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Abstract

Results on B% — B° mixing in ete™ annihilation at LEP are reported. A
new method is used, where the charge of one b quark is tagged by a high-
p, high-p, electron or muon, and the charge of the other is extracted from
the momentum-weighted average of the charges of jet fragments. Based on
the analysis of 180,000 hadronic Z decays produced in the ALEPH detector,
Ffaxa+0.72fxs = 0.113 £ 0.018 (stat.) £ 0.027 (syst.) is obtained. Combining
this result with the ALEPH dilepton measurement yields x = 0.129 £+ 0.022.
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1 Introduction

In the Standard Model the mixing rates of By and B mesons depend on the mass and
weak couplings of the top quark. Existing measurements of By mixing on the T(45)
resonance [1] and of the combined effect of By and B, mixing at higher energies
[2, 3, 4] have provided limits for some of the remaining unmeasured parameters of
the CKM matrix that are independent of unitarity assumptions. Most measurements
to date of B°-B° mixing rely on tagging the flavour of both decaying b-hadrons in
the event by the charge of their leptonic decay products. These experiments measure
the mixing parameter ¥, defined as?

I'(bhadron — £+ X)) 1)
X ['(bhadron — £ X)

by comparing the relative abundance of opposite- and equal-sign dileptons.

In this paper, a novel analysis of B°-B° mixing in hadronic Z decays is performed
following recent progress on quark charge tagging using charged particle jets [5].
The b-flavour tagging relies on the selection of events containing at least one high
momentum, high transverse-momentum electron or muon accompanied by jets. The
charge of one of the b-quarks is measured by the charge of its decay lepton. The
charge of the other decaying b-quark is extracted from the momentum-weighted
average charge of the jet fragments in the thrust hemisphere opposite to that of the
lepton. The mixing parameters are then determined by comparing the lepton charge
to the jet charge.

This method has the advantage, compared to the traditional dilepton approach,
of a ten-fold increase in event statistics. Its systematic errors are mostly independent
of those affecting the dilepton result. As the lepton charge and the jet charge are
sensitive in different ways to B; and B, mixing, the result, expressed as a contour
in the xa - X5 plane, exhibits a slope different from that of the dilepton band. The
combination of the two methods therefore has the potential to constrain the allowed
range of B, mixing. On the other hand, the jet charge is related to the quark charge
in a statistical sense only; this leads to a dilution of the gain brought about by the
increase in event sample size. In addition, the interpretation of the measurement
relies on detailed Monte Carlo simulations of jet-charge distributions, which are
sensitive to assumptions about the fragmentation and decay in heavy quark jets.

This paper is organised as follows. Section 2 establishes the principle of the
method. After a brief sketch of the ALEPH detector and of the event selection
procedure in Section 3, Section 4 describes how to extract the average b lepton-
signed hemisphere charge from the data. This quantity is then interpreted in terms
of mixing in Section 5. The errors are discussed in Section 6, and Section 7 deals
with the combination of the jet-charge mixing measurement with the previously
published ALEPH dilepton result. A summary is presented in Section 8.

2Throughout this paper, reference to a given charge state implies the charge-conjugate state,
unless otherwise stated.



2 Principle of the Measurement

The discussion of this section assumes a pure sample of Z — bb events containing
a lepton from a primary semileptonic & decay. The lepton charge unambiguously
tags the charge of the b quark in the decaying hadron. If this quark was contained
in a baryon, a charged B meson or a neutral B meson that did not mix, then the
charge has the same sign as that of the originally produced quark. If, on the other
hand, a B° meson has undergone the transition into its antiparticle state B® by
flavour oscillations, the charge sign of its decay lepton is opposite to that of the
quark produced in the original Z decay.

The charge of the other b quark in the event is inferred from its charged jet frag-
ments, exploiting the correlation between the charges of high momentum particles
in the jet and that of the parent quark. The same procedure is followed here as in
the study of the hadronic charge asymmetry [5]. The plane perpendicular to the
thrust axis separates the event into two hemispheres. In the hemisphere opposite to
the lepton, the hemisphere charge

_ i |P - x| g
R ST @

1s defined as the momentum-weighted charge average over all charged particles in
that hemisphere. |f; - €7| is the momentum component of particle ¢ along the thrust
axis, ¢; is its charge, and « is a weighting parameter chosen to optimise the sensitivity
of the measurement. This analysis adopts & = 1; the justification of this choice is
deferred to section 6.

The lepton charge ¢¢ and the opposite-hemisphere charge Qp together contain
the information about mixing in the event. It is thus convenient to define the
lepton-signed hemisphere charge,

Qe = —q - Qu

such that it is positive if the hemisphere charge correctly reflects the charge sign of
the original quark and the lepton originates from a b hadron that did not mix. The
average lepton-signed hemisphere charge for b events with a primary lepton, {Qex)s,
is the measured quantity that will be interpreted in terms of mixing. Since mixing
reverses the sign of the lepton, it is related to y by

(Qerde = (1 — xNQorr) + x{(—=Qurr) = (1 = 2xH{Qorr) , (3)
Here, {Qvx) is the average b quark-signed hemisphere charge, defined by
Qemr = sign(q) - Qn,

where g; is the charge of the & or b quark going into the same hemisphere as that in
which the charge is reconstructed. This quantity is positive if the hemisphere charge
correctly reflects the charge sign of the original quark in that hemisphere.

A detailed Monte Carlo study shows that the hemisphere charge retains in-
formation about the quark charge even when the b hadron is neutral. This can

2



be appreciated from Figs. la-c which show the momentum spectra, in the meson
rest frame, of the long-lived charged particles originating from the expected mix of
By = (bd) and B, = (bs) decays. The positively charged particles exhibit a harder
momentum spectrum than the negatively charged fragments. This asymmetry is
most pronounced in the case of primary semileptonic decays (a), where a large mo-
mentum is transferred to a single positively charged particle. But it is also manifest
in two-body (b) and in multi-body hadronic B meson decays (c) and is thus a general
feature of the weak decay cascade.

Consequently, the momentum-weighted charge sum of B? decay products is pos-
itive. The hemisphere charge receives in addition the contribution from the frag-
mentation companions, which in a naive picture is related to the positive charge of
a d quark, left over from the dd pair that was created to form a By meson (and
similarly for B,). The Monte Carlo study shows that the magnitudes of the two
components are comparable. In the case where the B? meson has mixed, however,
these two contributions cancel each other to a large extent. Therefore the average
quark-signed hemisphere charge (Qsx) depends itself on the mixing rates, as is clear
in the decomposition:

(Qorr) = (1 - fa—f:){@B.)
+ fa(l = xaH @B} + fa - xa{@s,)
+ fs(l _Xs)<QBs) +fs .XS(QBS} s (4)

where {@p,) and (@p,) denote the average quark-signed charges for hemispheres
containing B, mesons (¢ = d, s) that did or did not mix, respectively. The first
term includes all non-B® hadrons. f; and fs are the fractions of produced By and
B, mesons, respectively, in the pure b sample, and x, are the respective probabilities
for mixing to occur:

_ I\(Bg — Bg)
Xe = T(BY = BY) + [(BY — BY)

Inserting the full expression (4) into equation (3) yields a form quadratic in x4
and y,: the sensitivity to mixing in the hemisphere opposite to the lepton actually
contributes to the statistical sensitivity of this measurement.

The analysis is structured as follows. An event sample highly enriched in primary
semileptonic b decays is selected among the Z events. The average b lepton-signed
hemisphere charge (Qerr)s is extracted from these data. The average quark-signed
charges (@B, ),..., (@,) are obtained from a Monte Carlo calculation. The combina-
tion of Eqs. (3) and (4) is then used to derive a constraint on the mixing parameters

xq and x; from the measurement.

3 ALEPH Detector and Event Selection

Only a sketch of the ALEPH detector is presented here, as it has been described in
detail elsewhere [6]. Charged particle momenta are measured by an inner cylindri-
cal drift chamber (ITC) and by a large cylindrical time projection chamber (TPC)

3



that surrounds it. These are immersed in a 1.5 T magnetic field. The TPC also
measures the specific ionisation of each charged track. A finely segmented, lead-
proportional-tube electromagnetic calorimeter (ECAL) is placed between the TPC
and the superconducting coil. Outside the coil lies the hadron calorimeter (HCAL):
it consists of iron slabs interleaved with layers of limited-streamer tubes, and com-
bines the functions of magnetic return yoke, hadron calorimeter, and muon filter.
Finally, the detector is enclosed by two additional outside layers of streamer tubes,
that provide 3-dimensional track points and complement the muon identification

role of the HCAL.

The event selection criteria are essentially identical to those applied in the study
of the bb forward-backward asymmetry i7]. Briefly, hadronic Z decays are first
selected by requiring the event to contain at least 5 validated charged tracks, that
together carry at least 10% of the centre-of-mass energy. In addition, the thrust
axis (determined from both charged and neutral particles) must lie within a polar
angle window defined by jcos#| < 0.85. The resulting sample is then enriched
in Z — bb decays by requiring in addition the presence of at least 2 jets, and
at least one high momentum electron or muon. Jets are formed with a scaled-
invariant-mass clustering algorithm, using all charged tracks and electromagnetic
and hadronic energy clusters not associated to tracks. Electrons are identified by
matching a charged track measured in the TPC and ITC with an energy deposition
in the ECAL that is consistent in specific ionisation, shower energy and shower
profile with those of an electron of the measured momentum. Muon identification is
achieved by the association of a charged track with a pattern of hits in the HCAL
and the muon chambers consistent with the muon hypothesis. The same methods
as those presented in refs. {4, 8] are used to remove photon conversions and Dalitz
pairs from the prompt electron signal, and to estimate from the data the lepton
identification efficiency and the background to the electron and muon samples.

The final sample is based on the analysis of approximately 180,000 hadronic Z
decays collected in 1989 and 1990. It consists of the hadronic events containing at
least two jets, and at least one lepton candidate that satisfies p > 3.0 GeV and p; >
0.5 GeV, where the lepton transverse momentum p, is defined with respect to the
jet axis calculated with the lepton included. About 69% of the 11,147 leptons in this
heavy-flavour enhanced sample originate from b decays, the remainder being due to
semileptonic decays of primary charm, non-prompt leptons (unidentified conversions
or Dalitz pairs or muon decays in flight), and hadrons misidentified as electrons or
muons. Maximum-likelihood fits to the electron and muon p, p, spectra, similar to
those described in ref. {7], are used to assign to each lepton a set of probabilities
for it to originate from one of the processes listed in Table 1. These probabilities
Prpb...Pyg, depend on the lepton flavour (e or i) and on its p and p;. Averaging the
subprocess probabilities over all leptons in the sample yields the fractional Aavour
composition listed in the table.



Process label %

b—-{

b—or1—{ } pb 54
b—W —¢c— ¥

b—c—4 be 15
c— { 13
non — prompt leptons } bg 12
misidentified hadrons 6

Table 1: Flavour composition of the inclusive lepton sample.

4 Determination of the average b lepton-signed
hemisphere charge

The measured lepton-signed hemisphere charge, averaged over the N, leptons in the
sample, receives contributions from all the subprocesses listed above:

Q™) = le_e > (Pps — Poc)i{lQerr)s + —j% >0 Pog{Qurr ) (5)

l

where [ runs over all leptons. The first term, {Qem)s, on the right-hand side of
this equation carries the mixing information, as discussed in Sec. 2. As the cascade
process flips the sign of the decay lepton, the lepton-signed hemisphere charges for
primary (b — 1) and cascade (b — ¢ — [) decays are equal in magnitude but opposite

in sign® (Qe)s = (Qurr)pp = (@it e
The second term in Eq. (5) describes the background component of the measured
hemisphere charge:

Z’Pbg(QL’H)bg = Ppc - {Qenr)pe
bg +  Pup - {Qern(p:pLy €OT ft))np
+ th. * (QZH(p& PL, €0T H))mh (6)

The mean charm hemisphere charge {Qe)p. must be obtained by Monte Carlo
simulation, whilst those of non-prompt leptons {(np) and misidentified hadrons (mh)
are extracted from the data themselves. To this effect, samples of “fake electrons”
and “fake muons” are selected. These satisfy the same selection criteria as the
genuine electron or muon candidates, except that the fake lepton track must be
unambiguously identified as a hadron. The average fake-lepton signed hemisphere
charge can then be computed directly from that data sample and tabulated as a
function of the p and p, of the track.

3The mixing parameter X, as defined in Eq. (1), extracted from a pure sample of b — ¢ — |
decays, would differ by a few percent from that extracted from primary & — [ decays, because the
semileptonic branching ratios of charged and neutral charm mesons are not equal. The cascade
decays are sufficiently suppressed in this analysis by the (p, p.) cuts on the lepton for this effect
to be negligible.



Figure 2 compares the measured distribution of lepton-signed hemisphere charges
with the sum of the contributions expected from the various flavour subprocesses.
The shapes of the charge distributions expected from b- and ¢-produced leptons are
extracted from a Monte Carlo simulation that incorporates the level of B% B° mixing
previously measured by the dilepton method {4]. Contributions from non-prompt
leptons and misidentified hadrons model the shape of the fake-lepton-signed charge
distributions as a function of the p and p, of the track. The overall agreement
between the predicted and observed Q7% distributions is acceptable?.

In principle the average b lepton-signed hemisphere charge can be extracted
by simply combining equations (5) and (6) and solving for (Q.x),. However, this
procedure ignores the fact that higher-p, leptons, for instance, are much more likely
to originate from b- than from c-decay. In order to maximise the use of available
information, a weighted mean method is applied:

(Qerr)e = 2 Wi (QFF™ — Zbg Pig(Qerr)oghi
H)b T Wi - (P — Poki

where W (P, P, ) is a weighting factor reflecting the probability of lepton ! to have
originated from b semileptonic decay. It can be shown that using W) = P — P
optimises the statistical sensitivity of the method. This finally gives

{Qerr)s = 0.0863 £ 0.0069 (stat.) .

‘This measurement is affected by systematic errors arising from uncertainties in the
flavour composition of the inclusive lepton sample, and in the Monte Carlo modelling
of the quark-signed hemisphere charge for ¢ quarks (the error due to event selection
and detector systematics was found to be negligible). To study the magnitude
of the flavour composition error, the relative fractions of primary b-decays, cascade
b — ¢ — I decays, primary ¢ decays, non-prompt leptons, and misidentified hadrons,
are varied to the same extent as in ref. [7]. This results in a total error due to
flavour composition of = 0.0017 on (Q.u), (a detailed breakdown is presented in
the Appendix). The uncertainty on the average quark-signed hemisphere charge
for charm events is estimated by varying a number of parameters (listed in the
Appendix) in the Monte Carlo model, which affect the hadronisation and decay of
charm jets. The resulting uncertainty on the charm background subtraction leads
to an error of = 0.0006 on (Qx)s.

Combining the above results yields for the measured lepton-signed hemisphere
charge in b events (at £ = 1) :

(Qorr)y = 0.0863 £ 0.0069 (stat.)  0.0018 (syst.) . (7)

*A quantitative comparison yields x* = 93 for 48 degrees of freedom. As the largest discrepancy
occurs in the limited range —0.85 < Q7}7*° < —0.63, the analysis was repeated with stringent cuts
on the absolute value of the hemisphere charge, excluding that region from the data. The stability
of the final result when varying this cut lies well within the systematic error quoted in Sec. 6.



5 Interpretation of (Q/u)p, in terms
of mixing

Interpreting the above measurement in terms of mixing requires the a priort knowl-
edge of the average quark-signed hemisphere charges for b hadrons, (Q Bu)yes (@B, )
(Eq. (4)). These are extracted from a detailed Monte Carlo simulation of Z — bb
events as reconstructed in the ALEPH detector. Events are generated using the
DYMU package [9]. This generator is interfaced to the Lund string model with
parton shower evolution [10] and updated decay tables for the charm and beauty

hadrons.

With that input, Eq. (3) translates the measurement of (Qem)e, with its error,
into a constraint on the mixing parameters, that can be represented by a 68%
confidence level contour in the Y4y plane {Fig. 3a). Since a line of constant (Qerr)e
exhibits negligible curvature (its slope varies by 2% of itself over the full x, range),
the result (7) can be expressed to a very good approximation as

faxa = (0.113 788 — (0.72£ 0.03) foxs ®

The error, which is reflected in the width of the band in Fig. 3a, combines all
the statistical and systematic uncertainties that will be discussed in the following
section.

For comparison, the ALEPH mixing measurement based on dileptons [4]

X = faxa + fixs = 01321503 (9)
results in a similar band (Fig. 3b), but with a slope that is steeper than that of the
jet-charge result. This arises for the following reason. After introducing

(QbH)x=o = (1-fa— f5)<QB_u) + fd(QBd> + f(@B.)
Do, = 1/2-((@s.) = (@b,) [ (Qer )™,

Do, = 1/2-((Qs.) —{Qr.) / {Qer)" (10)
the combination of Eqgs. (3) and (4) can be rewritten as
e (1— 2001 - e, + fixial)- (11)

This form® exhibits the parallel between the lepton- and the hemisphere-charge
terms. But it also shows that while leptonic decays provide equal sensitivity to
mixing in By and B, events, the b hemisphere charge depends on the normalised
semsitivities Ag, and Ag, (Eq. (10)), which are not equal. This is due to the fact
that the predominant decay chains for the two species are expected to be distinct:

By — DX

L por— .
B, — DX

- Doy

$Bqs. (9) and (11) assume that the semileptonic branching ratios of By and B, mesons are equal
to the average b hadron semileptonic branching ratio.
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In the first case, the soft pion contributes little to the momentum-weighted hemi-
sphere charge, and even sometimes escapes detection altogether. As the charge it
carries (opposite in sign to that of the & quark) is, in this sense, “missing”, the con-
tribution to the hemisphere charge of the other B; decay products is enhanced. The
B, decay chain involves a photon rather than a pion: in this case there is no such
charge enhancement. Therefore Ag, > Ag,, so that the b quark-signed hemisphere
charge is more sensitive to By mixing than it 1s to B, mixing.

6 Error Analysis

Three components contribute to the total error affecting the jet-charge analysis:

e the statistical accuracy on the measured b lepton-signed hemisphere charge

(Qemr)e,

e the systematic error on (Qem)s,

¢ systematic uncertainties in the modelling of the & quark-signed hemisphere
charges required to interpret {Qsy)s in terms of mixing, including the depen-
dence of the final result on the choice of the momentum weighting power &

(Eq- (2))-

The statistical and systematic errors affecting (Qer)s have been addressed in
Sec. 4. Besides the mere size of the event sample, the statistical error reflects the
width of the hemisphere charge distribution and the dilution caused by cascade de-
cays. Although these decays only constitute 22% of the b signal (Table 1), they
increase the statistical error affecting the measurement of the mixing rate by about
40%. The systematic error, in turn, arises from uncertainties in the flavour compo-
sition of the sample and the average charm jet charge, which affect the background
subtraction. In the x4-x. plane all these errors correspond to a translation of the
line of constant {Qz )y parallel to itself.

The third error above, which dominates the systematic uncertainty, reflects the
imperfect knowledge of the heavy quark fragmentation and decay properties that
influence the calculation of the average b quark-signed hemisphere charges. This
error 1s estimated by varying separately each one of 13 Monte Carlo parameters
(listed in the Appendix) over ranges justified in Refs. [5, 11]. Repeating the analysis
with the new values of the b hemisphere charges corresponding to each parameter
setting, results in translations of the line of constant (@), almost parallel to itself.
The slope of that line changes by amounts small compared to the error on its x; = 0
intercept.

To allow direct comparison with the errors of dilepton experiments, it is con-
venient to express the width of the error band in terms of a single quantity stated
in the same units as the dilepton mixing parameter x. This can be visualised as
the intersection of the jet-charge confidence band (Fig. 3a) with the x4 axis, and is
equivalent to the error on the mixing parameter y for any fixed value of x,:

AX xe=comst. fd : AXd . (12)
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Table 2 lists the main contributions to the total systematic error; a more detailed
breakdown is presented in the Appendix. The b fragmentation function and branch-
ing ratios provide the largest known sources of systematic error.

Error source AX,, . ~const.

(QIZH)I; (Stat.) +0018 '0.018
{Qerr)s (syst., flavour composition) +0.004 -0.004
Fragmentation and decay model +0.016 -0.020

Monte Carlo statistics +0.003 -0.003
Combined stat. + syst. (at « =1) 40.024 -0.027
k-dependence +0.022 -0.016
Total error +0.033 -0.032

Table 2: Contributions to the error, Ax|y —const. affecting the mizing measurement
by the jet-charge method. Statistical and systematic errors at £ = 1 are combined
in quadrature; the resulting subtotal and the r-dependence error, again added in
quadrature, yield the total error.

The stability of the final result with respect to the momentum-weighting power
k (Eq. (2)) provides an independent check of the systematic error estimate. An @
priori choice of « between 0.5 and 1 optimises simultaneously the average charge
tagging efficiency in b jets, and the sensitivity of the & hemisphere charge to mixing.
This is first illustrated in Fig. 4a which displays, as a function of , the charge
separation power Scharge, defined as the ratio of the mean and width of the b quark-
signed hemisphere charge distribution:

Scharge = (QbH)/GQbH

This is maximal near & = 0.5, and decreases for large weighting powers, where only
information from the fastest particles is used. Next, the sensitivity of the quark-
signed hemisphere charge itself to mixing, Spmix, can be expressed as the difference
between the average charges of hemispheres containing B° mesons that did not or
did mix, normalised to the width of the distribution:

Soix = ((QbH)net mixed _ (QbH)mixed)/JgT;Imixed .

S.ix increases with increasing « until reaching a plateau around £ = 1 (Fig. 4b).

A posteriori, the above criteria are confirmed by the x-dependence of the statis-
tical error on the mixing measurement (Fig. 4c), which exhibits a minimum around
%« = 0.7. On the other hand, the systematic error, shown in the same figure, in-
creases towards low & values, where the predicted b charges become more sensitive
to details of the soft hadronisation mechanism. The resulting overall minimum of
the combined statistical and systematic errors justifies the choice of x = 1.

Table 3 lists the variation x|, _cone. ©f the jet-charge result, compared to its
value at k = 1, for a few k values around the optimum. As these measurements are
based on the same data sample, their correlation must be taken into account when
evaluating the statistical significance of the difference. The table indicates that part,

9



f 6X [x.:=const.

0.3 -0.033 = 0.011
0.5 -0.016 + 0.007
1.0 0.0 + 0.0
2.0 +0.022 £ 0.006

Table 3: «-dependence of the jet-charge miring result. The table lists the change
relative to £ = 1.0, and the one-standard-deviation statistical error on that change,
taking into account the correlations between the lepton-signed jet charges measured
at different k values.

but not all, of the observed dependence on k may be due to statistical fluctuations
between the high- and low-momentum ends of the charged particle spectrum.

By a suitable choice of some of the parameters controlling the Monte Carlo event
simulation, it is possible to substantially reduce this discrepancy, but it could not
be eliminated completely. This suggests that the fragmentation and decay model
used does not describe the details of the charged particle spectrum in bb events with
sufficient accuracy. The systematic error on this measurement is therefore increased
by an additional uncertainty corresponding to the full observed variation of the
result over the range 0.5 < & < 2. This procedure conservatively includes in the
systematic error a possible contribution of statistical fluctuations, as well as part of
the systematic error already associated to the fragmentation model. The total error
thus obtained is given in Table 2 and displayed in Fig. 3a.

7 Combination of the dilepton and jet-charge
mixing measurements

The mixing measurement derjved from the jet-charge analysis, shown in Fig. 3a, can
now be combined with the previously published ALEPH dilepton result based on
the same data sample, x = 0.13240.022 £ 0.014 (Fig. 3b) {4]. In doing so, however,
the small correlation between the two methods must be taken into account.

First, there exists a small statistical correlation as the dilepton events are in-
cluded in the jet-charge analysis. This is done in order to avoid an additional
systematic error due to the dependence of the b hemisphere charge parametrisation
itself on the momentum cut used in the dilepton selection. The dilepton events,
as selected in Ref. [4], amount to 8% of the event sample used in the jet-charge
analysis, and hence represent 16% of the inclusive lepton count. To take this into
account the statistical error affecting the jet-charge result (Eq. (7)) is inflated (for
combination purposes only) by a factor of 1.14, evaluated by explicitly excluding
the dilepton events from the analyzed sample.

The systematic errors are very different in the two methods. The jet-charge
analysis suffers mostly (Table 2) from uncertainties in the modelling of the b hemi-
sphere charge distributions, while the error due to the lepton fractions represents
a small contribution. In contrast, the dilepton systematic error [4] is dominated

10



by flavour composition uncertainties. This is a consequence of the fact that the
fractions of leptons from a given source enter only linearly into the evaluation of
(Qerr)s (Egs. (5), (6)), whereas the dilepton result depends on products of such
fractions. The full correlated flavour-composition error is taken into account by
removing its contributions from the individual dilepton and jet-charge errors, and
adding in quadrature, to the combined total error, a weighted linear sum of these
two individual error contributions.

The results of mixing measurements using either the dilepton method or the jet-
charge technique can be expressed independently of assumptions on the production
fractions f; and f, (Eqs. (8) and (9)). However, because of the different sensitivities
of the two methods to the By and B, mixing rates, the combined result depends in
principle on these fractions. In practice the corresponding error Is negligible.

The combined 68% confidence level contour in the x4 — xs plane, with the above
considerations taken into account, swmmarises the ALEPH measurement of B°-B°
mixing. It is shown in Fig. 5, together with the ARGUS and CLEQO measurement
of ya = 0.167 & 0.042 [1] and with the Standard Model prediction [13]. The axis of
the band is no longer quite parallel to the dilepton contour described by x = con-
stant. At the present level of accuracy, however, it is convenient to project this
two-dimensional contour onto an axis measuring x. Strictly speaking, this corre-
sponds to quoting a value corresponding to x; fixed in the middle of its physical
range. The bias introduced by the projection is small, £0.003, and is included in
the total error. At the cost of a slight loss of information, the combined ALEPH
mixing result can thus be expressed as a single number:

x = 0.129 +0.022 .

where the error quoted combines all statistical and systematic uncertainties®.

8 Summary

B B° mixing in e*te” annihilation has been measured by a jet-charge method,
using a sample enriched In Z — bb decays by a high momentum, high transverse
momentum inclusive single lepton tag. The mixing information is extracted from
the comparison of the lepton charge to the momentum-weighted average charge in
the thrust hemisphere opposite to the lepton. The fundamental quantity measured
is the b lepton-signed hemisphere charge:

(Qerr)s = 0.0863 + 0.0069 £ 0.0018,

where the first error is statistical, and the second systematic.

This result translates into a 68% confidence level contour in the x4 — Xs plane,
parametrised as

faxa +0.72fsxs = 0.113 £ 0.018 £ 0.027 .

6Note that the correlations discussed in this section have little impact on the result: com-
bining the dilepton and jet-charge measurements under the assumption that they are completely
independent would yield x = 0.128 % 0.020.

11



Combining it with the previously published ALEPH dilepton measurement, y =
faxa + fsxs = 0.132 £ 0.022 £ 0.014, defines an improved contour in the mixing
plane which, if described in terms of the dilepton mixing parameter, yvields

x = 0.120 £ 0.022 .
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Appendix: Systematic Errors

This appendix contains a detailed breakdown of the systematic errors affecting the
measurement of mixing by the jet-charge method.

Table 4 details the flavour composition uncertainties affecting the b lepton-signed
hemisphere charge, as discussed in Sec. 4. The central values and the errors assumed
for the semileptonic branching ratios are discussed in Ref. [7]. The table lists,
for each flavour subprocess, the relative uncertainty assigned to the corresponding
lepton rate, the systematic error this uncertainty induces on {Qerr)s, and the impact
of this error on the jet-charge mixing result, expressed in terms of Ax|, _ ons.

(Eq.(12)).

Process Relative Systematic error
uncertainty A{Qer )y AX'x.:const.
b—{ + 0.10 +0.0013 -0.0013 +0.003 -0.003
b—c— ¥ + 0.10 +0.0009 -0.0010 +0.603 -0.002
bW —E—{ + 0.50 +0.0001 -0.0003 +40.001 -0.000
c— £ + 0.20 40.0002 -0.0002 +0.001 -0.001

non-prompt leptons (e/u) +0.2/0.1 +0.0005 -0.0004 +0.001 -0.001
misidentified hadrons (e/p) £ 0.2/0.4  +0.0004 -0.0003 +0.001 -0.001
Total, flavour composition +0.0017 -0.0017 +0.004 -0.004

Table 4: Systematic errors on the measured lepton-signed b hemisphere charge due
to uncertainties in the flavour composition of the lepton sample.

The systematic uncertainty on the interpretation of (Qemr)s In terms of mixing
stems from the dependence of the calculated b quark-signed hemisphere charges on
the fragmentation and decay parameters in the Monte Carlo simulation. Table 5
shows the impact on the jet charge mixing result of varying the 13 most important
parameters. For each quantity, the table lists the central value adopted for the
modelling of the charge distributions, the range over which it is varied, and the
resulting systematic uncertainty Ax! _ o (including the small error due to charm
background subtraction). The ranges of variation are either based on measurements,
or given by theoretical constraints. They are in most cases the same as in Ref. [5],
and are justified in the Appendix of that publication. The table takes account
of recent results on charmed meson production [{12]. In addition, as some specific
decay modes have a pronounced impact on the inclusive charged particle spectrum
in B decays, it also includes conservative errors on the branching fractions {11] of
semileptonic b decays and inclusive B® — D"~ X decays, and on the produced b
baryon fraction.
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uantity Central Range Systematic error
g
value Axl,,.

=const.

€b 0.006 0.003-0.010 +0.009 -0.012
€ 0.048  0.034-0.067 +40.001 -0.001
(7255 Jud 0.50 0.30-0.75  +0.004 -0.005
(Vqtps)s 0.60 0.50-0.75  +0.000 -0.000
(3255 Jeb 0.75 0.65-0.80  +0.002 -0.004
s 0.30 0.27-0.40  +0.002 -0.006
Aqep 0.31 0.26-0.40  +0.001 -0.000
Mimin 1.50 1.00-2.00  +0.000 -0.000
o 0.36 0.34-0.40  +0.001 -0.000
b 0.84 0.73-0.93  +0.007 -0.008
BR (b — e,orp) . 0.103 0.093-0.113 -+0.005 -0.005
BR(B® — DX) BR(D*~ — D°r~) 0.3¢  0.24-044 +0.006 -0.005
foaryon 0.091  0.064-0.118 +40.006 -0.007
Total, fragmentation and decay model +0.016 -0.020

Table 5: Systematic errors Ay .—const. QUE 0 uncertainties in parameters control-
ling the Monte Carlo simulation of b and ¢ hemisphere charge distributions.
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Figure captions

Figure 1: Monte Carlo generated momentum spectra for positively (dots) and neg-
atively (triangles) charged long-lived B° daughters (77% By and 23% B,). The
spectra are shown in the rest frame of the decaying meson, for (a) semi-leptonic
decays, (b) two-body decays, and (c) multi-body decays.

Figure 2: Comparison of measured and predicted lepton-signed hemisphere charge
distributions. The dots with errors bars represent the data. The histograms rep-
resent the predicted cumulative contributions of the flavour subprocesses listed in
Table 1.

Figure 3: 68% confidence level contours, in the y4-¥, plane, representing the ALEPH
mixing measurements, using (a) the jet charge method and (b) the dilepton method.
The figures are drawn assuming fy = 0.40, f, = 0.12.

Figure 4: x-dependence of (a) the average charge separation power in b jets, Scharge,
(b) the sensitivity of b jets to mixing, Smix. and (c} the statistical (square), systematic

(triangles) and total (circles) error in terms of Ax|, _ oo -

Figure 5: 68% confidence level contour, in the y4-xs plane, representing the com-
bined ALEPH jet charge and dilepton mixing measurement. Also shown are the
combined result from ARGUS and CLEQ [1], and the region allowed by the Stan-
dard Model [13]. The figure is drawn assuming fy = 0.40, f, = 0.12.
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