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Abstract

" < <Decays of W bosons, produced at LEP2, have been used to measure the V element of the Cabibbo-Kobayashi-cs
< < "Maskawa matrix. Values for V were extracted both from the measured hadronic branching ratio of W decays and bycs

tagging the flavour of hadronic jets produced in W " decays. Applying the two methods to the data collected during 1996 at
< < q0.15Ž . Ž .energies of 161 and 172 GeV, DELPHI obtains V s0.91 stat "0.05 syst . q 1998 Elsevier Science B.V. All rightscs y0.14

reserved.

1. Introduction

Ž . Ž .In the Standard Model with SU 2 =U 1 as the gauge group of the electroweak interaction, the quark mass
eigenstates are not the same as the weak eigenstates. For the six quarks, the two bases are related by the unitary

Ž . w x3=3 Cabibbo-Kobayashi-Maskawa CKM matrix 1–3 . Apart from the matrix elements describing the decays
of the heavy t quark, the value of the element relating the quarks of the second generation is known with the

< < w xpoorest precision. The uncertainty of "18% on V , determined in semileptonic decays of D mesons 3 , iscs

dominated by the poorly known hadronic form-factors.
Hadronic decays of charged weak bosons, W ", produced in eqey interactions at the upgraded LEP2

" "collider, offer an alternative measurement. In the decays W ™q q , the coupling of the W to the quarks q1 2 1
< <and q is proportional to the appropriate CKM matrix element V . Therefore the value of V can be2 q q cs1 2

q 3extracted from the measured rate of W ™cs decays .
< < " " < <The value of V affects the ratio of hadronic W decays to leptonic W decays. A value for V cancs cs

therefore be obtained by measuring the hadronic branching ratio of the W " and by setting all other parameters
of the Standard Model to their measured values.

Additional information can be obtained by tagging the flavours of the jets produced in hadronic W " decays.
The flavours of primary quarks from W " decays are heavily veiled in the process of hadronization.
Nevertheless, some of the properties of the resulting hadronic jets can still reveal information about their
origins. Tagging the flavours of jets in the DELPHI detector is based on measured impact parameters and
particle identification.

The results of the two methods are independent and can therefore be combined to give a more precise
measurement.

2. The DELPHI detector

w xA detailed description of the DELPHI apparatus and its performance can be found elsewhere 4,5 . Here we
briefly review the most important properties of the detector relevant to these measurements.

The detector consists of a cylindrical part, covering the barrel region, and two end-caps. A large
superconducting solenoid provides a magnetic field of 1.2 T inside the central tracking volume. The tracking

Ž . Ž . Ž .part of the detector consists of the Vertex Detector VD , Inner Detector ID , Time Projection Chamber TPC

1 On leave of absence from IHEP Serpukhov.
2 Now at University of Florida.
3 Throughout the paper references to a specific charge state imply the charge conjugate state as well, unless explicitly stated otherwise.
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Ž .and Outer Detector OD in the barrel region, and forward chambers. The VD is composed of three cylindrical
layers of silicon microstrip modules, each covering the polar angle interval between 258 and 1558, and of

w xadditional microstrip and pixel silicon detectors covering the end-cap region 6 . The resolution of particle
impact parameters achieved by the VD is a function of particle momentum p and polar angle u . For the barrel

Ž w x 3r2 .part it can be parameterized by the function 28mm[71mmr p GeV sin u in the Rf plane and by
Ž w x 5r2 .39mm[75mmr p GeV sin u in Rz. The ID and the TPC cover the polar angles between 208 and 1608

while the OD improves the momentum resolution for particles with 428FuF1388. The combined performance
of the tracking detectors results in a relative momentum resolution better than 1% for charged particles with
momenta around 1 GeVrc in hadronic jets emitted perpendicular to the beam axis.

The barrel and forward electromagnetic calorimeters are used to measure the electromagnetic energy
deposited by particles with 438FuF 1378 and 108FuF36.58 and 143.58FuF1708. The small angle tile

Ž . w xcalorimeter STIC 7 covers the two regions between 29 and 185 mrad with respect to the beam line in the
forward and backward hemispheres. It measures the electromagnetic energy deposited by particles flying at
small angles to the beam pipe, such as Bhabha electrons or photons radiated from the initial state electrons and
positrons. The hadron calorimeter measures the energy of hadrons with polar angle between 108 and 1708.

Electron candidates are identified by the characteristic energy deposition in the electromagnetic calorimeters.
The efficiency for the identification of electrons with momenta greater than 3 GeVrc varies between 45% and

w x80% 5 , depending on the required purity of the sample. Muons are recognized by the associated hits in the
muon chambers surrounding the hadron calorimeter, and by an energy deposition in the hadronic calorimeter
compatible with the passage of a minimum ionizing particle. The efficiency for muon identification, obtained

0 q y w xfrom the simulation and from measured Z ™m m decays, varies between 76% and 96% 5 .
Ž .The identification of charged hadrons relies on the specific ionization energy loss per unit length dErdx in

Ž .the TPC and on the information from the system of Ring Imaging Cherenkov RICH counters. The latter
consists of two independent detectors, the Barrel and the Forward RICH, together covering over 90% of the full
solid angle. Each of the RICH detectors contains two radiators of different refractive indices, allowing particle
identification in the momentum range between 0.7 and 25 GeVrc. In the present analysis the HADSIGN

w xtagging routine was used 5 . The algorithm provides charged kaon identification with efficiencies between 80%
and 45%, and corresponding purities between 60% and 85%, depending on the particle momentum and the
quality of the track reconstruction.

q y w xSimulated W W events were generated with the PYTHIA 5.7 generator 8 . The fragmentation model
w xincorporated in the simulation was tuned to the DELPHI data measured at LEP1 9 .

< <3. Determination of V from the hadronic branching ratio of the Wc s

In the leading order approximation, the cross-section for off-shell WqWy production in eqey collisions is
w x10,11 :

2s Ž .s y s' ' 1
s s s ds ds r s r s s s,s ,s , 1Ž . Ž . Ž . Ž . Ž .H H1 2 1 2 0 1 2

0 0

' Ž .where s is the total centre-of-mass c.m. energy and s and s are the masses of the two W bosons. The( (1 2
Ž .Breit-Wigner terms r s describe the propagation and the coupling of the two W bosons to their decay

products:

1 G sW 1,2
r s s , 2Ž . Ž .1,2 22 2 2 2p MW s yM qs G rMŽ .1,2 W 1,2 W W
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Ž . q y q y < < "Fig. 1. a Correction factor to the e e ™W W cross-section coming from the V -dependent widths G in the W propagators as acs W
< < 2 < < 2function of the ratio ks V r V . The solid curve shows the correction for the c.m. energy of 172 GeV and the dashed curve the0cs c s
Ž .correction for 161 GeV. b Expected numbers of fully hadronic, mixed and fully leptonic decays of W pairs as a function of k. The

numbers correspond to an integrated luminosity of approximately 10 pby1 at 172 GeV c.m. energy and were evaluated in the leading-order
approximation.

where M is the nominal W mass. The cross-section s can be written in terms of the n , g and Z exchangeW 0
w x < <contributions and their interferences 10 . V enters the cross-section through the total width G of the Wcs W

boson:

G k skG q G ,Ž . ÝW cs i
i/cs

2" < <where i runs over all W decay modes apart from the cs channel and k is the ratio between V and thecs
< < 2 w x < <nominal value V s0.9493"0.0008 determined from the CKM unitarity constraint 3 . The V dependence0cs cs

Ž .of the total cross-section 1 can be factorized as

G 2 kŽ .W
s s,k ss s,ks1 f k ,Ž . Ž . Ž .2G ks1Ž .W

Ž . Ž . Ž .where s s,ks1 is the total cross-section calculated for ks1. The correction factor f k Fig. 1a comes from
" Ž Ž .. < <the widths G in the W propagators Eq. 2 . Consequently, the value of V also affects decays other thanW cs

qW ™cs.
Ž . Ž .The ratio of the rate of fully hadronic jjjj decays of W pairs to that of fully leptonic ln ln and mixed

Ž . Ž . < <jjln decays where one W decays hadronically and the other leptonically is sensitive to V while the totalcs
< <number of produced W pairs is, to a very good approximation, insensitive to the change of V , i.e. to the totalcs

Ž . Ž .W width Fig. 1b . Note that this is true also beyond the leading order approximation 1 , since the most
important higher order corrections, e.g. corrections due to initial state radiation and Coulomb interaction, depend

< <only very weakly on G . In extracting V , the information from the total cross-section can therefore beW cs

neglected, and only the measured hadronic branching ratio of the W bosons need be used.
Using the data collected with the DELPHI detector at eqey c.m. energies of 161 GeV and 172 GeV,

y1 y1 w xcorresponding to integrated luminosities of 9.93 pb and 9.98 pb respectively, DELPHI has obtained 12 :

BR W™hadrons s0.660q0 .036 stat "0.009 syst .Ž . Ž . Ž .y0 .037

< < < < < < < < < <Assuming other parameters of the Standard Model, i.e. elements V , V , V , V and V of the CKMud u s ub cd cb

matrix, lepton couplings to W bosons, and the strong coupling constant a , to be fixed at the values given inS
w xRef. 3 , this result implies

< <V s0.90"0.17 stat "0.04 syst . 3Ž . Ž . Ž .cs
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Table 1
< <The contributions to the systematic uncertainties on the measurement of V for the two methods and for the combined result. Note that forcs

Ž .the first method the error due to the finite Monte Carlo MC sample is included in the error coming from the efficiency calculation

< <Source of uncertainty Systematic error on V fromcs

Ž .BR W ™ qq Flavour tag Combined

Efficiency calculation "0.027 – "0.019
Background normalization "0.028 "0.029 "0.028

q0 .010‘‘CC03’’-correction factors "0.015 -0.001 y0 .011
< <V "0.004 -0.001 "0.003cd

a "0.001 -0.001 "0.001S
q0.029Lifetime tag – "0.100 y0 .025

" " q0.017K ,p spectra – "0.058 y0 .016

MC statistics – "0.040 "0.012
q0 .050Total "0.042 "0.126 y0 .048

< <The systematic error on V includes a contribution due to uncertainties in the other parameters of the Standardcs
Ž .Model see Table 1 .

< <4. Determination of V from flavour-tagged hadronic jetsc s

< <Additional information about the value of V can be obtained by tagging the flavours of hadronic jetscs
" < <arising from fragmentation of the primary quarks from the W decays. Compared to the extraction of V fromcs

the hadronic branching ratio of the W boson, its determination from the flavour-tagged hadronic jets relies
neither on assumptions about the W-lepton couplings nor on the value of a . The following describes theS

selection of WqWy-enhanced samples for this analysis, the subsequent flavour tagging of the hadronic jets, and
the results obtained.

4.1. Selection of WW eÕents containing hadronic jets

In an event, charged particles were selected with a polar angle between 108 and 1708 and with a momentum
between 0.4 GeVrc and the beam momentum. The lengths of the reconstructed tracks had to be larger than 15
cm, their impact parameters, both longitudinal and transverse with respect to the beam axis, had to be below 4
cm, and the maximum allowed uncertainty on the momentum measurement was 100%. Neutral particles were
accepted if they deposited more than 0.5 GeV energy in the electromagnetic or hadronic calorimeters. For each

w xevent, all selected particles were clustered into jets using the LUCLUS algorithm 8 with a maximum
separation, d , of 6.5 GeV 2rc2.i j

Requirements during the preselection of the events were very mild so that they did not reject any W pair
decays but they rejected some of the background, e.g. a large number of gg events. Three event classes were
considered: fully hadronic decays where both Wq and Wy decayed into quarks, mixed decays where one of the
two gauge bosons decayed into an electron or a muon and a neutrino, and mixed decays with a tau lepton and a
tau neutrino.

q yIn the preselection of W W ™q q q q candidates, events with more than seven charged tracks, at least1 2 3 4
< <three reconstructed hadronic jets and the sum of transverse momenta of measured particles, Ý p , larger thani T , i

one third of the beam momentum were considered. Particles were then forced into a four-jet configuration and,
w xin order to improve the momentum and energy resolution, a kinematically constrained fit was performed 12 ,
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imposing momentum conservation and the nominal W " mass to di-jet combinations. Of the three possible
pairings of the four jets, that which minimized the x 2 of the fit was chosen.

q y y yŽ .In the preselection of W W ™q q e m n events, an isolated track of a highly energetic particle, i.e.1 2 eŽ m .
a lepton candidate, was required. In particular, a lepton candidate was chosen by finding the particle with the

Ž < <. < <smallest value of the ratio Ý p r p , where p is the momentum of the candidate and the sum runs over thej j i i

momenta of all particles in a 208 cone around the candidate’s direction. The remaining tracks were then forced
into a two-jet topology with each of the jets containing at least three particles. The minimum reconstructed

< <momentum sum of charged particles in these events, Ý p , was one sixth of the beam momentum.i g ch i

Candidates for the tau lepton mixed decays were forced into configurations with three jets. In addition, at
least one tau-jet candidate was required, defined as an isolated jet containing only one charged particle with
momentum larger than 3 GeVrc. The minimum transverse momentum sum of all measured charged particles,

< <Ý p , was one fifth of the beam momentum, and the multiplicity in a hadronic jet was at least four.i g ch T , i

At this stage a single event could enter more than one of the three classes. After the preselections above,
several kinematic properties of the events were combined in order to separate the W pair signals from the
remaining background.

ŽFor the fully hadronic channel, the number of originally reconstructed jets i.e. number of jets before forcing
.the event into the four-jet configuration , the energies and multiplicities of these jets, the probability for the

kinematically constrained fit, the angle between the faster jets from each of the two chosen di-jets, and the
effective c.m. energy after initial state radiation were used. The latter was estimated either from the energy of an
isolated highly energetic photon, if such a photon was reconstructed in the detector, or by taking the photon

w xdirection to be parallel to the beam and assuming a two-jet topology for the rest of the event 13,14 . The
discriminating power of these variables stems from the fact that the dominant background, coming from qq
creation in eqey collisions, is frequently accompanied by a photon radiated from the initial state, resulting in a
smaller effective c.m. energy. Jets from W pair decays are also distributed more uniformly in space than jets

Ž .from qq g events, where two out of four reconstructed jets are expected to arise from fragmentation of gluons,
radiated predominantly at small angles to the quark directions. At the same time, these gluon jets are on average
less energetic than jets in hadronic W decays.

A similar set of variables was used to describe the shape of mixed WqWy decays: the probability for the
kinematically constrained fit, the effective c.m. energy, the total multiplicity, the acoplanarity of the event, the
transverse missing momentum, and the number of reconstructed jets and their angular distribution. In addition,
for mixed decays with electrons and muons, the momentum spectrum of the lepton candidate, the angle between

Žthe lepton and the direction of the missing momentum, and the lepton isolation defined by the energy deposited
.inside a 108 cone around the lepton direction were used. Using DELPHI electron and muon identification

capabilities, it was possible to improve the separation of mixed W pair decays from the background events. The
isolation of t-jet candidates was defined in terms of the energy of charged particles inside a 308 cone around the
t-candidate. An attempt was also made to distinguish t-jet candidates from other hadronic jets and from
candidates due to misassociated tracks by the number of tracks in the jet and, as in the case of electrons and
muons, by the angle that they formed with the missing momentum direction.

The probability that a measured event with a given value of a particular variable originated from a W decay
was then calculated from the distribution of the corresponding simulated variable. By multiplying probabilities
from all the quantities listed in the previous paragraphs, for each of the three classes, single discriminating
variables P , P and P were obtained. To avoid multiple counting, every event was put in the class4 q 2 qeŽ m .n 2 qtn

with the largest value of the discriminating variable. Because the number of events was small, the two classes of
mixed decay candidates were then merged into one common class. Fig. 2 shows the measured probability
distributions for fully hadronic and mixed decay events according to the separating variables, as well as the
expected distributions from corresponding simulated WqWy decays and from the background. For further
analysis, only events on the right side of the arrows were used, in order to maximize the product of the selection
efficiency and the purity of the selected samples.
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Ž . Ž .Fig. 2. Distributions of the discriminating variables for preselected fully hadronic 4q and mixed decay 2 qln candidates. Measured
spectra are displayed as points with error bars, expected signals as hatched histograms, and background as open histograms. The background

q y q y q yŽ .is a sum of contributions from e e interactions giving qq g , Wen , ZZ, Ze e , e e g , Bhabha scattering and gg collisions. The
background in the mixed decay channel also contains fully leptonic decays of W pairs. For further analysis, only events to the right of the
arrows were used.

4.2. FlaÕour tagging of hadronic jets

After the selection, flavour-tagging was applied to the jets. The tagging relies on information from the
DELPHI vertex and tracking detectors and on charged particle identification with the RICH counters. In order to
separate jets originating from primary quarks with different flavours, the following discriminating properties
were used:
Ø c- and s-jets can be tagged by high momentum charged kaons detected in the system of DELPHI RICH

counters. These kaons are very likely to contain a primary s-quark or an s-quark from a c™s decay. Fig. 3a
shows the expected spectra when the highest momentum particle is identified as a charged kaon in jets with
c-, s-, u- and d-flavours. Similarly, if a fast particle in a hadronic jet is an identified pion it is an indication

Ž .of a u- or d-jet see Fig. 3b . In each jet, the momentum-dependent probability for a particular jet flavour
was calculated by considering only the highest momentum identified particle in the jet. In addition, such a
particle was required to be among the three particles with highest momentum in the jet. The charge of the
identified particle was also used to distinguish quarks from anti-quarks of the same flavour.
As a minor contribution to the flavour separation in hadronic jets, the momentum distributions of identified
muons, neutral kaons and L-baryons was also used. Muons are a signature for the semileptonic decay of
charm hadrons, while reconstructed neutral kaons and L-baryons serve as an indication of a primary s-quark.
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Ž .Fig. 3. Momentum spectra of highest momentum particles in simulated c-, s-, u- and d-jets when the particles are identified as a charged
Ž . q ykaons or b charged pions. The numbers of entries in the histograms correspond to approximately 15000 W W events generated with the
< <nominal V value.0cs

Ø c-jets can also be separated from the s-, u- and d-jets by the lifetime tag that is based on the impact
w xparameter distribution of particles assigned to a particular jet 5 . From this distribution, one can build a

probability P for the hypothesis that all the particles in a jet originate from the primary vertex. Due to theM

finite lifetime and the larger mass of the c-quark, this probability is on average smaller for charm jets than
Ž .for light-quark jets see Fig. 4 .

Ž .These flavour signatures were combined into probabilities P q for each jet to originate from a c-, s-, u- or
d-quark in the same way as in the event selection procedure.

The influence of the combinatorial background was reduced by exploiting the correlation between the
direction of a jet in the W rest frame and the flavour of its primary quark. Wq bosons produced in eqey

yy w xcollisions are partly polarized along their momenta and W bosons are polarized in the opposite direction 15 .
Therefore, because of the VyA structure of the W decays, down-like quarks and anti-quarks, i.e. s, d, s and d,

Ž .tend to follow the direction of the parent W Fig. 5a . Information on the charge of the parent W can then be
Ž . Ž .used to help decide whether the down-like decay product was a quark d or s or an anti-quark d or s .

Fig. 4. Simulated distributions of the probabilities P for the hypothesis that all charged particles in a jet come from the main vertex, forM
Ž . Ž .c-jets full curve and for s-, u- or d-jets dotted curve .
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Ž . Ž .Fig. 5. a Simulated distribution of the angle between the momentum of the W and that of the corresponding jet from down-like full curve
Ž . Ž . q Ž . y Ž .or up-like dotted curve quarks from W decays. b Angular distributions of W bosons full curve and of W bosons dotted curve

with respect to the direction of the positron beam. The curves correspond to 172 GeV c.m. energy and include smearing of the W "

direction due to reconstruction inefficiencies.

In four-jet events, the W charge was assigned by making use of the strong correlation between the direction
w xof the W and its charge 15,16 . The momenta of positively charged gauge bosons point mainly into the

Ž .hemisphere determined by the direction of the positron beam Fig. 5b . In qqln decays, the charge of the W was
determined by the charge of the lepton candidate from a leptonic W-decay. The correlations between the jet

Ž .direction and the flavour of the primary quark were then incorporated into the probabilities P q . Note,
" Ž .however, that the polarization of the W Fig. 5a , and thus also the background rejection power, will

substantially increase with the increasing eqey c.m. energy attainable in the coming years of LEP operation.
When combining the flavours of the two jets from hadronic W " decays, four different combinations were

considered:

cs, cs, ud , and ud.

Decays into us, su, cd, dc, cb, bc, ub and bu pairs are strongly Cabibbo-suppressed; they were considered as a
Ž .minor contribution to the ud and ud combinations see below .

q yAs the final separator, the probability, P , that two jets come from the decay W ™cs or W ™cs wascs

constructed:

P c P s qP c P s qP c P s qP c P sŽ . Ž . Ž . Ž . Ž . Ž . Ž . Ž .1 2 2 1 1 2 2 1
P s ,cs Knor

where K is a normalization constant:nor

K sP c P s qP c P s qP c P s qP c P s qP u P dŽ . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .nor 1 2 2 1 1 2 2 1 1 2

qP u P d qP u P d qP u P d ,Ž . Ž . Ž . Ž . Ž . Ž .2 1 1 2 2 1

and indices 1 and 2 refer to the first and the second jets in di-jet combinations respectively. Fig. 6 shows the Pcs
"distributions expected for cs and for ud di-jets from W decays.

4.3. Results of the flaÕour tagging method

< <The value of V was extracted from the data by fitting the expected P distributions to the spectra of thecs cs

selected di-jet combinations by using the maximum likelihood method. The likelihood function

LsMn N ;N , N , . . . , N ,...; p , p , . . . , p ,...Ž .1 2 i 1 2 i
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Ž . Ž .Fig. 6. P distributions for simulated cs-jets full histogram and ud-jets dashed histogram .cs

w xwas constructed as a multinomial probability 17 to observe N out of N measured di-jets in the first bin of the1

P distribution, N in the second bin, etc. The probability p that a di-jet, randomly picked from the selectedcs 2 i
< <sample of WW candidates, would fall into the i-th bin depends on the value of V and was determined fromcs

the simulated signal and background samples.
The P distributions extracted from the selected jjjj and jjln candidates were fitted simultaneously, with thecs

migrations between the two channels taken into account. The fit was performed using the MINUIT program
w xpackage 18 .

Ž . Ž . Ž .Fig. 7. Measured P spectra points with error bars together with the best fit simulated predictions open histograms for jjjj decays acs
Ž . Ž . Ž . Ž . Ž .and c and for jjln events b and d . Hatched histograms correspond to the background contribution. Data shown in a and b were taken

Ž . Ž .at 172 GeV c.m. energy while data in c and d were collected at 161 GeV.
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Fig. 8. The sum of the jjjj and the jjln P spectra. The measured distribution is shown by the points with error bars and the best fit by thecs
q qŽ .histogram. The shaded areas show fractions of particular contributions: W ™cs light shading , W ™ud together with the Cabibbo-sup-

Ž . Ž .pressed decays medium shading , and the background dark shading .

Fig. 7 shows the measured P spectra together with fitted simulated distributions, while contributions to thecs
qoverall P spectrum are displayed in Fig. 8. The fraction of hadronic W decays into cs quarks obtained was:cs

qG W ™csŽ .
Žcs. q0.18r s s0.46 stat "0.07 syst . 4Ž . Ž . Ž .y0 .14qG W ™hadronsŽ .

< <The fraction can be converted into the value of V :cs

< < q0 .32V s0.94 stat "0.13 syst .Ž . Ž .cs y0.26

The contributions to the overall systematic error are discussed in the next section.
Ž . Ž .Combining results 3 and 5 gives

< < q0 .15V s0.91 stat "0.05 syst . 5Ž . Ž . Ž .cs y0.14

Unitarity of the CKM matrix, incorporated in the framework of the Standard Model, is experimentally
w xsupported by very stringent limits on the first order flavour-changing neutral currents 3 . Therefore assuming

unitarity but allowing for more than three quark generations further constrains the upper-bound errors on the
Ž . < <value 6 of V :cs

< < q0 .065V s0.91 , 6Ž .cs y0.15

where the errors incorporate both statistical and systematic uncertainties.

< <5. Systematic uncertainties on Vc s

< < " w xThe systematic uncertainties on V extracted from the measured hadronic branching ratio of the W 12cs

are dominated by the uncertainties on the background normalization for the fully hadronic WqWy decays, and
Ž .by the uncertainty in the efficiency calculation see Table 1 . Apart from the Feynman diagrams involving W

Ž w xpairs the so-called ‘‘CC03 diagrams’’ 16 , containing s-channel g and Z exchange and t-channel n

.exchange , there are also other electroweak diagrams, involving either zero, one or two massive vector bosons,
which can lead to the same final state fermions. The effects of the interference between the CC03 diagrams and

w xthe additional diagrams were estimated by using the four-fermion generator EXCALIBUR 19 and have been
w xtreated as additional correction factors to the absolute normalization 12,13 of the expected signal. The possible

Ž .uncertainties on these values were added to the overall systematic error on the measurement Table 1 . In
< <addition, the contributions due to the uncertainties on the value of V and on the strong coupling constantcd
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Ž . w x Ž ."a M 3 were also considered. They were found to be small Table 1 , while the impact of uncertainties inS W

other parameters of the Standard Model is negligible.
< <The systematic error on V as measured by tagging the flavour of hadronic jets from W decays iscs

determined mainly by the precision of tuning the representation of the DELPHI tracking detectors in simulated
w x 0events 20 . The systematic uncertainty due to the lifetime tag was estimated using Z hadronic decays collected

0during the short runs at the Z pole in 1996. Samples with different fractions of bb, cc and light-quark decays
were selected by cutting at different values of the probability P that all charged tracks in one hemisphere cameM

Ž .from the primary vertex see Section 4.2 . Measured and simulated P distributions in the opposite hemisphereM

were then compared and simulated distributions for jets of particular flavours were corrected in order to
reproduce the measured ones. The same corrections were applied to the simulated P distributions of jets inM

q y < <W W decays and background processes used for determination of V from flavour-tagged hadronic jets. Thecs
Ž . Ž .results 4 , 5 were obtained with the corrected simulated samples and differ from the results obtained with the

uncorrected simulated spectra by approximately 15%. The uncertainty of the correction due to the finite number
0 Ž .of recorded Z events is quoted as a contribution to the systematic uncertainty of our measurement Table 1 . In

the future, the uncertainty can be reduced if longer periods of running at the Z 0 centre-of-mass are interspersed
with the LEP high energy runs.

The tuning of the parameters of the fragmentation model used for event simulation was checked with samples
of particles collected at the Z 0 pole and during high energy runs in 1996, as well as with the large number of Z 0

decays collected during the operation of LEP1. As for the estimation of the lifetime tag systematic uncertainties,
c-, s-, or urd-enhanced samples were selected by cutting at different values of P and by requiring identifiedM

fast kaons or pions in one hemisphere. The momentum spectra of fast kaons and pions in the other hemisphere
were then compared to the appropriate simulated distributions. Following the same procedure as for the lifetime
tagging method, the contribution to the overall systematic uncertainty was determined to be "0.058.

6. Conclusion

The sample of approximately 100 W pairs collected by the DELPHI detector in 1996 has been used to
< <measure the value of the V element of the CKM matrix. The value extracted from the measured hadroniccs

branching ratio of the W boson was

< <V s0.90"0.17 stat "0.04 syst ,Ž . Ž .cs

while tagging the flavour of jets from W-decays gave

< < q0 .32V s0.94 stat "0.13 syst .Ž . Ž .cs y0.26

The precision of the two values combined,

< < q0 .15V s0.91 stat "0.05 syst ,Ž . Ž .cs y0.14

w xalready surpasses the precision of the combination of all previous measurements 21–24 . Moreover, unlike the
previous measurements which are limited by uncertainties from the theoretical input, the uncertainty on this
result is dominated by the statistical error. By the end of LEP2 data-taking it can therefore be expected that the
precision will be substantially improved.
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