liq-
uid and one gaseous, in order to allow π/K/p separation
over a large momentum range. In this analysis only the
gaseous radiator was used. In the barrel region the gaseous
freon C5F12 is used, in the forward region C4F10. The
Cherenkov light cone emitted by a particle in this radia-
tor is focussed on the photosensitive device by parabolic
and spherical mirrors, which are subdivided in sets accord-
ing to polar angle θ ranges. In the BRICH 12 polar angle
intervals (corresponding to 0.04 < | cos θ| < 0.68) and 4
for the FRICH (corresponding to 0.82 < | cos θ| < 0.94)
were used.

For the analysis, charged particles were accepted if
they had:
– a polar angle 20◦ ≤ θ ≤ 160◦;
– a track length in the TPC longer than 30 cm;
– an impact parameter with respect to the interaction

point less than 4 cm in the Rφ plane and less than 10
cm in |z|;

– a momentum p greater than 0.4 GeV/c with an error
∆p/p ≤ 1.

For the calculation of the thrust axis of the event also
neutral showers in the calorimeters not associated with
charged tracks were used if the reconstructed energy had
an error ∆E/E ≤ 1. An event was selected as hadronic if:
– the number of selected charged particles was greater

than 4;
– the total energy in charged particles was greater than

15 GeV in the whole event and greater than 3 GeV
in each event hemisphere as defined by the thrust axis
(considering all particles as pions).

A total of 3.2 M hadronic events was selected with these
cuts. The residual contamination of Z → ττ and γγ events
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Fig. 1. For the 1994 data the re-
constructed average Cherenkov an-
gle in the gaseous radiator of (left)
the BRICH and (right) the FRICH
as a function of the particle momen-
tum (10 < p < 24 GeV/c). The two
solid lines show the Cherenkov an-
gle for the pion and kaon hypothesis

was below 0.3%, and the one coming from beam gas inter-
actions below 0.1%. Hadronic events were generated with
the JETSET 7.3 model [8], as tuned by the DELPHI Col-
laboration [9]. The Lund symmetric fragmentation func-
tion described the light quark hadronisation process, while
the Peterson function was used for the fragmentation of
bottom and charm quarks. The detector response was sim-
ulated with the DELPHI program DELSIM [10]. A sample
of 10.7 M simulated hadronic events was used.

3 Sample selection

The analysis uses the capability of DELPHI to tag indi-
vidually charged kaons using the RICH detectors. In the
barrel and in the forward region, two different analyses
have been performed and both use the fast kaon tagging.
In the barrel region the fraction of light quark events is
enhanced using the b-tagging probability. The contribu-
tion from charm and bottom quarks is reduced and the
fraction of s quarks is increased. The forward region is
relevant for this measurement because the asymmetry is
maximal in this region.

The particles identified as kaons are required to lie in-
side the RICHes and should have momenta between 10
GeV/c and 24 GeV/c. The lower momentum limit is con-
strained by the Cherenkov emission threshold (p ∼ 8.5
GeV/c) in the gas radiators of both RICHes. The upper
limit is set in order to have a one sigma standard devia-
tion between pions and kaons. If more than one kaon with
such characteristics was found in the event, the kaon with
highest momentum was considered.

For the barrel analysis, only selected hadronic events
with the polar angle of the thrust axis in the range

| cos θthrust| ≤ 0.7 are considered. For the forward anal-
ysis, the allowed angular region for the thrust axis is set
to 0.8 ≤ | cos θthrust| ≤ 0.95. For both analyses a selec-
tion of runs was made to select the periods where the gas
RICH was fully operational.

The quark direction is estimated using the thrust axis.

3.1 Kaon identification

The kaon identification method is based on the average
Cherenkov angle for a reconstructed ring. The Cherenkov
angle, the number of photons and the expected error per
ring are estimated by a clustering algorithm described in
reference [11]. The starting point of the clustering proce-
dure is a set of detected single photoelectrons i charac-
terised by a Cherenkov angle (θi) and its estimated error
(σθi

). The photoelectrons are grouped to form clusters in
order to reject backgrounds from feedback photons, pho-
tons produced by other charged particles, track ionization
and other sources [12]. The cluster with the highest num-
ber of photoelectrons is chosen and the mean Cherenkov
angle θc and its expected error σring are computed. Based
on this information kaons can by identified on a track-by-
track basis. The reconstructed average Cherenkov angle
in the gaseous radiator of the BRICH and the FRICH as
a function of the particle momentum is shown in Fig. 1.
The curves show a different saturation angle because of the
different gases used in the barrel and forward RICHes.

A particle had to pass the track selection criteria given
in Sect. 2 and to lie in the RICH acceptance defined in
Sect. 3 with a momentum between 10 and 24 GeV/c.

Then a kaon candidate had to satisfy the following
criteria:
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Fig. 2. Distributions for
charged particles (with mo-
mentum between 10 GeV/c
and 24 GeV/c) in the gas
radiator of the Barrel RICH
for 1994 data (dots) and
simulation (histograms) for
the observed number of pho-
tons, the expected error per
ring, the difference between
the measured Cherenkov an-
gle and the expected one in
the pion hypothesis, and the
pull for the pion hypothesis

- only tracks in which the OD or FCB were used in the
track fit were selected. This ensures that only well re-
constructed particles crossing the RICHes were used ;

- the mean Cherenkov angle was measured if at least 2
photoelectrons were used in the ring ;

- a particle was identified as a kaon if the following con-
ditions on the measured and the expected Cherenkov
angles were satisfied:

|θc − θK
c |

σring
< 2.5

|θc − θπ
c |

σring
> 2

where θK
c , θπ

c are the theoretical expectation for the K
and π hypothesis for a given momentum.

In the forward region, an additional cut on the polar angle
of the particle was applied for rings in the odd-numbered
chambers. Each Forward RICH sector covering 30◦ az-
imuthal angle has one odd- and one even-numbered cham-
ber. The chambers can be distinguished by the direction of

the drift field. It was found that for odd-numbered cham-
bers in the region 0.82 < | cos θ| < 0.87 the full Cherenkov
ring could not be reconstructed, due to the fact that the
electrons drift under a Lorentz angle. This zone was re-
moved because it was found that the acceptance was dif-
ferent for positively and negatively charged particles. For
even chambers no dead zone within the considered accep-
tance is present. About 20% of the particles were lost with
this cut.

The selected K± had an average identification effi-
ciency of 53% in the Barrel region and 42% in the For-
ward region according to the simulation. Figures 2 and 3
demonstrate that the behaviour of the particle identifica-
tion algorithm in the gas radiators of the Barrel and For-
ward RICH is fairly well reproduced by the simulation.
The discrepancies are corrected for in the analysis.

3.2 Light quark tagging

The selection of events with a true high momentum K±
as described in the previous section selected events with
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Fig. 3. Same as Fig. 2 for
the Forward RICH

an s quark purity of 43% as estimated from the simula-
tion. To improve the s quark fraction in the barrel region
(| cos θthrust| ≤ 0.7), bottom and charm quarks were re-
jected by using the b-tagging information based on the
microvertex detector. This increased the s quark fraction
from 43% to 55%. By removing the bottom and charm
quarks, the measurement becomes less sensitive to the
systematic uncertainties in the kaon production rates and
spectra in the decay of heavy quarks. In the forward re-
gion this selection cannot be applied because the FRICH
has little overlap with the acceptance of the microvertex
detector.

The b-tagging algorithm is based on the precise mea-
surement of the impact parameters with the microvertex
detector [13]. This quantity is defined as the minimum
distance between the charged particle trajectory and the
reconstructed primary vertex. It is positive if the intersec-
tion of the track with its jet axis is in front of the primary
vertex. The ratio of the impact parameter and of its er-
ror, called significance (S), is used because it is sensitive
to the lifetime. Hadrons containing heavy quarks have a

relatively long lifetime and large masses. These two char-
acteristics of B hadrons imply that their decay products
will have large impact parameter with respect to the pri-
mary vertex.

The negative part of the significance distribution is
only sensitive to detector resolution effects and not to
secondary decays, and it is therefore used to compute,
from data themselves, a significance probability density for
tracks coming from the primary vertex. The probabilities
for selected tracks in a given sample can be combined to
compute the global probability that this sample of tracks
is coming from the primary vertex. This probability has a
flat distribution for tracks coming from the primary ver-
tex by construction, while it is peaked at small values for
tracks coming from secondary decay vertices.

The discriminant variable used to reject events from
heavy quarks is the probability P+

E computed on a event-
by-event basis for all the tracks with hits in the VD and
positive measured significance. All the events with P+

E >
0.15 were accepted. The cut value was chosen as a com-
promise between decreasing as much as possible the charm
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contamination and keeping the s tagging efficiency above
80%. The bottom quark contribution is below 1%.

4 Charged kaon asymmetry

4.1 Experimental procedure

In order to measure A0
ss, the asymmetry of the number of

selected events with negative and positive charged kaons
was evaluated. This asymmetry AK

FB , which will be re-
ferred to hereafter as the charged kaon asymmetry, can
be written as a linear combination of the quark forward-
backward asymmetries:

AK
FB =

∑
q

αq(2cq − 1)Aqq̄ (q = d,u, s, c,b). (8)

The αq coefficients are the fractions of selected events
with primary quark q, while cq are the probabilities that
the kaon charge corresponds to the charge of the primary
quark. E.g. a K− in a given hemisphere correctly tags a
primary s quark. In this section the measurement of AK

FB
is discussed, while the details of the extraction of A0

ss are
described in the next section.

The measurement of AK
FB assumes the theoretical be-

haviour of the asymmetry as a function of the quark polar
angle θ to be valid:

AK(cos θ) =
8
3
AK

FB

cos θ

1 + cos2 θ
(9)

and uses as estimator of the quark polar angle the thrust
axis polar angle θthrust, orienting the axis parallel (anti-
parallel) to the K− (K+) projection along the axis itself.
The asymmetry:

AK
i =

NK− − NK+

NK− + NK+
(10)

between the number of events with K− and K+ falling in
a given angular interval i is measured and a fit of the dis-
tribution of the AK

i to the theoretical distribution (9) is
done in order to extract AK

FB . Because positive and nega-
tive charged kaons are compared per bin of cos θ, possible
differences in the acceptance for the forward and backward
hemispheres cancel.

A binned χ2 fit is used to extract AK
FB . The measured

forward-backward asymmetry AK
i has to be corrected for

the purity of the sample (due to misidentified pions) and
the asymmetry due to the different cross-sections for in-
teractions of K− and K+ with the detector material. Both
corrections depend on the K± polar angle. For this rea-
son the asymmetry AK

i is evaluated in bins of the polar
angle of the kaon θK; the bins are chosen such that the
corrections needed vary only slightly inside the bin, and
therefore an average value can be safely used for all the
events in the given bin. The natural choice for the bin is
a RICH mirror. For a given bin i with ni events one has
to estimate the weight wi according to (9):

wi =
8
3

1
ni

ni∑
j=1

cos θj

1 + cos2 θj
, (11)

where θj is the thrust axis polar angle in the j-th event
with a K± falling in the bin i. For a given AK

FB , the ob-
served asymmetry for a bin i in cos θK, corrected for the
K purity and the effects of interactions with the material,
can be expressed as:

Aobs
i = wiA

K
FB (12)

If the purity equals 1 and the asymmetry from interactions
with the material is zero, the Aobs

i is simply equal to the
kaon asymmetry in bin i AK

i (10). The corrections which
relate Aobs

i in the θK bin to the measured kaon asymmetry
AK

i are expressed by the following equations:

Aobs
i =

(1 − ri) + Acorr
i (1 + ri)

(1 + ri) + Acorr
i (1 − ri)

' Acorr
i +

1
2
(1− ri) (13)

Acorr
i =

AK
i − (1 − Pi)Abckg

Pi
, (14)

where Pi is the purity of the kaon sample for a given cos θK
bin. The different cross-section of K− and K+ with the
detector material is expressed as the ratio ri = εK−/εK+

for a given θK bin, where ε is the probability for a K of a
given charge to reach the OD (in the barrel region) or the
FCB (in the forward region) without interacting with the
detector material. The asymmetry from interactions with
the material Amat

i is defined as 1
2 (1− ri), and is described

in more detail in subsection 4.1.1.
Abckg is the asymmetry for the misidentified particles,

averaged over all quarks:

Abckg =
∑

q

αbckg
q (2cbckg

q − 1)Aqq̄ q = d,u, s, c,b, (15)

where αbckg
q is the fraction of qq̄ events with a misidentified

K, cbckg
q is the probability that the primary quark charge

is correctly tagged by the misidentified K and Aqq̄ are
the quark asymmetries. Abckg is computed directly with
the full detector simulation. The dominant background
is due to misidentified pions. In order to reduce the sta-
tistical error on Abckg, tracks identified as pions in the
RICHes were used. The pion momentum spectrum was
reweighted to obtain the spectrum of misidentified kaons.
The coefficients αbckg

q and cbckg
q were computed in this way,

and all the quark asymmetries were fixed at the Stan-
dard Model values as predicted by ZFITTER [14] with
MZ = 91.1866 GeV/c2, mt = 173 GeV/c2, mH = 115
GeV/c2, αs = 0.122 as input parameters. The background
asymmetries computed for different centre-of-mass energy
have negligible systematical errors with respect to statis-
tical ones. The systematic error on Abckg is obtained by
recalculating the αq and cq coefficients by changing the
relevant simulation parameters (listed in Table 10) for
charm, bottom and light quark events. The results are
summarised in Table 1.

The experimental charged kaon asymmetry AK
FB in the

barrel or forward is finally extracted from the minimiza-
tion of the χ2 function:

χ2 =
m∑

i=1

(
wiA

K
FB − Aobs

i

σi

)2

, (16)
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Fig. 4. The asymmetry
from interactions with the
material (Amat

i = 1
2 (1 − ri))

(left plot) for the 1994 data
and the charged kaon purity
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Table 1. The background asym-
metry for different centre-of-mass
energy and the systematic error
on it
√

s (GeV) Abckg

Barrel Forward

89.5 0.0104 0.0122
91.2 0.0020 0.0046
93.0 −0.0037 −0.0056

syst.error 0.0016 0.0030

where wi are the weights defined above, σi is the statistical
error on the asymmetry Aobs

i , and i runs over the m bins
in cos θK, 12 for the Barrel region and 4 for the Forward
one.

4.1.1 Asymmetry from interactions in the detector material

The asymmetry from interactions with the material Amat
i

is in first approximation proportional to the material
length crossed, which has a (1/ sin θK) angular dependence
on the kaon polar angle in the barrel region. In order
to obtain a small statistical uncertainty on the material
asymmetry, a fast analytical calculation was done using
the DELPHI materials database and the nuclear interac-
tion cross-sections for a grid of points in the 3-dimensional
space of K momenta, polar and azimuthal angles, and
a weighted mean according to the distributions of these
three variables was computed for every mirror. The sta-
tistical error in this procedure was negligible. The system-
atic uncertainty was found to be 0.0015 averaged over the
polar angular range.

A second technique is used to extract the asymme-
try from interactions with the material for charged kaons
from the 2.4 M simulated hadronic events. A fit was done
to the distribution of the asymmetry versus the number of

stopped kaons as a function of the polar angle. It can be
shown that the asymmetry versus the number of stopped
charged kaons follows a power law. From the fitted func-
tion a more precise estimate of the asymmetry was ob-
tained. The asymmetry from interaction with the mate-
rial as a function of the cosine of the polar angle is shown
in Fig. 4; it ranges from 2% to 0.7% for increasing θ. The
systematic error on the asymmetry is 10%, mainly coming
from uncertainties in the difference in the nuclear cross-
sections of p(n)K+ and p(n)K−. The two methods give the
consistent results and agree to better than 0.0015. The
effect on the kaon forward-backward asymmetry is very
small due to the fact that the asymmetry is symmetric in
cos θ.

4.1.2 Purity evaluation

The kaon purity, defined as the fraction of kaons in the
tagged kaon sample, is obtained from the full DELPHI
simulation. It is mainly a function of the kaon polar angle.
The distribution for the corrected purity is shown in Fig. 4
(plot on the right). On average it is 80% in the barrel
region and 74% in the forward region, almost constant in
the whole momentum window. The misidentified particles
are mainly pions and only 20% are protons.

Extensive checks were made of the purity evaluation.
Real and simulated data were compared in detail for the
number of photons, the error per ring, the mean Cherenkov
angle w.r.t. the pion hypothesis and the pull distribution
for the pion hypothesis (see Figs. 2 and 3 for the 1994
data) and good agreement was found for both RICHes.
Some residual discrepancies can be seen in these distribu-
tions. This suggests correcting the simulated efficiency to
identify a π± as a K±, hereafter called π± misidentifica-
tion probability, and therefore the fraction of pions in the
tagged kaon sample.

Two complementary approaches were followed. In the
barrel region the samples of high purity muons and of
pions identified in the TPC were used to compare the
misidentification efficiency in real and simulated data for
tracks with momenta between 10 and 24 GeV/c. The re-
sults for different years are shown in Table 2. Muons were
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Table 2. Comparison of the Data and Simulation on the misidentification rate in the
barrel RICH for pion and muon samples

Year 1992 1993

Data Monte Carlo Data Monte Carlo

π sample 10598 84791 9685 86651
π → K 575 3177 468 3309
Prob(π → K) % 5.42 ± 0.23 3.75 ± 0.07 4.83 ± 0.23 3.82 ± 0.07
ratio Data/Simulation 1.45 ± 0.07 1.26 ± 0.06
µ sample 781 5862 734 6074
µ → K 18 110 13 107
Prob(µ → K) % 2.30 ± 0.55 1.88 ± 0.18 1.77 ± 0.50 1.76 ± 0.17
ratio Data/Simulation 1.22 ± 0.32 1.0 ± 0.3

Year 1994 1995

Data Monte Carlo Data Monte Carlo

π sample 48570 281258 20783 60071
π → K 2641 11182 1082 2509
Prob(π → K) % 5.44 ± 0.11 3.98 ± 0.04 5.21 ± 0.16 4.18 ± 0.09
ratio Data/Simulation 1.37 ± 0.03 1.25 ± 0.05
µ sample 3623 21521 1517 4381
µ → K 116 413 48 104
Prob(µ → K) % 3.20 ± 0.30 1.92 ± 0.10 3.16 ± 0.46 2.37 ± 0.24
ratio Data/Simulation 1.67 ± 0.18 1.33 ± 0.24

tagged with the muon chambers and the ionization energy
loss measured in the TPC was used to remove kaons in this
sample. The residual kaon contamination estimated from
simulation was 0.35% in the muon and 2.0% in the pion
samples. Due to the very high π±/µ rejection power of
the RICH, the statistics left after kaon identification in
the µ sample was very small and no momentum or angu-
lar dependence of the correction to the µ misidentification
efficiency could be studied. The results for the muon sam-
ples give an average ratio of misidentification efficiencies
in real and simulated data of 1.41±0.12(stat.) with a sys-
tematic error of 10%. After kaon identification, the kaon
contamination estimated from simulation in the remain-
ing π± sample was of 25% and only a rough estimation
of the π± misidentification efficiency could be made. The
results for the pion samples led to the average ratio of
1.34 ± 0.02(stat.) with a systematic uncertainty of 20%.
The results (see Table 2) found in the pion and muon
samples are in agreement and compatible for the different
years.

The second method that was finally used to evaluate
and correct the purity is based on the mean Cherenkov an-
gle distribution. The Cherenkov angle distribution has two
components: one Gaussian component centered around
the expected Cherenkov angle for a given particle hypoth-
esis and one background term which is approximately lin-
ear in the Cherenkov angle. Particles can be misidentified
because a separation of only two standard deviations from
the pion hypothesis is required, or because of the presence

of background. To study these effects, particles outside the
pion and kaon signal regions were selected in real and sim-
ulated data. Two regions were defined where the number
of particles were counted in real data and simulation:

A :
θc − θπ

c

σring
> 2.5

B :
θc − θK

c

σring
> 2.5 and

θc − θπ
c

σring
< −2.5.

It was found that for the 1992-5 data an average scaling
factor of 1.4±0.1 in the barrel region, and 1.05±0.1 in the
forward region, should be applied to the simulated data.

The scaling factors are similar for regions A and B.
The scaling factor for pions and muons in the barrel in
Table 2 is compatible with this result. A small simulation
program was written to understand these scaling factors
in terms of the background rate. An increase in the linear
background term can explain the observed scaling factors.
After scaling up the background, the purities extracted
from simulated data were decreased by between 0.4% and
4.9% as a function of the polar angle (the correction term
decreases when | cos θK| increases); the purity corrected in
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Table 3. The measurements of AK
FB at 91.2 GeV for the 1992-1995

data. The errors are statistical

Year Barrel Forward

# events AK
FB # events AK

FB

1992 10171 0.032 ± 0.013 —
1993 4948 0.002 ± 0.019 —
1994 43523 0.0450 ± 0.0063 9342 0.031 ± 0.011
1995 14687 0.047 ± 0.011 4151 0.058 ± 0.015
1992-5 73329 0.0405 ± 0.0049 13493 0.039 ± 0.009

Table 4. The measurements of AK
FB at 89.5 GeV and 93.0 GeV for the 1993 and

1995 data. The errors are statistical
√

s (GeV) Year Barrel Forward

# events AK
FB # events AK

FB

89.5 1993 1981 0.023 ± 0.029 —
1995 2305 0.028 ± 0.028 719 −0.005 ± 0.037

1993,5 4286 0.025 ± 0.020 719 −0.005 ± 0.037

93.0 1993 3020 0.010 ± 0.024 —
1995 3362 0.067 ± 0.023 1193 0.044 ± 0.029

1993,5 6382 0.040 ± 0.017 1193 0.044 ± 0.029

this way is shown in Fig. 4. With the simulation program
the effect of a shift in the mean Cherenkov angle w.r.t. the
simulation data and discrepancies in the expected error
per ring were propagated. The Cherenkov angle can be
shifted at most by 0.25 mrad and the resolution per ring
is at most 5% larger than in the simulated data.

The purity was evaluated for each data set. The to-
tal associated systematic error on the purity due to the
background, Cherenkov angle shift and ring resolution is
1%.

4.2 Results for the on-peak measurements

In the barrel region, 73329 events were selected and used
to compute the charged kaon forward-backward asymme-
try.

The results of the fit minimizing the χ2 function (16)
are summarised in Table 3.

As a consistency check the asymmetries were fitted
separately for each detector side, giving the compatible
results:

AK
FB(z > 0) = 0.0421 ± 0.0068 (stat.) (17)

AK
FB(z < 0) = 0.0387 ± 0.0070 (stat.). (18)

In the forward region, 13493 events were selected and
the results are summarised in Table 3. The results are
compatible for the different years.

4.3 Results for the off-peak measurements

The statistics and results of the fit for the off-peak mea-
surements are listed in Table 4.

The contributions to the experimental uncertainty on
the AK

FB , coming from the sources discussed in Sect. 4.1,
are the same for on and off peak measurements and are
listed in Table 5. The results are compatible for the dif-
ferent years.

5 s quark asymmetry

5.1 Procedure

The s quark Born asymmetry A0
ss can be extracted from

the charged kaon asymmetry using the expression (8). The
αq coefficients are the fractions of selected events with
primary quark q, and can be expressed in terms of the
original fraction of a flavour in a hadronic sample Rq =
Γq/Γhad and the flavour tagging efficiency εq as:

αq =
Rqεq∑

f=d,u,s,c,b Rf εf
. (19)

The cq coefficients are the probabilities that the kaon
charge corresponds to the charge of the primary quark
after the QCD parton cascade. With this definition it is
possible to restrict the corrections coming from the per-
turbative QCD phase of the hadronisation only to the pri-
mary quark direction estimator. The values of Rq were



624 The DELPHI Collaboration: Measurement of the strange quark forward-backward asymmetry around the Z0 peak

Table 5. Contributions to the systematic uncertainty on the charged kaon
asymmetries in the Barrel and in the Forward regions

Contributions to the systematic error on AK
FB (×10−4) Barrel Forward

Kaon purity 1.3 2.5
K+/K− interactions with material 0.2 0.7
Abckg 4.6 8.2

Total 4.8 8.6

Table 6. Computed values for the flavour selected fractions (αq) and quark
charge identification efficiencies (cq) for the Barrel and the Forward regions
in 1994. The errors given are due to the limited simulated statistics

Flavour Barrel Forward

αq cq αq cq

d 0.1425 ± 0.0013 0.328 ± 0.004 0.1038 ± 0.0021 0.329 ± 0.009
u 0.1356 ± 0.0012 0.264 ± 0.004 0.0979 ± 0.0020 0.246 ± 0.009
s 0.5523 ± 0.0029 0.868 ± 0.002 0.4290 ± 0.0048 0.878 ± 0.003
c 0.1600 ± 0.0013 0.835 ± 0.003 0.2331 ± 0.0033 0.859 ± 0.005
b 0.0091 ± 0.0003 0.809 ± 0.013 0.1359 ± 0.0024 0.809 ± 0.007

computed with ZFITTER while the εq and the cq coeffi-
cients were evaluated with JETSET PS 7.3 and the full
DELPHI simulation. The values are given in Table 6.

The forward-backward asymmetries, Aqq̄, of (8) can
be written in terms of pole asymmetries A0

qq̄, and thus in
terms of sin2 θlept

eff through formulae (5) and (6), according
to the following expression:

Aqq̄ = (A0
qq̄ −

∑
i

(δAqq̄)i)(1 + Cthrust
q ). (20)

The (δAqq̄)i terms take into account the effect on the
asymmetry due to QED radiative corrections coming from
photon emission, the fact that the asymmetry has been
measured at

√
s 6= MZ and the γ, γZ terms in the Born ex-

pression. All these coefficients were computed with ZFIT-
TER as was done in [1].

The Cthrust
q are coefficients which take into account the

fact that the estimated quark direction using the thrust
axis differs from the true one because of QCD gluon emis-
sion, hadronisation and decays, and experimental recon-
struction problems of the thrust axis (undetected parti-
cles, charged particle momenta and neutral particle show-
ers energy resolution). These coefficients were computed
according to the procedure described in [16] using JET-
SET PS 7.3 and the full detector simulation:

Cthrust
q =

∑
f

(
cos(θi)

1+cos2(θi) − cos(θf )
1+cos2(θf )

)
∑

f
cos(θf )

1+cos2(θf )

, (21)

where θi is the initial state quark polar angle and θf the
final estimate of this angle: e.g. the polar angle of the

Table 7. Correction coefficients for bias on
primary quark direction due to QCD gluon
emission, fragmentation and thrust axis re-
construction when the thrust axis direction is
used as an estimator

Flavour Cthrust
q

Barrel Forward

d −0.029 ± 0.006 −0.013 ± 0.004
u −0.029 ± 0.006 −0.018 ± 0.005
s −0.025 ± 0.003 −0.012 ± 0.002
c −0.020 ± 0.005 −0.011 ± 0.003
b −0.035 ± 0.015 −0.005 ± 0.002

thrust axis oriented in the hemisphere in which the quark
falls after the QCD cascade (in the parton shower approx-
imation). The Cthrust

q values are given in Table 7.
The QCD corrections to the forward-backward asym-

metries, Aqq̄, depend strongly on the experimental anal-
ysis. For this reason the measured asymmetries are cor-
rected for QCD effects but not for the (δAqq̄)i terms at all
centre-of-mass energies. Only the s quark pole asymmetry
A0

ss is corrected for this.
In order to compute A0

ss the c and b pole asymme-
tries were fixed to their own measured values given in (7)
while the u and d pole asymmetries were fixed to the Stan-
dard Model values A0

dd
=0.1031 and A0

uu=0.0736. The de-
termination of Ass

FB depends on the value assumed for
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Table 8. Summary of the determination of
A0

ss for the 1992-1995 data. The errors are
statistical only

Year A0
ss

Barrel Forward

1992 0.081 ± 0.033 —
1993 0.007 ± 0.048 —
1994 0.115 ± 0.016 0.058 ± 0.034
1995 0.120 ± 0.028 0.140 ± 0.050

1992-5 0.104 ± 0.012 0.084 ± 0.028

Table 9. Summary of the determination of Ass
FB

for the 1992-1995 data. The errors are statistical
only

√
s (GeV) Ass

FB

Barrel Forward

89.5 0.073 ± 0.051 −0.013 ± 0.119
91.2 0.102 ± 0.012 0.081 ± 0.028
93.0 0.095 ± 0.043 0.065 ± 0.092

the strange quark suppression factor. A value γs=0.307
is used in the DELPHI JETSET simulation; it should be
noticed however that tuning γs in JETSET using the K0

or the K± momentum spectra gives inconsistent results
[9]. The s quark pole asymmetries in this analysis were
evaluated using a more recent value of 0.285 for γs [17];
the systematic error accounts for this shift [9]. The change
in the calculated s quark asymmetry can be parametrized
as ∆A0

ss = 0.17 ∆γs in the γs region between 0.25 and
0.35.

The results for the s quark pole asymmetry for
γs=0.285 are summarized in Table 8, they are compati-
ble for the different years.

In order to obtain the strange quark forward-backward
asymmetries for the off and on peak points we used the
predicted asymmetries from the Standard Model for the
off and on peak points for the up, down, charm and bottom
quarks. The results are summarised in Table 9.

5.2 Systematic errors

Several sources of systematic uncertainties were taken into
account. A detailed breakdown of all the error sources to
be discussed below and of their own effect on A0

ss is given
in Table 10. The systematics on the asymmetries evaluated
in the Barrel and Forward regions are different due to the
different event selection used: the rejection of heavy quarks
in the barrel region substantially reduces the systematic
error coming from charm and bottom quarks.

– The uncertainties for the charm and bottom forward-
backward asymmetries (7) are propagated, taking into
account the 10% correlation between these two quan-
tities.

– A source of experimental systematic errors comes from
the systematic error on the kaon asymmetry AK

FB listed
in Table 5.

– The effect on s-asymmetry from the finite momentum
resolution of the K is computed with the full DEL-
PHI simulation, selecting events according to the true
momentum of the K instead of the reconstructed one.

– The rest of the uncertainties come from the Monte
Carlo modelling. They can be split into four classes:
(1) systematic uncertainties from the charm quark, (2)
bottom quark and (3) light quark fragmentation, and
(4) from the light quark tag in the barrel region.

(1) For charm quarks the following quantities were
taken into account: the fractions of different charmed ha-
drons f(D±), f(Ds), f(D0), f(cbar); the c hadron decay
multiplicity; the mean energy taken by the charmed par-
ticle < xc >. The uncertainties in these quantities were
taken from [16]. Another source of error comes from the
uncertainties in the branching ratios of charmed particles
into kaons BR(D0 → K−X), BR(D0 → K+X), BR(D+ →
K−X), BR(D+ → K+X), BR(Ds → K−X), BR(Ds →
K+X): the values quoted in [15] were used. The simulated
events were reweighted according to the uncertainties in
all the observables listed, and the variations in A0

ss due to
the variations in the coefficients αq and cq were used to
estimate the systematic errors.

(2) For bottom quarks the following quantities were
taken into account: the fractions of different beauty ha-
drons f(B±), f(Bs), f(B0), f(bbar); the b hadron decay
multiplicity; the mean energy taken by the beauty par-
ticle < xb >. The uncertainties in these quantities were
taken from [16] and [15]. Another source of error comes
from the uncertainties in the branching ratios of beauty
particles into kaons BR(B0 → K−X), BR(B0 → K+X),
BR(B+ → K−X), BR(B+ → K+X): the values quoted in
[18] were used. In addition, the uncertainty in the branch-
ing ratio of bottom quarks into kaons BR(b → K±X) [15]
is propagated. Moreover two additional sources of uncer-
tainties were taken into consideration: in events with Ds
coming from Bs, the error on the branching ratios of Ds
decays into K± were considered and the uncertainty in Bd

mixing parameter [15]. To obtain the systematic errors the
same reweighting procedure is applied.

(3) The parameters describing the fragmentation pro-
cess of up, down and strange quarks were studied using
the JETSET 7.3 PS parameters as they were obtained by
a tuning procedure based on LEP data described in [9].
The JETSET parameters were varied within their statisti-
cal and systematic errors as given in Table 24 of the cited
paper. It was investigated which parameters were the most
important. It was found that the group of parameters de-
scribing the fragmentation process of light quarks (u,d,s)
can be divided in two. The first group includes the param-
eters which are related to primary quark fragmentation,
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the second one includes parameters related to the frag-
mentation in general (perturbative and non-perturbative
QCD processes). The most important parameters for the
kaon production in the first group are the s-quark sup-
pression (γs) and the probability that a strange meson will
have spin 1 (V/(V+P+T)), in the second group the most
important are ΛQCD, Q0 (cut off of gluon/quark virtuali-
ties in the perturbative QCD process). The uncertainties
on parameters of the last group give a negligible contri-
bution to the systematic error because the extra kaons
created due to changes in these parameters carry no infor-
mation about charge of primary quark and this is the case
for all flavours. This was checked on JETSET simulations
varying ΛQCD and Q0: the corresponding changes in the
s-asymmetry were less than 10−4. The second parameter
from the first group, the probability that strange meson
will have spin 1, gives a shift in momentum spectrum of
kaons which is approximately the same for all light quarks:
softening or hardening the spectrum. The systematic error
on the s-asymmetry is about 0.0002.

The systematic error on the s-asymmetry was ex-
pressed in terms of the s suppression factor giving ∆A0

ss =
0.17 ∆γs (see Sect. 5.1). The DELPHI tuning paper [9]
gives γs = 0.307 ± 0.007 (stat) +0.002

−0.017 (syst). Due to the
presence of inconsistent kaon data the systematic error is
asymmetric. Redoing the tuning of JETSET using more
recent data [19] and replacing the inconsistent kaon data
gives γs = 0.285, consistent with result obtained by the
ALEPH collaboration [17]. The systematic error on γs is
taken as the half value of the shift in γs from 0.307 to
0.285. Using the full ALEPH result for γs = 0.285 ± 0.004
(stat) ± 0.014 (syst), gives the same total systematic error
coming from γs. Also the varying of the parameters of the
fragmentation leads to the change of K±/π± ratio, which
is related to the kaon purity. The variation of K±/π± ra-
tio was found to be at most 5%, which gives a systematic
error on the s quark pole asymmetry of 0.0008. Thus the
combined errors on the s quark pole asymmetry from light
quark fragmentation are 0.0024.

(4) The light quark tag applied in the Barrel region
yields uncertainties on A0

ss. First, the presence of sec-
ondary vertices (photon conversion and hyperon decay)
which tends to bias P+

E towards low values. Following the
same approach as that used in [20], the rate of photon
conversion was varied by ±30% and that of K0

S and Λ de-
cays by ±10%. Futhermore, a possible source of errors is
the gluon splitting mechanism which results in c and b
quarks pairs in the fragmentation process. The g → cc̄
and g → bb̄ rates were conservatively varied by ±50% in
order to evaluate the effects on A0

ss. Then, the lifetimes
of b hadrons and D mesons can change the fraction of
rejected b and/or c events.

Finally, the impact parameter resolution affecting the
light quark tag: a source of error is given by the quality of
the simulation to describe the significance of the tracks;
these are the residual discrepancies in the resolution of
impact parameters for real and simulated tracks which
are used to compute the probability P+

E . An estimate of
this error is obtained by comparing the probability com-

puted using negative impact parameters P−
E in the sample

with the selection cut P+
E > 0.15, where the contribution

of heavy flavours and secondary decay vertices to P−
E is

highly suppressed. The difference between the selection ef-
ficiencies computed using real and simulated distributions
of P−

E is used as an estimate on the uncertainty coming
from the detector resolution on impact parameters.

Summing all contributions discussed above, the total
systematic error on the s quark pole asymmetry, A0

ss, is
0.0034 for the barrel region and 0.0068 for the forward
region. The systematic errors for the off peak points are
the same.

5.3 Maximum likelihood method

The s quark asymmetry for data registered in 1994 and
1995 has also been measured with a maximum likelihood
method which maximally exploits the information con-
tained in the kaon momentum spectrum. The kaon selec-
tion and identification is identical to the one described
in Sect. 3.1. However, the light-quark tagging is not ap-
plied. In this analysis, each event is given probabilities to
belong to six possible event classes, according to the kaon
momentum. The classification is based on Monte Carlo re-
sults with full detector simulation, five of the classes being
determined by the initial quark flavour (s,u,d,c or b) while
class 6 contains events where the “kaon” is a misidenti-
fied particle. Figure 5 shows the fraction of events in each
class, as expected from the full detector simulation, as a
function of log pK where pK is the kaon momentum. For
each year, probability tables were prepared on the basis of
distributions like those in Fig. 1. These tables were then
used to determine the probabilities Pq(log pK) for a data
event, characterised by the momentum pK of the highest
momentum charged kaon, to belong to the six different
event classes.

The log-likelihood function L is defined as :

L=−
∑

i

log

[∑
q

Pq(log pK)
1
2

(
1 +

8
3
bqAqq̄

cos θq

1 + cos2 θq

)]

(22)
containing sums over all data events i and event classes
q. θq is the polar angle of the primary quark, estimated
from the direction of the thrust axis, oriented to point in
the direction of the highest momentum charged kaon :

cos θq = −QK · cos θthrust . (23)

Aqq̄ is the asymmetry of class q and bq are charge dilu-
tion factors related to the probability that the kaon by its
charge and direction correctly distinguishes between the
primary flavour and anti–flavour. The factor bq is equal
to 2cq − 1 in (5). The charge dilution factors for the five
flavour classes are defined by:

bq=
N−(pK ·pq>0)+N+(pK ·pq<0)−N−(pK ·pq<0)−N+(pK ·pq>0)

N−(pK ·pq>0)+N+(pK ·pq<0)+N−(pK ·pq<0)+N+(pK ·pq>0)
(24)

and are parameterized as functions of log pK . The charge
dilution of the “background class”, class 6, is included in
the background asymmetry (see below).
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Table 10. Summary of the systematic errors on s quark pole asym-
metry using the Standard Model values for the up and down quark
pole asymmetry

Systematic source δA0
s (×10−4)

Barrel Forward

A0
c and A0

b 16.5 26.7
Experimental asymmetry fit 11.9 25.8
K± momentum resolution 6.5 4.8

Total 21.4 37.4

f(D±) = 0.233 ± 0.028 0.2 0.4
f(D0) = 0.557 ± 0.053 7.3 15.2
f(Ds) = 0.102 ± 0.037 5.6 12.0
f(cbar) = 0.065 ± 0.029 1.0 1.9
c hadrons decay multiplicity = 2.35 ± 0.06 0.2 0.5
< xc >= 0.484 ± 0.008 (charm fragmentation) 1.2 2.3
BR(D0 → K−X) = 53 ± 4% 2.5 5.0
BR(D0 → K+X) = 3.4 + 0.6 − 0.4% 1.4 3.0
BR(D+ → K−X) = 24.2 ± 2.8% 1.4 3.1
BR(D+ → K+X) = 5.8 ± 1.4% 2.2 4.7
BR(Ds → K−X) = 13 + 14 − 12% 1.7 3.3
BR(Ds → K+X) = 20 + 18 − 14% 7.0 15.5

Total from c quark sector 12.4 26.5

b hadron decay multiplicity = 5.73 ± 0.35 0.2 4.9
< xb >= 0.702 ± 0.008 (bottom fragmentation) 0.2 4.3
Bd mixing: xd = 0.70 ± 0.04 - 2.3
BR(b → K±X) = 88 + 12 − 19% 1.4 34.6
f(B±) = 37.8 ± 2.2% 0.2 4.7
f(B0) = 37.8 ± 2.2% 0.1 1.2
f(Bs) = 11.2 ± 1.9% 0.2 3.5
f(bbar) = 13.2 ± 4.1% 0.1 2.0
BR(B0 → K−X) = 0.13 ± 0.04 0.9 17.9
BR(B0 → K+X) = 0.73 ± 0.08 0.2 6.2
BR(B+ → K−X) = 0.13 ± 0.05 0.5 11.7
BR(B+ → K+X) = 0.58 ± 0.08 0.3 8.5
BR(Ds → K−X) from b quark 0.3 7.9
BR(Ds → K+X) from b quark 0.1 1.6

Total from b quark sector 1.9 43.8

Impact parameters resolution 0.3 -
photon conversion ±30% 1.2 -
K0

S(u, d, s) ± 10% 0.3 -
Λ(u, d, s) ± 10% 0.3 -
g → cc̄ ± 50% 0.5 -
g → bb̄ ± 50% 0.1 -
b hadrons lifetimes 0.1 -
D mesons lifetimes 0.1 -

Total uncertainties from light quark tag 1.4 -
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Table 10. continued

Systematic source δA0
s (×10−4)

Barrel Forward

Statistical error on γs 11.9 11.9
Shift in γs 18.7 18.7
Variation of the K/π ratio 7.8 7.8
light quark fragmentation 23.5 23.5

Total systematic error 34.2 67.6
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Fig. 5. The sample fraction as a function of the kaon momentum for the six event classes, given by the full detector simulation
for events with kaons identified by the Barrel (left) and Forward (right) RICH (1994 DELSIM Monte Carlo)

For the five flavour classes, the peak asymmetries Aqq̄

in (22) are obtained from the pole asymmetries taking into
account the radiative corrections. The analysis uses the
measured pole and off-peak asymmetries for b and c quarks
[1] and the assumptions Auū

FB = Acc̄
FB and Add̄

FB = Abb̄
FB .

To investigate the influence of these constraints, the input
value of A0

dd̄
is varied in the interval A0

bb̄
±10σ, where σ is

the uncertainty in the measurement of A0
bb̄

, keeping A0
uū

fixed. In a similar way the value of A0
uū is varied within

A0
cc̄ ±10σ, where σ is the uncertainty in the measurement

of A0
cc̄, with A0

dd̄
fixed.

The asymmetry of class 6, Abckg, is estimated from the
full detector simulation. With a total number of events
nbckg in the class out of which nq

bckg originate from quark

flavour q, the asymmetry was calculated as

Abckg
FB =

∑
q

nq
bckg

nbckg
bqAqq̄ . (25)

The sum is over all the quark flavours. bq are charge dilu-
tion factors, calculated using equation (24) for the sample
of misidentified particles. The resulting background asym-
metries are negligible in all cases.

The performance of the maximum likelihood algorithm
depends on how well the kaon identification for real data
is represented by the Monte Carlo. Studies to determine
how often a pion is misidentified as a kaon were there-
fore performed, using pions from reconstructed K0

S decays
and high purity muons identified by the muon chambers
and the ionization energy loss measured in the TPC. The
misidentification probability for high momentum muons
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in the RICH is expected to be the same as for isolated pi-
ons. The observed discrepancies in kaon misidentification
between data and simulation were then corrected apply-
ing weights to simulated events where the high momen-
tum kaon actually was a misidentified pion. The effect of
the uncertainties in the applied weights due to the limited
statistics of the K0

S and the muon samples is included in
the total systematic uncertainty.

Also, the influence of the difference in nuclear cross-
section of K+ and K− on the measured asymmetry was
investigated. An additional term, Amat(θ), was introduced
in equation (22), however the effect on the measured for-
ward-backward asymmetries was negligible (< 10−4). The
possible effects of the momentum dependence of the K+

and the K− cross-sections were estimated to be negligible
over the momentum range considered and therefore not
taken into account in the analysis.

The systematic uncertainties are summarised in Ta-
ble 11 which comprises uncertainties related to kaon iden-
tification, detector effects, the fit method and theoreti-
cal uncertainties including those due to the hadronisation
model. The uncertainties due to the fragmentation pro-
cess were evaluated using the method described in [9]. In
some cases the contributions to the systematic uncertain-
ties for the barrel and forward analyses are correlated. The
correlation was found to be 62.0%.

Finally

A0
ss̄ = 0.103 ± 0.012(stat.) ± 0.005(syst.) , (26)

where the central value corresponds to γs = 0.285 and
the systematic error allows for the shift in γs discussed
in Sect. 5.1. This result has been corrected for the effects
of the variation of the kaon misidentification probability
with polar angle (a correction by less than 0.001).

The variation of A0
ss̄ with A0

dd̄
and A0

uū can be included
by adding to the above result two linear terms:

Fd = 0.0103
A0

dd̄
− 0.0990

0.0990
(27)

Fu = 0.0116
A0

uū − 0.0709
0.0709

. (28)

For 1995, the data allow the determination of off-peak
asymmetries. Applying the same shift in γs and in A0

ss̄ as
above, the result is

Ass
FB(89.5 GeV) = 0.062 ± 0.048(stat.) ± 0.020(syst.)(29)

Ass
FB(93.0 GeV) = 0.102 ± 0.040(stat.) ± 0.018(syst.) .(30)

The contributions to the systematic uncertainties for the
off-peak results come from the same main sources as for
the peak measurements.

6 Combined results and discussion

A measurement of the s quark forward-backward Ass
FB

and pole asymmetry A0
ss has been performed using 3.2 M

hadronic Z events. Charged kaons identified in the Barrel
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Fig. 6. The measured s quark forward-backward asymmetry
as a function of the centre-of-mass energy. The points corre-
spond to the data, the curve to the Standard Model expecta-
tion (ZFITTER: MZ = 91.1866 GeV/c2, mt = 173 GeV/c2,
mH = 115 GeV/c2)

and Forward RICH are used to determine the kaon asym-
metry. From the kaon asymmetry, fixing asymmetries and
production fractions for the up, down, charm and bottom
quarks to the Standard Model values, the s quark forward-
backward asymmetries combining the barrel and forward
results for different centre-of-mass energies are evaluated
and shown in Table 12 and in Fig. 6 together with the
Standard Model prediction. For the modelling of the frag-
mentation of quarks the JETSET 7.3 model was used,
tuned to LEP data. The systematic errors have been esti-
mated including errors coming from the uncertainties on
the tuned JETSET parameters. Correlations between the
errors in the barrel and forward regions have been taken
into account.

The ss̄ asymmetry at a centre-of-mass energy of 91.2
GeV as a function of the polar angle is shown in Fig. 7.

Fixing A0
dd

, A0
uu to the Standard Model values of 0.1031

and 0.0736 respectively and A0
bb

and A0
cc to the mea-

sured values, gives for the s quark pole asymmetry: A0
ss =

0.1008 ± 0.0113 (stat.) ± 0.0040 (syst.). The s quark pole
asymmetry as a function of the up and down quark asym-
metries can be written as

A0
ss = 0.1008 ± 0.0113 (stat.) ± 0.0040 (syst.) (31)

+0.0121
A0

dd
− 0.1031

0.1031
+ 0.0115

A0
uu − 0.0736

0.0736

For the data collected in 1994 and 1995, the pole asym-
metry and the off-peak asymmetries have also been mea-
sured using a maximum likelihood method. The results
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Table 11. Contributions from various sources to the system-
atic uncertainty in the measured forward-backward asymme-
try

Systematic source δA0
s (×10−4)

Barrel Forward

kaon purity 14.8 16.7
background asymmetry 4.6 10.1

Kaon identification uncertainties, total 15.5 19.5

thrust axis reconstruction 0.9 0.2
limited Monte Carlo statistics 5.9 60.1
Ab,b̄

FB and Ac,c̄
FB 19.1 13.7

Fit method, total 20.0 61.6

D hadron production 4.1 5.8
D hadron decays 7.0 11.1
B hadron production 2.9 2.8
B hadron decays 30.0 23.9
fragmentation description 14.0 14.0
shift in γs 18.7 18.7

Theoretical uncertainties, total 39.0 35.8

Total systematic uncertainty 46.5 73.9

Table 12. Summary of the determination of Ass
FB for the 1992-

1995 data. The errors correspond to the statistical and systemat-
ical errors combined
√

s (GeV) 89.5 91.2 93.0

Ass
FB 0.060 ± 0.047 0.098 ± 0.012 0.090 ± 0.039

obtained are consistent. The predicted pole asymmetry
for up, down and strange quarks was calculated from the
effective electroweak mixing angle using (5) and (6) using
as a constraint the experimental result given in (31). The
effective electroweak mixing angle corresponds to:

sin2 θlept
eff = 0.2321 ± 0.0029 (32)

Assuming the values for the up and down quark asym-
metries from the Standard Model and using for Ae the
measured value of 0.1479±0.0051 [1], the parity violating
coupling of the s quark to the Z is determined from (5) to
be:

As = 0.909 ± 0.102 (stat.) ± 0.036(syst.). (33)

The experimental result on the s quark asymmetry is
compatible with our previous result [3] and with the s
quark forward-backward asymmetry measured by OPAL
collaboration. Both the statistical and systematic errors
are smaller than those of the model independent analysis
from OPAL [4].

The s quark pole asymmetry can be compared to the
measured pole asymmetry for b quarks at LEP of 0.0990±
0.0021 ((7)). The Standard Model predicts the same asym-
metries (see introduction) for strange and bottom quarks.
This measurement is compatible with the hypothesis of
the flavour independence of the asymmetry for bottom
and strange quarks. The measured s quark asymmetries
and the parity violating coupling of the s quark to the Z
agree with the Standard Model expectations.
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