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We present a summary of the results on electroweak asymmetries performed by the SLD experiment at the
Stanford Linear Collider (SLC). Most of these results are final and are based, unless otherwise stated, on the full
1993-1998 data set of approximately 550,000 hadronic decays of Z° bosons, produced with an average electron

beam polarization of 73%.

1. Introduction

In the Standard Model, the vertex factor for the
weak neutral current interaction in the Z° — ff
process is given by:
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where g is the electroweak coupling constant, 6y,
is the electroweak mixing angle, g(/ and gfl are
the vector and axial-vector couplings respectively.
These latter ones can also be expressed in terms of
the left- and right-handed couplings, and receive
exact specifications by the Standard Model:

91{ =I; — Qsin® by, g{% = Qsin® fyy. (2)

Here I3 denotes the third component of the weak
isospin and () is the fermion charge.

The strength of these couplings can be deter-
mined experimentally by the measurement of two
physical observables: the amount of parity viola-
tion Ay in the coupling of the Z° to the fermion
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and the rate of production of quark flavour f as

a fraction of the total hadronic width (Ry):
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The Standard Model predictions for A for all the
fermion families are given in Table 1. The lep-
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ton asymmetries are sensitive probes of the elec-
troweak mixing angle sin?fy,. For the quarks,
the b system is particularly interesting. Since
(9%)% ~ 30(g%)?, the Ry, and A, measurements
are complementary in the complete determina-
tion of the Zbb vertex. Precise measurements of
Ay for the different fermions test the universality
of the theory between the generations within each
family.

The Born level differential production cross sec-
tion for ete™ — Z° — ff with longitudinally
polarized electrons and unpolarized positrons is:
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where 6 is the polar angle of the outgoing
fermion f with respect to the incident electron
beam direction and P, is the electron beam polar-
ization. It is possible to measure Ay by forming
asymmetries in cosf; and Fk.

The forward-backward asymmetry is defined as:

= A Ay, (6)
U{; + Ué 4 !

(where F refers to cosfy > 0), and it depends
from both the initial and the final-state couplings.
With a polarized beam it is possible to isolate Af
alone by forming the left-right forward-backward
asymmetry:

Af = (U{FL - UJJ;L) - (U{FR - ‘7{33) _3 PlA, (T
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Table 1
Coupling parameters and asymmetries for the fermion families for sin” Ay, = 0.23.
Fermions I3 Q g{ g{,—t A 0As/d sin? By
Ve,Vy, Vr 1/2 0 0.5 0 1 0
e, T -1/2 -1 -0.27 -0.23 0.155 -7.9
u, ¢, t 1/2 2/3 0.35 -0.16 0.667 -3.5
d, s, b -1/2 -1/3 -0.43 0.08 0.935 -0.6
Table 2

Here the dependence on the initial coupling disap-
pears, allowing a direct measurement of the final
state coupling parameter Ay, with a statistical
advantage of (P./A¢)? ~ 25 compared to App.

The initial state coupling is determined most pre-
cisely via the left-right cross section asymmetry:

ALp= 5 ——= = A, (8)

which gives a very precise measurement of
the electroweak mixing angle, due to dA, ~
86 sin® Ay (see Table 1).

2. The SLD experiment at SLC

The SLAC Linear Collider (SLC) delivered ex-

cellent performance in the 1997-98 run, reaching
peak luminosities of 3 x 103° cm~2s~!. Approx-
imately 350,000 Z° decays were collected, more
than doubling the SLD data set to a total of
around 550,000 for 1993-1998.
A general description of the SLD detector can be
found in [1]. Here we will only mention several of
the unique features that allowed SLD to perform
many competitive electroweak and heavy flavour
measurements:

e a highly longitudinally polarized (average
~ 73%) electron beam;

e a small and stable beam  spot
(1.5pumx0.8um x 700um), essential for iden-
tifying weakly-decaying heavy mesons;

e good particle identification provided by
the Cerenkov Ring Imaging Detector
(CRID) [2];

e a high precision 3D CCD-based pixel vertex
detector [3], which allows determination of
the interaction point to a 4umx4pmx11um

History of polarization measurements at SLD [8].
Year Z0 stat P, 0P, [Pe

1992 11K 224+ .006 2.7%
1993 50K .630£.011 1.7%
1994-5 100K 772+ .005  0.7%
1996 50K 762 +£.004  0.5%
1997-8 343K 729+ .004 0.5%

precision, and provides impact parameter
resolution of 7.7x9.6um (r¢ x rz) for high-
momentum tracks.

2.1. Polarization Measurement

The electron polarization plays a crucial part
in the SLD physics program. The polarization is
primarily measured with a Compton polarimeter.
The electron beam is brought into collision with a
circularly polarized laser beam 33m downstream
from the IP. From the asymmetry in the Comp-
ton scattering cross sections with different spin
configurations, it is possible to extract the elec-
tron polarization. Two additional counters are
used to cross-check the measurement [4-7]. Data
from the Compton polarimeter is acquired con-
tinuously during normal SLC operation. Since
it takes ~ 3 minutes to complete a measure-
ment, each hadron event is associated with a
time-weighted polarization average of the mea-
surements taken within an hour of the event. The
year-by-year average measurements are summa-
rized in Table 2.

The positron polarization has been measured
directly with a Mgller polarimeter in the End Sta-
tion A and found to be (—0.0240.07%), which is
consistent with zero.



3. Measurement of Ay g

The Apg measurement is particularly simple,
since all it requires is the count of the Z hadronic
events produced with left- and right-handed elec-
tron beam. This leads to the cancellation of pos-
sible systematic effects and hence to a very small
systematic error.

Apg is obtained from the raw asymmetry A,, ac-
cording to:

_ 1 Nz(L)=Nz(R) _ 1
S 7 e R

where Nz(L)(Nz(R)) is the number of hadronic
events produced with a left-(right-)handed elec-
tron beam. P, is the luminosity-averaged elec-
tron polarization, defined as:

Nz
Po= (14953 P (10)
=1

where P; is the polarization measurement asso-
ciated in time with a Z° event and ¢ is a factor
that corrects for the difference in polarization be-
tween the Compton interaction point and the Z°
production point. In 1997-1998 ¢ was found to be
& = -0.0012 £ 0.0010.

Since the SLC does not run exactly at the Z° pole,
the extracted number for Apr(ALr(Ebeam)) has
to be extrapolated to the right energy and cor-
rected for electroweak interference (~ 2% level
correction):

A%R = (]— + 6)14LR(-Ebeam); (].].)

where A9 ; is the asymmetry at the Z° pole.
The systematic errors of this measurement come
from uncertainties in the correction factors ap-
plied and are listed in Table 3.

Combining statistical and systematic errors, the
final result on Apg, using the 1993-8 data set
is: AY ,(= A.) = 0.15138 £ 0.00216, which corre-
sponds to a measurement of sin” 6y = 0.23097+
0.00027 [9].

4. Leptonic Coupling Asymmetries

The electron polarization allows a direct mea-
surement, of the final-state asymmetry parame-
ter A; for lepton ! using the left-right forward-
backward asymmetry on lepton final states. If

lepton universality is assumed, the results for all
three flavours can be combined to yield a determi-
nation of sin? §%/7, which in turn can be combined
with the more precise result of Ay g, independent
from it since it is based only on hadronic events
(bar a very small admixture 0.3 £ 0.1% of 77~
events).

Figure 1 shows the cos@ distributions for eTe™,
pTp~ and 777~ candidates for 1997-1998 data.
The numbers of selected events for this period
are respectively 15K, 11K and 11K. The pre-
1997 results are similar but have smaller accep-
tance (| cosé| < 0.8). The improved acceptance
of VXD3 allowed for efficient track finding up to
|cosf| =0.9.

Results for all data sets combined, taking into
account small effects due to correlations in sys-
tematic uncertainties are:

A, = 0.1544 + 0.0060 (12)
A, =0.142 +0.015
A, =0.136 £ 0.015.

These measurements are statistically limited.
Systematic errors arise from polarimetry, back-
grounds, radiative corrections, 7+ polarization ef-
fects, incorrect charge assignment. These results
are consistent with lepton universality and hence
can be combined with the Ay g result, yielding:

A; = 0.15130 £ 0.00207, (13)
which is equivalent to the determination
sin? 9577 = 0.23098 + 0.00026, (14)

where the total error and correspondent system-
atic error (£0.00010) are more precise than those
obtained with any other technique [10].

5. Heavy Flavour Tagging at SLD

Measurements of quark couplings require se-
lection of individual flavours from the sample of
hadronic Z decays. For bottom and charm events,
this is done by searching for displaced secondary
vertices. The event is split into two hemispheres
using the thrust axis, and a topological vertex
algorithm is applied to each to identify “seed”
vertices using tracks that are considered to have



Table 3

Table of systematic errors of the Ay g measurement.

Factor

Systematic error

Polarization measurement

Offset due to IP effects

Experimental and Background asymmetry
Electroweak and beam energy correction

0.5%

0.15%
0.07%
0.39%

Total

0.65%(05yst (AT ) = 0.001)
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candidates from the 1997-8

come from B or D meson decays. These tracks
are then used to calculate a momentum and in-
variant mass for the hemisphere. The invariant
mass is corrected for missing transverse momen-
tum, estimated from the difference between the
vertex momentum and flight direction from the
IP. This quantity is shown in fig. 2. A typical
bottom tag requires M > 2 GeV, for 98% purity
and 50% efficiency.

A neural net based on the pp-corrected vertex
mass and other related variables (vertex momen-
tum, track multiplicity and decay length) im-
proves the performance of the tagging. Figure 3
shows the output S, of the neural net, which is
ideally close to 1 for b hemispheres and close to
zero for ¢ hemispheres. A typical b tag requiring
Scp > 0.75 gave a hemisphere b-tagging efficiency
of 62% and purity of 98.3%. A c tag using a cut
Sep < 0.30 gives €. = 18% and II, = 84%.

6. A, measurements

The quark asymmetry measurements use the
tags described above to select events of a par-
ticular flavour (b, ¢, s). In addition, we need to
be able to determine which of the hemispheres
contains the quark and which the antiquark.
For A, and A. SLD has developed a number of
techniques that will be described in the following.

A. A, with Jet Charge

The method is based on the correlation be-
tween the primary quark charge and the net
charge of high momentum tracks in the jet. bb
events are selected by applying a vertex mass cut
Myt > 2 GeV. The momentum-weighted track
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Figure 2. Distribution of the p;-corrected mass.

charge is calculated from:

Q=3 a-sign(p - 1)/ - D)%, (15)

tracks

where ¢; and p; are the charge and momentum
vector of track i, T is the thrust axis direction
and k was chosen to be 0.5 to maximise the
analyzing power of the tag. The correct charge
assignment probability is calibrated from data
and its value, event by event, is fed into a max-
imum likelihood function [11]. On average this
probability is ~ 69%. The b purity is mea-
sured from data using the double-tag technique,
whereas the background subtraction and hemi-
sphere charge correlation are derived from the
simulation. Figure 4 shows the polar angle distri-
butions of the signed thrust axis for left-handed
and right-handed electron beams. The SLD final
result is: Ay = 0.907 £ 0.020,¢as £ 0.024 5.

B. A, and A, with a Lepton Tag

Ap and A, can be measured by tagging bottom
and charm events using their semileptonic de-
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Figure 3. Distribution of the neural net b-c sep-
aration variable S., comparing data and Monte
Carlo.

cays. The lepton tag not only enriches the b and
c quark events, but also provides quark-antiquark
separation. The estimation of the correct charge
assignment is based on the probabilities from the
Monte Carlo for the candidate lepton to be from
various physical sources: b — I, b — ¢(¢) — I,
¢ — [ or light hadron and misidentified leptons.
Besides the conventional total and transverse
momenta, the vertex mass and other vertexing
variables are used to improve the lepton source
classification. The variable L/D in particular,
which represents the lepton longitudinal position
along the vertex axis relative to the secondary
vertex location, has helped to discriminate be-
tween b direct (b — ) and cascade (b — ¢(¢) — 1)
decays. Its distribution is shown in fig. 5: direct
decays tend to have values of L/D < 1 while
cascade decays should have L/D > 1. Clearly,
there is good separation in this variable.

In the multivariate muon analysis, A, and A, are
determined simultaneously from a maximum like-
lihood fit. In the electron analysis a requirement
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Figure 4. Polar angle distributions of the signed
thrust axis for left-handed and right-handed elec-
tron beams for the jet charge analysis. Dots rep-
resent the data, and the estimated background is
represented by the shaded histogram.

on the presence of a secondary vertex is applied,
and hence the statistics is too low to extract a
measurement of A.. Only A, is determined, via
a neural net analysis. Major sources of system-
atic uncertainty were the various semileptonic
branching ratios and B mixing rates, taken from
the LEP combined fit results [12].

Final results are: Ay = 0.924 £ 0.0305¢4¢ *
0.0234ys: and A. = 0.589 % 0.055514¢ £ 0.053,y4¢.

C. 4, and A, with a Vertex/Kaon Tag

The most precise A, and A. measurements
at SLD are based on a novel quark charge as-
signment technique, using the vertex charge and
identified kaon charge.
bb and c¢ events are selected by applying cuts
on the S, separation variable (see fig. 3): a b
tag requires Sg, > 0.9 and My, < 7 GeV, and
the ¢ tag requires S, < 0.4 and a momentum
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Figure 5. Tails of the L/D distribution for muons
in data (dots) and Monte Carlo(histograms).
Events in the central bin have been cut out, since
they do not carry any discriminating information.

sum of all secondary tracks >5 GeV/c. A clean
reconstruction of the secondary vertex charge,
improved by the inclusion in the calculation of
Vertex Detector track segments alongside fully
fitted tracks, tags the heavy quark charge (see
fig. 6).

Another quark charge assignment method is
to use the dominant b - ¢ - s — K~ and
¢ — s — K~ decay chains, with CRID identified
kaons. The additional contribution from this tag
is found to be small for b hemispheres, but is
very effective for ¢ hemispheres. Therefore, the
Ap analysis used the vertex-charge tag only, while
the A. analysis used both the vertex-charge and
the kaon-charge tags (with no assignment in case
of conflict between the two). Event flavour com-
position and quark charge assignment probability
are determined simultaneously from data using
a hemisphere double-tag technique (uds efficien-
cies and hemisphere correlations are taken from
Monte Carlo, whereas world average values are
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hemispheres, (a) with fully fitted tracks, and (b)
including VXD track segments. The “BY” cate-
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assumed for Ry, and R.). Events with either hemi-
sphere having a b tag are classified as bb events,
while events with either hemisphere having a ¢
tag or no hemisphere with a b tag are classified as
ct events. Events with two hemispheres having
the same charge are discarded [13].

The bb sample has a b purity of 97.5 + 0.5%
and a correct b-quark charge fraction of
81.5 £ 0.5%. The c¢ sample has a ¢ purity
of 83.6 £ 0.6% and a c-quark correct charge
fraction of 91.2 £ 1.0%. The most signifi-
cant systematic uncertainty comes from charge
assignment calibration statistics. We mea-
sure: Ab = 0921 £ 0-0183tat + 0-0183yst and
A, =0.673 £0.029,¢q: £ 0.024,y 5.

D. A. with Exclusive Reconstruction
Two measurements of A, are here performed,

with the reconstruction of D*) decays being not
only used to select c¢¢ events, but also to tag

¢(¢) quarks with high purity. A b tag with mass
requirement My, > 2 GeV is used to veto D)
from B decays.

The first analysis exclusively reconstructs six
modes: Dt — K—ntr—, D° — K-zt and
D*t — D%t with D° decaying into K—7,
K-t K—atata=, and K~lTy, (I = e, p).
The efficiency is only 4%, with however high
purity and analyzing power. The final result for
1993-98 data is A, = 0.690£0.042,74: £0.021,y4¢.
The inclusive D** — DY} analysis exploits
the fact that a high momentum D* in a c¢ jet
would travel very close to the jet axis, and so
would the 7, due to the low Q?. =, candi-
dates having momentum transverse to the jet
axis p% < 0.01 (GeV/c)? are hence selected, with
a signal to background ratio of 1:2 [14]. We mea-
sure: A. = 0.685 £ 0.052,44 £ 0.038 5y 5.

The overlapping candidates between the two
analyses are removed from the inclusive analysis
for the combined A, result.

E. Ay and A. Summary

The individual A, and A, measurements were
combined, taking into account systematic correla-
tions. Due to event sample overlaps, a statistical
correlation matrix was built, accounting for the
different weight of each event used in the analy-
sis [15]. For A, the correlations obtained were: i)
Lepton vs Jet-Q 22%, ii) Lepton vs Vtx-Q 15%,
iil) Jet-Q vs Vtx-Q 32%.

The combined preliminary SLD A; and A, results
are:

Ap =0.916 £ 0.021 (16)
A. =0.670 £0.027

Figs. 7 and 8 list the SLD individual measure-
ments and averages, along with the indirect mea-
surements derived from the LEP Agp numbers,

assuming a measured A, from the SLD and LEP
combined Ajepton result of A, = 0.1501 £ 0.0016.

F. A, measurement

This measurement is important to test the uni-
versality of quark couplings. Heavy quark decays



A, Measurements

SLD JetC e 0.907 £ 0.020 + 0.024
SLD Lepton H—@—H 0.924 + 0.030 + 0.023
SLD K* tag ————+—— 0.855 + 0.088 + 0.102
SLD VtxQ g 0.921 £ 0.018 + 0.018
SLD Average g 0.916 +0.021

ALEPH Lept H—e— 0.886 + 0.035 + 0.020
DELPHI Lept H———H 0.918 + 0.052 + 0.022
L3 Lept H———— 0.873 £ 0.058 + 0.029
OPAL Lept H—e—H 0.851 + 0.038 + 0.021
ALEPH JetC H—— 0.911 £ 0.024 £ 0.014
DELPHI JetC —e—i 0.892 + 0.042 + 0.016
L3 JetC H——————H 0.843 + 0.090 + 0.050
OPAL JetC H——+ 0.894 + 0.049 = 0.036
DELPHI NN H—8—H 0.883 £ 0.032 + 0.021
LEP Average e 0.880 +0.018

T O N B N A R Rt
0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
Ab

Figure 7. Summary of the SLD and indirect LEP
measurements of A,.

are suppressed by requiring the events to contain
no more than one track with normalized impact
parameter in the transverse plane d/ogy > 2.5.
Charged kaons are selected with p > 9 GeV/c
and neutral kaons with p > 5 GeV/c. An event
is tagged as s5 if one hemipshere contains a K+
candidate and the other contains an oppositely
charged K* (or K?), with a purity of 73% (60%).
The charge of the identified kaons is used to tag
the sign of the initial s quark, with a correct sign
probability of 97.5% for K™ — K~ events and 85%
for K*K?. s quark cosf distributions for left-
and right-handed electrons are shown in fig. 9.
The background from ud events as well as the an-
alyzing power are constrained from the data [16].
We measure: A; = 0.895 £ 0.066514¢ £ 0.0624y5¢-

7. Interpretation of the results

The SLD measurement of Ajpg represents a
benchmark for determinations of the weak mix-
ing angle and is precise enough to put a meaning-
ful constraint on the Higgs mass. Fig. 10a illus-

A, Measurements

SLD soft T i 0.685 + 0.052 + 0.038
SLDD',D* [ 0.690 + 0.042 + 0.021
SLD Lepton A 0.589 + 0.055 + 0.053
SLD K & vtx-Q [r— 0.673 +0.029 + 0.024
SLD Average B 0.670 + 0.027

ALEPH Lepton [EE— 0.580 + 0.047 + 0.040
DELPHI Lepton [ — 0.645 + 0.080 + 0.061
L3 Lepton 0.774 +0.314 + 0.160
OPAL Lepton [FEE— 0.575 + 0.054 + 0.039
ALEPH D e 0.617 + 0.080 + 0.024
DELPHI D’ [E—— 0.635 + 0.083 + 0.025
OPAL D’ IR — 0.628 + 0.104 + 0.050
LEP Average e M 0.608 + 0.032
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Figure 8. Summary table of the SLD and indirect
LEP measurements of A..

trates the dependence of sin? H%f on the Higgs
mass. It is clear that the SLD sin? Hf,‘ff result
of 0.23097 prefers a low Higgs mass and that
mass constraints for this value benefit from the
steeper slope of the curve. By performing a x? fit
to the Higgs mass using the SLD measurement
of the electroweak mixing angle (see fig. 10b)
we calculate one-sided confidence upper limits of
mpy < 133 GeV (95% CL) and mpyg < 205 GeV
(99% CL), in modest agreement with the cur-
rent direct search lower limit from LEPII of 114.1
GeV.

The SLD data are also consistent with lepton uni-
versality. Fig. 11 summarizes the current world
measurements of sin? H%f . All the available lep-
tonic data are consistent, but the results deriv-
ing from quark asymmetries provide an average
(0.23230+0.00029) that is 3.3¢ different from the
lepton asymmetries average (0.23113 + 0.00021).
This same effect shows up in the 4, “anomaly”.
The SLD measurements of A,, A, and A, are all
in good agreement with the Standard Model, and
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the latter one in particular confirms quark cou-
pling universality at the £10% level. In the case
of Ay and A., the LEP indirect measurements de-
rived from A%, and A% are lower than the SLD
average at the 1.30 and 1.50 levels respectively.
However, the derived LEP A, average, obtained
using the combined LEP and SLD average for A,
is by itself 3.10 away from the Standard Model.
A graphical representation of this is given in a
TGR plane [17] (see fig. 12). Plotted on the axes
are 0sin” @y and 6(,, which express the depen-
dence on oblique and non-oblique corrections re-
spectively at the Zbb vertex. The three lo-bands
represent the measurements of SLD Ay, LEP A% g

eff
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Figure 10. (a) Leading order radiative effects on
sin? Of,{jf as a function of the Higgs boson mass.
(b) x? curve for a fit to the Higgs mass using the
SLD sin? 6%/ result.
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Figure 11. SLD and LEP sin®0%/7 results.
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and SLD A;r+LEP A; and shown are the 68%
and 95% confidence level ellipses of the combined
fit. The origin of the plot gives the SM expec-
tation value and the red line the dependence of
this value on Higgs and top quark mass assump-
tions. The consistency between the various mea-
surements and the SM is only at the 1.0% level.
A general fit for the left- and right-handed Zbb

After Takeuchi, Grant, and Rosner:

8 01 e L B e e B L B
B o 1 = Summer-2001
2o
;006 = -
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g SLD A,
N 002 ~
Zb °f 3
[ Standard Model:
002 169<m <179 7
[ 100<m,;<1000
0.04 — —
-0.06 — —
b
. SLD A LEP A
+LEPA,
1 1 n 1 1

0.002 ' ' ' 0.003
. 2
dsin“0,,
(0,0) determined by m=174, m =300,
a~0.119 a,,=1/128.905

Figure 12. The Zbb coupling analysis result fol-
lowing Takeuchi et al.

and Zc¢ couplings in the SM context [18] shows
a good agreement with SM predictions for the
latter ones, whereas the Zbb shows a departure
which mainly affects the right-handed coupling
value (30 lower than SM expectations). This is
particularly difficult to accommodate because no
presently known model can produce a deviation

at this level.

Another more general way to look at the elec-
troweak results is to do an S-T analysis [19] (see
fig. 13). The fit ellipse is consistent with the

1.0
7 | |

U=0 Constraint

S =006 + 0.09
T =009+ 0.10
05— My < 195 GEV (95%)

' meas
05—~

m," = 175 GeV
"~ 100 GeV

re
my

-1.0 -0.5 0.0 0.5 1.0

Figure 13. Global electroweak fit in the S and T
plane.

banana-shaped region allowed by the SM, as long
as the Higgs mass is small. It is also consistent
with S = T = 0, thus excluding models predicting
large deviations from these values.

8. Conclusions

The past ten years have been a “golden age”
for precise electroweak measurements, and with
its unique electron beam polarization and high-
performance vertex detector, SLD has given im-
portant contributions.

There is generally good agreement with the Stan-
dard Model, although there are still some lin-
gering inconsistencies with leptonic and hadronic
determinations of sin® 9%’:’0 and with the A, mea-
surement. These are still open questions that may
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767\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
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Figure 14. S-T analysis describing electroweak
data available at Lepton-Photon ’89.

be answered by future physics programs, if there
is a return to electroweak physics at the Z pole.
To conclude, we can better appreciate the success
of the SLD and LEP experiments and the rele-
vance of their legacy if we compare the present
level of precision in the understanding of the sub-
ject, (see fig. 13), with the situation ten years ago,
as given in fig. 14, where the current plot is shown
for reference in the dashed inset.
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