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Abstract

The weak mixing angle has been measured from the charge asymmetry of
hadronic events with two different approaches using the DELPHI detector at
LEP. Both methods are based on a momentum-weighted charge sum to deter-
mine the jet charge in both event hemispheres. In a data sample of 247, 306 mul-
tihadronic Z° decays a charge asymmetry of < Qr > — < Qg >= —0.0076 =
0.0012(stat.) + 0.0005(exp.sys.) + 0.0014(frag.) and a raw forward-backward
asymmetry of AFY = —0.0109+0.0020( stat.)=0.0010(exp.sys.)£0.0017( frag.)
have been measured. This result corresponds to a value of sin® f5; = 0.2345 =
0.0030{ezp.) = 0.0027( frag.), sin® b5z = 0.2341 = 0.0030(ezp.) + 0.0027( frag.)
and to sinfy = 1 — m¥/m} = 0.2299 + 0.0030(ezp.) £ 0.0027(frag.) +
0.0028(theor.). The experimental error is the quadratic sum of the statisti-
cal and the experimental systematic error and the theoretical error originates
from 2 value of m = 130 + 40 GeV/c* and a range of my from 45 GeV/c? to
1000 GeV/c2.
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1 Introduction

The Standard Model of electroweak interactions predicts a forward-backward asymme-
try in ete™ collisions near the 20 peak which depends on the weak vector and axial-vector
couplings of the Z° boson to fermion-antifermion pairs.

The differential ete~ cross-section into a fermion pair f f, where f means
fiy Ty Uy dy ¢, 3,b can be expressed in the Born approximation as:

- _doy
decos

o107 (s) [2(1 + cos?8) + AL5(s) - cosG] : 1)

where 8 is the production angle of the fermion f with respect to the incident electron
line of flight and the forward-backward asymmetry is defined as:

J !

o — O
ALo(s) = il - 2
FB() a’f.--lr-ag, ()

where a'f; and 0'{.; are the fermion cross-sections in the forward and backward hemispheres,
respectively. At the Z° resonance the forward-backward asymmetry is a direct measure-
ment of parity-violating couplings. At tree level, apart from the photon channel terms
suppressed by (Tz/Mz)?, Arp is given by

3 92 _92 € 92 __92 f
A2 = 2 (___I_, rY . {9L"9r 3
Mz) = i\ g5 at) \d+d ©)
3 2v.a. 2viay
4v? +a? 'ufe—l-a_zf

(4)

gz and gg are the left- and right handed couplings of the fermions to the Z° and vy and
as are the vector and axial vector couplings of the fermions

Ufng—:Z‘Q_f'Sinzal‘V, Gf"—'I;{, (5)

where @5 and I:{ denote the charge and weak isospin of the fermions. The indices e and
f refer to the initial electron and final fermion, respectively. The v and d quark coupling
constants have been measured in neutrino-nucleon scattering experiments [1].

Asymmetry measurements have been reported by LEP experiments for the leptonic
decays of the Z°, which yielded new determinations of the electroweak mixing angle
sin?0y [2]. Measuring this asymmetry in the quark final states is also a crucial test of
the theory, but is experimentally more difficult, since selecting pure samples of a given
flavour requires specific tagging methods, which usually suffer from low efficiency. The
currently available measurements, performed for c and b quarks, are still restricted by
the limited statistics [3].

On the other hand the small remaining charge asymmetry averaged over all quark
flavours :

1
Arpp = Thad [I'uA'}f"B — Padfp + TeAfp — I'sApp — r"A%B] )

can be measured without flavour tagging. The different signs in this sum for +2/3
and —1/3 charged quarks appear because experimentally only the charge in the two
hemispheres is measured and not the flavour of the quarks so that u and ¢ quarks enter



with a positive sign while d, s and b quarks get negative signs. ['; is the Z° partial decay
width into quark f
G, m;
f 8 \/'2'11_ ( f ! ) ( )

and Th,q is the total hadronic width. On resonance (/s = Mz}, neglecting mass effects,
the charge asymmetry can thus be expressed as

3Gpm% Vele

= ’ -2 uluy — 3 8
8v2rThea 2 +0: (2.2, = Suacd (8)
and is of the order -5%. However the charge of the initial quarks is not directly accessible
and the charge of the final hadron jets has to be evaluated. Techniques for this have
already been used at lower energies [4]-[8] and recently with LEP data [9].

Arg

2 Detector description

A detailed description of the DELPHI apparatus can be found in reference {10]. Only
tracking detectors for charged particles are relevant for the present analysis : the Inner
Detector (ID), the Time Projection Chamber (TPC), the Outer Detector (OD) and the
Forward Chambers A and B (FCA, FCB).

The trigger for hadronic events was based on combinations of tracking detectors of-
fering redundancy, scintillator hodoscopes and calorimeters. The trigger efficiency was
found to be higher than 99.9% during most of the data taking period.

3 Selection of events

Only charged particles were used for this analysis and were retained if they satisfied
the following selection criteria:

¢ momentum p between 0.4 and 50 GeV/c;

e track length above 50 cm;

e projection of impact parameter below 5 cm in the plane transverse to the beam
direction;

o distance to the measured vertex along the beam direction below 4 cm.

The cut values were chosen so as to allow a reliable measurement of the multiplicity and
momentum of the selected charged particles.

Using these charged particles, the sphericity was computed and its axis was defined as
the event axis. As shown in figure 1 the sphericity axis was oriented in the same direction
as the incoming electron beam, with a polar angle §. Each event was then divided into
two hemispheres on both side of the plane transverse to the sphericity axis and passing
through the measured vertex. A charged track was assigned to the forward or backward
hemisphere if the component of its momentum along the sphericity axis was respectively
positive or negative.

Hadronic events were then accepted by requiring:

e no charged track with momentum larger than 50 GeV/c;
e a charged multiplicity larger than or equal to 5;
e a total momentum Xip|; larger than 15 GeV/c;



¢ a total momentum larger than 3 GeV/c in each hemisphere;
e a missing momentum |Ep;| less than 20 GeV/c;
e a sphericity axis within |cosf| < 0.9.

These selection insured good agreement between data and Monte Carlo simulations. The
selection efficiency was found to be around 75% without significant dependence on the
quark flavour. A total of 247,300 hadronic events were retained from the 1990 and the
1991 data taking period.

4 Monte Carlo simulation

A detailed Monte Carlo simulation of the detector was necessary in order to check that
the measured hadronic charge asymmetry was not biased by detector or reconstruction
effects.

Higher order QED radiative corrections were taken into account by using the electron
and positron structure functions from the DYMU3 program [11). The fragmentation of
the final states was based on the JETSET 7.2 parton shower Monte Carlo [12] using the
parameters as given in reference [13].

The simulation of the detector included secondary interactions, the collection of elec-
tronic signals and their digitization. The total number of generated gg events was 150,000.
The same analysis was applied to both the simulated and the real events.

5 Methods

The basic idea of measuring quark-asymmetries by a momentum-weighted charge sum
is to make use of the statistical correlation between quark charge and jet charge. In each
hemisphere defined by the unit sphericity vector €5 the jet charge was obtained from

> g pf

Qr) = —E’;— Fi -6 > 0 (F - €5 < 0). (9)

The sum runs over all selected charged particles, with measured electric charge g and
momentum p;, inside this hemisphere (Fig. 1) . The exponent is varied to give the
particles optimal weights in the sum in order to take advantage from the leading particle
effect; which is that the most energetic hadron is most probably formed from the original
quark. The total error of sin® §y- was found to be minimal for a value of £ around 1 as
will be discussed later. From the jet charges the charge flow @rp and the total charge
Qror were obtained :

Qrs = Qr — @, Qror=Qr+ s (10)

These two distributions are well described by the Monte Carlo simulation as shown in
Fig. 2.

In order to extract sin?fy from these observables two different methods were used.
The first one is based on the fact that the mean value of the charge flow for each flavour
depends upon Afp(sin? O ). Denoting the number of events with a quark f produced
in the forward hemisphere by Ni with a charge flow < QLE > and the number of




flavour! & &% ef ef

d [—0.19]/+0.21}0.63)0.63
+0.321-0.30{0.72|0.71
—0.28|+0.240.690.66
+0.15(—0.13|/0.61}0.59
—-0.25}+40.24}10.67 | 0.66

o0 b 82

Table 1: The charge separation &%, 65 and the efficiencies ef, €} from the full detector
Monte Carlo simulation using k = 1. The statistical errors are +0.01.

complementary events by NV f; with a charge flow < Qﬁg >, the mean charge flow

. F B
N < Qf:“B > +Né < Q?E >
Ni + N

(11)

< Q?B >=

is the weighted sum of both categories. The charge separation &7
6L =< QL5 >, 85 =< Qf5 > (12)

is at parton level 8 = 2. Q; with Q; being the quark charge while at hadron level
8 < 2.@Q; (Fig. 3). The only reason to expect a difference between 5,’; and —6§ are
asymmetries in the detector. All effects that are included in the full detector Monte Carlo
simulation lead to charge separations * in forward and backward hemisphere that agree

within the statistical error (Tab. 1) Therefore in the following .= -84 is used leading to:
< Qlp>=6-ALp (13)

Experimentally only an averaged charge asymmetry is measured. This is the sum over
the different flavours weighted by the relative production rates

5 Pf

< >z Coage+ 387 - Afg - 1. 14
QF B ace fzz; FB Phad ( )
with the theoretical acceptance

4 - cos Omax

G = o8 e (15)

which is in this analysis Cace = 95% for cos fnaz = 0.9. Inserting Eq. 4 and Eq. 7 this

can be written near the Z° resonance as:

3G, m> V.0 S
< > = Cae- nZ = .Y ¢ cvgag. 16
Urs  8y/2rThaa V- + 4o ;Zﬂ ™ (16)

The measured charge asymmetry < Qrp > is translated into sin? 6y by solving Eq. 16.
The basic principle of the method is similar to an analysis presented recently by the
ALEPH collzboration [9].

*One would expect naively 6% = 6%, 5% = §* = & and 6“/6‘ = j:.%/;al- = —2. But due to the difference in the
fragmentation and decay of the various flavoured hadrons this is not fulfilled.




In a second approach the flight direction of the positive quark is estimated on an event
by event basis. This is done by using the sign of the charge flow in the event from which

a raw forward-backward asymmetry A%E is calculated:

Nf - N}

raw( —
FB Kf) _ N£~+ Ng

(17)
Nr(g) being the number of events with Qrg > 0 (< 0). AFY is related to A{G,B by:

F8(f) = Cace - (25f — 1} 'A£B (18)

In this method the theoretical acceptance C,. is the same as above (Eq. 15). The
efficiency &/ of tagging the correct positive quark hemisphere using Qrg

2 2
E‘f — ./dQézgorward/fdQ{;gorwurd (19)
1} =2

is taken from the Monte Carlo simulation and is given for the different flavours in forward
and backward hemisphere in the second part of Table 1. As for the §f the efficiencies
in the two hemispheres agree within the statistical error and in the following ef= €} is
used.

Analogously to Eq. 16 the value obtained for AFg’ is related to the coupling constants
vy and as by

3G, m} Ve 5
rav - oo 2B 2 27 %" (2¢5 — 1) vsay. 20
FB cc Sﬁﬂrrhad ”3 +a§ ng( f ) J&f ( )
Neither method can directly determine Arg since the 57 and e/ are different for the
various quark flavours.

6 Experimental Results

Table 2 shows the charge asymmetry and the raw forward-backward asymmetry val-
ues obtained by the above methods for different choices of the weighting parameter «.
These results are averaged over a range in centre of mass energy between 89 GeV and
04 GeV. This is allowed since < @rp > varies almost linearly with the energy near the
Z° resonance, so the average value will yield < @rp > at the Z° resonance if the number
of events on the two sides of the resonance are similar, which is true in our case.

The calculation of AL from sin® 6y follows the formulae given by A. Djouadi et al. [14]
where sin” 8,7 is defined as

3\/§Gpmf_

. 2 s 2
sin28_;; = sin” 8
ef f w + 16n?

. cos? el MH _
cos” Bw + 4‘ﬂ_[ln( 53 +1)-2] (21)

GeV/c?
with sin? 8y = 1 — m% /m%. Additional electroweak corrections for the Z° — bb vertex
were applied [14]:

2 3v2G,m?
wo ety ey W w T

2 3v2G,m{

3 1672 (22)



[ [ %=05 [ =10 [ =15 |

< Qrg >|—0.0051 £ 0.0009|—0.0076 = 0.0012 —0.0096 £ 0.0016
sin? 655 | 0.2332 £ 0.0034L_L 0.2340 £ 0.0029 | 0.2340 +0.0028

—

raw | —0.0105 £ 0.0020|—0.0109 + 0.0020 | —0.0099 =+ 0.0020
sin? 0;; | 0.2351 +0.0032 | 0.2351 £ 0.0030 { 0.2362 £ 0.0029

Table 2: Experimental resulis for the charge asymmetry (< Qrp >), for the raw for-
ward-backward asymmetry (A%¥S) and the obtained values of sin® G5

Including QCD and QED corrections [14] in this improved Born approximation for ALp
excellent agreement was found between the forward-backward asymmetry, as a function of
m., obtained from the program ZFITTER [15] and the analytical calculations from [14].
An additional correction was applied to the b quark asymmetry taking BB mixing into
account using a full detector Monte Carlo simulation. A value of ¥ = 0.132 =+ 0.026 [16]
reduces §° by (21.8 £ 5.3)% and € by (3.8 + 3.3)%.

The values for sin? 8.;; given in Table 2 were obtained including all the corrections to
the Born level mentioned above using the following parameters

91.18 GeV/c? m; = 130 GeV/c? my = 300 GeV/c?
1/127.6 a, = 0.120 G, = 1.16637-107 GeV/c?
(23)

mgz
a(m7)

nn

and the charge separations 6{; and the efficiencies e{; as given in Table 1.

The weak dependence of sin® §.;; on the choice of the weighting parameter & in Table 2
will be included in the systematic error. Note that the statistical errors given in Table 2

are nearly 100% correlated.

6.1 Experimental systematic error

The systematic error from detector imperfections influences both the measured values
of < Qrp > (A%P) and the efficiencies §/ (¢') determined from the Monte Carlo simu-
lation. To give a consistent picture a systematic error on < Qrp > (A%¥Y) is calculated
from the observed variation of sin® B, 7.

Both methods rely on the fact that the Monte Carlo simulation describes the charge
fiow correctly. For Gaussian distributions like Qrp and Qror (Fig. 2) the width and
the mean value are statistically independent. The measurement of the widths, which is
independent of Arg, is therefore a good test for the Monte Carlo simulation. In Figure 4
the good agreement beiween experimental data and Monte Carlo simulation is shown for
0oy 20d 0Qor together with the values obtained for < @ror > for different choices of
the weighting parameter &.

The deviation from zero of < @ror > In data and Monte Carlo can be understood
from secondary interactions in the detector. The larger nuclear cross section for 7~ p
scattering than for n*p scattering at small Q7 leads to an excess of low momenta positive
iracks. With the increase of the weighting parameter & the high momentum particles get
more and more weight in the calculation of the jet charges Q@r and @p and the observed
values for < Qror > get closer to 0. If these interactions are as well asymmetric in



Method to obtain charge asymmetry raw asymmetry
systematic uncertainty A< Qrp >/ < Qrp > [%]| AARE AT (%]
Cut: p > 2.5 GeV/c +3.7 -3.6
Cut: pme= < 25 GeV/c -3.7 -3.6
Using only pos. or neg. tracks +4.9 -9.0
Variation of & [0.5 — 1.5] +1.0 +5.4
Limited Monte Carlo statistics +3.0 +3.6
Total systematic error e re

Table 3: Systematic error of < @rp > and Ay from the experiment.

the two z-hemispheres, they lead to systematic errors in the measurement of sin® 85y .
To study this a momentum cut of p > 2.5GeV/c was applied since most particles from
these processes are slow (Table 3). Furthermore the complete analysis was repeated using
only positive (negative) tracks and the observed variation of sin” 8.;; was included in the
systematic error (Table 3).

Other sources of systematic uncertainties are the assignment of unphysically high
momenta to charged particles, mainly as a result of reconstruction ambiguities due to
overlapping tracks. These effects were studied by using only particles with momentum
below 25 GeV/c (Table 3).

The choice of the weighting parameter s should have no influence on the obtained
value for sin? 8,¢;. For both methods the statistical and systematical error were found to
be minimal for & around 1. The variation of sin”? 6. ;s with x between 0.5 and 1.5 is given
in Table 3. sin®f,s; was found to be stable for « greater than 1.5.

Finally the limited Monte Carlo statistics leads to a systematic error on sin® fy s of
0.3% which cotresponds to an systematic error on < @rg > of 3% and on A}y of 3.6%.

The total systematic error is determined to be 18904 on the charge asymmetry and

+ 839 on the raw forward-backward asymmetry. Since all the systematic uncertainties
given in Table 3 are small compared to the statistical error it is not useful to give an
asymmetric error at that level of accuracy. Therefore the total systematic error from
the experiment is estimated to be £6% on the charge asymmetry and +9% on the raw

forward-backward asymmetry.

6.2 Systematic error: Fragmentation

The determination of the fermion charge has other systematic uncertainties in addition
to those arising from the detector. Since after hadronisation the quark charge is no longer
directly accessible, it is statistically reconstructed from the momentum-weighted charged
hadron specirum. This spectrum is modelled by string-fragmentation and depends on
the choice of the parameters in the Monte Carlo simulation.

The impact on the charge asymmetry < Qrp > and the raw asymmetry A}¥Y from
the variation of different parameters in the JETSET 7.2 Parton Shower Monte Carlo has
been studied as can be seen from Table 4. For the parameters which lead to the largest
contribution to the systematic error on < @rp > and A}y the variations in the charge




Table 4: Relative systematic error of the charge asymmetry < @rs > and of the raw
asymmetry AFY calculated from the §/ respectively ef resulting from different Monte
Carlo parameter sets

Parameter Range | 352£8>(%)| SeEE (%)
2 0.27-0.36 5.3 4.2
P 340-410 1.0 15
Lund A | 01250325 | 28 0.3
Lund B 0.2-0.4 1.6 1.8
& (3-10)10%| 22 1.7
2 (2-11)10"%| 3.7 2.1
Agep 260-400 3.3 1.6
oils™? | 034054 11 1.3
i 0.5-0.75 2.0 2.1
. 0.66-0.8 2.4 3.0
Mstop 1.0-2.0 0.3 0.6
X 0.11-0.16 4.2 7.5
PS-ME.St.frag. .- 82 5.2
PS-ME.In.frag. : 13.6 10.0
Total error 18.0 15.2

separation §/ and the tagging efficiency ¢/ are given in Table 5 for each flavour separately.
The effect on < Qrp > (AFEY) was computed from Eq. 16 (20) with an asymmetry taken
from the Born approximation for sin’ fw= 0.23.

The DELPHI Monte Carlo using hybrid fragmentation differs slightly from the tuning
in [13] : Lund A/B = 0.225/0.3, e/ € = 0.025/0.005, opy = 410 MeV. The variations in

the given ranges are motivated by the following considerations:

e Ratio of s-quarks tunnelling into the string to u-quarks (£). Here a recent measure-
ment of the TPC/2y collaboration [17] is referred to. '

e op, : the interval covers the full range of measured values from various experiments
[13],{18},[19].

o Parameter A and B of the Lund symmetric fragmentation function. These two
parameters were varied in the ranges compatible with DELPHI data.

e Parameter €. and €, of the Peterson fragmentation function. In order to estimate
this effect, the (rather large) range from ALEPH [9] is taken.

e Agep : the variation covers the region between the TASSO {13] and MARK II {18]
tunings.




Table 5: Relative systematic error of the charge separations §/ and the tagging efficiency
ef specified for each flavour and total contribution to < Qrp >and A

row

FB-
Parameter 2 €c Agcp |PS-ME.St.frag.|PS-ME.In.frag.
Range |0.27-0.36 |(2 — 71)10~3] 260-400
att(or) 13.0£08] 1.0£07 [37L1| 42207 74407
Ae(o) |2.0£15| 1017 (12417 4514 2.4+14
af(%) |L1+£05| 0.7+05 [3.1+08 5.3+04 16.1 + 0.6
act(o) |1.1+13| 0.5+13 [05+12) 5.9+10 21.1 + 1.3
a8 o5y 123+£06| 09+06 16.0£09) 41105 4.6+ 0.6
ac(oy |13+14) 0812 16+14) 34+12 1.4+1.2
a5(%) |42+12| 168£12 |27+16| 48+09 317+ 1.5
Ac(o) [4.0£21) 97+£21 |0.8£29| 41£24 35.9 + 3.0
o8(%) |2.2+06| 0807 (08+07| 29404 0.4+0.5
A%y [22+£13| 09411 [08£12] 26%10 1.0+1.1
4<0rn>(%)|5.3 £0.7| 3.7£07 33% 1.0 6.2%0.6 13.6 = 0.5
AT"EF%{'-:B'”;(%) 42416 21+1.6 |15+15] 52+1.2 10.0 + 1.1

o Ratio of vector-mesons to all mesons ﬁ‘-/—P'S': this has been varied around the de-
faults taking into account theoretical limits as well as the precision of a CELLO-
measurement [20] for strange mesons. No large effect on rapidity-fitting (although
one might expect this since it affects multiplicity) was found.

o Msyp : the lower limit of the gluon - branching cutoff in the parton cascade is
taken to be safely away from the breakdown of perturbation theory due to small
momentum transfer. The upper limit comes from comparison with DELPHI rapidity
and aplanarity distributions.

¢ BB-mixing: A range corresponding to the measured value of ¥ = 0.132 +0.026 [16],
a weighted mixture of the By and B, mixing parameters, was used to obtain the
variation of < Qrp > (AFS)-

In addition, Monte-Carlo events from the second order matrix element calculation
(Jetset 7.2 ME) using string-fragmentation and independent-fragmentation models based
on the tuning in reference [21] were studied and deviations from parton shower data are
regarded as additional systematic errors. The result of this comparison can be found
:n the last two rows of Table 4 indicated by “PS-ME.St.frag.” and “PS-ME.In.frag.”
respectively.

The total systematic error from the fragmentation on < Qrp > and AFY is the
quadratic sum of the contributions :

A< QrFB >
< QrB >

= 18.0% (24)
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raw
E\AFB
row

“LFB

= 15.2%

7 Summary and Conclusion
Using two different approaches to obtain sin® 0. a significant charge asymmetry of
< Qrp >= —0.0076 + 0.0012(stat.} & 0.0005(ezp.sys.) = 0.0014(frag.)  (25)
and a raw forward-backward asymmetry of
raw — _0.0109 + 0.0020(stat.) * 0.0010(exp.sys.)  0.0017( frag.) (26)

were found. From these two measurements sin’ 6c;; was calculated to be

o sin? 8.pp= 0.2340 + 0.0029(stat.) = 0.0009(ezp.sys.) £ 0.0028( frag.) from the charge
asymmetry and
o sin? fp;= 0.2351 £ 0.0030(stat.) £ 0.0016(exp-sys.) £ 0.0027(freg.) from the raw

forward-backward asymmetry.

following the formulae given by A. Djouadi et al. [14]. Both results agree well within the
experimental systematic error. The mean value of

sin? 85 = 0.2345 + 0.0030(ezp.) £ 0.0027(frag.) (27)
which is in the M S scheme
sin? b33 = 0.2341 = 0.0030(ezp.) £ 0.0027( frag.) (28)
corresponds to a value of sin® 6y, defined by sin? y = 1 — m},/m%, of
sin? Gy = 0.2299 £ 0.0030(ezp.) = 0.0027( frag.) £ 0.0028(theor.) (29)

using m, = 130 GeV/c* and my = 300 GeV/c®. The experimental error is the quadratic
sum of the statistical and the experimental systematic error. The theoretical error orig-
inates from the uncertainty of m, = 130 & 40 GeV/? (A sin? Gy = +0.0026) and from
the range of my = (45 — 1000) GeV/c? (Asin® § = £0.0009).

These results are in good agreement with a previous measurement [9]. The error is
still dominated by the experimental statistics. Further data taking at LEP will therefore

lead to a better measurement of sin® 8.5 by the methods outlined in this letter.
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Figure 1: Definition of the forward and backward hemispheres for hadrons.
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