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Abstract

The bb forward-backward asymmetry has been determined from the average
charge flow measured in a sample of 3,500,000 hadronic 7 decays collected with
the DELPHI detector in 1992 - 1995. The measurement is performed in an
enriched bb sample selected using an impact parameter tag and results in the
following values for the bb forward-backward asymmetry:

AB%; (89.55 GeV) = 0.068 +0.018 (stat.) = 0.0013(syst.)
AP (91.26 GeV) = 0.0982 £ 0.0047(stat. ) + 0.0016(syst.)
APh: (92,94 GeV) = 0.123 £0.016 (stat.) £ 0.0027(syst.)

The bb charge separation required for this analysis is directly measured in
the b tagged sample, while the other charge separations are obtained from a
fragmentation model precisely calibrated to data. The effective weak mixing
angle is deduced from the measurement to be:

sin?fl; = 0.23186 + 0.00083
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1 Introduction

The coupling of the Z boson to fermions results in an asymmetric polar angular dis-
tribution of the ff final states. In terms of the vector and axial vector couplings (v, ar),
the Standard Model predicts for pure 7 exchange to the lowest order:

0,ff o 3 QGeUe 2afvf

FB — 1 5 2 .2 2
4az+ v:aj + vf

(1)

where A% is the forward-backward asymmetry of the ff final state.

Higher order electroweak corrections can be accounted for by means of an improved
Born approximation, which leaves the above relation unchanged but defines the modified
couplings @, vr, and an effective mixing angle 6z for which

’f—f =1 — 4|q| sin® 92& (2)
as

where ¢; is the fermion electric charge. Therefore sin6fs includes higher order effects,
and its measurement is an important test of the Standard Model predictions.

It is advantageous to measure asymmetries for quark final states as the sensitivity to
the initial state couplings is in principle larger than in lepton final states. Therefore these
measurements determine sin’f! ¢ as defined by the electron couplings [1], assuming lepton
universality. In addition the sensitivity to sin?f! ¢ for down type quarks is larger than for
up type quarks.

Information on the original quark charges for these events has to be obtained from
the final state hadrons. In this paper a momentum weighted average of the particle
charges detected in one hemisphere was used. The difference Qrp (often called charge
flow) between the forward and backward hemisphere charges in each event, turns out
to be a linear combination of the quark asymmetries, with coefficients mainly given by
the charge separations d¢, i.e. the quark-antiquark separation power of the hemisphere
charge for each individual flavour. Any measurement of (Qrp) and of the é’s then implies
a measurement of sin’f'¢. Flavour tagging techniques can give access to single flavour
asymmetries.

In this paper the measurement of (Qrg) using a bb enriched sample is presented. The

bb forward-backward asymmetry, A5, has been determined from this measurement and
the effective weak mixing angle, sinf ¢, was derived.

In this section a short discussion of the principles underlying the jet charge technique
and the basic definitions which will be used throughout the paper are given. The DELPHI
detector and the event selection are described in section 2, together with the b-tagging
technique used to obtain bb enriched samples. In section 3 the determinations of the
individual charge separations are described: d;, was directly measured from the data, while
the other charge separations dq4 . were obtained from an analytic model accounting for
possible fragmentation model parameter variations. In section 4 the A% extraction is
described, and the systematic errors are discussed in section 5. Finally a summary and
conclusion are presented in section 6.

In order to measure charge asymmetries in the process ete™ — 7 — qq — jets it
is necessary to determine the charge of the quarks underlying hadron jets in an event.
The quark charge has to be determined from the final state hadrons and therefore this
information is diluted by the fragmentation process. Experimentally the charge of the
initial fermion in the related hemisphere is estimated using the following hemisphere
charge definition:



2 qlpi - f|“ F:p;- T>0 forward hemisphere

rie >ilpi f|" B:p.-T <0 backward hemisphere

(3)

where the sum runs over the charged tracks. T is the Thrust unit vector, ¢g; the particle
charge, p; the particle momentum and the exponent & a positive number. The Thrust
axis is computed using charged and neutral particles. The plane perpendicular to this
axis divides each event into two hemispheres. The Thrust axis orientation was always
chosen to be that nearer to the direction of the incoming electrons.

The observable, @5y, is robust against mismeasurement of the hadron momenta p;.
Its value is bound in the interval -1 to 1. The projection of the hadron momenta to the
Thrust axis T mainly eliminates the influence of hard gluon radiation.

For every event two quantities the charge flow, @ g, and total charge, Qror, can be

defined:

Qrs = Qr — Qs (4)
Qror = Qr + OB (5)

Except for detector influences (mainly hadronic re-interaction) the average total charge
(Qror) is expected to vanish, while the average charge flow (QQrp) relates to the relevant
quark asymmetries: )
(Qre) = Y, mbPAlg. (6)
flavours

Pr is the relative abundance of a quark flavour f in the hadronic event sample. n is a
weighting factor to account mainly for the incomplete angular acceptance, limited angular
resolution and other detector effects, but also for effects of gluon radiation.

The overall impact of fragmentation of an event of quark flavour f can be estimated
from the average difference of the hemisphere charge in the hemisphere of the quark f
and the anti-quark f:

O(r) = (Qr — Qr)(~) (7)

This quantity is called charge separation, d¢. If quarks could be directly observed 6f = 2¢.
In case of a pure flavour sample, which is approximately the case for the b tagged sample,
df can be measured from the data using the relation:

& = (U%B)Q - (U’fFOT)2 (8)
Here (ol.5)% and (ohpy)? are the variances of the Qpp distribution, respectively Qror.
The validity of this equation can be seen from Fig.1. Note, however, that charge corre-
lations between the event hemispheres and the small term (Q%5)? are neglected in this
expression.

To measure A%, Eqn.6 was used, and all quantities appearing in it were evaluated.
(Qrp) was directly measured from the data. The b-tagging efficiencies for the light u,
d, s quarks together and c¢ quark, €4us and €., were taken from the simulation, while the
one for b quarks, ¢,, was measured from the data. The purities, P, were calculated from
these efficiencies. Similarly the charge separations, d4 ¢, were taken from the simulation
and 4y, was measured. The angular correction factors, n, have all been used from the
Monte Carlo prediction. The relation between A%5, and ASS, was taken from the SM
prediction and up type (down type) quark universality was assumed. Consistency of the
results over a wide range of k choices (k = 0.3,0.5,0.8,1,1.2,2.1) is used to justify the
precision of the results.
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Figure 1: Sketch of the principle of the (Qrp) and the ¢ measurement for a single
(down type) flavour f. oy is the RMS of the Qror (— o%o7) distribution or of the Qrp
distribution for quarks going only to the forward (backward) direction, respectively. orp
is the RMS of the overall Qg (— oby) distribution.

2 Detector description and event selection

2.1 The DELPHI detector

The DELPHI detector has been described in detail in [2]. In its coordinate system
the z-axis is the direction of the e™ beam. The radius R and the azimuth ¢ are defined
in the plane perpendicular to z and the polar angle 6 is 0 along z. Only the detector
components of relevance for this analysis are mentioned here.

In the barrel part a set of cylindrical detectors, coaxial with the beam direction and
inside a 1.2 T solenoidal magnetic field, are devoted to the measurement of the charged
particle tracks. The innermost is the Vertex Detector (VD) [3], located just outside
the beam pipe. It consists of three concentric layers of silicon micro-strip detectors
at average radii of 6.3cm, 8.8cm and 10.9cm from the interaction region. For polar
angles of 44° < 6§ < 136° a particle crossed all three layers. Until 1993 it provided
only measurements of the R¢ coordinate. In 1994 the innermost and the outermost
VD layers were equipped with double-sided silicon detectors, which also measured the z
coordinate. At the same time the angular acceptance for the innermost layer was enlarged
to 25° < 6 < 155°.



Outside the VD, between 12 cm and 28 cm of radius, there is the Inner Detector (ID),
which includes a jet chamber providing up to 24 R¢ measurements and five layers of
proportional chambers providing both R¢ and z information. The ID covers the 6 range
between 29° and 151°. It is surrounded by the Time Projection Chamber (TPC), the
main DELPHI tracking device, which is a cylinder of 3 m length, an inner radius of 30 cm
and an outer radius of 122 cm. The ionization charge produced by particles crossing the
TPC volume is drifted to the edges of the detector where it is measured in a proportional
chamber. Up to 16 space points can be measured, for 39° < § < 141°. Outside this
region, and up to 21° and to 159°, a track can be reconstructed using at least 3 points.
Additional R¢ measurements on the charged particle tracks are provided by the Outer
Detector (OD), which lies between radii of 198 cm and 206 cm and consists of five layers
of drift cells. In the forward region two sets of planar wire chambers (FCA, FCB), at
£160 cm and at 270 cm in z, provide measurements of low angle particle trajectories.

The electromagnetic calorimeters, the High Density Projection Chamber (HPC) in the
barrel and the Forward Electro-Magnetic Calorimeter (FEMC) in the forward region, are
used to measure electrons and photons.

2.2 The sample of hadronic events

The cuts applied to tracks measured in the detector and to events (see Tab.1,2) are
optimized to assure well measured tracks for the analysis and to reduce the background
arising from lepton and v+ events as well as from beam-gas or beam-wall interactions.

charged particle momentum > 0.4GeV/c
neutral particle energy > 0.5GeV
length of tracks measured only with TPC > 30cm
polar angle for charged (neutral) particles > 20°(11°)
relative uncertainty of the momentum measured < 100 %
impact parameter (R¢) < 4cm
sin @ impact parameter (z) < 8cm

Table 1: Cuts to select well measured tracks.

After the selection the contribution from background events is negligible. Further cuts
were applied to require a good measurement of the forward and backward hemisphere
charges. Events containing one or more particles, either charged or neutral, with momen-
tum greater than 50 GeV were discarded.

0.15 x /s

total charged energy >
hemisphere charged energy > 0.03 x /s
total charged multiplicity > 7
hemisphere charged multiplicity > 1
S

polar angle of the Thrust axis [35°,85°]

Table 2: Cuts to select hadronic events ; \/s : cms energy.



The angular acceptance is reduced because of a decreasing b-tagging capability in the
forward region due to the limited coverage of the microvertex detector. It is restricted
as well by detector effects entering into the measurement of the hemisphere charge. The
angle between the momentum vector and magnetic field limits the momentum resolution.
The TPC middle plate causes problems for the momentum measurement and charge
identification near 6 = 90°.

All data collected during the years 1992 up to 1995, on and close to the Z° peak,
corresponding to 3.5 - 10° hadronic events were used in this analysis. The average centre-

of-mass energy on peak is 91.24 GeV .

2.3 Tagging of bb events with an impact parameter method

To select a sample enriched in bb events an enhanced impact parameter method was
used. This technique is based on the well established impact parameter method which
was originally proposed by ALEPH [4] and then adopted in DELPHI [5-7].

To reach an improved separation capability, especially b from ¢ events, additional
information like the effective mass and energy of the particles reconstructed at a secondary
vertex, was included [7].

The DELPHI Vertex Detector [3,8], allows a very precise measurement of spatial
points along the charged particles path. For data taken in 1992 and 1993 vertices were
fitted on an event by event basis [5,7], using the two dimensional information of the
microvertex detector, while the individual impact parameters were evaluated in the plane
perpendicular to the colliding beams. For data taken since 1994 the then available z
information was used in addition to calculate the vertex and the impact parameters.

For this analysis a combined probability variable, bi,g, was used. bb events tend to
have higher by,, values whereas non-b events are peaked at smaller values (Fig.2).

2 0.6 n
— r
§ 0.5 - e data
; 0.4 - ] light quarks
= - B cquarks
03 ] b quarks
02 -
0.1 [
O I!X\‘\\\\‘\\\\‘\\\\ I I [}

0 1 2 3 4 5 6 7 8 9

btag variable

Figure 2: Comparison between data and simulation of the normalised number of events
versus the by,, variable (for 1994 data);
light quark, ¢ quark, and b quark events are shown separately for the simulation.



Samples of events were selected by cutting on by,,, where the corresponding b effi-
ciencies (purities) decrease (increase) with higher cut values, respectively. Note that the
samples selected are highly correlated because the events selected with a certain cut value
are a subsample of the events selected for all lower cut values used.

The b efficiency, e, is defined as the probability of selecting a bb event inside a data
sample, and the b purity, P, is the fraction of bb events in the selected sample. ¢, is
measured from the data using

Fleut) — Re X ec(cut) — (1 — R. — Rp) X €qus(cut)
Ry, (9)

where F is the fraction of selected events at a given cut value. €qus and €. are the selection
efficiencies for the light flavours and the charm events, which are both obtained from the

6b(cut) =

simulation. R, and Ry are the fractions of ¢¢ and bb events produced in hadronic Z°
decays and are fixed to their Standard Model values of 0.1720 (0.2158) for R. (Ry). The

corresponding purities can be calculated using Eqn.10.

Ry

Pr(cut) = e(cut) x Fleul)

(10)

Accurate tuning of the Monte Carlo sample to the data was performed [5,7] in order
to estimate the efficiencies correctly. The data collected in different years were treated
separately, due to the changes in the detector.

3 Determination of the charge separations

3.1 Charge separations of light flavours

Reliable values of the light flavour charge separations, their errors and correlations
have been determined using the framework of Monte Carlo fragmentation models [9]. The
ARTADNE parton shower ansatz combined with the JETSET fragmentation generator
currently gives the best overall description of hadronic and identified particle distributions
[10-13]. Therefore this model with heavy quark decays adjusted to match recent data
[15] , was chosen for the calculation of the quark charge separations. In the following this
model will be referred to as the J/A fragmentation model.

A local approximation procedure [9,12] was applied to determine the charge separations
of light and charm flavours. The algorithm allows variations of different model parameters
important for the considered observable to be studied quickly. A simultaneous variation
of these model parameters is possible, because the influence of their correlation was also
considered. The relevant calculations were efficiently performed using a quadratic analytic
substitution of the Monte Carlo model.

Therefore the model dependence of all charge separations and also of all related bins of
all input distributions, like particle rates and momentum spectra, event shapes etc. were
approximated by the following analytic expression, Xyrc(p1, ..., pn), quadratic in the n
model parameters p; :

n n n—1 n
Xuc(pryopn) = Ao+ D Bipi + > Cipi + > > Dijpip; (11)
=1 =1 =1 j=i4+1

The coefficients D;; allow for correlations among the model parameters. The N = %(n +
3)+1 coefficients Ay, B;, C; and D;; for each bin were determined from a linear fit of Eqn.11



to 200 sets of Monte Carlo distributions generated with different model parameters. Fach
of the Monte Carlo sets consists of 500,000 events. The model parameters were chosen
at random in a parameter hypercube defined by the parameter intervals given in Tab.3.

‘No. ‘ Parameter Code ‘default ‘ interval gen. ‘optimal‘

1|Lund a PARJ(41)| 0.5 03 -1.0 0.176
2|Lund b PARJ(42)| 0.5 0.1 -0.38 0.632
3|0, PARJ(21)| 0.39| 0.36 -0.42 | 0.357
4[Agep PARA(1) | 024 021 -027 | 0.357
5| pr” PARA(3) | 0.7 | 03 -09 | 0.531
A PARJ(2) 0.29| 0.26 -0.32 | 0.280
7| P(qq)/ P(q) PARJ(1) 0.1 0.085 - 0.115| 0.102
8| P(us)/P(ud)/vs |PARJ(3) 0.5 03 -0.7 1.083
9| P(udl)/P(ud0)/3 |PARJ(4) 0.07| 0.04 -0.10 | 0.046
10| Popcorn PARJ(5) 0.5 0.06 -4.5 0.788
11}add. baryon suppr.|PARJ(19)| 0.5 0.1 -0.9 0.397
12| P("So)ud — — 0.2 -05 0.398
13| P(®S1)ua — — 0.2 -0.5 0.382
14| P("Sy)s — — 0.2 -05 0.483
15[ P(Sy), - — 02 -o05 | 0248

Table 3: ARTADNE and JETSET parameters related to charge separations. Interval gen.
denotes the interval in which the parameters of the initial Monte Carlo sets have been
chosen.

The precision of this procedure was tested by comparing the results of the analytic
substitution with the real Monte Carlo answer. The average precision for all bins (in-
cluding those with small statistics) was found to be 1.2% and for the charge separations
(average statistical precision 0.3%) it was found to be 0.5%. No systematic bias of the
predictions was observed.

In order to determine optimal model parameters p,,; and the corresponding charge
separations the analytic model was fitted by minimizing x* = > ((Xmc — Xdata)/Tdata)?
[14] using different sets of data distributions given in Tab.4. Due to imperfections of the
data and the model the x*/Ny for some distributions is unacceptably large. For these
distributions the errors were rescaled according to the prescription given in [15] such that
x%/Ng = 1 and the fit was repeated. The optimized parameters are given in Tab.3. Some
of the optimal values for model parameters are not inside the given range. Therefore it was
explicitly checked by production of Monte Carlo events with these optimal parameters,
that the resulting analytic approximation is still in good agreement with the Monte Carlo
prediction.

To obtain the systematic error of the charge separations, df, due to uncertainties in
the fragmentation model, all parameters were systematically varied in the 15-dimensional
hyperspace. The expected Monte Carlo answer is given by Eqn.11 and compared to
the data sets given in Tab.4. The corresponding x? reflects the quality of the chosen



data set
1|2|3|4|5|6|7|8|9|10|11|12|13

distribution

zp [D]
pO [A,D]
w [A]
1o, 2 D]
K** [A,D,O]
K** [A,D,0]
Proton [A,D] ojojojeofe|ojoo0 |0 |00

| charged multiplicity | | | | | | |o|o|o|o|o|o|o|
Thrl‘lst7 Major, Minor [D]
p;n/om (Thrust) [D]
Rapidity (Thrust) [D]
D3 3 Durham [D]
Sphgr.7 Aplan., Plan. [D]
P, (Spher.) D]
Rapidity (Spher.) [D]
D213 Jade [D]
| 7 Al |
| K [A] |

Table 4: Combinations of input data used for the determination of the charge separations
( data set 13 ) and for the systematic cross check ( data set 1-12 ). The o denotes the
data belonging to the dataset. [ A | means ALEPH Measurement, [ D | means DELPHI

Measurement and [ O | means OPAL Measurement.

parameter setting. A cut in x? is performed to select all parameter settings within one
standard deviation around the optimum. For all parameter settings which survive the
cut in x? the charge separations & are also calculated using Eqn.11. The scattering of
the charge separations reflects the uncertainty of the Monte Carlo model.

A further systematic error of this approach was estimated by using 12 alternative
combinations of input data for the determination of the central parameters. The different
combinations are presented in Tab.4. They were selected in order to account for the fact
that the K and K* spectra cannot be perfectly simultaneous described, nor can the
charged multiplicity and the z,-distribution [12]. Event shape distributions alternatively
linear or quadratic in the particle momenta were chosen. Data set 13 will be referred to
as the reference data set in the following, because it contains a fit to all distributions,
and is mainly used for calculating the results.

The influence of the detector was then considered by folding the charge flow distri-
butions with a detector response matrix. This matrix was determined using the full
simulation of the DELPHI apparatus. For a generated charge flow in a given bin it de-
termines the probability to measure the charge flow in any other bin of the distribution.
As this matrix can only be determined for events which were accepted in the analysis,
a further correction factor was applied to account for a possible bias due to the events
rejected by the measuring process or cuts applied in the analysis.



The mean values of the charge separations dq s, using the reference data set are given
in Tab.5 for the detector setting of 1994.

(il b0 [ b | & [ & |
0.3-0.1406 |0.2392|-0.1816 | 0.1677
0.5-0.1638 |0.2870 |-0.2308 | 0.1735
0.8-0.1963 |0.3540 |-0.3005 |0.1746
1.0{-0.2151 |0.3917|-0.3408 | 0.1734
1.2]-0.22990.4229 | -0.3753|0.1717
2.1/-0.2708 |0.4075 |-0.4692 |0.1615

Table 5: Charge separations as determined with the J/A model and folded with the
DELPHI detector performance of 1994.

Because the charge separations were folded with the response of the DELPHI detector
they cannot be directly compared to the corresponding results of other experiments. Only
the ratios of the different flavours should be compatible. Comparing the different years of
data taking, the values change slightly, due to a different acceptance of tracks and events
from the different flavours.

The influence of the b-tagging leads to a bias in the charge separations. A correction
was determined from the DELPHI simulation and accounts for differences in the b effi-
ciency dependence. At the working point of ¢, = 75% and P, = 92%, the corrections
which were applied are given in Tab.6 for the different quark flavours.

(el G [ & | & | & |

0.3
0.5
0.8
1.0
1.2
2.1

0.65 £+ 0.05
0.67 £+ 0.05
0.69 £+ 0.05
0.70 £+ 0.06
0.72 £ 0.06
0.75 £ 0.07

0.80 £+ 0.04
0.82 £ 0.04
0.84 £+ 0.04
0.86 £ 0.04
0.87 £ 0.04
0.91 £+ 0.05

0.72 + 0.05
0.74 £ 0.04
0.76 £ 0.04
0.76 £ 0.04
0.76 £ 0.04
0.76 + 0.05

0.86 £ 0.01
0.81 £ 0.02
0.71 £ 0.02
0.65 £ 0.02
0.58 £ 0.03
0.37 + 0.05

Table 6: Correction factors due to b-tagging bias with their statistical error on d4, 4. for

different ’s at the working point for 1994 data ( Cf = 6¢(F)/0r; Po = 92%).

To account for the angular dependence of the differential asymmetry, the Ab5, mea-
surement is performed in 4 different bins of 6z The light quark charge separations are
extracted using the complete selected region. Correction factors to account for the dif-
ferent 63 bins are taken from the simulation and are listed in Tab.7. These corrections
are small, independent of the b-tagging and show little dependence on k and on the year
of data taking.
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6 I ¢ | a | c | C ]
75° —85°|11.03 £ 0.17{0.94 £ 0.10{1.06 £ 0.12]0.91 £ 0.06
65° — 75°10.88 £ 0.16|1.00 & 0.10{1.02 £ 0.12]1.01 £ 0.06
50° —65°|10.91 £ 0.15]0.96 £ 0.09{0.95 &£ 0.10|1.04 £ 0.06
35° —50°11.26 £ 0.20|1.17 £ 0.12{0.98 £ 0.14|1.03 £ 0.08

Table 7: Correction factors due to angular dependence with their statistical error on

ddus,c for different 67 bins for 1994 data ( Cr = 6¢(07)/0r; k = 0.8).

3.2 b charge separation

The b charge separation was measured from the widths of the charge flow and the total
charge distributions with very small input from the simulation. This avoids a dependence
on the poorly known B hadron decays.

A single measurement of the hemisphere charge can be regarded as sum of three
independent terms:

Of FEr — ¢ El?
=—+—+4S5 r=—+—+5 12
Qr 5 T o Qr 5 T g TOT (12)
where Ff¢ (=F;) is a non vanishing (positive) bias due to hadronic re-interactions in the
detector material and Spg) accounts for statistical variations of Qgg), thus (Sgp) = 0.

From the two equations above one obtains:

Y P =0ip—oror +(Qre)’+ Y P(4(SeSe) + Ef)— (Y PiE)* (13)

f=d,u,s,c,b f=d,u,s,c,b f=d,u,s,c,b

Mccor

This equation describes the relation between &, and the other measurable quantities.
Most of the right hand side of this equation can be extracted from data, apart from the
last terms, marked with the under brace. They are numerically small and can be safely
estimated from simulation. It should be noted that the Ef terms cancel completely in
Eqn.13 if A, = 1 or if Fy is flavour independent. Left over are the (S;S;) terms accounting
for the small hemisphere-hemisphere charge correlation, which is due to charge conserva-
tion, the common Thrust axis and occasional particle crossovers between hemispheres.

The right hand side of Eqn.13 was evaluated in samples of increasing b purity, which
were obtained by selecting events lying above a certain bg,g value. The b charge separation
can be extracted directly when subtracting the background part >, P;6} and separating
.

The measured d}, is shown for the considered b purity range in Fig.3 ¢) for two different
k values. In this high purity region the resulting dy, is nearly stable although some bias
due to the applied b-tagging is expected.

The measured mean squared charge separation (Fig.3 a)) and the term deduced from
the Monte Carlo, which includes the hemisphere correlation term, (Fig.3 b) ) are shown
in addition. Note that the points are highly correlated. This extraction procedure was
checked on simulated data where it reproduced the input charge separation correctly.

The extracted ¢y, values used for the analysis at a working point of B, = 92% are given
in Tab.8 for the different years. The error of the charge separation due to the systematics
of the determination of the light and charm charge separation is always more than one
order of magnitude smaller than the statistical one.
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Figure 3: Measurement of d}, for different x values.
correction MCop, €) :

calculated &y

b purity (P,) [%]

a) 1 Yy P}, b) :

| year||

(Sb(/i = 03)

(Sb(KZ = 05)

(Sb(KZ = 08)

92
93
94
95

—0.1184 £ 0.0026
—0.1191 £ 0.0031
—0.1166 4+ 0.0017
—0.1176 £+ 0.0030

—0.1470 £+ 0.0029
—0.1463 £ 0.0035
—0.1446 + 0.0019
—0.1452 £ 0.0033

—0.1871 £ 0.0039
—0.1850 £ 0.0048
—0.1843 £ 0.0026
—0.1838 £ 0.0046

‘year H

5b(/€ = 10)

51)(/‘\1 = 12)

51)(/‘\1 = 21)

92
93
94
95

—0.2114 + 0.0048
—0.2079 £ 0.0058
—0.2081 £ 0.0032
—0.2069 £ 0.0056

—0.2331 £ 0.0057
—0.2282 4+ 0.0070
—0.2289 £ 0.0039
—0.2273 £ 0.0067

—0.2992 £ 0.0092
—0.2882 £ 0.0114
—0.2882 £ 0.0064
—0.2854 £ 0.0111

Monte Carlo

Table 8: Calculated 6}, values at the working point for the 4 years of data taking. The
error due to the systematics of the determination of the light and charm charge separation

varies between 0.00

01 and 0.0002.
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Similarly to the light and charm charge separation case correction factors which ac-
count for the different 7 bins are taken from the simulation (Tab.9). The variation of
the correction factors with increasing P, and the dependence on & is very small. Within
their statistical errors they are equal for the different years of data taking.

| 0 [ C(k=03) | C(r=05) [ C(r=08) |
75° —85°[0.963 £ 0.010[0.965 £ 0.009]0.967 + 0.009
65° — 75°(1.008 % 0.009 [1.006 = 0.009|1.005 =+ 0.009
50° — 65°|(1.024 £ 0.008|1.024 + 0.007 |1.024 £ 0.008
35° — 50°[0.993 + 0.010]0.992 = 0.009]0.991 + 0.009
| 0 [ Cs=10) [ Csk=12) | C(k=21) |
75° —85°[0.968 £ 0.009[0.968 £ 0.010]0.969 + 0.011
65° — 75°(1.005 £+ 0.009 [1.006 £ 0.010|1.006 + 0.011
50° — 65°(1.024 + 0.008[1.023 £ 0.008|1.022 + 0.009
35° — 50°[0.991 + 0.009]0.991 = 0.010]0.991 + 0.011

Table 9: Correction factors to 4, due to angular dependence with their statistical errors
for different 6 bins for 1994 data.

For completeness (Qror), H (defined in Eqn.14 below ) and o}z — 07, are shown
in Fig.4, because they enter in the determination of dp. The quantity (Qror) = 3¢ PrEx
was taken from the simulation because of the cancellation effect mentioned.
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b purity (P,)[%]

Figure 4: A comparison of data and simulation for (Qror), H and o5 — 0757 with
t = 0.8 for the year 1994.

The discrepancies in the (Q7or) measurement are due to an inaccurate description of
the secondary interactions in the simulation and are considered in the systematic studies.
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The deviations enter in most of the hemisphere charge related observables. The disagree-
ment in the (Qror) observable is less important because the value enters only via the
numerically small Monte Carlo correction term.

A good control of the hemisphere-hemisphere correlation is also important for the &y,
extraction. This correlation term is strongly related to the observable (Qr@g), which
includes also the discrepancies in the secondary interaction description. Therefore a
modified observable, H, where these differences are mostly reduced by the subtraction of
the (Qro7) term, is considered :

H=(QrQs) — (Qror)* /4 (14)

A sufficient agreement between data and simulation was found and ensures the valid-
ity of the 4, determination. The remaining differences are included in the systematic
uncertainties.

o — 0o was taken from the data and the deviation between data and simulation
reflects that the &, value inside the simulation differs from the measured one. This is
expected and due to the difficulty of implementing the poorly known B hadron decays in
the Monte Carlo description.

4  The measurement of A%BB

ARL was determined mainly from (Qpp) using Eqn.6. To profit from the angular
dependence the calculation was performed for 4 6#bins, 35° — 50°,50° — 65°, 65° — 75°
and 75° — 85°, separately and combined later in a x*-fit procedure. (Qpg) is shown in
comparison with the simulation in Fig.5 for the full angular range. The difference between
data and simulation, which is similar for all z-bins, is due to different underlying charge
separations as mentioned before and to different input asymmetries.

A C

E L

o i

Voo-001 |~ ¢
S N AT
B o

002 P 0 00 g
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7\ [ ‘ I O ‘ I I | ‘ I I | ‘ I | ‘ I I ‘ I
70. 75. 80. 85, 90. 95.  100.

b purity (P,) [%]
Figure 5: (Qrp) as obtained from data and simulation for £ = 0.8 for 1994 data.

The determination of the other quantities entering in Eqn.6 and Eqn.9 is discussed
below with the exception of the charge separations which were discussed already.

4.1 The tagging efficiencies ¢; and purities P

The effects of different acceptance for the quark flavours depending on the b-tagging
applied were estimated from the simulation. The change of the b efficiency due to sys-
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tematic uncertainties in the contents of the light and charm flavours requires detailed
systematic studies (see section 5).

The efficiencies for light and charm quarks are taken from the simulated data sample
and enter in the measurement of the b efficiency, ¢,, which is mainly extracted from
the data using Eqn.9. R) and R. are taken from the Standard Model prediction. The
corresponding purities, P, are then calculated using Eqn.10.

The contribution of charm events has to be checked in detail because charm events
have an opposite asymmetry compared to the down type b quark. Long lived charm
fragmentation products may be found even after applying a high cut on the b-tagging
probability. At large b purity (B, = 92%) about 75% of the remaining background is due
to charm events. For example, the lifetimes and fractions of D mesons, in ¢ events were
checked carefully.

4.2 The angular correction factor 7y

The angular acceptance of the analysis is limited below 35° in polar angle, due to
decreasing b-tagging capability, detector acceptance and decreasing momentum resolution
of the tracking system at small angles. The part around 90° was rejected because the
measurement of dp is distorted due to detector material effects and in addition does not
contribute to the asymmetry measurement. As the differential asymmetry depends upon
the polar angle, a correction factor n was applied. Neglecting mass and gluon radiation
effects this correction factor can be written as:

¢ 8 fo er(cos B) cos @ dcos O
o= 3]01 ef(cos 9)(1 + cos? 9) dcos

(15)

—

ér(cos @) is the flavour dependent selection efficiency. As the Thrust axis (7') is considered
as the reference direction, no QCD effects are included. For b quarks this variable can
be measured on data and compared to the simulation.

The radiation of hard gluons for events at initially very small polar angles 6 and losses
of particles in the dead areas of the detector close to the beam may cause these events to
be accepted in the analysis. A correction for this effect, which depends on the amount of
gluon radiation, limited angular acceptance and smearing can be calculated as:

f
f FB
= 16
Up) 5fA%:%en ( )

In order to reduce the statistical error of this correction 7t was calculated with an ar-
tificially enlarged generated asymmetry of 0.75 assuming a perfectly forward/backward
symmetric detector. A breakdown of the different correction factors n for 1994 data is
given in Tab.10 in order to depict the magnitude of the different corrections .

| flavour || m | n2(k = 0.8) [[flavour]] m | 72(k =0.8) |
d 0.904 + 0.0280.950 + 0.080 u 0.904 £ 0.03210.956 + 0.055

s 0.905 4+ 0.027{0.912 4 0.060 c 0.886 £+ 0.008 10.943 £ 0.033
b 0.930 4+ 0.001 {0.930 £ 0.005

Table 10: Comparison between 1; and 7y for the year 1994.
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For the determination of the central results 1y is always used. The QCD correction
term can be estimated by the ratio n,/m and is compatible with 1. This is to be expected
as the charge separations should include effects due to gluon radiation.

The rather big errors for the light and ¢ quarks are due to low statistics in the high
b purity region and have little influence on the result. The factor 7, is by construction
k independent, while 1y shows no & dependence within errors. Both quantities vary with
increasing P, and the values show a slight change for the different years.

4.3 The determination of A%EB

The determination of A?EB with the data on the Z° peak

The angular correction factor n was calculated separately for the 0 bins using Eqn.16.
The purities were also computed for each angular bin. The ¢, measurement was per-
formed using the full angular range and then corrected for angular dependence using
the simulation. The light and charm quark charge separations were evaluated using an
analytic approximation of the Monte Carlo fragmentation model. The resulting values
were corrected using the simulation for detector effects, for the b purity dependence and,
analogous to 4y, for the angular binning. No additional b mixing correction was applied,
because this is already included in the §,, measurement. It was checked that the A%, ex-
tracted for the different 6.+ bins are compatible. The relation between A%5; and ASS, was

taken from the SM and an up/down type quark universality was assumed (A%, =A%,
CASL AT, AT ).

The determination was performed for 6 & values and for the full range of F,. The
results are highly correlated in both cases. The working point was chosen at k = 0.8 and
the values of P, in Fig.7 in order to minimize the total error on the A measurement.

For k = 0.8 the variation with B is given individually for all the years in Fig.6. Note
again that the data points are highly correlated. The working point is marked by the
arrow and the central peak value is given by the horizontal line. The extracted A2
values are stable and compatible between the years of data taking.

S TR B R Vi
0.08 f— ++ t% %j' %f %f %
o.oesi— %

00 [t Cesdaa

70 75 80 85 90 95 100
b purity (P,) [%]
Figure 6: Results of the A%EB measurement on the Z° peak as function of B, with statistical

error for k = 0.8 for all the years. The horizontal line corresponds to the combined result
for the peak value.
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For different k’s the results are given at the working point b purity in Fig.7. Only the
statistical errors are shown. The x dependence slightly differs between the years of data
taking, which is due to a different detector response.

1992 (P, = 0.925) 1993 (P, = 0.924)
AbB AbB
K FB K FB

21 rA4 009740012 21 +AH 0.112+0.015
12 HH  0.096:0.011 12 HH 0.113+0.013
10 >4 009x0.010 10 +O+4 0.113+0.012
08 +v4  0095£0.010 08  +v+4 0.113+0.012
05 ka4 0093:0010 05  rad 0.114+0.012
03 HH  0093+0011 03 HH 0.117+0.013

0.07 0.1 013 0.07 0.1 0.13
1994 (P, = 0.926) 1995 (P, = 0.928)
AbB AbB
K FB K FB

21 tAM  0101:£0.008  2.1-AH 0.081+0.014
12 @  0.100£0.007 1.2 HH 0.0860.013
1.0 ©of  0.099+0.007 1.0 HOH 0.087+0.012
08 tw  0098£0.007 0.8 FvH 0.088+0.012
05 tai 0.094+0.007 0.5 Fa- 0.088+0.011
0.3 Hm 0.090+0.007 0.3 +mH 0.088+0.012

0.07 0.1 013 0.07 0.1 0.13

Figure 7: Results of the A%EB measurement on the 7° for different x values with statistical
error. For all years only the selected working point in B, is shown.

The determination of AE’EB with the data close to the Z° peak

For the years 93 and 95 the analysis of the data close to the Z° peak was performed
analogous to the peak data measurements of the same year. Using simulation it was
checked that most of the quantities entering in Eqn.6 are energy independent within
statistical uncertainties. Therefore only (Qrp) was calculated for the data above and
below the Z° peak separately. All other quantities were evaluated with the peak data or
its corresponding simulation. It was checked that the b charge separation, extracted with
the data at the Z° peak, can be used safely for the data close to the Z°.
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The final results of the AI}BB measurement

The A%BB measurements are summarized in Tab.11. The results are given with their
statistical error at the different average centre-of-mass energies at which LEP has run.

year || # of events|\/s [GeV] AbE

92 505380 | 91.28 | 0.095 £+ 0.010
65620 | 89.43 | 0.083 £ 0.026

93 346739 | 91.22 | 0.113 +£0.012
96528 | 93.01 0.104 £ 0.023

94 986579 | 91.20 | 0.098 % 0.007
60052 89.44 0.049 £ 0.026

95 321947 91.29 0.083 £ 0.012
98815 | 92.90 | 0.139 £0.021

Table 11: Summary of all A%BB measurements with their statistical error.

Combination of these measurements accounting for common errors leads to the final
AP results for the data recorded on and close to the Z° peak. Details on the systematic
studies are described in section 5.

ABE. (89.55 GeV) = 0.068 £ 0.018(stat.) £ 0.0013(syst.)
A}D;EB (91.26 GeV) = 0.0982 4 0.0047(stat.) £+ 0.0016(syst.)
ABh. (92,94 GeV) = 0.123 £ 0.016(stat.) £ 0.0027(syst.)

The energy dependence of these final A%EB results is shown in Fig.8. The curve shows
the energy dependence of the Standard Model prediction, which is in good agreement
with the data points, given with their statistical errors only.

m

<014
0.12

0.1

0.08
0.06
0.04
0.02

89 90 91 92 93 94
Vs[GeV]

(0]
(o]

Figure 8: The energy dependence of the final A%BB results with statistical errors in com-
parison with the Standard Model prediction.
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5 Systematic uncertainty estimation

Systematic uncertainties introduced by the b-tagging

In order to determine the systematic uncertainties of the P the quantities entering in
Eqn.9 were individually studied and varied.

R. (Ry) was set to the Standard Model values 0.1720 (0.2158) and changed by +5%
(£0.5%) for systematic studies. The dependence of the measured asymmetry values on
R. or Ry, is approximately linear. The chosen variation results in systematic uncertainties,
which are given in Tab.13.

The efficiencies for light and charm quarks enter also and a careful study was done as
proposed in [16]. Both €qus and €. depend on the detector performance and were treated
for each year separately, as well as the tuning of the b-tagging. Diflerent influences on
equs Were studied:

e The gluon splitting into c¢ or bb pairs inside light quark events. A change of £25%
for each channel was taken into account [16]. These splittings lead to lifetime infor-
mation and enter into the b efficiency measurement.

e The K? and A content in light quark events was varied by £10% as these contribu-
tions may bias the b-tagging.

o To estimate the effect of the detector resolution the probability depending only on the
impact parameter information for positive and negative measured impact parameters
was used. The difference between the number of events fulfilling the same cut on the
event probability distribution for negative measured impact parameters in data and
Monte Carlo gives an estimate of the resolution contributing to eqys in the associated
bin of the by,g distribution and it corresponding b efficiency.

The tagging efficiency e, inside the b enriched sample is more substantial than the con-
tributions mentioned before.

e The fractions of D meson production in ¢ events were systematically studied accord-
ing to the procedure proposed in [16]. The uncertainties were estimated by varying
the corrected values inside the uncertainties given in Tab.12. Fach systematic shift
of the DT, D, A, contribution was compensated by the D fraction, therefore no
extra error is given in that case.

e Shifts induced in ¢, arising from the uncertainties of the D lifetimes were estimated
by varying the corrected lifetimes within the errors quoted in Tab.12.

e The influence of the uncertainty of the average scaled momentum (Xg) of the D’s
was studied by re-weighting the events such that the resulting (Xg) changes by
+2% corresponding to the uncertainty of the measurement 0.484 £ 0.008 [16]. This
measurement was corrected to a level of no charm produced in gluon splitting events.
Nevertheless for systematic studies the 2 or 6 fastest D mesons were taken into
account and the resulting variation on the asymmetry turns out to be equal within
errors. Events with 2 D mesons are those without ¢ quarks produced in gluon
splitting while those with 6 included most of the gluon splitting events.

o The events were re-weighted according to the branching ratio D—K°X, depending
on the primary D meson inside the ¢ events [15].

e The charged multiplicity in charm events was varied according to the inclusive topo-
logical branching ratios measured for DY, DT and Dy [17].
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D-Meson || fraction lifetime [ps]

DY 0.600 0.415 + 0.004
Dt 0.23340.027|1.057 £ 0.015
D, 0.10240.029]0.447 £ 0.017
A, 0.063+0.028 10.206 £ 0.012

Table 12: Measurement of D) meson fraction inside ¢ quarks and of their lifetimes.

Systematic uncertainties introduced by the n-factor and the QCD correction

For the determination of the central A%% the definition n! was always used. As men-
tioned in section 4.2, two different definitions of n' are reasonable. For an estimate of the
systematic uncertainty coming from the selection and the cut in the acceptance region,
nt was also considered. The advantage of this definition is that 5 can be calculated from
the data and from the simulation. A maximum difference of 0.5 % at P, = 92% was found
considering all years. For the light and ¢ quarks a conservative systematic error of 5%
was taken into account, which is the maximum difference between n?ﬁb and 772#), where
both numbers were calculated from simulation. The statistical error of all nf calculations
is included in the statistical error of the A%y measurement.

Systematics coming from the Thrust axis resolution were studied and found to be
negligible. The experimental thrust axis resolution, when applying the angular acceptance
cut, caused an excess of small angle events to enter the acceptance region. The related

bias on A%% was estimated with simulation.

Systematic uncertainties introduced by the dusc charge separations

As mentioned in section 3.1 the uncertainty due to the charge separations was divided
into three different sources. The precision of the interpolation procedure, the uncertainty
due to the Monte Carlo parameters and the uncertainty due to the choice of the input
distributions. The first source gives negligible effects on the result. The second was
treated by repeating the A% extraction with Eqn.6 with 50 different parameter settings
fulfilling the x? cut. Using the reference data set the resulting systematic error on the
asymmetry is small. The third was studied by solving this equation with 13 different
charge separation data sets tuned separately by using different input distributions. It
turns out that the influence of the different data sets is of the same order.

The generated charge separations were folded with an acceptance matrix to account for
the influence of the detector response. In a second step a linear correction was applied to
account for a possible bias due to the selection. Variation in both steps of the acceptance
correction lead to a negligible effect on the asymmetry results.

Several correction factors were applied to the light and charm charge separations.
Their statistical errors are contained in the statistical error of the final Ab%, measure-
ments. The same treatment was performed to the analogous correction factors applied
to the b charge separation.

Systematic uncertainties due to detector effects

The hemisphere-hemisphere correlation term (S¢.S;) is mainly given by H for which a
discrepancy of about 20% between data and Monte Carlo was found (depending on the
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year). As systematic uncertainty for this correlation term the same order of magnitude
was assumed.

To account for inaccurate description of hadronic interactions, the tracks have been
reweighted in such a way, that (Q7o7) in the simulation becomes equal to the corre-

sponding data value. The full analysis has been performed and the difference in the A%BB
measurement has been taken as systematic uncertainty.

Systematic uncertainties due to other effects

The relation between A5, and A, was taken from the SM prediction. For the analysis
performed on the Z° peak this relation factor was varied by 2%. The corresponding
systematic uncertainty is very small. For the measurement close to the Z° peak a bigger
variation of 10% was assumed.

All the relevant systematic error contributions are summarized in Tab.13.

Contribution AAFE x 107 | Adfp x 10° | AAR, x 107

peak peak — 2 peak + 2
Charge separation ¢, +0.014 +0.011 +0.017
Angular correction +0.037 +0.024 +0.045
Ry, F0.5% +0.001 +0.001 +0.001
R. £5% +0.042 +0.016 +0.060
H charge correlation +0.110 +0.076 +0.160
hadronic interaction +0.014 +0.089 £0.050
ASeg AR (SM) +0.002 +0.015 +0.060
Detector resolution (light,charm) +0.071 +0.029 +0.170
Gluon splitting g — cc +0.005 +0.002 +0.008
Gluon splitting ¢ — bb +0.006 +0.002 +0.010
KY A variation F0.020 F0.006 F0.027
D™ fraction in cc +0.032 +0.013 +0.049
D, fraction in cc +0.003 +0.003 +0.005
A, fraction in cc F0.022 F0.008 F0.038
D% Dt D, A, lifetimes +0.010 +0.004 +0.015
(XEg) (fragmentation) F0.028 F0.007 F0.042
D decay multiplicity F0.015 F0.004 F0.019
BR(D— K°X) +0.020 +0.006 +0.030

‘ total systematic error H + 0.16 ‘ + 0.13 ‘ + 0.27 ‘

Table 13: Systematic uncertainties and their influence on the A%EB determination.
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6 Conclusions

A measurement of A% using an impact parameter tag and a jet charge technique was
performed. The analysis includes a data sample of 3.5-10° hadronic events collected with
the DELPHI detector from 1992 to 1995. The data were analysed as a function of the
polar angle in a high b purity region of 92%. The asymmetries for the individual years
of data taking were measured.

Combining these independent measurements at the different centre-of-mass energies

at which LEP has run yields:

AYE (89.55 GeV) = 0.068 =+ 0.018 (stat.) = 0.0013(syst.)

APE (91,26 GeV) = 0.0982 + 0.0047(stat.) 4 0.0016(syst.)

APL (9294 GeV) = 0.123 +0.016 (stat.) £ 0.0027(syst.)

These measurements are combined taking common errors into account. Applying
corrections for QED and photon exchange determines the result of the pole asymmetry

to be [16]:

AR = 0.1012 4 0.0047 .

This asymmetry corresponds to an effective weak mixing angle given by:

sin20l; = 0.23186 £ 0.00083.

Both results are in good agreement with the SM and compatible with the recently
published data of other experiments [18-20] and the previous DELPHI result [21].
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