
VOLUME 78, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 6 JANUARY 1997
First Measurement of the Left-Right Charge Asymmetry in Hadronic Z Boson Decays
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We present the first measurement of the left-right charge asymmetryAobs
Q in hadronic Z boson

decays. This was performed atEc.m.  91.27 GeV with the SLD at the SLAC Linear Collider
with a polarized electron beam. Using 89 838 events we obtainAobs

Q  0.225 6 0.056 6 0.019,
which leads to a measurement of the electron left-right asymmetry parameter,Ae  0.162 6 0.041 6

0.014, and sin2u
eff
W  0.2297 6 0.0052 6 0.0018. Also, the Aobs

Q measurement combined with the
left-right cross section asymmetry determinesAe independent of the value of the electron-beam
polarization. [S0031-9007(96)02072-8]

PACS numbers: 13.38.Dg, 12.15.Ji
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The SLD Collaboration has performed measureme
of the left-right cross section asymmetryALR  ssL 2

sRdyssL 1 sRd in the production ofZ bosons bye1e2

collisions [1–3]. In the standard mode of the electrowe
interactions, to first order, this gives the electron left-rig
asymmetry factorAe  2yeaeysy2

e 1 a2
ed from [4]

Aobs
LR  jPejALR  jPejAe , (1)

wherePe is the electron-beam longitudinal polarizatio
and ye and ae are the vector and axial vector couplin
constants between theZ0 and electron. The forward
backward fermion asymmetries inZ decays can also be
used to provide independent information on the elect
couplings to theZ. The forward-backward fermion
asymmetry at theZ pole (excludinge1e2 final states) can
be easily determined from the differential cross section
and is given by

AFB,fsPed  2gsad
Pe 2 Ae

1 2 PeAe
Af , (2)

wheregsad  ays1 1
1
3 a2d, 0 , a # 1, a  j cosujmax,

cosu describes the angle between the outgoing ferm
f and the direction of the incident electron, max refers
the aperture limit of the detector, andAf  2yfafysy2

f 1

a2
f d. We can defineAL

FB,f ; AFB,fs2jPejd and AR
FB,f ;

AFB,f sjPejd as the forward-backward asymmetries f
events produced with left- and right-handed beam po
ization, respectively.

These asymmetries can be related to observable ch
asymmetries [6–8]. At the parton level the fermio
asymmetries for a quark-antiquark final state give t
following average charges in the forward and backwa
ts

k
t

,

n

5]

n
o

r
r-

rge

e
rd

hemispheres of left-handed events:

kQL
F,fl  qfAL

FB,f ,

kQL
B,fl  2qfAL

FB,f ,
(3)

whereqf is the charge of the outgoing fermion. Simila
expressions hold for right-handed events. These aver
charges can then be combined into the forward-backw
charge flows, or asymmetries. For left-handed events

kQL
FB,fl ; kQL

F,fl 2 kQL
B,fl  2qfAL

FB,f , (4)

with a similar expression for right-handed events.
The flavor-inclusive observables for the polarize

kQ̃FBl and unpolarizedkQFBl forward-backward charge
flows, which are measured at the final state hadron lev
can be defined by summing over all flavors, weighting b
the flavor production rate, and including dilution factor
0 , df , 1 to account for a reduction in the measure
charge magnitudes due to QCD corrections, hadronizat
effects, andBB̄ mixing [9] as follows:

kQ̃FBl ; kQL
FBlfL 2 kQR

FBlfR

 2gsadjPej
X
f

dfqfRfAf , (5)

kQFBl ; kQL
FBlfL 1 kQR

FBlfR  2gsadAe

X
f

dfqfRfAf ,

(6)

wherefL 
1
2 s1 1 jPejAed andfR 

1
2 s1 2 jPejAed are

the fractions of left- and right-handed events,Rf 
GfyGhad, Gf is the partial width for the decayZ ! ff̄,
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and Ghad is the total hadronic width of theZ. The
quantitieskQL

FBl and kQR
FBl represent the mean, flavor

inclusive, forward-backward charge flows in left- an
right-handed events. These quantities are measured
ing the momentum-weighted charge technique descri
below.

The ratio of these charge asymmetries has the sim
form

Aobs
Q ;

kQFBl
kQ̃FBl


Ae

jPej
. (7)

The expression forAobs
Q shows that uncertainties in

the detector acceptance, charge measurement, and
dilution factors cancel out, thus effectively eliminatin
the dependence on Monte Carlo simulation for su
corrections. By measuring the quantityAobs

Q jPej, Ae can
be obtained in a manner largely independent of theAobs

LR
measurement [10]. Many systematic instrumental effe
were investigated and are discussed below.

Furthermore, the two measurements can be combi
to yield Ae without a measurement of the electro
polarization, using the expression

Ae 
q

Aobs
LR 3 Aobs

Q . (8)

This alternate determination ofAe is clearly not inde-
pendent of the more precise measurement usingAobs

LR and
the longitudinal polarization that has been published el
where [2,3].

In this paper, we present the first measurement ofAe

from Aobs
Q and the electron-beam polarization. We al

present an alternative measurement ofAe from Aobs
LR and

Aobs
Q that does not require knowledge of the polarizati

magnitude.
Details of the SLAC Linear Collider (SLC), the po

larized electron source, the measurement of the elect
beam polarization with the Compton polarimeter, and
SLD have been given elsewhere [1,2,11]. The results p
sented in this article are based upon a sample of data
responding to an integrated luminosity of5.1 pb21. The
data were recorded at a mean center-of-mass energ
91.27 6 0.02 GeV during the 1993 and 1994–1995 run
of the SLC.

The momenta of charged particles were measured
the central drift chamber (CDC). Accepted particles we
required to have (i) a minimum momentum transverse
the beam axis.0.15 GeVyc, (ii) a polar angleu with
respect to the beam axis satisfyingj cosuj , 0.8, and
(iii) a point of closest approach to the beam axis with
a cylinder of 5 cm radius and 10 cm half-length abo
the interaction point. If any remaining particle in a
event had a total momentum.55 GeVyc the event was
rejected.

Each event was divided into two hemispheres
a plane transverse to the thrust axis [12] which w
determined using all accepted charged particles in
us-
ed

le

the

h

ts

ed
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event. Hadronic events were selected by the followi
requirements: (i) the polar angle of the thrust ax
satisfied j cosuT j , 0.7; (ii) there were at least three
particles per hemisphere; (iii) the total energy of th
particles in the event (assuming the particles to be pio
was greater than 20% of the center-of-mass ener
(iv) the scalar sum per hemisphere of particle momentu
components parallel to the thrust axis was greater th
10% of the beam energy; and (v) the invariant mass
the particles in at least one hemisphere was greater t
2 GeVyc2. A total of 49 850 hadronicZ decays produced
by left-handed electrons and 39 988 produced by rig
handed electrons were obtained with an estimated noZ
background of less than 0.05% [13]. The effect of th
residualt1t2 events on the value ofAobs

Q was estimated
to be s0.028 6 0.012d% which is negligible. This is
relevant because final-state polarization effects in t
channel complicate its contribution to this quantity. Th
luminosity-weighted polarization for this sample of even
was 0.730 6 0.008, where the error is predominantly
systematic [14].

The forward-backward charge asymmetries were det
mined in the following manner. A unit vector along th
thrust axis,T̂, was chosen such thatT̂ ? pe2 . 0, where
pe2 is the electron beam direction. Tracks with mome
tum vectorp were defined as forward ifp ? T̂ . 0, and
backward otherwise. The weighted charge in the forwa
hemisphere was then calculated for each event from

QF 

P
pi?T̂.0 jpi ? T̂jqiP

pi ?T̂.0 jpi ? T̂j
, (9)

where qi is the charge of particlei. The charge in the
backward hemisphere,QB, was determined in a similar
manner for tracks withp ? T̂ , 0. The quantityQFB 
QF 2 QB was then found for each event.

The distribution ofQFB was formed separately for left-
and right-handed events. The distributions forkQ̃FBl and
kQFBl were obtained in accordance with Eqs. (5) and (
and are shown in Fig. 1. These distributions are Gauss
The width of these curves are dominated by the phys
of the process, not the detector resolution. The avera
kQ̃FBl andkQFBl and their errors were obtained from fit
to their corresponding distributions [15]. ThenAobs

Q was
determined using Eq. (7). A value forAobs

LR was also ob-
tained using the number of accepted left- and right-hand
events. These results are summarized in Table I.

We investigated a number possible systematic err
due to biases in instrumentation, analysis misidentific
tion, charge dependent nuclear interactions of low m
mentum hadrons, unphysical measured momenta, mate
asymmetries, and various backgrounds. We studied
possibility of a charge-dependent, forward-backward b
in the measured track sagitta, or momenta, by means
the dimuon and Bhabha events in the data sample. T
can produce an artificial change inkQFBl, while affecting
19
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FIG. 1. Distributions of the polarized (a) and unpolariz
(b) forward-backward charge flows.

kQ̃FBl very little, thus biasingAobs
Q [16]. This study led

to a s21.6 6 6.5d% change inAobs
Q . This error was the

largest of the systematic errors studied. The system
errors on the value ofAobs

Q resulting from these studies ar
presented in Table II.

The value for the left-right charge asymmetry, befo
radiative corrections and including the systematic er
from Table II, is

Aobs
Q  0.225 6 0.056sstatd 6 0.019ssystd . (10)

To obtain the relevant quantitiesAe and sin2u
eff
W from

Aobs
Q we must correct Eq. (7) forZ-g interference,g

TABLE I. Summary of results.

Quantity Value

fL, fR 0.5549, 0.4451
kQL

FBl 20.0408 6 0.0027
kQR

FBl 0.0322 6 0.0031
kQ̃FBl 20.036 97 6 0.002 04
kQFBl 20.008 31 6 0.002 04
Aobs

Q 0.2247 6 0.0556
Aobs

LR 0.1098 6 0.0033
20
d

tic

re
or

exchange, and radiative corrections. These were mad
to the measured asymmetries using theZFITTER program
[17]. The cancellation of the flavor sum in Eq. (7) is not
preserved by these higher order processes, and Eqs.
and (6) must be used withZFITTER to obtain AeyjPej.
The charge dilution factorsdf were varied by620% in
a manner that maximizes the variation of the radiative
correction toAobs

Q . This results in an uncertainty of64%
in the corrected value ofAobs

Q . After these corrections, the
following values are obtained:

Ae  0.162 6 0.041sstatd 6 0.014ssystd ,

sin2ueff
W  0.2297 6 0.0052sstatd 6 0.0018ssystd .

(11)

These results are largely independent of those previous
obtained by SLD fromALR, and are in good agreement
with them.

We can also obtainAe from Aobs
Q and Aobs

LR using
Eq. (8), without the use of the Compton-measured polar
ization. After radiative corrections to the measured re
sults, we obtain

Ae  0.1574 6 0.0197sstatd 6 0.0067ssystd ,

sin2ueff
W  0.2302 6 0.0025sstatd 6 0.0009ssystd .

This result is not independent of those obtained fromALR

andAobs
Q separately. Rather, it is an alternative measure

ment of Ae and sin2u
eff
W that does not use the measured

polarization. This is a completely new technique in the
determination of these quantities. These results can b
compared with the latest value of sin2u

eff
W  0.230 49 6

0.000 50, obtained directly from a measurement ofALR

and the electron longitudinal polarization [3].
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TABLE II. Summary of systematic errors.

dAobs
Q yAobs

Q
Source of uncertainty (%)

q dependent,F-B sagitta bias 6.5
q independent,F-B sagitta bias 0.5
q independent,F-B track efficiency biases 0.2
Unphysicalptot tracks 3.3
F-B asymmetry of SLD central material 1.5
e1e2 final-state backgrounds 0.5
Two photon backgrounds 0.7
Radiative corrections 4.0
Polarization measurement [for result (10) only] 1.1
Residualt1t2 effect 0.03
SLC track backgrounds 0.02

Total 8.7



VOLUME 78, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 6 JANUARY 1997

d
n

e
r

a
as
m

g

the Japan-U.S. Cooperative Research Project on High E
ergy Physics, and the Science and Engineering Resea
Council of the United Kingdom.

*Deceased.
†Also at the Università di Genova, I-16146 Genova, Italy
‡Also at the Università di Perugia, I-06100 Perugia, Italy.

[1] SLD Collaboration, K. Abeet al., Phys. Rev. Lett.70,
2515 (1993).

[2] SLD Collaboration, K. Abeet al., Phys. Rev. Lett.73, 25
(1994).

[3] SLD Collaboration, K. Abeet al., Report No. SLAC PUB
96-7291, 1996 (to be published).

[4] In Refs. [1,2] we useAm instead ofAobs
LR .

[5] The qq̄ differential production cross section is presente
in many places. See, for example, Morris Swartz, Repo
No. SLAC-PUB-4656.

[6] ALEPH Collaboration, D. Decampet al., Phys. Lett. B
259, 377 (1991).

[7] DELPHI Collaboration, P. Abreuet al., Phys. Lett. B277,
371 (1992).

[8] OPAL Collaboration, P. D. Actonet al.,Phys. Lett. B294,
436 (1992).

[9] It is assumed that the difference in thedf factors for
processes initiated by left- and right-handed electrons
negligible.
n-
rch

.

d
rt

is

[10] The correlation betweenAobs
LR and Aobs

Q is approximately
26%. Likewise, the correlation coefficient betweenALR

andQLR is similar in value for the measurement presente
in this Letter, since the error in the measured polarizatio
is small compared to the statistical errors inAobs

LR and
Aobs

Q .
[11] R. Alley et al., Report No. NIM A365, 1995, p. 1;

M. Woods, in Proceedings of the 11th International
Symposium on High Energy Spin Physics,AIP Conf. Proc.
No. 343 (AIP, New York, 1994), p. 230.

[12] E. Farhi, Phys. Rev. Lett.39, 1587 (1977).
[13] Our background is less than in previous studies of th

SLD collaboration due to the more stringent cuts in ou
hadronic sample [18].

[14] This is the luminosity-weighted average polarization from
two runs with polarizations of 0.63 and 0.78 [2,11].

[15] In computing the charge asymmetries for each event,
correction for a charge-dependent, forward-backward bi
to the track sagitta was applied to each track’s momentu
as determined by our systematic error studies.

[16] This is because inkQ̃FBl we measure the difference of the
charge flow for left- and right-handed electrons, cancelin
these types of biases, while inkQFBl we measure the sum.

[17] We use the softwareZFITTER 4.9 from D. Bardinet al.,
Report No. CERN-TH. 6443y92, 1992 (unpublished).

[18] SLD Collaboration, K. Abeet al., Phys. Rev. D51, 962
(1995).
21


