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Direct Measurement of Leptonic Coupling Asymmetries with PolarizedZ Bosons
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We present direct measurements of th&lepton coupling asymmetry parametets, A,, and
A,, based on a data sample of 12063 leptodft decays collected by the SLD detector. ThHe
bosons are produced in collisions of beams of polarizedvith unpolarizede® at the SLAC Linear
Collider. The couplings are extracted from the measurement of the left-right and forward-backward
asymmetries for each lepton species. The resultsAares 0.152 * 0.012(stad * 0.001(sysd, A, =
0.102 = 0.034 = 0.002, andA, = 0.195 = 0.034 £ 0.003. [S0031-9007(97)03593-X]

PACS numbers: 12.15.Mm, 13.10.+q, 13.38.Dg

The structure of the parity violation in the electroweakof the Z°. In the massless limit, there are two spin
interaction can be probed directly in the production anctonfigurations of thee™e™ system that have a nonzero
decay of polarizedZ® bosons. All three leptonic states Z° production cross section: The cross section with the
can be studied ir* e~ annihilations at thez® resonance, spin of theZ® pointing in the direction opposite to the
providing an important test of lepton universality and theelectron’s momentum is referred to as the “left-handed”
standard model [1]. cross section since it contains a left-handed electron.

We report measurements of production and decay asynBecause the couplings of tkeboson to the fermions are
metries ofete™ — ete ,u"u ", 777" made by the parity violating, the left-handed cross section is not equal
SLD experiment at the SLAC Linear Collider (SLC). SLC to the right-handed cross section, where the spin o#Zthe
producesZ bosons ine*e™ collisions using a polarized points in the same direction as the electron’s momentum
electron beam. The polarization allows us to form thevector. In addition to this left-right asymmetry in the
left-right cross section asymmetry to extract the initial-production cross sectiom g, Z couplings to fermions
state couplingd,.. It also enables us to extract the final- also produce asymmetries in the angular distributions of
state coupling for leptoi, A;, directly using the polarized the Z decay products with respect to the beam axis.
forward-backward asymmetry. The parity-violating pa- The dominant term in the cross section for polarized
rameterA, = 2v,a;/v? + a? depends only on the ratio production of a pair of leptons at th& resonance is due
of the vector and axial vector couplings of the lepicio  to Z exchange,
the Z°, v; and q;, respectively. Previous measurements Z(s. Ay Aj.x) = <d_0>
of forward-backward asymmetries at t#8 resonance [2] S fle- A1 X dx ) z(s)
without beam polarization) have measured the product . 2
E)f initial and fingl—state cou)plingaEAl. Those sam(fex— = fzol(1 = PA) (1 + x7)
periments have also measured the tau polarization which + (A, — P)A;2x], ()
yieldsA, andA, separately. The SLC beam polarization where P is the electron beam polarization [5]P < 0
enables us to present the first direct measuremedt,of means mostly left-handed beam electrons a@nhd> 0
The polarized asymmetries enhance the statistical precisianostly right-handed beam electrons.= cos6f, wheref
on the final-state parameter by a factor of about 25 comis the angle of thé™ direction with respect to the electron
pared to the simple forward-backward asymmetry. Théoeam direction. Photon exchange terms and, if the final-
data were collected during 1993 = 91.26 GeV center- state leptons are electrons,channel contributions [6]
of-mass energy, 63%  beam polarization5 X 10* Z's  have to be taken into account. Events with @os 0
analyzed) and 1994-199%¢ = 91.28 GeV, 77% polar-  will be called “backward” events; “forward” events have
ization, 10° Z's analyzed). The SLD detector [3] and the cos# > 0. The sign of the polarization was switched
SLC accelerator [4] have been described elsewhere. randomly on each beam pulse; this minimizes helicity

Production of the vectoZ boson in electron-positron correlated asymmetries arising from SLC-SLD operation
collisions requires the longitudinal spin projections of[7]. Half of the luminosity has a positive polarization,
the electron and positron to be parallel. The helicity ofhalf a negative polarization. We measure the polarization
the electron controls the direction of the spin projectionwith the Compton polarimeter [8] and obtained for
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the 1994-1995 runP| = 77.23 = 0.52% (uncertainty andZy(---) are the tree-level differential cross sections

dominated by systematics) [7]. The polarization for thefor Z exchange, photon exchange, and their interference.

1993 run wagP| = 63.0 = 1.1% [7]. The integration is performed before the fit to obtain the
Simple asymmetries can be used to extractand A, coefficientsfz, fz,, and f,,, and the likelihood function

from the data. The left-right asymmetry measures the difbecomes

ference inZ production for the left and right polarized

electron beams. The left-right forward-backward asym- £ (Ac, A, x) = f2Z(Ae, A1, x) + fzyZy(Ac, Al x)

metry is a double asymmetry which is formed by taking + fyy(). (5)

the difference in the number of forwat#’) and backward

(B) events for lef(L) and right(R) beam polarization data These coefficients give the relative sizes of the three

samples. These asymmetries can be derived from Eq. (1ferms at the SLC center-of-mass energy. For the electron

using obvious subscripts (and assuming acceptance ovfnal state we include the-channel contributions in the

the full solid angle) likelihood function to determind..
1 N, — Ng Leptonic decays of theZ are characterized by low
ALr = Pl N, + Ne A, (2)  charged multiplicity and two back-to-back leptons (or in
L R the case of the tau-pair events, the tau decay products).
4 (Nur — Nig) — (Ngr — Ngs) This analysis relies on the charged track reconstruction

B = = A;. (3) in the central drift chamber (CDC) and the measurement
3|P| (NLp + Nig) + (Nrr + Ngp) of the energies associated with the tracks in the liquid

Events are reconstructed and accepted in this analysis ondygon calorimeter (LAC). A preselection requires lepton-

within | cos#| < 0.7 where SLD trigger and reconstruc- pair events to have between 2 and 8 charged tracks, each

tion efficiencies are high and uniform. Then the geometof which must pass within 1 cm of the nominate ™~ in-

ric factor4/3 in Eq. (3) is replaced by 1.66. teraction point. This excludes most hadroicdecays,

The essence of the measurement is contained iwhich have an average charged multiplicity of approxi-
Egs. (2) and (3), but instead of simply counting events wemately 20. Since the leptons have about 45 GeV in en-
perform a maximum likelihood fit, event by event, usingergy, there is little problem assigning reconstructed tracks

the likelihood function to one of two event hemispheres, corresponding to the
two leptons. One hemisphere must have a net charge 1

L (A, ALx) = j ds'H(s,s')[Z(s', A, AL, x) and the other a net chargel to ensure unambiguous as-
signment of the scattering angle. Each event is assigned
+ Zy(s',Ae, Al X) a polar production angle based on the thrust axis defined

+ o5 x)] 4) by the charged tracks. Additional reqqirements are im-
’ posed to select™e™, u*u™, andr* 7~ final states and

to determine simultaneously, and A, with the mu-  further reduce backgrounds. Table | summarizes the elec-

pair events (orA, and A, with the tau-pair events). tron, muon, and tau event selections.

The integration oves’ is done with the prograrpmiBA A single additional cut is required to select thée ™

[9] to take into account the initial-state radiation from final state. We add the LAC energies associated with the

2 times the beam energys to the invariant mass of the two highest momentum tracks in the event and this sum

propagator/s’ described by the radiator functidii(s, s').  must be greater than 45 GeV. This removes about 8% of

The spread in the beam energy has a negligible effecthe truee” e~ final state. The electron sample has a small

The maximum likelihood fit is less sensitive to detectorcontamination (0.7%) from tau events.

acceptance as a function of polar angle than the counting Events of the type&Z — w™ u~ must have the invariant

method, and has more statistical powex(---), y(---), mass of the measured charged tracks abtv&eV/c?.

TABLE I. Summary of event selections far — 1.

Event Backgr. as % Effic. in No. of selected
sample of sel. events | cosf| < 0.7 events
ete” — ete” 0.7% 747~ 1993 run: 1434
86% 1994-1995 run: 3093
Z— utu” 0.4% 7% 7~ 1993 run: 1185
92% 1994-1995 run: 2603
Z— 1t 1.5%e" e
2% utu” 1993 run: 1211
1% two photon 7% 1994-1995 run; 2537

0.5% hadrons
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This removes mosZ — ¥ 7~ events, virtually all two- from the 7 and ther~ from a particularZ decay will
photon events, and any remaining hadrodicdecays. take their energies from the same set of spectra. For
The majority of events remaining até — u*u~ and example, if both taus decay tov, then both pions will
ete” — ete”. We remove thee"e™ final state by generally be low in energy (in the case of a left-handed
requiring the energy deposited in the LAC by the highestr— and right-handed *) or both will be generally higher
momentum track in each hemisphere to be less tham energy. The effect is strong at SLD because the high
10 GeV (but more than 0 GeV to eliminate events withbeam polarization induces very high and asymmetric tau
both tracks entering spaces between calorimeter modulegjolarization as a function of polar production angle. At
The muon sample has no backgrounds except for 0.4% tduwod#)| = 0.7 the tau polarization at SLC is about 0.70.
events. Variation in the values of, andA, between 0.10 and 0.20
The tau selection takes the complement of the muorhange the tau polarization by abat0.04. In addition,
sample and requires the event mass to be less thahe sign of the polarization is approximately opposite for
70 GeV/c?. Requiring the maximum of the two energies left- and right-handed:~ beam events at a given polar
in the LAC associated with the highest momentum trackangle. Thus selecting events based on event mass, for
in each hemisphere to be nonzero but below 27.5 Ge¥xample, may cause polar angle dependence in selection
removese e~ — ete” events. Two-photon events are efficiency for taus which has the opposite effect for taus
suppressed by requiring the angle between the momenfeom events produced with the left and right polarized
of the two hemispheres, as measured by the sum of thelectron beam. Taking all tau decay modes into account,
charged track momenta in each hemisphere, to be greatasing Monte Carlo simulation, we find an overall shift
than 160. Requiring one charged track to have mo-of +0.0080 = 0.0019 on A, due to this effect (where
mentum greater thai GeV/c also reduces two-photon the uncertainty is mostly from Monte Carlo statistics and
background. The remaining background from hadronidncludes =0.0004 from variation of A, and A;; so the
Z decays is suppressed by requiring each hemispheralue ofA, extracted from the fit must be reduced by this
invariant mass, measured using charged tracks, to be 1e8908). The value ofi, extracted fromr* 7~ final states
than 1.8 GeV/c?. The tau sample is contaminated with is not affected since the overall relative efficiencies for left-
muons (2%), electrons (1.5%), two-photon (1%), andoeam and right-beam events are not changed significantly
hadronic events (0.5%). (only the polar angle dependence of the efficiencies are
There are several systematic effects which can bias thehanged). (4) The calculation of the maximum likelihood
result. (1) The uncertainty on the beam polarization iunction depends on the average beam enefgy The
correlated among all the measurements and correspondsuacertainty due to & 1o variation of this energy is of the
an uncertainty om, andA; of +0.001. (2) Uncertainties order103 (see Table II).
in the amount of background and its effect on the fitted We have also studied the effect of the uncertainty in the
parameters must also be taken into account. Foetle  thrust axis determination and found that this contribution
andu* u~ final states we rely on Monte Carlo simulation is negligible. The selection efficiency as a function of
to estimate the effect of backgrounds. For these samplepplar angle is another possible source of biasijn If
background has a negligible effect0.0005). The tau this efficiency is symmetric about cs= 0, then A,
sample contains significant background, which we havéand A.) will be unaffected for muons and taus [see
studied using samples of background-rich events selectdelgs. (2) and (3)]. However, the maximum likelihood
from the data itself. These events were used to estimafit for the e*e™ final state will be affected even for a
the polar-angle distribution of the background events thasymmetric efficiency, if it is not uniform. We did not
eventually populate the tau sample. The results are listefihd a significant deviation from a uniform efficiency
in Table Il. (3) The dominant systematic error in the tauwithin |cosf| < 0.7 and estimate conservatively the
analysis comes about because we measure not the tamsper limit of AA, < 107%. A small detector-induced
themselves, but their decay products. The helicities oforward-backward asymmetry would also introduce a bias
the two taus fronZ decay are 100% anticorrelated: onein A;, butA, would still be unaffected. Using the data, we
will be left handed and the other right handed. So, giverhave studied the effect of the selection cuts as a function
the V-A structure of tau decay [10], the decay productsof polar angle. No systematic effect is observed, and we

TABLE Il.  Uncertainties om4,, A,, andA; 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. e~ pol. Backgr. Effic. bias Js
A, 0.012 0.012 0.001 0.001 negl. negl. 0.001
A, 0.034 0.034 0.002 0.001 negl. n.a. 0.002
A, 0.034 0.034 0.003 0.001 0.001 0.002 0.001
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2 f lated to the electroweak mixing angle [1]
$200 F sSLDe*e"—>e’e” data
3 ] Ae-p-r = 0.151 = 0.011,

. € € 1
si? oy = - <1 - ﬂ) = 02310 = 0.0014. (7)
a

: This measurement is independent of the SLD result from
so [ 1 Left polarized e” beam Arr [7] using Z decays to hadrons. The combined
25 £ 4 Right polarized e~ beam results from the four LEP experiments [2] can be written

" of""'""""""""""" as A, = 0.1461 = 0.0059, A, = 0.1476 = 0.0132, and
140 | SLD Z°—>u'u" dota + A, = 0.1463 * 0.0062.
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solid line represents the fit, while the points with error

bars show the data in bins of 0.1 in abs + (ﬂ - P) 4 2x:|;
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