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Abstract. The electroweak mixing angle is determined with protons andA’s. The separations are used to measure the
high precision from measurements of the mean differencelectroweak mixing angle precisely as

between forward and backward hemisphere charges isir? 02" = 0.2322+ 0.0008(expstat)

hadronic decays of the Z. A data sample 06 Znillion +0.0007(expsyst) + 0.0008(sep.

hadronic Z decays recorded over the period 1990 to 1994e first two errors are due to purely experimental sources

in the ALEPH detector atLEP is used. The mean charge \hereas the third stems from uncertainties in the quark
separation between event hemispheres_containing the origharge separations.

inal quark and antiquark is measured férand cc events

in subsamples selected by their long lifetimes or using fast

D*’s. The corresponding average charge separation for light

quarks is measured in an inclusive sample from the anticor-

relation between charges of opposite hemispheres and agreg9ntroduction

with predictions of hadronisation models with a precision of

2%. It is shown that differences between light quark chargeProduction of multihadronic events iefe~annihilation is
separations and the measured average can be determined ugll described by an initial process efe~ — qq, followed

ing hadronisation models, with systematic uncertainties conpy gluon radiation and hadronisation. It is expected that the
strained by measurements of inclusive production of kaonselectric charge of particles produced during hadronisation of
the initial quark retain some information of its charge [1].

1 Now at CERN, 1211 Geneva 23, Switzerland - .
Evidence for such correlations between the charges of pro-

2 Supported by Direcéin General de Investigami Cientfica y Técnica,

Spain duced hadron jets and the parton charge was first observed
3 Now at Dipartimento di Fisica, Universitdi Lecce, 73100 Lecce, ltaly ~ in neutrino and muon scattering [2]. Jet charge methods are
4 Also Ist?tuto d? Fisica Generlalle, Univeraitdi Torin_o, Torino, Italy used atLEP in the analysis of electroweak quark asymme-
2glso Istituto di iosmo-Ge_ofl;lca cieIhC.N.R., Torino, ltaly y tries [3-8], and both integrated [9, 10] and time dependent
ERSE?—E?FSX&:;Commlssmn of the European Communities, contrac[ll_l?’] BORO mixing measurements. This paper presents
7 Supported by CICYT, Spain the measurement of the forward/backward jet charge asym-
8 Supported by the National Science Foundation of China metry in an inclusive sample of hadronic Z decays and
? Supported by the Danish Natural Science Research Council its interpretation in terms of the electroweak mixing angle

10 supported by the UK Particle Physics and Astronomy Research Councikj 2 geff
o

11 Supported by the US Department of Energy, grant DE-FG0295-ER40896 . . .
12 Also at Supercomputations Research Institute, Florida State University The quark Charge is estimated by the momentum-welgh-

Tallahassee, USA ted hemisphere charge

13 sSupported by the US Department of Energy, contract DE-FGO05- O K oy

92ER40742 Qhem. = hem. Pjji i )
14 gypported by the US Department of Energy, contract DE-FCO05- < 0" > hem pﬁi ’

85ER250000 ’

1> permanent address: Universitat de Barcelona, 08208 Barcelona, Spainwhere ¢ is the charge of particlé and g; its momentum
10 Supported by the Bundesministeriuriir fForschung und Technologie, projected onto the thrust axis. The sum runs over the charged
Seg:sgé’ned by the Direction des Sciences de la MeliC.E.A particles in an event hemisphere defined by the thrust axis
18 supported by Fonds zurdFderung der wissenschaftlichen Forschung, Eg t?\?% Ier:tchoeélil()gnlé?égtrg)% gi:e%%gﬁwirﬁe (F()aa?ra\f\#;{gterf;r?ebcet

Austria

19 permanent address: Kangnung National University, Kangnung, Korea Varied from zero to infinity. The best sensitivity is obtained
20 Now at Dipartimento di Fisica, Universitdi Milano, Milano, Italy for k = 1.0. The choicex = co corresponds to the selection
2! Also at CERN, 1211 Geneva 23, Switzerland of only the leading particle in the hemisphere. The consis-

22 Supported by the US Department of Energy, grant DE-FG03-92ER4068%ency of electroweak measurements upon variatiom: i
Now at Wayne State University, Detroit, Ml 48202, USA an important test of the analysis method.

24 Now at Max-Plank-Instiit fiir Kernphysik, Heidelberg, Germany . L
25 partially supported by Colciencias, Colombia On average the charges of the hemispheres containing

26 Also at Istituto di Matematica e Fisica, Univessitli Sassari, Sassari, the quark, @ and the antiquark, Qin a ¢ event with

Italy given flavour, f, differ by the quantity
27 Now at Schuster Laboratory, University of Manchester, Manchester M13
9PL, UK 6 = (Qr — Qp), 2

28 Now at Colorado State University, Fort Collins, CO 80523, USA hich i f d he ch . The diff
29 Now at University of California at San Diego, La Jolla, CA 92093, USA which is referred to as the charge separation. € difterence

30 Now at Fermi National Accelerator Laboratory, Batavia, IL 60510, USA in the average charge of forward and backward hemispheres
31 Now at DESY, Hamburg, Germany of hadronic events
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= 2
sf 5, 6% = (or8)* — (0q), (8)
| — Lotal, Measurable whereorg andog are theRMS widths of the Qg and total

charge Q = @ + Qg distributions. For a flavour ff) the

Arbitrary Units

2 [--- Quark Backward ! -
[ ontribution o single hemisphere charge measurements(@), may be
[ uark Forward & .| Y FB written as
1 ontribution A SR Ny ) )
v e I Q = (Q)+ 2 and Q= (Q) + % ©)

el where.%2; (.725) is the event-by-event fluctuation around the

0

éﬁarge Flow = Q FBl: Q- QB2 average(Q)r ((Q)r) due to fragmentation. The product of the
_ two hemisphere charges then averages to
0 3
= —&f o
51 Dbl e (QQ) = (QeQa)y =, + (A0s2) (10)
> 0
S 20-- k Backward . : - ;
€ 2177 Contribution assumingQr) = —(Qp) = &/2 and using.72) = (.%2) = 0.
fi( [ gﬁtrr'fb'fﬁi%ard The quantity(.#2;. %) arises from correlation between hemi-
1L

sphere charges, by memory of total charge conservation. As
illustrated in Fig. 1, the difference in variance of tt@rg);

- — L 2 and (Q); distributions arises from the charge separatign
Total Charge = Q = Q C+ Qg Expanding (8) for the flavour f and using (10) gives

&= —MQrQe) — (Qre)? + (Q)?
68 — 4R S5) — (Qes)f

Fig. 1. lllustration of the @g and Q charge distributions for a quark of
flavour f. The widths of the g and Q distributions in the case the quark

f goes forward,ot, and cr'Q. are approximately equal if the correlations = [&(L+ kf)]Z. (11)
between hemispheres are small
Correlations between hemispherésg:.#2;), are small,_and
I the average$Qrs)? and (Q)? are even smaller. Thu§ is
(Qrs) = (QF — QB) = Aacc Z & Akg (3) equal toé to within a x-dependent correction factok;,
f=quark flavours Thad that has a value of about 5% at= 1.0. A rigorous treat-
is measured. The acceptance fact®s is given by Eent il;(_:luging effects of secondary interactions is given in
ppendix A. _
Agee = 4 COSOmax ’ 4) _ T_he dependence 6f on the sample flavour composition
3 + €O Omax is written as
wherefnay is the polar angle cut on the final state fermions 52 — Z _%(S_fz (12)

in e'e” — Z/y — ff. The value of(Qrg) depends on the
electroweak asymmetriestgin e*e™ — Z/y — ff decays o . — _
and, with knowledge of the charge separations, is interpretehere the purity=# is the fraction of Z> ff events in

in terms of the electroweak mixing angle $#§. In the  the sample. In the absence of event selection biases;
analysis below the quantities-4, I7, and/}aqare computed  17/Ihas Experimental manipulation of the purity in (12) al-
in terms of sif 4" with ZFITTER [14] and the right hand Iovys a determination of individual charge separations. Using
side of (3) is fit {VO the measured value {rs). a lifetime-tagged sample [16] éfquarks, the absolute value

At the Z peak the asymmetry for a quark f may be written ©f % has been measured [6]. By varying the lifetime-tag
cuts, the composition of the sample is altered to enhance the

f=quark flavours

as 3 c quark content and the absolute valugofs also extracted.
AfFB = et (5) With these measurements of heavy quark charge separations,
4 the average separation for light quarkss, is derived from
where. Ze is § with a relative precision of 2%.
<ge)2 B <ge)2 Separations for individual quark flavours can be directly
Ao = F ) R ) (6)  measured in events for which one hemisphere is tagged and
(98)" + (98) the charge measured in the opposite hemisphere [9]. For ex-
~8(0.25— sir? ofvﬁ) ) ample, as shown in Sect. 3.2, events with high momentum

D*'s provide enriched samples ofquarks which are used
and. ¢ is similarly defined. The term# is a common fac-  to measuré., whereas those with high momentutts con-
tor to all asymmetries in (3). Its relative sensitivity to<i" strain ds.
is an order of magnitude larger than that.of;. Conse- Determination of the individual light quark separations is
quently, the measurement (®@rs) is a sensitive measure- difficult because of the lack of an efficient tag discriminating
ment of sirf 0¢™ as defined from the electron couplings [15]. betweenu, d and s type quarks. The reliability of hadroni-
An accuracy of 5% in its measurement results in a determisation models to predict the differences between them is
nation of siff 6™ with a precision of+0.001. therefore investigated in Sect. 4. It is shown that only a lim-
A second element essential to the accuracy of the meated number of general principles, implemented in a simple
surement is that the average charge separatids,directly  chain model, are required to reproduce jet charge propaga-
measurable from data using tion properties of more sophisticated hadronisation models.
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As described in Sect. 4.1, although the charge af a algorithms as those for the analysis of the data. In hadronic
quark is twice the charge oféquark, the magnitudes of the events, 98.6% of tracks that cross at least four pad rows in
charge separations for light quark flavours would be identicathe TPC are reconstructed successfully. This corresponds to
if only uu anddd pairs were produced during hadronisation. a lower transverse momentum cutoff of about 200 MeV/c.
This common scale of the separation value depends on res@he inefficiency is due to track overlaps and cracks, although
nance production and is tightly constrained by the measurethe latter are minimised by staggering the edgeBRE sec-
value of §. The observed differences between light quarktors. This is verified by scanning and studies of the measured
separations arise from production of strange particles antiwo-track separation [24].
formation of baryons during the hadronisation process. There
is no experimental access to the contributions of these par- ] )
ticles to jet charges; therefore, they must be estimated using-1 Experimental analysis
fragmentation models (Sect. 4.2). Systematic errors in thi . . '
estimate are determined by the accuracy with which modelzrhe charged track Z» 49 selection [25] requires five or

more good tracks, carrying more than 10% of the centre-
tion of kaons and baryons. The two models considered hav Encqar?i?serc%gé/i (io%dggraacrlfs :rﬁ]i?]?::l%j (tjci’sth;]\/fea}[toli?:t 4
quite different philosophies when producing these patrticles, > ; : ) :
As shown in Sect. 4.4, spectra are closely reproduced by thg}te'r:actltcr)]n pom'i Of. Ie?s :Ean 1(? Crp manc: 2 cm inr r ﬁ Th
JETSETmodel 17, whleHERWIG] st reproduce £ S TS, v seecor s e apolec e
baryon production satisfactorily and gives separations th 0 ensure containment of the event. it ig e 1%red that '
are different but consistent within a large systematic error y q

ConsequentlyJETSET is used to determine the value of |cosbins| < 0.9. The event is _then divided into two h_emi-
sir? e quoted in Sect. 5 spheres by a plane perpendicular to the thrust axis. The
o . 5.

charge in each hemisphere is calculated from (1) using all
good tracks having a transverse momentum measured rel-
ative to the beam direction greater than 200 MeV/c. The
+z axis is defined to lie along the direction of the electron
beam. The hemisphere which contains this axis is called the
Yorward hemisphere and the other the backward hemisphere.
The charges in the forward and backward hemispheres, Q
Mnd @, are calculated for each event. These are then used to
form the difference, @ = Qr — Qg, sum, Q = @+Qg, and
product, @ x Qg. The sample averages aR#S widths for
Charged track reconstruction is essential to both the;hs?; e.ﬁhuea?él:ﬁ;rgtgg;ivg%n :;(rzemrg?r?g tg&;ist;iilésﬁ%tg: anal-

event selection and jet charge determination. Fih&PH : i
tracking system consists of two layers of a double-sided S"_and Q are used as important measurements of the propaga

. : tion of quark charge through hadronisation as well as con-
icon vertex detectorMDET), an Inner Tracking Chamber . : : :
(ITC) and a Time Projection ChambeTRC). The VDET straints when calculating experimental systematic errors on

single hit resolution is 12m at normal incidence for both the electroweak asymmetry.
r— ¢ andr — z projections. ThdTC provides up to eight Since the two photon background in the hadronic sample

i 0,
r — ¢ hits from 16 to 26 cm relative to the beam, down is less than 0.3% and does not aff¢Qks) by more than

0 : o L Xer .
to |cosf| = 0.97, with an average resolution of 150. 0.3% of its value, it is neglected in this analysis [3]. The

The TPC measures up to 21 three-dimensional points percontamlnatlon of tau events is2¥ in the standard hadronic

track at radii between 40 and 171 cm, with an- ¢ res- igl,ef?on [25] whgzh mducl:estads_h |f:ho_f onIyIGIB _(i0.51)><
olution of 17Qum and anr — z resolution of 74@m, also Tho <QFB|>’ and 1s nefg ec% in this ana yslls. | f th
down to|cosd| = 0.97. Tracks are reconstructed using the © anays's IS periormed using severa’ vaues of e

.~ parameter in the range B < x < co. Measured values of
TPC, ITC and VDET. A transverse momentum resolution : .
of o(1/pr) = 0.6 x 10-2 (GeV/J* is observed for 45 GeV (Qra), (Q) andé (determined from (8)) are shown in Table 1

muons. Multiple scattering dominates at low momentum anql‘;)gether with Monte Carlo expectations for the charge sym-
adds a constant term of 0.005 dpr) /pr- etric quantities(Q) andé. The effects of the data/Monte

. s ! . . Carlo discrepancy ifQ) will be discussed in Sect. 2.2.2.

o et oo I S EoTlations betven messtremerts using ifeerles

: are given for(Qgg) in Table 22 and ford in Table 20 in
are based on events from thd EPH HVFLO3 genera- Appendix B
tor [21]. This employs a modified set of heavy flavour decay '
routines in the context of th@ETSET (Version 7.3) string
fragmentation model with initial state photon radiation de- 2 Experimental systematic uncertainties
termined byDYMUO02[22]. The set of model parameters
used for simulation are tuned fd_EPH event shape distri- Experimental systematic errors arise from false asymmetries
butions using the method of [23]. This set of parameters idn the detector and event reconstruction, or from differences
referred to as a the “reference” set. Particle tracking and dein particle tracking between data and simulated events. Con-
tector response are simulated usinGBANTdescription of  sequently, systematic uncertainties on measured quantities
ALEPH. Simulated events are reconstructed using the samf&om the following sources are studied :

can simultaneously describe the valuesadnd the produc-

2 Measurement of hadronic jet charges

The data set used for this analysis consists of approximatel
2.5 million hadronic Z decays recorded B\LEPH during
the period from 1990 to 1994. Centre-of-mass energies i
the range M + 3 GeV/¢& are available for the measurement
of the Z line shape. ThALEPH detector is described in [19]
and its performance in [20].
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Table 1. Measurement results for various valuesspfand Monte Carlo prediction for the reference values of parameters. The first errors are statistical and
the second are systematic. The measured values are averaged over all centre-of-mass energies. Errors due to the model of hadronisation are not included
here

Measured values MC prediction
K (Qrs) x 10% (Q) x 10* 5 x 10% (Q) x 10* §x 104
03 —439 + 22 + 24 706 + 1.8 + 182 2077 + 4 + 51 1189 + 1.7 1995 + 4
05 576 + 26 + 27 647 £ 21 + 17.3 2253 + 6 + 45 1074 + 2.1 2180 + 6
10 -895 + 38 + 39 529 + 34 + 139 2899 + 10 + 38 87.0 + 3.3 2859 + 10
20 -1262 + 58 + 59 424 + 53 + 119 3718 + 18 + 39 722 + 52 3721 + 18
oo —1459 + 9.2 + 11.8 381 + 88 + 15.1 4357 + 41 + 49 712 + 8.6 4421 + 40

Table 2. Breakdown of systematic error calculation f@es), (Q), and  ationg and whether or not the thrust axis is recomputed with
6, for k = 1. “Uncorrelated” systematic errors indicate the error on each
= each change of cuts.

quantity separately. I{Qrg) andé are used together in the fit of Siagf - . . .
the detector acceptance and resolution systematic uncertainties cancel so Momentum_ b|a_393 can play an |mport_ant role in the jet
that this component of the systematic error is indicated by “correlated” charge determination. Momentum scale biases are corrected

for each charge sign and track angle using a sample of

Source A(Qrs) A(Q) AS collinear Z— u*p~ events. A systematic error correspond-
<10 x10¢ x10f ing to 50% of the effect of applying the corrections is as-
Biases in track reconstruction Signed to all measured quantities. _
—tracks with high transverse impact parameters 16 39 97 The effects of systematic errors in tracking ®are stud-
~tracks with high longitudinal impact parameters 0.7 14 15 jed using the distribution of event-by-event differences in
‘ggg:g \"j‘vtit';"?"ej‘v?%'gshits 2?3'1 1229-5 6‘;7 Qe x Qg (11) before and after badly reconstructed tracks
_tracks with anomalously high momentum “05 05 14 have beenremoved. In the .determlnatlon@f) these are
the only important systematic effects. The measured value
Biases in momentum reconstruction 03 15 0.0 of(Q) with this systematic error is used extensively for de-
Secondary interactions (frompnfy) 01 - - termining the remaining components of the systematic error
Uncorrelated(Qrg) and s 3.9 139 129 in 6 and (Qrs).
Secondary interactionseg — «7) 11 — 341
Detector acceptance_and resolution 04— 116 2.2.2 Secondary interactions in detector materi@hree ef-
Correlated(Qrg) andé 12 - 36.0 fects from secondary interactions are considered. First, asym-
Total experimental systematic uncertainty: 40 139 383  Mmetriesinthe nuclear cross sections for particles and antipar-
ticles can give different amounts of additional charge to jets
originating from quarks than for jets originating from anti-
— Sign or p0|ar ang|e biases in track reconstruction; quarks. A second effect is that the amount of material in the
— momentum reconstruction biases: detector may be forward/backward asymmetric with respect

secondary interactions in and before the tracking systemt© the interaction point. Finally, the detector material may
detector acceptance and resolution. dilute the overall charge because high momentum particles

carrying a large weight in the jet charge defined in (1) in-
The breakdown of systematic errors from these sources iteract and produce a number of lower momentum particles
summarised in Table 2 for = 1. Methods used to determine which carry less weight. The impact of these effects is de-
the systematic errors represent an update of those describedribed in detail in Appendix A where the main results for
in [3] for (Qrg) and are extended to the quantiti@®) and  a single flavour are
8.

(Qre)f® = (Qr — Qp)f®'= ALy (67" + &1 — &7)
+Amat (&5 + £7) (13)

2.2.1 Biases in track and momentum reconstructi8ignif- s ) der) 2 7 7

icant asymmetries can arise if tracks from particles hav-(6/)" = (67°"+¢ef —f)” — <<QFB>fet) + (A5 720 (14)

ing positive charge are reconstructed with different efficien-

cies from those coming from particles with negative charge.<Q>det = (Qr + Q) ~ g + e (15)
Badly reconstructed tracks tend to be at low angles, have

few hits, anomalously high momenta or large impact pa-where the material asymmetry in the detector is denoted
rameters. The contribution of these tracks(@g), 6 and by Ama. Additional charge from the detector modifies the
(Q) is measured by removing tracks close to the acceptanceharge in the hemisphere containing the quark (antiquark)
cuts, recomputing the thrust axis, and comparing this new jeby an amount; (¢7). The labelsgenanddet are explicitly
charge event-by-event with the original value. As the cutswritten to distinguish the quantities with and without detector
are varied, the largest of either the systematic difference beeffects.

tween data and Monte Carlo or the statistical accuracy of For a single quark flavour it is evident that in a measure-
the difference is taken as the systematic error. The methodhent of AL from (Qgg)¢ andé;, the effects of cross section

is shown to be robust against the magnitudes of the cut variasymmetries cancel because the charge separai®inz
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(6fgen+ ef — Ef), appears in both (13) and (14). Since the protons, pions and kaons: electrons and muons from decays
desired quantity to be measured i§gAthe only unknown  of charged pions and kaons or from semileptonic decays of
quantities in (13), (14), and (15) are 4 and <_ygget,%fdet>, mesons and baryons containing heavy flavours produced by
The value of A and its associated systematic uncer-gluon splitting. In the third level the jet charge is attributed
tainty are determined from a comparison of photon conver-£€ither to particles coming directly from Z decays or to fake
sions in data and Monte Carlo. The hemisphere correlation§acks and nuclear interactions in the detector material. Fake
<,%;get,ygfget> contain no significant contribution from detec- tracks result from coordinates not used in overlapping real
tor effects and are computed from Monte Carlo. Systematidracks, additional arms of real track helices, or particles re-
errors are obtained from Monte Carlo variations as describegoiling from the calorimeter into the tracking volume. The
in [6]. main dilution is due to detector response and reconstruc-
In this analysis these equations are summed over aflion. This results in a flavour-independent dilutionspthat
flavours; however, the conclusions concerning a singlds the same for pion, kaon, and proton components. There
flavour are unaltered. This is because, as mentioneds one exception to this observation. A significant portion
in Sect. 2.2.3, the strongly interacting componentsof the proton component of the quark charge separation
(m, K, baryon) of the jet charge separations for light quarkscomes from decays of fast’'s which contain a primarys
show a uniform dilution relative to the generated charge inquark. TheA can be lost either because it decays late in
Monte Carlo. For heavy quarksd® and §¢¢ are measured the TPC and has less than four coordinates, or if it reaches
directly. the calorimeter before decay. As a consequence, the pro-
A correction due to Ax needs to be evaluated when ton component of the quark charge separation is strongly
(13), (14) and (15) are used simultaneously to determineaffected by geometry.
sin®0¢. It is found that Ay = —0.03 4+ 0.18% and the Systematic error contributions from detector acceptance
Monte Carlo prediction is Aa = —0.09 + 0.17%. These and resolution are due to the understanding of track losses
values are consistent with zero and with each other. Baseffom cracks, overlap between tracks, secondary interactions,
on the last term in (13) and on (15), a systematic error onand uncertainties in the thrust axis determination. Adequate
Qrs is taken to be the statistical accuracy on the differencesimulation of cracks is verified using a sample of dilepton
between the data and Monte Carlo values of the materiagévents. Simulation of overlaps is tested by studying the two
asymmetry, AAma, multiplied by the full magnitude of the track separation distribution [24]. Track losses become sig-
measured charged(Qrs) = AAmar X (Q)._ nificant for angles between tracks of less than two degrees
When the measurements @rs) andé are quoted inde-  and are well described by simulation. The total loss of tracks
pendently, it is necessary to assign a systematic uncertaint monitored by scanning events [3] where it is found that
to the effect of cross section differences in material interacdess than 0.1% of tracks fail to be reconstructed for reasons
tions. As shown in Table 1, the total char¢®) is signifi-  other than those simulated in the Monte Carlo. Combining
cantly positive and different from the simulated prediction. this with an estimated total tracking inefficiency of 1.4%
The discrepancy between the measured valuéQf be-  from simulation, indicates that the loss of particles due to
tween data and Monte Carlo is a measure of the inadequaadyacking is known to better than 8% of its value. Therefore,
of the simulation of secondary interactions. Conservatively,a systematic error of 8% of the 5% difference between the
the full amount of the discrepancy is assigned to the differ-second and third levels in Table 3 is assigned to take into
ence, (¢ — &), as well. This is equivalent to attributing the account possible overall inadequacies of the simulation of
full discrepancy betweefQ) in the data and simulation as cracks and overlaps.

being entirely due to either quarks or antiquarks. Uncertainties in the thrust axis determination lead to as-
signment of tracks to the wrong hemisphere. This is stud-
ied [20] by comparing results obtained with the thrust axis
reconstructed from the full energy flow data and that from

effects of material interactions described in the last section haraed tracks onlv. The difference in charge separations
reconstructed jet charges differ from those computed from aIF 9 o y- 1f . 9 P
s not statistically significant, remaining below 1% for all

Z decay products because of acceptance losses and detec*%rvours and values of. This indicates that thrust axis un-
resolution. Monte Carlo simulation is expected to reproduce ertainties are nedli iblle on average

these effects. Simulated values of charge separations for vafs glg ge.
ious light quark flavours at = 1 are shown in Table 3. Three

“levels” are indicated:

() generated charged particles with a lifetime longer thang jet charges from heavy flavour decays of the Z
10-% seconds;

(i) the same, but including decays &%s and A’s plus
geometrical acceptance cuts;

(i) a full simulation of the detector followed by event recon-
struction using the same algorithms for the Monte Carlo
events as for the data.

2.2.3 Detector acceptance and resolutidm. addition to the

This section describes the experimental determination of
charge separations for heavy flavour quarks. The analysis
to obtainéy, is described in [6] and extended to obtdin

A second analysis to obtaiy is performed using &* tag.

In each case, the total charge separation is given in terms dfhe two methods are compared to each other and to a com-
components identified by particle typ&: = &7 + 6K +¢f +  putation of. obtained from Monte Carlo using measured
s9eT The contributions®™®" includes particles other than inclusive branching ratios.
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Table 3. Charge separations far = 1 at three levels of simulation, for the reference values of Monte Carlo parameters. The first step, “generated,” uses all
generated charged particles with lifetime longer tham®8econds. The second step, “generated + geometry,” ddc8igsand A’s and removes particles

that would fail cuts in transverse momentum and angular acceptance. The third step, “full simulation,” includes all detector effects and reconstruction. For
the final step the particles are further discriminated according to whether they come from the hadronic event, a nuclear interaction in the detector material
and fake tracks from coordinates not used in overlapping tracks, additional spirals of helices of real tracks or particles recoiling back from the calorimeter
into the tracking volume

u quark separation

Generated Generated Full simulation
+ Total Hadronic Fakes &
geometry event interactions
Total +0.4308+0.0018 +0.4316 +0.418&0.0008 +0.4104 +0.0084
Pions +0.2898+0.0016 +0.2913 +0.2792:0.0007 +0.2773 +0.0019
Kaons +0.0654+0.0008 +0.0657 +0.0638:0.0004 +0.0628 +0.0002
Protons +0.07540.0008 +0.0747 +0.0702:0.0003 +0.0689 +0.0013
Other —0.0001+0.0001 —0.0001 +0.0064+0.0001 +0.0014 +0.0050
d quark separation
Generated Generated Full simulation
+ Total Hadronic Fakes &
geometry event interactions
Total —0.2368+0.0016 —0.2384 —0.2302+0.0007 —0.2264 —0.0037
Pions —0.2800+£0.0014 —0.2802 —0.2668+0.0006 —0.2649 —0.0019
Kaons +0.0345+0.0007 +0.0342 +0.033%:0.0003 +0.0329 +0.0001
Protons +0.008740.0007 +0.0077 +0.0075%:0.0003 +0.0070 +0.0005
Other —0.0000+£0.0001 —0.0000 —0.0038+0.0001 —0.0014 +0.0024
s quark separation
Generated Generated Full simulation
+ Total Hadronic Fakes &
geometry event interactions
Total —0.2894+0.0015 —0.3067 —0.3069+0.0007 —0.3023 —0.0045
Pions —0.0479+0.0013 —0.0487 —0.0463+0.0006 —0.0455 —0.0008
Kaons —0.2880+0.0011 —0.2883 —0.2732+0.0005 —0.2724 —0.0008
Protons +0.0467#0.0007 +0.0304 +0.0204:0.0003 +0.0200 —0.0004
Other —0.0001+0.0001 —0.0001 —0.0077+0.0001 —0.0044 —0.0033
3.1 Measurement af, and 6, using a lifetime tag Table 4. The correctionsk; in percent foru, d, s, c and b quarks for

variousk values. The combined statistical and systematic error is given

K u d s c b
The analysis is a modified form of that used to determine 0-3 15.3+2.5 30844 266+35 154+£27 364136
e for the measurement off by jet charge [6]. The value 30 o) 7000 "iT07 5501, mesin
of 6 defined in (12) is measured in a series of increasingly 5, 53110 37118 49+12 12436 81+18
purebb samples selected with the lifetime tag algorithm [16]. o 58+13 47438 51418 00488 65436
The flavour composition of the data sample varies depending
on the cut on the probability calculated from the observed

lifetime that a hemisphere containsbequark. The flavour Values for ks in (11) are extracted from Monte Carlo

purities in (12) are separated into those for light quatkss  simulation. It is shown in [6] that such corrections are small

and heavy flavours2 and 4 and their dependency on the and relatively insensitive to hadronisation model parame-

lifetime cut is determined as described in [16]. The data forters. The latter is difficult to check with high precision due

6 are shown as a function éfpurity in Fig. 2a and purities  to limited Monte Carlo statistics and remains the dominant

for light andc quarks are shown as a function of that for  uncertainty of the method. The relative correction teriys,

quarks in Fig. 2b. The relative contributions of quark chargesfor f = u, d, s, ¢ andb quarks given in Table 4 are obtained

to a measurement df are varied using lifetime cuts and a using the full ALEPH detector simulation. The corrections

fit of dugs Oc, anddy to 6 is performed. Measurements &f  assume the forward-backward asymmetries @ values

shown in Fig. 2a make use of only 19911993 data. inherent in the simulation with systematic errors as calcu-
Measurements of heavy flavour charge separations arkited in [6]. The extracted values of and é. using this

corrected for the bias introduced by the lifetime tag andmethod are given in Table 5.

include both statistical and systematic errors as evaluated

in [6]. It is important to note that light flavours are assumed

to tag with equal efficiencies. This is known [6] not to be 3.2 Measurement df, using aD** tag

exactly true, especially for severe lifetime tag selections,

and thus represents a source of systematic uncertainty in thEhe principle of this method is to select events enhanced in

interpretation of light quark constraints. Uncertainties from ¢ quarks based on the presence of a high momenfirh

light and cc quark purities are propagated through to thein one hemisphere. The charge of thé* is used to tag the

values ofé which are used in the fit. charge in the opposite hemisphergy§
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Table 5. Absolute values obc from the fit to 6, extracted values of. from the combined sample db*= events and absolute values &f from the fit
to 6. The final values of: and é, shown in the last two rows are obtained from a combined fit of the above results. Errors represent total statistical and
systematic uncertainties

K 0.3 0.5 1.0 2.0 (9]
|6c| from lifetime  0.186+ 0.012 0.200+ 0.015 0.222+0.028 0.222+-0.056  0.001+ 0.263
éc from D* 0.195+0.011  0.199+0.013 0.193£0.020 0.175:0.030 0.166+ 0.034

|6p| from lifetime  0.1124+ 0.004  0.142+ 0.004  0.210+ 0.007 0.2914+0.011  0.352+ 0.014
|6c| combined fit ~ 0.192£ 0.009 0.200+ 0.010 0.2114+-0.016 0.208+0.026  0.194+ 0.035
|6p| combined fit ~ 0.114t£ 0.004 0.141+0.004 0.208+0.006 0.288+0.011 0.365+ 0.014

mated from sidebands of tHe*-D mass difference distribu-

0.5 * =00 h . .
I Y £x=2.0 tions and found to be consistent with zero for most values of
mox=1.0 At the | lues there i I “h
| A x=05 K. e largestx values there is a small excess; however,
0.4 ® £=0.3 in all cases, the statistical error on the background charge or

the charge itself is insignificant relative to the statistical er-
ror on the observed hemisphere charge. Therefore, the main
effect of the background is to dilute the charge from heavy
flavours.

The charm fraction in the sample remaining after back-
ground subtraction is estimated in [26] to ie= 79 +3%.
The fraction is independent of the selected decay mode

I within the quoted experimental uncertainty. Theand bb
(0) ALEPH contributions to the corrected hemisphere chai@g;,) in
20 40 60 80 100 (16) may be written as
b purity (in %)

<QE§§> = :F; [fe (6c — &)
+(1 = f) (@ — 2xer) (6o — &b)] (17)

where 6, is that provided in Sect. 3.1. The selection of a
high momentumD**+ biases the heavy flavour charge sep-
arations byé. and &,. The value ofé. is 50% of the sta-
tistical error oné. and &, has an effect that is an order of
magnitude smaller than that gf. The probability, in abb
event containing a)**, that aD*~ came from theb quark
is xeff = 0.177+ 0.041. It is computed from mixing mea-
surements and branching ratios in [26] and amounts to a
correction whose magnitude is the same as the statistical
error. Values ofé. are extracted by solving (17) using the
60 80 100 combined values ongEp*p> and are given in Table 5. The er-

b purity (in %) rors are statistically dominated; the largest systematic error
arises from knowledge of.., and uncertainties iffpackground
O, Xefi, & @nd&p are negligible.

® uds purity (in %
P (ivn(7))

B ¢ purity

IS
o
T

Non—b Quark Purities (in %)
N (9]
o o

-
o
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~—~
9
ow T T T
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Fig. 2. (a) Measured values of are plotted as a function df purity.
Results are shown for a variety sfvalues.(b) Light (u, d, s) andc quark
purities as a function of thé purity &4. The curves are parameterisations
3.3 CombinedD)** and lifetime tag charge separation
measurements
The analysis begins with a selection Bf* samples as

explained in [26]. Threeidecay modes are used, yielding arhe two measurements @ presented here are comple-
total of 9208 selected*= candidates. The charge in the mentary in that theD** analysis indicates both the sign and

hemisphere opposite ** candidate may be written magnitude ofd;, whereas lifetime measurements only give
1 the absolute value. The values obtained from the two meth-
( E,;b) =1 <QE;p>measured ods are plotted as a function sfin Fig. 3a. Since there is
— Joackground good agreement, the results are combined by performing a
Jbackground (Q2 Ybackground (16) global fit using correlations derived from the two measure-
opp

ments and fok in the range B < k < co. The quantityf;,

) ) _is allowed to float in the fit within its error. The results of
where fuackgroundiS the fraction of background under the sig- the combined fit are given in Table 5. The task of combining
nal as estimated in [26]Q0y) measuredS the measured charge results is complicated by correlations between measurements
in the hemisphere opposite thg**, and (Qggp>backgmundis of 6. for variousk values, between measurementssgfor

the background jet charge. This background charge is estivarious s values, and betweefi and é, from the lifetime

1- fbackground
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tag, all of which are obtained from data. Additional corre- x=+00
lations betweerd, from D** and (&, &) from the lifetime (0) ALEPH
tag arise from the small overlap in data samples. The effect i
of this is conservatively estimated by studying how many of 02l
the selected)** events are present in the lifetime tag fits ’ # @ %
used in [6]. 0

Since charmed mesons and baryons carry a large frac-~ ¢
tion of the beam momentum, tracks coming from these par-
ticles determine thé. value. After describing the charmed 0.1+
meson and baryon spectra using the Peterson fragmentation

function [27] as implimented iIdETSET with the parameter W Meosured Doto Using D+

e, = —0.05, a vector to pseudoscalar ratig(V + PS) = 0.6 ® Meosured Dato Using Lifetime Tag
for ¢ quarks and no tensor production, the charm charge O Monte Corlo with inclusive D BRs
separation shows a further sensitivity to knowledge of the 0.5 ] 15 2 ;g
various D branching ratios. AIETSET Monte Carlo com- K
putation of 6 is shown in Fig. 3a and is in agreement —

with the experimental determination. This computation re- (b) ALEPH y +oo$
produces the measurement only whernnclusive branching

ratios to kaons and leptons introduced in the Monte Carlo 0.3} g

are in agreement with data [28]. The measured values of
are compared to théETSET Monte Carlo computation in  |§,f

Fig. 3b with ¢, = —0.0045, a vector to pseudoscalar ratio ozl 9
V/(V + PS) = 0.6 for b quarks and no tensor production. ’
o s

i i 0.1F
4 Charge separations for light quarks ® Meosured Dato
Unlike heavy quarks andb which can be readily tagged, the O Monte Corlo
light quarksu, d ands are essentially indistinguishable from 055 : s 5 25
each other. The only experimental constraint on their charge ’ ’ IC

separations is the global measurement.dfhis global mea-
surement is quite sensitive to effects that would multiply the
guark separations by a common scale factor, but, becaug@g. 3. (a) Comparisons of the lifetime tag and** measurements af
of the different signs of charge separations, it is relativelya”d yvith that expected from Monte Carlo simulatigh) Comparison of
insensitive to additive contributions. Unfortunately, becauseh® !ifetime tag measurement 6 with that expected from Monte Carlo
all forward-backward asymmetries at the Z pole have the™mulation

same sign, the extraction of §i@ﬁ,“ from (Qgg) is quite

sensitive to such effects. , N The determination of the light quark separations per-
This problem can be described mathematically by writingsormed in this section begins by an examination of the

the charge separations in terms of a common jet ché&§ge sources of differences between them. It is found that the

and individual deviations from it: correction termsA; would be zero if the fragmentation pro-

S5 = Of 5+ A (18) cess would produce only light mesons composed ahdd

f |k | 0 f quarks. Non-zero values arise from kaon and baryon produc-
) ) _ ~tion, which can be described using two different fragmen-

where q is the quark charge. Using a first order expansiontation modelsJETSET and HERWIG. From them the light

in (As/60) in (3) and (12) to form the ratio ofQrs) andé  quark charges are derived. Systematic errors are determined

yields by the degree of accuracy with which the models are capable
5 A of simultaneously describing the measurements aifid the
<Q(SEB> ~ (Arg) + (1 B <AFB>) Z 7 (50f’ (19) production of kaons and baryons in hadronic Z decays.
f=1
where 4.1 Sources of differences between light quark charge
5 o separations
<AFB> = Aaccz AI:B o] A, (20)
f=1

An examination of the results of tREETSET fragmentation

and Aacc is defined in (4). For the quark mixture, the asym- model shown in Table 3 leads to the following conclusions:
metry correction term is proportional to the sum of the de-

viations from the average value. The valuef/ 6, being 1. Before accounting for nuclear interactions with the de-
typically 25%, the correction term is not small and generates tector and reconstruction effects, the charge separations
sensitivity to fragmentation effects. are +043,—0.24, and—0.29, foru, d ands quarks. They
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have the same sign as the quark charges. Approximating

buds @S Prob Prob Prob
= i U xf T9 0 TSR
6as = Y ' 8, ey | —u Tl —d Tl -4 "
f=u¢:js[‘had

neglects the small contributions frome;, (Qfg)? and |—— u 4 (o= d - (/S k¢
(Q"2. The differences Ay, of light quark separations —d ") —_u Tl —u v
from the value 0f|6uds| ~ 0.32 are all positive, the
largest one being 0.10 for the quark. d

2. The largest contribution ta and d quark jet charges _g K'fs _g K fs __g n° fs

comes from pions whereas the largest contribution tq
the s quark jet charge comes from kaons. The value of
this component is the same for all three quarks and quite
close to the value ofgs <Q> = <Q>= <Q>=
3. There are differences both in sign and magnitude bet
tween the smaller components from kaonsufpd quarks ~ |+0.5 + 0.25 fs/f,/—0.5 + 0.25 fs/f, —0.5 + 0.25 f/f,
(or pions fors quarks) and from baryons. These parti-
cles are responsible for the different charge separations
between quarks. _ _ _ _
4. In the case of quarks,the baryon contrbution isdomi- 76 IL=0ion o4 Syeny s e e ek
3222?/?%’2;5 -tr:z rggsmltﬁ/r:angﬁa?geégsggt?l;)nuFtlr:{)én—)T]f)]Ts Com_primary quark and when the ratio of the probabilitiggf, is small
ponent is the most affected by detector acceptance ef-
fects.

_ al___u by  d
The fact thatéT = —67 is a consequence of the Gell- up dn
Mann Nishijima equation ([29]): ( d < u
Y d u
Q=T+ (22) up dan
2 u d
whereY is the sum of baryon number, strangeness, charm ( C d
and beauty. Under interchangewfindd quarks, i.e13 — u ;
—T3, then@ — —Q if and only if the hypercharge is zero, :
which is the case for mesons madeucndd quarks: pions C)— u d)— d
and other mesons decaying exclusively into pions. g P : ﬂ n
This symmetry and the equality witf{* can easily be ( ( -
seen diagrammatically from the first two lines of Fig. 4. This d * : g o
figure represents the first step in the fragmentation process, ( E : C
where the leading quark is associated with an antiquark origr u_ a_
inating from the breaking of the colour flux. As indicated in u P an
the first two lines, the probability,, that the antiquark is a d < u
u quark is assumed to be the same as fdrquark and the d u

symmetry is evident.
In the third line of Fig. 4 the colour flux is broken by Fig. 5. |II’1’Jstration _of u{d-_symmetry-_breaking in baryon production. The

an s5 pair with probability f, < f.,, and the leading quark is PoPeorm” mechanismis illustrated i) and (d)

combined with ans. The symmetry is broken, the quark

receiving an additional positive charge fromA", the d

and s quarks a zero charge from &° or 5. This can be pro_duction ofA’s is exp_ected, leading to a positive contri-

related to (22) with kaons having a hypercharge of 1. Sincdution from the proton in thel — pr~ decay and a small

the rest of the fragmentation chain is the same for all threg1e€gative contribution from the ™.

quarks, this first step determines the differentiation of the  While it is reasonable that kaon production can be

charge separations. adopted from a model of pion production through use of
The case of baryons is similar. If the primary quark is a simple mass scaling, there are several models for baryon

associated with a pair of quarks originating from succes-production. Two are shown in Fig. 5 and represent different

sive breaking of the colour flux, (or from the breaking of types of quark flow diagrams. Models propose a mecha-

the colour flux into a diquark pair), the symmetry betweennism [30] where a pion can appear between baryons. The

the three quark flavours is broken again as shown in Fig. 5rate at which this phenomenon occurs is described by an ad-

This is related to the nonzero hypercharge of baryons. Fragditional parameter (the “popcorn” parameter). This effect of

mentation of au quark receives a large positive contribution this process is to increase the difference in baryon-antibaryon

from protons, whiled quarks receive a smaller positive con- momenta and hence their contribution to the jet charge. At

tribution. In the case of quark fragmentation, a sizeable the same time, it decreases the correlation between baryon
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and antibaryon, a quantity observed in data frdrl cor-
relations. _

In these simple examples the resulting value)a$ in-
sensitive to the symmetry-breaking components due to kaon
or baryons, and therefore remains a useful test of the basi
charge separation.

There is no direct access to théd-symmetry-breaking (a) Reproduction of the/d symmetric portion of the charge
components of charge separation and they are calculated us- separatiors for all values ofx. This establishes the de-
ing fragmentation models. However, since pion production  gree of accuracy to which the model is capable of de-
dominates by an order of magnitude over kaon and baryon scribing charge propagation. The main parameters for
production, the corrections fou/d-symmetry-breaking ef- fixing this property will be resonance production and the
fects remain at a manageable level. Furthermore, the com- |ongitudinal fragmentation function.
bination of fitting the inclusive particle spectra and the two(b) Reproduction of kaon production, both in number and in
particle correlations stringently constrains the fragmentation = momentum spectrum. The production of kaon resonances
models. is also an important parameter. An important aspect of
the calculation of the contribution of kaons to jet charge
is the vicinity in phase space of the two kaons produced
by the sames pair, since this will affect how the charge
of the second kaon compensates the charge of the first;
The heuristic arguments developed in the previous section therefore, kaon correlations need to be reproduced ade-
give an explanation for the patterns observed in Table 3. quately.

These arguments are based on studies of the first stage () Reproduction of baryon production, in number and mo-
hadronisation. The further development of these arguments mentum spectrum. A proper description of baryon cor-

the pion mass and strange resonances are assigned the
kaon mass.

given the above considerations, the requirements on a frag-
@entation model for predicting the jet charge separations
properly are the following.

4.2 Charge separation from fragmentation models

involves extending the simple diagrams of Fig. 4 to include
the creation of more particles. This is done using a toy model
in which the above results are confirmed. The toy model is

used only to understand which of the hadronisation modeLI_
parameters control the charge separations and to guide tr}

guantitative evaluation of systematic errors. After this, so-
phisticated models such 8§ TSET andHERWIGare used.
The distribution of momenta of particles created and their

relations is important because of the possibility that in
addition to the fragmentation function additional dynam-
ics may determine baryon correlations.

he charge separations are therefore computed using the
ragmentation modelsJETSET and HERWIG, which are
constrained to agree with the following experimental infor-
mation:

correlations are considered. This leads finally to a quantitasi) 5, 6c andéy; for k = 0.3, 0.5, 1.0, 2.0 ando;
tive estimate of charge separations through a simulation qii) inclusive distributions (from [23]):

the fragmentation process.
The propagation of charge from the quarks to the final

state particles through fragmentation is based on a few sim-

ple principles: quantum number conservatiafi/-symmetry

and local momentum conservation. The main features of
charge propagation can be obtained from a simple model

of hadronisation. In this model, a chain of quark pairs is
generated according to their probability of production from

— sphericity, aplanarity,

— the inclusive charged particle momentum distribu-
tion, dN/dz, where z is the fraction of the beam mo-
mentum carried by the charged particles,

— pY, the charged particle momentum component trans-
verse to the sphericity axis and projected into the
event plane,

— p¥, the charged particle momentum component per-

the vacuumf,,:fq: fs = 1:1:7. For each pair the transverse pendicular to the event plane defined by the spheric-
momentum is locally balanced, with a Gaussian distribu- ity tensor; _
tion havingo = 350 MeV/c. The longitudinal momenta of (jii) inclusive particle spectra and correlations?,KA, A

the newly created meson states are generated according to from [31];

the Lund Symmetric fragmentation function using the corre¢y) K+, proton and antiproton spectra from [32];

sponding pion and kaon masses. Study of this model leads) average multiplicity of K= from [33], K*° from [34].

to the following observations: . . )
Systematic errors on charge separations are determined

1. If no ss pair is produced during fragmentation, the chargefor each model by the quality of the fit to the above men-
separations are only affected by resonancessTdi@rge  tioned distributions. In practice this is implemented in two
differs from thed charge through the change in the iden- different ways. First the experimental errors are artificially
tity of the first-rank particle from a pion to a kaon be- increased until a good fit is obtained; this procedure results
causemy > my. The symmetry between andd is in an increase of the model parameter errors, and in a corre-
preserved. sponding increase in the error on charge separations. Next,

2. Whenss pairs are produced, théd-symmetry is broken.  poorly reproduced distributions are removed from the fit and
the variation of the results is taken as a systematic uncer-

3. The value of is affected by point 1 and not by point 2. tainty.

4. The shapes and means of the jet charge distributions For each of the two models considered, a central value
are similar to those obtained witlETSET under condi-  and systematic errors are calculated. The consistency of the
tions where non-strange resonance masses are assignesults validate the procedure. Two important cross-checks
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Table 6. Association ofJETSET parameters and distributions which constrain their values

uld — Symmetric parameters

Description JETSET parameters Associated distributions
Parton shower parameters Agco, Mmin, opt P, p%“‘, S, A, dN/dz
The Lund symmetric a, b 5, S, A, dN/dz

fragmentation function

Resonance production:

— vector (V) to Vud = VI(V + P94 (N (p))
pseudoscalar (PS) ratio
— tensor meson rate PARJ(17) (N (f2))

PARJ(14)=PARJ(17) x 3/5
PARJ(16)=PARJ(14)
PARJ(15)=PARJ(17)x 1/5

Final state particle dynamics Bose-Einstétrand A K©° and=° correlations
n’ suppressions (N (n’)>
Kaon production
Description JETSET parameters Associated distributions
Rate of production s/u (=s) K° and K* spectra
Resonance production: E V/(V + P9, (N (K*0)) and(N (K**))

vector to pseudoscalar ratio
Baryon production

Description JETSET parameters Associated distributions
Rate of production (baryon fraction) QQ/Q Proton, A spectra
Possible extra degrees of freedom
— the ratio of strange st/ du) A spectrum

diquark to non-strange (N (A/T)) pairs

diquark production B
— correlation popcorn A — A correlations

Fix for deficiency
— baryon suppression FB Suppr. High momentum portion
of proton andA spectra

are performed: the value of §iﬁ§,ﬁ extracted from the fit above, they? is formed taking into account the correlations
should be independent of the choice «af and, given the between the measurements for different values.ofddi-
difficulty in modelling baryon production, the charge of the tional correlations between theand ¢ quark charges are
hemisphere opposite to a fagtin hadronic event should be accounted for as described in Sect. 3.3. The method of fit-
successfully reproduced. Corrections for purely experimentating the inclusive particle spectra to the data is similar to
effects are evaluated using the full detector simulation basethat described in [23]. Improvement of the fitting procedure
on JETSET 7.3 as described in Sect. 2. The fits performedis obtained by making the approximation that the deriva-
to extract the light quark charge separations usiBgSET  tive of cross-sections upon variation of each parameter is
are described in the next section and UBF SET 7.4. The independent of the value of the other parameters. This al-
fits performed usinddERWIGare described in Sect. 4.5 and lows a large number of parameters to be varied simultane-
useHERWIGb.6. ously with a manageable number of Monte Carlo samples.
The bin-by-bin dependencies of the cross-sections on each
of the parameters are computed usitgl SET at four val-
4.3 Determination of light quark separations usiliigTSET  ues of that model parameter and determining its linear and
quadratic dependencies. Each parameter is varied individ-
The JETSET model offers a large number of parameters ually, and all other parameters are fixed to their reference
which correspond to uncertainties in the modeling of a va-values obtained from [23]. The outcome of the procedure
riety of physics processes during hadronisation. Light quarkis cross-checked by runningETSET with parameters set
jet charge separations are obtained by fitting JEFSET  to the optimum values obtained. The results are shown in
model to the measurements outlined in items (i) to (v) aboveTable 7.
The input measurements and distributions are associated In the fit to the proton andl spectra two effects are im-
with the corresponding parameters of tBETSET model  portant. Firstly, it is necessary to use the popcorn mechanism
as outlined in Table 6. as illustrated in Fig. 5. Secondly, in order to reproduce the
The details of the fitting procedure are described in Ap-observed momentum spectra, it is necessary to suppress the
pendix B. For item (i) in the list of measurements given production of high momentum baryons. This can be done in
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Table 7. Components of the charge separationsdor 1 according to a  Table 9. JETSET parameter values for fits to distributions relevant to

JETSET fit to data distributions. Detector effects are included for these charge propagation. The first error is the fit error and the second the sys-

values tematic uncertainty. Parameters with an “F” beside them were fixed to the
values indicated and thus have no fit error

Separation Value Components
nE K* P,D Parameter Value
bu +0.4062  +0.2765  +0.0744  +0.0496 Agcp 0274 + 0019 =+ 0.020
84 —0.2294 —0.2660 +0.0232 +0.0176 Miin 0.608 + 0134 <+ 0.151
85 —0.3287 —0.0451 —0.2929 +0.0188 opt 0381 + 0016 =+ 0.017
a 0210 + 0089 <+ 0.162
Table 8. Contributions of the various components of tHETSET fit to the b 0811 + 0062 + 0032
x2. W is the deweighting factor used in the fit Vud 0.603 £ 0070 + 0.165
Tensor 0.160 F
Component W x? bins Vs 0466 + 0.036 =+ 0.048
sphericity 12 15 22 s/u 0290 4+ 0009 <+ 0.020
aplanarity 34 20 15 QQ/Q 0.112 + 0.004 + 0.014
dN/dz 45 4.1 21 su/du 0.723 4+ 0.062 =+ 0.121
pQHt 500 0.8 22 Popcorn 0.500 F
Py 140 1.0 28 Fast Baryon Supr. 0.438 & 0.048 + 0.25
KO 1 16.9 28 1’ Suppression 0.40 F
K* 1 207 29 Bose-Einsteind 1.0 F
A 1 122 21 Bose-Einstein R 0.2 F
Proton 1 202 24
(N (K**)) 1 00 1
(N (K*°)) 1 00 1 performed without any strange particle information (no kaon
5 1 12 4 or A spectra) the error on the rate of strangeness production
5, andée 1 2a 8 (s/u) is a factor of 3 larger. This indicates that the param

eter is strongly associated to the physics it should describe.
As a counter-example, when one attempts to perform a fit
. . with the tensor production parameter free, the model uses
a ratherad hocway in JETSET by tuning the fast baryon g 1o repair deficiencies in thePpand §“* distributions.
suppression parame_ter. . R ) The number off,'s produced is not properly described. It

Itis found that a fit to the  and g distributions yields ;g only when the deweighting is applied to th& pnd gt

9

a poory*. This is expected as the parton shower model useqjistrihytions that a reasonable rate is predicted. If param-
d_oes not properl_y treat the gluon radiation which 1S 'eéSPON-aters are found to be affected in this way, they are held fixed
sible for producing the transverse momentum d|str|but|on.during the fit.
In order to examine the systematic uncertainty due to this The stability of the fit is checked by fixing all the pa-

i i i t
model deficiency the errors on the bins of thg and §§" rameters to their best fitted values. Then the distributions

distributions are scaled until the prediction and the modelare refit one at a time and, simultaneously, the correspond-

agr'tta)t_a. Inﬂghlst way the model pz%[rametﬁrs_assogfllaged with dffﬁg parameters outlined in Table 6 are allowed to vary. The
Scribing € transverse momentum pnysics Wit NAVE Eorg g iting fit parameters are compared and it is found that the
that reflect the systematic disagreement visible because qfqqe0 of values lies within Lof the fit errors except for the
the precision of the data. The errors in the data d'St”bu'garameterQQ/Q and b. which lie within 2

oo s o o o v T fesing comparon af i he dta (0 th Mot
9 Carlo is shown as a function afin Fig. 6. The contributions

systematic error) of the data value for that bin. More specifi- . ; .
cally, a single deweighting factd# is defined for the entire .?.;LT: g/arlous components of the fit to thé are shown in

distribution such tha? — (x?/W) < 1 for each bini in
the distribution.

The fit to the sphericity and aplanarity distributions also
yields a poory?. These distributions contain information

The fit yields ay? of 73 for 116 degrees of freedom for
the distributions which do not have inflated errors. Distribu-
tions in &, where¢ = —log (p/Epeam) andp is the particle
' . : omentum, are shown in Figs. 7 through 10. The resulting
about both the fragmentation function and generation Of\r]nETSET fit indicated by the solid histograms is compared

trgpfn\geeiztfsn}ﬁgﬁgit#nlhzlprgmﬁgtr:{ﬂfntg&nléii(S)Br/,mgggceter Sto the data. The values of the eleven fit parameters and their
P Y g ragmentatic P errors are given in Table 9, including an estimate of the sys-
the sphericity and aplanarity distributions are not necessar

to perform this function and are treated in the same rnan%’ematic error. The systematic uncertainties are the quadratic
ner as the B and [t distributions. Although the dN/dz sum of the differences induced by removing data distribu-

distribution has a goog?2, the information obtained about tions and refitting. These systematic studies are described in

the fragmentation function is also redundant; therefore, thisthe following section.
distribution is deweighted in the fit.
Once these deweighting procedures are carried out, the . o i .
remaining terms in thg? and, in particular, the contribution 4.4 Systematic uncertainties in the fitted separations
from 6 is about one per degree of freedom. The association
of distributions or moments of distributions to specific pa- The systematic uncertainties in the charge separation deter-
rameters is an important feature. For example, if the fit isminations are given in Table 10 and are evaluated as follows:
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Systematic error Item changed Aby Aby Abs
pr description Remove ﬂ/om, S, A, dN/dz  +0.0010 +0.0017 =+0.0007
Higher spin state contribution PARJ(17)=0 .16+ 0.1 +0.0040 +0.0020 +0.0011
b,c contamination in spectrum %KK* discrepancy +0.0047 +0.0016 +0.0025
Baryon model failures Popcorn =80+ 0.18 +0.0051 +0.0044 +0.0036
Baryon model failures FB supr. =80+ 0.25 +0.0002 +0.0069 +0.0011
Total systematic error +0.0081 +0.0087 +0.0047
Fit uncertainty +0.0026 +0.0045 +0.0017
Total uncertainty +0.0085 +0.0098 +0.0050
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Fig. 6. The ratio ofé in the data to that fitted from the Monte Carlo, plotted HER

as a function ofx for JETSET and HERWI its. Error bars represent the

statistical and systematic uncertainties in data and the statistical error OBy ¢ =

the Monte Carlo

— Transverse momentum descriptidxs noted previously,

Fig. 7. Neutral kaon spectrum compared to tHETSET (solid) and
WIG(dashed) Monte Carlos. The spectrum is described in terms of
the momentum fraction of the beam energy that the neutral kaon carries
—log (p/Ebeam>. The dashed error bar gives one example of the
deweighting factor of 30 in thg?2 used for theHERWIGit. No deweighting

is used forJETSET. The number of standard deviations of tHETSET
prediction from the data is shown by the solid line in the lower portion of
the figure and includes statistical and systematic errors added in quadrature

the transverse momentum is not well described by
JETSET. The distributions of p, p?t, S, A, and dN/dz
are removed from the fit and the systematic error esti-
mate from this weakness in the model is taken as half
the change in the separations.

Tensor meson productiourrent measurements of ten-
sor meson production remain rather uncertain. In ad-
dition, the same parameter is used in kaon and pion
production. This mixesu/d asymmetric and symmet-
ric components. Adding N (f2)) [33] to the quanti-
ties fitted forJETSET and simultaneously releasing the
tensor meson production parameters gives a value of
PARJ(17)= 0 .13+ 0.03 and the remainder of the fit
does not change. The error has been tripled relative to
the fitted value obtained by including the numberfgs
observed by takingPARJ(17)=0 .16+ 0.1.

Charged and neutral kaon discrepancyhe fitted value

of the parameter describing the rate of kaons depends
on whether the charged or neutral kaon spectrum is used
in the fit. Heavy flavour decays to charged and neutral
kaons are a background to the production of kaons dur-
ing fragmentation of light quarks. The agreement of the
Monte Carlo prediction of the heavy flavour jet charges
with data indicates that the kaon contributions are mod-
elled well in JETSET 7.4. Furthermore kaon decays
from the heavy flavours are concentrated in the region

15 < ¢ < 3.0 and in this region the kaon spectra fit
well. The heavy flavour decay rates to charged kaons
are expected to be different from the decay rates to neu-
tral kaons; hence, an estimate of the residual error due to
this background is taken to be half the difference in the
value of the jet charge separations obtained when fitting
one or the other kaon spectrum.

Popcorn mechanisnhe popcorn mechanism is an ap-
proximate description of a baryon production mechanism
which allows for new dynamics beyond those prescribed
by the fragmentation function. It affects both the correla-
tion between baryon pairs and the transverse momentum
spectra; therefore, systematic uncertainties in the spec-
tra will be fed artificially into this parameter during the
fit, resulting in baryon production being used to repair
deficiencies in the perturbativ@CD description. The pa-
rameter has been fixed to the value obtained in an earlier
publication [31] onA—A correlations. The systematic er-
ror attributed to possible new dynamics affecting baryon
correlations is obtained by repeating the fit at popcorn
values of 0.32 and 0.68. If the popcorn parameter is al-
lowed to vary and thel—A correlation data are included,

a value of 0.3%- 0.18 is obtained.
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Fast baryon suppressioihe model for baryon produc-

tion fails to reproduce the data at high momentum. A
parameter which artificially suppresses baryons produced
from a first-rank quark can be adjusted to give an excel-
lent fit to both the proton and spectra. However, given

the ad hocnature of this parameter, and the possibility —
of dynamic differences that could arise in a proper de-
scription of the true mechanism for baryon suppression
at high momenta, a rather large range of values is taken.
It is remarkable that the quark charge does not change
when the baryon supression parameter is varied while
thed quark charge is affected. First rank baryon produc-
tion contributes a positive charge to thequark charge
separation and a negative charge to ¢hquark charge
separation. Second rank baryon production contributes
a positive charge to both quark charge separations. The
proton data require increased production of second rank
baryons to replace the supressed first rank baryons. Thus
the second rank baryons compensatesttggiark charge
loss from first rank whereas in thequark case opposite
signs in first and second rank baryon production prevent

compensation. As shown in Fig. 11, checks of the baryon
production mechanism using fadts to tags quarks in-
dicate that the jet charge in the opposite hemisphere is
properly reproduced if one uses a baryon suppression in
the range chosen.

Final state interactions.The impact on the fit when
varying then’ suppression and Bose-Einstein param-
eters is found to be negligible. In addition, including
(N (n')) = 0.068+ 0.018+ 0.016 from [35] in the
JETSET fit and simultaneously releasing thésuppres-
sion parameter gives a value of 0.350.10 for then’
suppression parameter and the remainder of the fit does
not change.

Fit procedure.The fit to Monte Carlo involves linear ex-
cursions in parameter space around a central reference
point. Finite statistics in determining the linear param-
eterization around the reference point are included as a
systematic error. An upper limit on the effects of system-
atic differences between Monte Carlo versions is evalu-
ated by taking half the change obtained when fitting with
JETSET 7.3 and 7.4. Finally, as mentioned above, the
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Fig. 8. As for the previous figure but for the charged kaon spectrum. A Fig. 9. As for the previous figure but for the proton spectrum. A deweighting

deweighting factor of 24 is used f(fERWIGn this case

factor of 30 is used foHERWIG this case
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dN/dz distribution contains the same information about Q A Measured Doto *(A) > .2
the fragmentation function as& Thus, the deweighting
is removed as a systematic check.

MC Boryon suppr.=1.0
MC Baryon suppr.=0.5
MC Baryon suppr.=0.0

0.1} ﬁg
The statistical and systematic errors on the fitted distributions I ¢ Z%
P

>Oo0e

are added in quadrature with these systematic errors to yield9-075 |
the total error in the light quark charge separations. I

0.05 ©

4.5 Determination of light quark charge separations using

| -
HERWIG 0.025 Z@ Zp #

The HERWIGhadronisation model is used to extract the light

guark charge separations using a similar fit procedure to that Ol AL‘EPH
described previously. The philosophy of the model differs 0.5 L 1.5 2 2.5
from that of JETSET so the fit procedure is modified ac- K

cordingly. ForHERWIGonly three tunable parameters_are Fig. 11. Comparison of the charge oppositeleo the JETSET prediction

usedl. One of these, Muster iS strongly determined by plotted as a function ok and forz 4 = ps/Epeam > 0.2. TheJETSET

which does not constrain the other two at all. Fitting tand Monte Carlo is compared to the data for various settings of the fast baryon
. . ) i t

the kaon spectrum gives constraints on all three parametefs PP ess!on parameter

Whe_reas flttlngé and theA or p_rOton spectrum also con- _Table 11.Contributions to the? of the various components of tiHERWIG

strains the parameters but to dlff(_arent values. The modc_el i$t. W is the deweighting factor used in the fit

unable to reproduce all spectra simultaneously. In addition,

HERWIGis unable to reproduce observed correlations be- gomp.or.'em W x* Bins
S . . phericity 12 5.8 22
tween baryons [31], indicating thqt the true discrepancy lies Aplanarity 34 38 15
in the treatment of baryon production. As a consequence, thegn/dz 45 95 21
range of values which reproduces each spectrum separatelye:t 5 10.6 22
is used to estimate the systematic uncertainty on the chargep? 5 145 28
separations. kS % 77 28
The various contributions of thg? are detailed in Ta- K 533 2; ii
ble 11. The flt is dominated by systematic 'd|sc.repan0|es.of Proton 30 51 o4
the model with the data and hence a statistical interpretation (N (K+)) 1 05 1
of the fit quality is not possible. The distributions in Figs. 7 (N K*O)) 1 00 1
through 10 show the resultindERWIGit compared to the -
data. In each case an example of the deweighted error bar iss 1 08 4
also shown. The final fitted values of the model parameters s, ands. 1 18 8

are given in Table 12 with the systematic error contributions
given in Table 13.

The results for the charge separations are given in Tareproduce the basic charge transfer process of the symmet-
ble 14. As shown in Fig. 6, botHERWIGand JETSET ric components with a high degree of accuracy over the
full range of k values. The separations determined with
HERWIGare consistent within the systematic errors with
those quoted foJETSET. However, it is clear from the

11t has been pointed out by the authorsHERWIGthat more tunable
parameters could now be used

[® Data ALEPH deweighting necessary IHERWIGfor the key spectra that
02:—7 JETSET it is not well-suited for describing charge propagation for
o HERWIC I . the u/d-symmetry-breaking components.
1dNO.15]
Nég | 5 Determination of sir? 65
0.1}
; The value of sifd" predicted by theALEPH data in this
0.05 | analysis is determined within the context of the Standard
[ Model using (3). The acceptance factal,., is calculated
0 using (4) and cross-checked using Monte Carlo simulation
57
.§ 0Ff l_fmu [4 Table 12. HERWIGparameter values for fits to distributions relevant to
3 f charge propagation
-3 N I R RN N
1 2 3 4 Parameter Value
§n Arg 0.176 + 0.003 4 0.140
Fig. 10. As for the previous figure but for théd spectrum. A deweighting Mgiuon 0728 + 0024 + 0.302

factor of 500 is used foHERWIGn this case Meluster 3700 + 0043 + 0428
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Table 13. Uncertainties in the separations as determinetHBRWIG

Systematic error Item changed Aby Aby Abs

pr description Remove f§/°" s, A, dN/dz from fit +0.0139 +0.0040 +0.0061
Baryon/kaon inconsistency  Fit using onlg?/r?“t, S, A, dN/dz +0.0016 +0.0046 =+0.0046
b,c contamination KO/K* discrepancy +0.0001 =+0.0004 40.0004
Baryon model inconsistency  Excludép spectra +0.0012 +0.0032 +0.0034
Baryon model inconsistency  Fit only/p spectrap 4+0.0281 +0.0085 +0.0130
Baryon model inconsistency  Exclude th8/K* spectra 4+0.0002 +0.0005 +0.0006
Baryon model inconsistency  Fit only%K* spectra$ +0.0008 +0.0045 +0.0044
Total systematic uncertainty +0.0314 +0.0118 +0.0161
Fit uncertainty +0.0021 +0.0052 +0.0054
Total uncertainty +0.0315 +0.0129 +0.0170

; s ; Table 14. Components of the charge separations #o= 1 according to
to take into account the eff|C|ency of the hadronic eVenta HERWIGit to data distributions. Detector effects are included for these

selection and any dependence on quark flavour. These alg es
found to result in a small shift of the extracted Sifi" by

0.00006 and are neglected. The value of é@“i is varied in Separation  Value -t C°m£§”e”ts o
ZFITTER [14] to obtain ALy and I7 in (3). This, together 5 +0.3088  +0.2935  +0.0689  +0.0263
with the measured charge separations and inclusive parti- &4 —0.2473 —0.2673 +0.0322 —0.0048
cle distributions, gives a prediction of the forward-backward 8s —0.3294 —0.0447 —-0.2503 —0.0030

charge asymmetry that is fitted to the measured values of

(Qrs) in Table 1. The energy dependence of asymmetries

being approximately linear, data are binned into the three +0.00070(expsyst) + 0.00080(sep.

energy points shown in Table 15. (JETSET) (23)
QCD effects [36] are potentially of two kinds: spin flip ith a 2 of 88 for 128 degrees of freedom, and

by gluon emission or vertex diagrams and angular kick to 2 geff —

the final state quarks due to final state gluon radiation. Thi$im 6w = 0.23324+ 0.00081(expstat)

first effect is suppressed byn(/mz)? terms, is extremely +0.00070(expsyst) + 0.00161(sep.)

small (¢7(1072) of the asymmetry itself) and is thus ne- (HERWIG) (24)

glected. The effect of the angular kick leads to a-(d;/7)

correction, which is 4% of the asymmetry. However, in the

determination ob and in the calculation of jet charges from )

Monte Carlo, this gluon smearing is already taken into ac_s?[[ﬁmentz a}rte udsetd to calctj‘ulat(iﬁ?ﬁDCI')F'tb%ca_ll_ﬁe the fit It

count by defining the charge separations relative to the quarQ _edmo ed 0 i gfa IS S%/S ema 'I(;‘?‘ yll2ml eh : §e.seeﬂ resufts

direction prior to gluon radiation. The only remaining un- are independent as‘s own in ™ig. 12, where I8y is

certainty concerns the accuracy SETSET in describing plotted as a function of; the statistical correlations amongst

first and second order gluon emission and b quark mass ef® \_/aIL_Jes have Peen taken into ag,c_ount. The effect of these
fects. The first order is explicitly implemented JETSET, IS indicated by uncorre_lated error-in thg fl_gure. A de;cnp—
but the second order is uncertain. This error is evaluated ato" of how the correlations are handled is in Appendix B.3.

the full size of the second order effect plus the uncertainty he results using the_ two models n detefm!”'”g _the light
in the first order arising from the error am,: this is at quark charge separations are consistent within their system-

most 0.5% of the asymmetry which issir? 6¢f = 0.00009. atic errors. TheJETSET result is more precise and is taken

The b mass effect i 20% of 1@CD concaton fo thay 25 € [l value, Systematc uncertantes on e charge
quark. Taking this as the error yleI'dSsmz'G\?vﬁ = 0.0002 ingee“f as shownpinpl'a%le 16 folE'gll'SET and in Table 17
on the b quark asymmetry. For the inclusive asymmetry thefsor w

effect is reduced ta\sir? 6¢" = 0.0001 because of cancella- HERWIG.

: : : Systematic uncertainties that are independent of the
tions between quark flavours. Adding the two errors yields L . . X
Asir? 62 = 0.00017. Since QCD corrections to the asym- hadronisation model are detailed in Table 18. The statis-

metries are incorporated into the definition of jet charges{iﬁal errors frotrR @the garamet(er fits a?a shown arllld inc{‘rllutze
they are explicitly deactivated i@FITTER during the fit. N (S_er_rl%rs gn dan ¢ quark separa |tons fas well as tha
However, QCD contributions to the partial widths are in- 2N 9- 'N€ dépendency ofQre) On centre-of-mass energy
cluded. is shoyvn for_m —hl.Of_ln OIF|g.|13 inéji@g,f?mpdarﬁthé)TtShETex_
L pectation using the fitted value o and the.
thre-ghSnfgrésiege;?(;vrcr??nf?rramgalsgr§ﬂmd? ?)t§< OFE> Io(r) tgeo separations. The three curves reflect the uncertainty in the

andoo with the correlations between the different values of charge separauor!z. off : : -

taken into account for both the charge separations/@ag). The vglue of si H_W determined here is statlstb|5cally cor-
Details of the fit are described in Appendix B.2. To check "€lated with the published value from tA EPH Agp anal-

for hadronisation model dependence, charge separations aY&'S [6] based upon lifetime tagging. The correlation is es-

obtained both wittHERWIGand JETSET. The results are ~ tmated from the overlap in event samples to be 29%. In
addition the systematic uncertainty frodw, and QCD ef-

sir? 9@“ = 0.232224+ 0.00081(expstat) fects in Table 18 is fully correlated with an uncertainty

with a y? of 8 for 12 degrees of freedom. In the case in
which HERWIGseparations are used, only tk@gg) mea-
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Table 15. Hadronic Z decays and their asymmetries for varieuglues as recorded by tid_EPH detector between 1990 and 1994 around the Z peak

(Vs) Z—qq (QrB)
(GeV) x 10%
k=03 k=05 k=10
89.52 104396 —63.8+ 10.8 —-76.7+ 12.6 —103.4+ 18.8
91.25 2215519 —43.1+ 2.3 -568+ 2.7 -—-886+ 4.1
92.93 158545 —40.9+ 8.6 —-56.0+10.1 —92.8+ 15.2

k=20 K = 00
—126.1+28.1 —114.4+ 44.8
—1255+ 6.1 —-147.0+ 9.7
—135.64+ 22.7 —-151.3+ 36.4

Table 16. Systematic errors on i€ due to uncertainties in the determination of the charge separations computedEfiSET

Systematic error

pr description

Higher spin state contribution
b,c contamination in spectrum
Baryon model failures

Baryon model failures

Fit procedure

Fit procedure

Fit procedure

Item changed

Remove B/°",'s, A, dN/dz from fit
P(17)s1®6+ 0.1
Op<* discrepancy
Popcorn =%+ 0.18
FB Supr. =B+ 0.25
No weight on dN/dz
Linearity of fit
Consistency of MC versions

Total
sin®8,”
02375 | — Corr. error @ JETSETFit
= Uncorr. error B HERWIC Fit
0.235 |- l
L | l
0.2325 Iu f ‘
] 1
0.23 | PR
0.2275| ALEPH
0 05 1 18 2 25 3
K

Fig. 12. The value of siR6ST plotted as a function of using separations

both from theJETSET and HERWIGMonte Carlos andQrg) for the Z

Asir? o¢ff

+0.00010
+0.00018
+0.00020
+0.00048
+0.00024
+0.00019
+0.00010
+0.00015
+0.00066

<Q> ALEPH

1990-1994 Data (x=1.0)

-0.005

-0.01

-0.015 7

S S Y S S SO NI ST -
89 90 91 92 93
vs (in GeV)
Fig. 13.(Qrg) plotted as a function of centre-of-mass energy for the data
(points) and a prediction using the fitted values of JBd SET light quark

peak energy. The errors (thick lines) shown are relative to the value obtainedharge separations, the measured values of the heavy quark charge sepa-
at x = 1.0. The errors for each point are indicated by the extensions (thinrations and the fitted value of §iﬂ\?vﬁ. The family of curves reflects the
lines) of the errors. The shaded region represents the final result with iterrors on the quark charge separations. The results are showr=fdr0

total error. The systematic errors given in Tables 16 and 17 are not included

in the points in the figure. Since they are not fully correlated as a function

of «, they could be responsible for some of the variations of &§fi with
K

Asin2 Heff = 0.00066 from the measurement 6f in the
AR analysis.

6 Summary and conclusions

This corresponds to a top quark massmeg, = 170+ 42
GeV/¢ for muiggs = 300 GeV/@. Jet charges have been mea-
sured in hadronic Z decays fbandc quarks directly and for

light quark flavours using hadronisation models constrained
through the measurement 6fand inclusive particle distri-
butions. The results for = 1.0 are summarized in Table 19.
For heavy flavours, the jet charge separations were extracted
by studying the dependence of the average charge separa-

A value of sirf ¢ has been determined within the context tion é on theb, c anduds quark purities in the event sample
of the Standard Model from a measurement of the forward-2S controlled by the lifetime tag method. In the case of the

backward charge asymmetry of hadronic events

sir? 6 = 0.2322+ 0.0008(expstat) = 0.0007 (expsyst)
4+0.0008(sep. (25)

charm quark, a second method usihg tagging was also
employed and found to be in agreement with the lifetime-tag
method. The two methods were combined to give the best
precision on the measurements of the jet charge separations.
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Table 17. Systematic errors on e due to uncertainties in the determination of the charge separations computeHERIWIG

Systematic error Item changed Asir? 68ft
pr description Remove #‘/(’“l, S, A, dN/dz from fit +0.00075
Baryon/strangeness inconsistency  Fit using oﬂwoﬁt +0.00046
b,c contamination in spectrum O+ discrepancy +0.00003
Baryon model inconsistency Excludép spectra +0.00034
Baryon model inconsistency Fit onlyt/p spectra +0.00116
Baryon model inconsistency Exclude th&/K+ spectra +0.00005
Baryon model inconsistency Fit only thé’/* spectra +0.00044
Total 4+0.00156

Table 18.Computation of systematic errors on %Bﬁ,ﬁ due to uncertainties  Table 20.8 correlations amongst values
in the determination of the charge separations and which are independent of

the hadronisation model used in determination of the light quark separations #=03 k=05 £=10 k=20 kr=oc0

x=03 1.000 0.936 0.663 0.423 0.206

Systematic error Asir? 68 k=05 1.000 0.865 0.635 0.336

Abe +0.00033 k=10 1.000 0.909 0.553

Abp +0.00024 k=20 1.000 0.731

Ab +0.00005 K =00 1.000

Statistical and systematic errors from distributionst0.00002

QCD effects +0.00017

Total +0.00045 models gave consistent answers. The more precise result

was obtained usindETSET charge separations.
Table 19.The charge separations including detector effects<ferl

Separation Value AcknowledgementsWe wish to thank our colleagues from the accelerator
JETSET HERWIG divisions for the successful operation of theP machine, and the engineers

Su +0.4062+ 0.0081 +0.3988- 0.0315 and technical staff in all our institutions for their contribution to the good
64 —0.2294+ 0.0087 —0.24734+ 0.0129 performance oALEPH. Those of us from non-member states th@#RN
bs —0.3287+0.0047 —0.3294+ 0.0170 for its hospitality.

Separation Value
be +0.1996+ 0.0174
bp —0.20574 0.0061

Appendix A: material effects on asymmetry measure-
ments

It was shown that the differences between light quarkFor quarks (antiquarks) of flavour ﬁ(in hemisphere H (=
charge separations arise from the breaking/disymmetry ~ F,B) the detector effectsy’ (¢f ) are defined as
due to the production of strange particles and baryons durin

hadronisation. The average jet charge separatibawever, (Q)" = (QFF") + &f (26)
is sensitive to theu/d symmetric component and relatively
insensitive to the asymmetric contributions. THETSET (@)™ =(QF™) + &f = —(QF) + &f, (27)

and HERWIGhadronisation models reproduce the symmet- det H i . i
fic jet charge component to an accuracy of 2%. From particlevhere (Qf )" is the average hemisphere charge including

multiplicity measurements in kaons, protons at'd, it is detector effects. The jet charge in either the forward or back-
known that both symmetry-breaking processes occur with g/ard hemisphere in the absence of a det_ectc(Q%e%.' A
mean frequency of once per event. The basic charge propénate”a| asymmetry for secondary interactions is written as

gation described by the hadronisation models were therefore F_ B F__B
fitted to single particle inclusive spectra and correlations ofAmat = fF N é =f 5 f (28)
kaons, protons and’s to obtain the jet charge contributions T f

from the symmetry-breaking components. It was found thatwhere the average detector effect for quark fejs =
the JETSET model was able to reproduce these spectra al{<f +f)/2. A similar equation for the antiquark defin@g
though it was also necessary to use ratdebhocparameters

(e.g. fast baryon suppression) in the baryon modeling. The- EfE - Efﬁ _ SfE - EfB 29
HERWIGmodel was unable to simultaneously reproduce the "™~ _E4 B ~ 2e (29)
basic jet charge together with the baryon and kaon spectra. U

The jet charge separations for light quarks were ex-The observed average charge of quark fis
tracted from the hadronisation models together with inde- det ng det F ng det B
pendent systematic errors for each model. These separatioh®f~) = o1 (QF)F + o1 (QF%) (30)
agree in both hadronisation models although the system-
atic error is significantly smaller for those determined usingwhereo; is the total rate for*e~ — Z/y — ff and afF(B)
JETSET than HERWIG. The systematic errors were prop-is the rate for quarks in the forward (backward) hemisphere
agated through to the determination of 239@“. The two  with
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Table 21. Correlation matrix for the combined b and ¢ quark charge separations

(5(; (Sc (Sc 55 5(; 6[) (Sb 5[) 6b 6b
k=03 k=05 k=10 k=20 k=00 k=03 k=05 k=10 k=20 K=
bc, k=03 +1.000 +0.485 +0.373 +0.320 +0.2170.731 —0.345 —0.260 —0.224 —0.146

bc, k=05 +1.000 +0.482 +0.400 +0.287-0.341 —0.708 —0.338 —0.282 —0.201
bc, k= 1.0 +1.000 +0.866 +0.635—0.235 —0.301 —0.634 —0.558 —0.422
bc, k=20 +1.000 +0.766 —0.161 —0.206 —0.466 —0.558 —0.449
b¢c, K = 00 +1.000 —0.019 —-0.042 —-0.126 —0.177 —0.265
bp, £ =0.3 +1.000 +0.426 +0.283 +0.223 +0.058
bp, k= 0.5 +1.000 +0.423 +0.330 +0.153
bp, k= 1.0 +1.000 +0.866 +0.578
bp, k=20 +1.000 +0.736
bp, K = 00 +1.000

Table 22. (Qrg) correlations amongst values

and
k=03 k=05 k=10 k=20 kK=o0 det _ det _
£x=03 1000 0966 0818 0669  0.481 (Q)F = (Qr + QB)f™ = er +e5, (42)
:z‘fg 1.000 fé’gg’ gg;: S%’J where terms in AaALg (f — <5) are ignored and any dif-
k=20 ' 1000 0862 ference between Ay and Apa is neglected. Thus,
K =00 1.000 <QFB>?et — A{:B(Sfdet + Amat<Q>?et- (43)
F_l (1+Af)—5 (31) . -
It = o0t FB) ~ Of Appendix B: fitting procedures
oB = ;gf (1*AfFB) = ng_ (32) In this appendix the fitting procedures used to obtain the

separations and those used to obtairf &fft are described.
It follows from the equations above that the detected chargeetails of the test of the: dependence of stS™ are also

for quark f and antiquark are given.
< get> = <Q?er> Tt EfAI:BAmat (33)
QY = —(QF") + &5 — eALgAman (34)  B.1Fitting the separations

so that from (2) the detected charge separation for a quark fhe fitting procedure used to obtain the separations for both
IS B JETSET andHERWICGconsists of minimizing
5fdet = (Q?et— Qfge'> = 6?en+5f—5f*+A{:B (EfAmat‘l' E{Amat) (35)

and the total charge from the quark f is _ o

det . ~det _ ¢ = For QCD there is a Monte Carlo predictiop;. for each
(QF'+ Q) =er + i + A (erAmat— efAma) - (36)  bin i of each of the measured distributign This predic-
The last terms in (33) to (36) are very Smaﬂ"(lo—5), and tion is described by the central valtyéf obtained from the
neglected in the following. With (35) it is possible to rewrite reference parameter setting§ for each parametep® and
(11) as a linear slopem™* describing the dependence gf/-. on

—en 2 gen 2 de0\2 . det the excursion of each Monte Carlo parameter away from
(67%)" = (6" +er —&f)” — (<QFB>f ) + (0% 22{*)(37)  its central value. Thus, the prediction for each bin of each
distribution is given by

2 _ .2 2 2
Xsep= Xocd T X5 + Xheavy (44)

Thus a measurement «5_?6“ includes a possible difference - N
betweens; ander. e =g + Y m* (pF — pf) (45)
A similar procedure is used to compute the forward k
/backward charge asymmetry for a sample &8~ — ik . :
Z/~ — ff events for a single flavoulQrs)r = (Qr)r — (Qs)s where m** is determined by running the Monte Carlo at

where four settings of each parameter and performing a linear fit
. . to the contents of each bin of each distribution. Finally,
— Of Fy %t iOnF 2
(Qr)t o Q)"+ o Q) (38) . (doon)
B 5 XQcp = Z wig? (46)
o of ij ij
(Qer="T(Q)®+ T(Qp®. (39) ’ |
of of where Aqcp = Ymeasured— Ymc- The weightsw? given for
It follows that each distribution in Table 8 falJETSET and Table 11 for
— HERWIGare used to artificially increase the errors if there
(Qre)fe = Alg (67°"+&f — 1) + erAmat+ EfAmat (40) Y

are systematic differences between the Monte Carlo predic-
~ Alg (67" + &r — 7) + Amat (e1 + £7) (41)  tion and the measurement. This is the method by which the
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systematic discrepancies are propagated to the Monte CarB.3 Test of: dependence cfir? oSt
parameter fit errors.
Since 6 is also measured for various values @fthe  In order to determine if there is & dependence of stSf,
correlations here are also taken into account so that the value of sifAST is computed for various values effrom
5 ~ . the final fitted values of the separations and the experimental
Xe=) (AE) (M57), (45); 5 (47)  measurements dfrg). The relative errors between S
ij ! for k = 1.0 and all other values of are computed as

with the indicesi and j running over the values of and 0% = 0221 + 02 — 2p(Qu) T k=10, (51)

— - H . _1 .
A? = Smeasured— 5pfedf°‘ed The Inverse error matriaf= is where p(q.,) is the correlation between measured values of
built from the statistical correlation coefficients &mong Q) for various values of< as given in Table 22. The

The value 0fépredictediS calculated from

e 2 I} 2 It 2 I 2

Opredi = E O (1+ k)] + og + o, (48

( predlcted) P Fhad[ f( f)] Thad c Thad b ( )
The prediction ofs is based on the measurementsphnd 1

éc as well as the hadronisation model predictions of the light 2:
flavours. The heavy flavour charge separations are allowed3
to vary within their errors through the terprﬁeavy in (44). 4

As mentioned in Sect. 3.3, thie and ¢ quark charge 5
separations are correlated among each other and there are
correlations between various valuesrofThus ;

~ % f P
X%eavy: Z (Aheavy>f (Mh_e;vy> j (Ahea"y)é ) (49)
fgij

where the indices f and g run over the two heavy quark
flavours andi and j run over the values of. The inverse
error matrixMh_eiwy is built from the correlation matrix in

Table 21 and the errors from Table Bheavy = (0f)measured—

this case, the charge separation is not predicted but allowed

to move within their measurement errors in the fit and asl4
15. TheLEP Collaborations, Phys. Lett. B276 (1992) 267.

16. G.Batignani et al., Conf. Record of the 198EEE Nuclear Science

constrained by which is computed using)s;.

The minimization ofxgep gives the values of the charge
separations for varioug values. Those for = 1.0 are
shown in Table 19.

17.
18.

B.2 Fit of sir? 62 19.
o o 20.

In order to obtain sifAS" from (Qeg), predictions for
21.

ALLT}/Thad as a function of sihge™ are first obtained from
ZFITTER. Together with the charge separations this allows
a prediction of{Qgs) as given in (3). The final fit of sipST

is obtained by repeating the full fit adding an additional term,4_

to (44) 25.
26.

X%QFB) = Z Z <A~(QFB))Z.6 (M(?leg)ije (A<QFB>)J‘€ , (50) 2;
e ij 29.

WhereA(QFB) = <QFB>measured_ <QFB>predicted The sum runs
over the three energies indicated by the indeand the var-
ious k values indicated by the indicésandj. The statistical
correlation coefficients ofQrg) amongx values are given
in Table 22 and the error matriJM@l:B> is built from this

and the errors from Tables 15 and 1.

12.
(61)sx where the flavouyf is one of the two heavy flavours. In = 13,

22.
23.

30.
31.
32.
33.
34.
35.
36.

solid error bars for all other values afin Fig. 12.
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