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K. Abe,19 K. Abe,30 T. Akagi,28 N. J. Allen,4 W. W. Ash,28,* D. Aston,28 K. G. Baird,24 C. Baltay,34 H. R. Band,33

M. B. Barakat,34 G. Baranko,9 O. Bardon,15 T. L. Barklow,28 G. L. Bashindzhagyan,18 A. O. Bazarko,10

R. Ben-David,34 A. C. Benvenuti,2 G. M. Bilei,22 D. Bisello,21 G. Blaylock,16 J. R. Bogart,28 B. Bolen,17 T. Bolton,10

G. R. Bower,28 J. E. Brau,20 M. Breidenbach,28 W. M. Bugg,29 D. Burke,28 T. H. Burnett,32 P. N. Burrows,15

W. Busza,15 A. Calcaterra,12 D. O. Caldwell,5 D. Calloway,28 B. Camanzi,11 M. Carpinelli,23 R. Cassell,28

R. Castaldi,23,† A. Castro,21 M. Cavalli-Sforza,6 A. Chou,28 E. Church,32 H. O. Cohn,29 J. A. Coller,3 V. Cook,32

R. Cotton,4 R. F. Cowan,15 D. G. Coyne,6 G. Crawford,28 A. D’Oliveira,7 C. J. S. Damerell,25 M. Daoudi,28

R. De Sangro,12 R. Dell’Orso,23 P. J. Dervan,4 M. Dima,8 D. N. Dong,15 P. Y. C. Du,29 R. Dubois,28 B. I. Eisenstein,13

R. Elia,28 E. Etzion,33 S. Fahey,9 D. Falciai,22 C. Fan,9 J. P. Fernandez,6 M. J. Fero,15 R. Frey,20 K. Furuno,20

T. Gillman,25 G. Gladding,13 S. Gonzalez,15 E. L. Hart,29 J. L. Harton,8 A. Hasan,4 Y. Hasegawa,30 K. Hasuko,30

S. J. Hedges,3 S. S. Hertzbach,16 M. D. Hildreth,28 J. Huber,20 M. E. Huffer,28 E. W. Hughes,28 H. Hwang,20

Y. Iwasaki,30 D. J. Jackson,25 P. Jacques,24 J. A. Jaros,28 Z. Y. Jiang,28 A. S. Johnson,3 J. R. Johnson,33 R. A. Johnson,7

T. Junk,28 R. Kajikawa,19 M. Kalelkar,24 H. J. Kang,26 I. Karliner,13 H. Kawahara,28 H. W. Kendall,15 Y. D. Kim,26

M. E. King,28 R. King,28 R. R. Kofler,16 N. M. Krishna,9 R. S. Kroeger,17 J. F. Labs,28 M. Langston,20 A. Lath,15

J. A. Lauber,9 D. W. G. S. Leith,28 V. Lia,15 M. X. Liu,34 X. Liu,6 M. Loreti,21 A. Lu,5 H. L. Lynch,28 J. Ma,32

G. Mancinelli,22 S. Manly,34 G. Mantovani,22 T. W. Markiewicz,28 T. Maruyama,28 H. Masuda,28 E. Mazzucato,11

A. K. McKemey,4 B. T. Meadows,7 R. Messner,28 P. M. Mockett,32 K. C. Moffeit,28 T. B. Moore,34 D. Muller,28

T. Nagamine,28 S. Narita,30 U. Nauenberg,9 H. Neal,28 M. Nussbaum,7 Y. Ohnishi,9 D. Onoprienko,29 L. S. Osborne,15

R. S. Panvini,31 C. H. Park,27 H. Park,20 T. J. Pavel,28 I. Peruzzi,12,‡ M. Piccolo,12 L. Piemontese,11 E. Pieroni,23

K. T. Pitts,20 R. J. Plano,24 R. Prepost,33 C. Y. Prescott,28 G. D. Punkar,28 J. Quigley,15 B. N. Ratcliff,28 T. W. Reeves,31

J. Reidy,17 P. L. Reinertsen,6 P. E. Rensing,28 L. S. Rochester,28 P. C. Rowson,10 J. J. Russell,28 O. H. Saxton,28

T. Schalk,6 R. H. Schindler,28 B. A. Schumm,6 J. Schwiening,28 S. Sen,34 V. V. Serbo,33 M. H. Shaevitz,10 J. T. Shank,3

G. Shapiro,14 D. J. Sherden,28 K. D. Shmakov,29 C. Simopoulos,28 N. B. Sinev,20 S. R. Smith,28 M. B. Smy,8

J. A. Snyder,34 P. Stamer,24 H. Steiner,14 R. Steiner,1 M. G. Strauss,16 D. Su,28 F. Suekane,30 A. Sugiyama,19

S. Suzuki,19 M. Swartz,28 A. Szumilo,32 T. Takahashi,28 F. E. Taylor,15 E. Torrence,15 A. I. Trandafir,16 J. D. Turk,34

T. Usher,28 J. Va’vra,28 C. Vannini,23 E. Vella,28 J. P. Venuti,31 R. Verdier,15 P. G. Verdini,23 D. L. Wagner,9

S. R. Wagner,28 A. P. Waite,28 S. J. Watts,4 A. W. Weidemann,29 E. R. Weiss,32 J. S. Whitaker,3 S. L. White,29

F. J. Wickens,25 D. A. Williams,6 D. C. Williams,15 S. H. Williams,28 S. Willocq,28 R. J. Wilson,8 W. J. Wisniewski,28

M. Woods,28 G. B. Word,24 J. Wyss,21 R. K. Yamamoto,15 J. M. Yamartino,15 X. Yang,20 J. Yashima,30 S. J. Yellin,5

C. C. Young,28 H. Yuta,30 G. Zapalac,33 R. W. Zdarko,28 and J. Zhou20

(SLD Collaboration)
1Adelphi University, Garden City, New York 11530
2INFN Sezione di Bologna, I-40126 Bologna, Italy
3Boston University, Boston, Massachusetts 02215

4Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom
5University of California at Santa Barbara, Santa Barbara, California 93106

6University of California at Santa Cruz, Santa Cruz, California 95064
7University of Cincinnati, Cincinnati, Ohio 45221

8Colorado State University, Fort Collins, Colorado 80523
9University of Colorado, Boulder, Colorado 80309
10Columbia University, New York, New York 10027

11INFN Sezione di Ferrara and Università di Ferrara, I-44100 Ferrara, Italy
12INFN Laboratorio Nazionali di Frascati, I-00044 Frascati, Italy

13University of Illinois, Urbana, Illinois 61801
14E. O. Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

15Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
16University of Massachusetts, Amherst, Massachusetts 01003

17University of Mississippi, University, Mississippi 38677
18Moscow State University, Institute of Nuclear Physics, 119899 Moscow, Russia

19Nagoya University, Chikusa-ku, Nagoya 464 Japan
20University of Oregon, Eugene, Oregon 97403

21INFN Sezione di Padova and Università di Padova, I-35100 Padova, Italy
804 0031-9007y97y79(5)y804(5)$10.00 © 1997 The American Physical Society



VOLUME 79, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 4 AUGUST 1997

kward
22INFN Sezione di Perugia and Università di Perugia, I-06100 Perugia, Italy
23INFN Sezione di Pisa and Università di Pisa, I-56100 Pisa, Italy

24Rutgers University, Piscataway, New Jersey 08855
25Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX United Kingdom

26Sogang University, Seoul, Korea
27Soongsil University, Seoul, Korea 156-743

28Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309
29University of Tennessee, Knoxville, Tennessee 37996

30Tohoku University, Sendai 980 Japan
31Vanderbilt University, Nashville, Tennessee 37235

32University of Washington, Seattle, Washington 98195
33University of Wisconsin, Madison, Wisconsin 53706

34Yale University, New Haven, Connecticut 06511
(Received 1 April 1997)

We present direct measurements of theZ0-lepton coupling asymmetry parametersAe, Am, and
At , based on a data sample of 12 063 leptonicZ0 decays collected by the SLD detector. TheZ
bosons are produced in collisions of beams of polarizede2 with unpolarizede1 at the SLAC Linear
Collider. The couplings are extracted from the measurement of the left-right and forward-bac
asymmetries for each lepton species. The results areAe ­ 0.152 6 0.012sstatd 6 0.001ssystd, Am ­
0.102 6 0.034 6 0.002, andAt ­ 0.195 6 0.034 6 0.003. [S0031-9007(97)03593-X]

PACS numbers: 12.15.Mm, 13.10.+q, 13.38.Dg
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The structure of the parity violation in the electrowea
interaction can be probed directly in the production a
decay of polarizedZ0 bosons. All three leptonic states
can be studied ine1e2 annihilations at theZ0 resonance,
providing an important test of lepton universality and th
standard model [1].

We report measurements of production and decay asy
metries of e1e2 ! e1e2, m1m2, t1t2 made by the
SLD experiment at the SLAC Linear Collider (SLC). SLC
producesZ bosons ine1e2 collisions using a polarized
electron beam. The polarization allows us to form th
left-right cross section asymmetry to extract the initia
state couplingAe. It also enables us to extract the fina
state coupling for leptonl, Al , directly using the polarized
forward-backward asymmetry. The parity-violating pa
rameterAl ­ 2ylalyy

2
l 1 a2

l depends only on the ratio
of the vector and axial vector couplings of the leptonl to
the Z0, yl and al , respectively. Previous measuremen
of forward-backward asymmetries at theZ0 resonance [2]
(without beam polarization) have measured the prod
of initial and final-state coupling,AeAl. Those same ex-
periments have also measured the tau polarization wh
yields Ae andAt separately. The SLC beam polarizatio
enables us to present the first direct measurement ofAm.
The polarized asymmetries enhance the statistical precis
on the final-state parameter by a factor of about 25 co
pared to the simple forward-backward asymmetry. T
data were collected during 1993 (

p
s ­ 91.26 GeV center-

of-mass energy, 63%e2 beam polarization,5 3 104 Z’s
analyzed) and 1994–1995 (

p
s ­ 91.28 GeV, 77% polar-

ization,105 Z’s analyzed). The SLD detector [3] and th
SLC accelerator [4] have been described elsewhere.

Production of the vectorZ boson in electron-positron
collisions requires the longitudinal spin projections o
the electron and positron to be parallel. The helicity
the electron controls the direction of the spin projectio
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of the Z0. In the massless limit, there are two spin
configurations of thee1e2 system that have a nonzero
Z0 production cross section: The cross section with th
spin of theZ0 pointing in the direction opposite to the
electron’s momentum is referred to as the “left-handed
cross section since it contains a left-handed electro
Because the couplings of theZ boson to the fermions are
parity violating, the left-handed cross section is not equa
to the right-handed cross section, where the spin of theZ0

points in the same direction as the electron’s momentum
vector. In addition to this left-right asymmetry in theZ
production cross section,ALR, Z couplings to fermions
also produce asymmetries in the angular distributions o
theZ decay products with respect to the beam axis.

The dominant term in the cross section for polarized
production of a pair of leptons at theZ resonance is due
to Z exchange,

Zss, Ae, Al , xd ­

µ
ds

dx

∂
Zssd

­ fZssdfs1 2 PAed s1 1 x2d

1 sAe 2 Pd Al2xg , (1)
where P is the electron beam polarization [5].P , 0
means mostly left-handed beam electrons andP . 0
mostly right-handed beam electrons.x ­ cosu, whereu

is the angle of thel2 direction with respect to the electron
beam direction. Photon exchange terms and, if the fina
state leptons are electrons,t-channel contributions [6]
have to be taken into account. Events with cosu , 0
will be called “backward” events; “forward” events have
cosu . 0. The sign of the polarization was switched
randomly on each beam pulse; this minimizes helicity
correlated asymmetries arising from SLC-SLD operation
[7]. Half of the luminosity has a positive polarization,
half a negative polarization. We measure the polarizatio
with the Compton polarimeter [8] and obtained for
805
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all
the 1994–1995 runjPj ­ 77.23 6 0.52% (uncertainty
dominated by systematics) [7]. The polarization for th
1993 run wasjPj ­ 63.0 6 1.1% [7].

Simple asymmetries can be used to extractAe and Al

from the data. The left-right asymmetry measures the d
ference inZ production for the left and right polarized
electron beams. The left-right forward-backward asym
metry is a double asymmetry which is formed by takin
the difference in the number of forwardsFd and backward
sBd events for leftsLd and rightsRd beam polarization data
samples. These asymmetries can be derived from Eq.
using obvious subscripts (and assuming acceptance o
the full solid angle)

ALR ­
1

jPj

NL 2 NR

NL 1 NR
­ Ae , (2)

Ãl
FB ­

4
3jPj

sNLF 2 NLBd 2 sNRF 2 NRBd
sNLF 1 NLBd 1 sNRF 1 NRBd

­ Al . (3)

Events are reconstructed and accepted in this analysis o
within j cosuj , 0.7 where SLD trigger and reconstruc-
tion efficiencies are high and uniform. Then the geome
ric factor4y3 in Eq. (3) is replaced by 1.66.

The essence of the measurement is contained
Eqs. (2) and (3), but instead of simply counting events w
perform a maximum likelihood fit, event by event, usin
the likelihood function

L sAe, Al, xd ­
Z

ds0 Hss, s0d fZss0, Ae, Al , xd

1 Zgss0, Ae, Al , xd

1 gss0, xdg (4)

to determine simultaneouslyAe and Am with the mu-
pair events (orAe and At with the tau-pair events).
The integration overs0 is done with the programDMIBA

[9] to take into account the initial-state radiation from
2 times the beam energy

p
s to the invariant mass of the

propagator
p

s0 described by the radiator functionHss, s0d.
The spread in the beam energy has a negligible effe
The maximum likelihood fit is less sensitive to detecto
acceptance as a function of polar angle than the count
method, and has more statistical power.Zs· · ·d, gs· · ·d,
806
TABLE I. Summary of event selections forZ ! l1l2.

Event Backgr. as % Effic. in No. of selected
sample of sel. events j cosuj , 0.7 events

e1e2 ! e1e2 0.7% t1t2 1993 run: 1434
86% 1994–1995 run: 3093

Z ! m1m2 0.4% t1t2 1993 run: 1185
92% 1994–1995 run: 2603

Z ! t1t2 1.5% e1e2

2% m1m2 1993 run: 1211
1% two photon 77% 1994–1995 run: 2537
0.5% hadrons
e

if-

-
g
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and Zgs· · ·d are the tree-level differential cross section
for Z exchange, photon exchange, and their interferen
The integration is performed before the fit to obtain th
coefficientsfZ , fZg, andfg , and the likelihood function
becomes

L sAe, Al , xd ­ fZZsAe, Al , xd 1 fZgZgsAe , Al, xd

1 fggsxd . (5)

These coefficients give the relative sizes of the thr
terms at the SLC center-of-mass energy. For the elect
final state we include thet-channel contributions in the
likelihood function to determineAe.

Leptonic decays of theZ are characterized by low
charged multiplicity and two back-to-back leptons (or
the case of the tau-pair events, the tau decay produc
This analysis relies on the charged track reconstruct
in the central drift chamber (CDC) and the measureme
of the energies associated with the tracks in the liqu
argon calorimeter (LAC). A preselection requires lepto
pair events to have between 2 and 8 charged tracks, e
of which must pass within 1 cm of the nominale1e2 in-
teraction point. This excludes most hadronicZ decays,
which have an average charged multiplicity of approx
mately 20. Since the leptons have about 45 GeV in e
ergy, there is little problem assigning reconstructed trac
to one of two event hemispheres, corresponding to
two leptons. One hemisphere must have a net charg
and the other a net charge21 to ensure unambiguous as
signment of the scattering angle. Each event is assig
a polar production angle based on the thrust axis defin
by the charged tracks. Additional requirements are im
posed to selecte1e2, m1m2, andt1t2 final states and
further reduce backgrounds. Table I summarizes the el
tron, muon, and tau event selections.

A single additional cut is required to select thee1e2

final state. We add the LAC energies associated with
two highest momentum tracks in the event and this su
must be greater than 45 GeV. This removes about 8%
the truee1e2 final state. The electron sample has a sm
contamination (0.7%) from tau events.

Events of the typeZ ! m1m2 must have the invariant
mass of the measured charged tracks above70 GeVyc2.
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This removes mostZ ! t1t2 events, virtually all two-
photon events, and any remaining hadronicZ decays.
The majority of events remaining areZ ! m1m2 and
e1e2 ! e1e2. We remove thee1e2 final state by
requiring the energy deposited in the LAC by the highe
momentum track in each hemisphere to be less th
10 GeV (but more than 0 GeV to eliminate events wit
both tracks entering spaces between calorimeter modul
The muon sample has no backgrounds except for 0.4%
events.

The tau selection takes the complement of the mu
sample and requires the event mass to be less t
70 GeVyc2. Requiring the maximum of the two energie
in the LAC associated with the highest momentum tra
in each hemisphere to be nonzero but below 27.5 G
removese1e2 ! e1e2 events. Two-photon events are
suppressed by requiring the angle between the mome
of the two hemispheres, as measured by the sum of
charged track momenta in each hemisphere, to be gre
than 160±. Requiring one charged track to have mo
mentum greater than3 GeVyc also reduces two-photon
background. The remaining background from hadron
Z decays is suppressed by requiring each hemisph
invariant mass, measured using charged tracks, to be
than 1.8 GeVyc2. The tau sample is contaminated wit
muons (2%), electrons (1.5%), two-photon (1%), an
hadronic events (0.5%).

There are several systematic effects which can bias
result. (1) The uncertainty on the beam polarization
correlated among all the measurements and correspond
an uncertainty onAe andAl of 60.001. (2) Uncertainties
in the amount of background and its effect on the fitte
parameters must also be taken into account. For thee1e2

andm1m2 final states we rely on Monte Carlo simulation
to estimate the effect of backgrounds. For these samp
background has a negligible effects,0.0005d. The tau
sample contains significant background, which we ha
studied using samples of background-rich events selec
from the data itself. These events were used to estim
the polar-angle distribution of the background events th
eventually populate the tau sample. The results are lis
in Table II. (3) The dominant systematic error in the ta
analysis comes about because we measure not the
themselves, but their decay products. The helicities
the two taus fromZ decay are 100% anticorrelated: on
will be left handed and the other right handed. So, give
the V -A structure of tau decay [10], the decay produc
.

TABLE II. Uncertainties onAe, Am, andAt in the polarized asymmetry analysis of leptonic
Z decays. The total systematic error is the quadratic sum of the systematic contributions

Total Systematic contributions
Total Stat. syst. e2 pol. Backgr. Effic. bias

p
s

Ae 0.012 0.012 0.001 0.001 negl. negl. 0.001
Am 0.034 0.034 0.002 0.001 negl. n.a. 0.002
At 0.034 0.034 0.003 0.001 0.001 0.002 0.001
st
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from the t1 and thet2 from a particularZ decay will
take their energies from the same set of spectra. F
example, if both taus decay topn, then both pions will
generally be low in energy (in the case of a left-hande
t2 and right-handedt1) or both will be generally higher
in energy. The effect is strong at SLD because the hig
beam polarization induces very high and asymmetric ta
polarization as a function of polar production angle. A
j cossudj ­ 0.7 the tau polarization at SLC is about 0.70
Variation in the values ofAe andAt between 0.10 and 0.20
change the tau polarization by about60.04. In addition,
the sign of the polarization is approximately opposite fo
left- and right-handede2 beam events at a given polar
angle. Thus selecting events based on event mass,
example, may cause polar angle dependence in select
efficiency for taus which has the opposite effect for tau
from events produced with the left and right polarized
electron beam. Taking all tau decay modes into accoun
using Monte Carlo simulation, we find an overall shift
of 10.0080 6 0.0019 on At due to this effect (where
the uncertainty is mostly from Monte Carlo statistics an
includes60.0004 from variation of Ae and At; so the
value ofAt extracted from the fit must be reduced by this
0.008). The value ofAe extracted fromt1t2 final states
is not affected since the overall relative efficiencies for left
beam and right-beam events are not changed significan
(only the polar angle dependence of the efficiencies a
changed). (4) The calculation of the maximum likelihood
function depends on the average beam energy

p
s. The

uncertainty due to a61s variation of this energy is of the
order1023 (see Table II).

We have also studied the effect of the uncertainty in th
thrust axis determination and found that this contributio
is negligible. The selection efficiency as a function o
polar angle is another possible source of bias inAl. If
this efficiency is symmetric about cosu ­ 0, then Al

(and Ae) will be unaffected for muons and taus [see
Eqs. (2) and (3)]. However, the maximum likelihood
fit for the e1e2 final state will be affected even for a
symmetric efficiency, if it is not uniform. We did not
find a significant deviation from a uniform efficiency
within j cosuj , 0.7 and estimate conservatively the
upper limit of DAe , 1024. A small detector-induced
forward-backward asymmetry would also introduce a bia
in Al, butAe would still be unaffected. Using the data, we
have studied the effect of the selection cuts as a functio
of polar angle. No systematic effect is observed, and w
807
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FIG. 1. Polar angle distribution forZ decays toe, m, and t
pairs for the 1994–1995 SLD run. The asymmetries in
1993 data look similar but are less pronounced due to the lo
polarization.

assign a conservative systematic uncertainty ofDAl ­
5 3 1024. The systematic uncertainties are summariz
in Table II, they are negligible compared to the statisti
uncertainties.

Figure 1 shows the cosu distributions for electron,
muon, and tau final states for the 1994–1995 data.
solid line represents the fit, while the points with err
bars show the data in bins of 0.1 in cosu.

We have presented direct measurements of theZ-lepton
coupling asymmetriesAe, Am, and At using e1e2 !

e1e2, m1m2, t1t2 events produced with a polarizede2

beam. The results are

Ae ­ 0.152 6 0.012 ,

Am ­ 0.102 6 0.034 , (6)

At ­ 0.195 6 0.034 .

Our results are consistent with lepton universality. A
suming universality, we can combine them intoAe-m-t

which in the context of the standard model is simply
808
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lated to the electroweak mixing angle [1]

Ae-m-t ­ 0.151 6 0.011 ,

sin2 u
eff, lept
W ;

1
4

µ
1 2

yl

al

∂
­ 0.2310 6 0.0014 . (7)

This measurement is independent of the SLD result from
ALR [7] using Z decays to hadrons. The combined
results from the four LEP experiments [2] can be written
as Ae ­ 0.1461 6 0.0059, Am ­ 0.1476 6 0.0132, and
At ­ 0.1463 6 0.0062.
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