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ABSTRACT

Data taken by the SLD Collaboration at the Stanford Linear Collider on et
e -> Z0 obtained with a polarized electron beam have enabled many
incisive tests of the electroweak sector of the standard model to be
performed. We discuss our recent determinations of sinZ0,,, derived from
the total cross section asymmetry, and the quark final state asymmetries,
As Ac, Ap and branching ratios, R. and Ry, Aspects of the precision tests
of the standard electroweak theory, involving radiative corrections, are
described. Limits on the Higgs particle are given.
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1 INTRODUCTION

The theoretical description of electron-positron annihilation into the Z9 vector boson
is rich with experimentally testable predictions. Since the first data taken at LEP and
SLC in 1990, experimental tests have been made of the standard model (SM) with
ever increasing statistical and systematic precision. The data have been for some time
of sufficient quality to probe the radiative corrections related to the top quark and
Higgs particle. To date, no experimental test of the standard model has shown a
persistent and confirmed deviation from theory. Rather than spectacular anomalies
discovered, the experimental program at LEP-1 and SLC is characterized as one of
ever increasing refinement and verification of theory. At this time, the Z%-pole datain
conjunction with measurements at the FNAL collider of the W* boson and top quark
masses, are beginning to approach the untested Higgs sector of the theory.

The SLD-SLC facility? brings a number of unique features to the exploration of the
Standard Model (SM) at the Z9 - pole. The SLC produces Z% with polarized electrons
colliding with unpolarized positrons in an exquisitely small intersection region that is
roughly 1.6 prh (700 pum) transverse (longitudinal) to the beam. The electron
polarization provided by the SLC allows a quite precise measuremeng@yj sinbe
made with a statistical 'boost' proportional to J4|Pwhere R is the electron
polarization using the total cross section left-right asymmetry, Aests of the SM
can be performed on measurements of the properties of the final state, such as a study
of the forward-backward left-right cross section asymmetry for b-quark final states.
The SLD is equipped with a pixel vertex detector, based on the CCD technology,
which is used to identify b- and c-quark final states and a Cherenkov ring imaging
detector (CRID) for particle ID. The vertex detector has been recently upgraded,

permitting better vertex resolution and coverage
Table 1: History of SLD data taking.

Year |Purpose Events - Bolarization
1992 | physics 10k 22 %
1993 | physics 50k 63 %
1994-5 | physics 100k | 77 %

1996 |physics & VXD3 commissioning 50k 77 %
1997-8 | physics 350k | 73 %




Table 1 is a summary of the data taken at the SLD. Noteworthy is the outstanding
accelerator operation during 1997-8, when the SLC delivered up to 20k polarized Z0
events in a week. The total number of polarized Z0 events is 560k with an 'event-
weighted’ polarization of ~ 72%.

2 Basicsof The Standard Modd

For leptons at lowest order, the SU(2). X U(1) standard model of Glashow-
Weinberg-Salam3 has the following Feynman rules for the neutral current (NC) and
charged current (CC) fermion-gauge boson interactions, written in terms of the
members of the first generation:

(a) y- e*e interactions (NCy):
-iQe ey, & (18)

(b) Z0 - £f (f = V) interactions (NCy):
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(c) W= - ev interactions (CC):
Y (Y e
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where Gk is the fermi coupling constant, Mz the Z-boson mass and gy, ga are NC
vector and axial vector coupling constants, respectively. The two NC interactions,
involving the exchange of y or Z, are characterized by coupling strengths e and ¢,
respectively, whereas the charged current (exchange of W#* ) has a coupling strength
g~YGg My. The coupling constants involving the exchange of massive vector
bosons (W and Z9) are related by the Weinberg mixing angle, 6,,, with tanf,, = g'/g
and the electromagnetic neutral current is 'unified’ with the W* and Z interactions by
e=g g g 2+g2. The NC interaction for a massive fermion pair coupled to the Z0 has
generally unequal right and left terms couplings gre and g, ¢, respectively. The CC
interaction ispure’V-A'.



By the Higgs mechanism the vector boson masses, My and M, acquire mass of
magnitude determined by the vacuum expectation value of the Higgs field, given by
()= (W2GpV? = 246 GeV, and the coupling constants g and g'. The fermi coupling
constant, Gr, is the only 'dimensioned number’ in the theory. It is conventiona to
express the boson masses in terms of the experimentally determined constants d em,
sin?@,, and Gy, where agny is the fine structure constant and is determined by the
quantum hall effect and Thomson scattering at low energies, sin?0,, is measured by a

number of experiments and G, = Gg by precision muon decay data. In this convention
we have:

M2 = —dem (29)
2
Mg = Mz, [q._4M0em | (2b)
W2 2
V-ZGF {w Mz

where {7 and {y are radiative correction terms, of order 1, to be described later. The
NC vector and axia vector couplings (or right and left-handed couplings) for fermion,
f, are given by:

Ovt = (gur + Orr) = IFs - 2Qr %6y, (33
Oaf = (0Lt -Ore) = 17y, (3b)

respectively, where Iff is the third component of fermion, f, weak isospin and Q isthe
corresponding electric charge. Since most of the precision electroweak data are at the
Z poleit is conventional to take si nzeﬁf to be the effective value at the pol€e?, thereby
absorbing the radiation corrections in the gauge boson propagators. As such,

sin2dfective _ (1-gvilgar) / 4|Q, (4)

where gvr and gar are the effective vector and axial vector couplings of fermion, f, at
the Z0 - pole.

Two important measurables at the Z0 - pole dependent on the coupling of Z0 -> f f
involve determining the partial decay width given by



3
= % Ne (& + g3 Lt (59)

where N¢ is the number of color degrees of freedom (N¢ = 1 for leptons and 3 for

quarks) and (ff is a radiative correction term, of order 1, and the coupling constant
asymmetry, defined as:

A= Oft-GRt — 2QviOar__ 20vi /A

ofr+ Q& 9%+ GAr 1+(Ove/ gar?

(5b)

The coupling asymmetry for charged leptons is especially sensitive to the effective
mixing angle, 6,,&f. Table 1 shows the couplings, asymmetry and sensitivity of the
asymmetry to the effective mixing angle for the first generation quarks and leptons.

Table 2: First Generation Coupling constants and sensitivity of A; to sinzeﬁf for
. oneff _
sin6,, =0.23.

f 13 G Oar | Ovi oLt ORf A | _BA
3 sin8,,
Y 1/2 0 1/2 1/2 1/2 0 1 0

e -1/2 -1 -1/2 | -0.04 | -027 | 023 | 0.16 -7.9

u 12 2/3 12 019 | 035 | -0.16 | 0.69 -3.5

d -1/2 -1/3 -1/2 | -035 | -043 | 008 | 0.94 -0.6

Egs. 1, 2 and 3, with radiative corrections, form the basis of precision tests of the
electroweak sector of the SM and egs. 4, 5 and Table 1 furnish the tools and
predictions of the SM. Note that the charged lepton couplings @,aue dominated

by the axial term and have the greatest sensitivity for the determinasio®&jf and

that the down quark couplings (d, s, b) are similar, but opposite sign, to the neutrino
couplings and have a small sensitivityso20,,. As a consequence, the down-like
guark couplings lead to their being strongly polarized left-handefl deaay.

Some of the questions we have addressed to the data are:



* Is the Lorentz structure of the electroweak interaction described correctly by eq. 1
?

* Are the couplings for all generations and weak isospin states given by the theory

: . . : . o eff

isospin assignments andi@iversal value of sin<8,, ?

* Are the physical gauge boson masses related by eq. 2 ?

* Do the higher order radiative corrections result in better consistency of the data ?

2.1 Measurement of Weak Couplings

One of the fundamental tests of the SM afforded by data at’thel@ is the check of
the SU(2) x U(1) gauge group structure of the theory. It is of interest to see if egs. 3,
4 and 5 and the weak isospin and charge assignments of Table 1 are operative for all
generations with theame value of sinzeﬁf. This test is sensitive to putativé's,
indicating a new gauge group, or, as yet unobserved, new particles which could lead
to non-universal radiative corrections for different generations.

In the context of the SM the differential cross section fore-> 20 ->f f, in the
case, for example, of a left-handed electron producing a left-handed fermion in the
final state, has the form

o(cosB) ~ g2 g (1+cos6)”, (8)

where@ is the angle of the final fermion with respect to the electron beam direction
and ge and g are the left-handed electron and final fermion couplings G0 Z
respectively. Averaging over final fermion helicities for an electron beam with a
polarization of B the differential cross section has the form

—do  _(1.p,Ay (1+cos€2)+ 20030 (Ae - Po) Ay. 9)
dcoso

Here the electron and final fermion coupling asymmetry parametei’; Are given
by eq. 5b.

Fig. 1 shows the differential cross section for the productiob bffor three
electron beam polarization cases. Note that for left-handed incident electrons the b-
guark tends to go in the forward hemisphere. This large production asymmetry is ex-



ploited by the SLD in b-quark studies in tests of the SM through electroweak

coupling asymmetries and b-quark flavor mixing.
The basis of the measured asymmetries at LEP and SLC is given by Egs. 10. At

LEP the forward-backward asymmetry (P.= 0), given by

f f
O - O
Abg = —F—2 =3 AcA, (10a)
Of + Op

is a measure of the product of coupling asymmetries Ag As. The forward-backward
asymmetry is exploited at LEP to obtain lepton and quark couplings.
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Figure 1: The differential cross section for ete” ->70-> b bisshown for P.= + 0.77,
corresponding to polarized electron beams at SLC grdP the operating condition

for LEP.

The left-right total cross section asymmetry, exploited by the SLD Collabdration

given by

_ 0OL-0Rr _
AR— =|P A, 10b

where o_,r are the & e ->Z0 total cross sections for incident L, R electron
polarizations and is theenterpiece of our precision electroweak tests at the SLC.
Knowledge of the electron polarization ¢J|Pallows the electron % coupling



asymmetry, A, to be directly and quite accurately measured. The polarized forward -
backward asymmetry, given by

£ (f A
A{:B_LRz(OrL OBfL) (GER OBfR) = %“34 A, (10c)
Op_ t Og. + Opgr + OpRr

allows a direct determination of the final state fermion coupling asymmetry
parameters, A;. Thisasymmetry is used at the SL C to measure A, and A..

The 1-lepton polarization is measured both at LEP and SLC, by, for example, the
energy distribution of the 1t in t= -> 1T v decay. By the SM the t-polarization,
P;(cosB), is dependent on both A; and A by

_ (1+72) (1+APe)Ar + 2(ActPe) 7
(1+22) (1+APe) + 2(ActPe) A z

Pc(2) = (10d)
where z = cosB and 8 is the angle between the t-lepton and the electron beam
direction and P is the incident electron beam polarization (Pe= O a LEP). Both LEP
and SLD have determined A and A; by this method. The SLD collaboration exploits
the polarized incident electron beamb to measure an asymmetry enhanced by a large
factor (~3.4 at large |cosB)|).

3 Lepton Asymmetries

Lepton asymmetries derived from pure leptonic final states Z9 -> |+ |- are the easiest
to interpret as precision tests of the SM. Nevertheless, the b-quark asymmetry,
exploited by the LEP experiments, offers a high statistical precision method within
the context of the SM for determining the el ectron asymmetry, Ae.

3.1 PurelLepton Modes

The single most precise determination of the electron asymmetry and thus of
sinzeﬁf comes from the measurement at the SLD of the total e*e cross section
asymmetry A_R, defined by eg. 10b. The measurement directly determines A, the
electron coupling asymmetry, with only small corrections and is only possible with
incident polarized beams. Events for the A| g analysis are selected to be 'hadronic’ and



not a beam background, 2y or Bhabha event. Small experimental corrections of order
* 0.3% are made for backgrounds, experimental asymmetries and direct ghannel
exchange and %y - interference. The systematic error of the measurementpfsA
dominated by the electron beam polarization uncertainty. The electron beam
polarization is directly measured by means of a Compton polariméi@ughout
data taking, with running averages updated at least as frequently as every hour giving
rise to an estimated systematic error presently at the le@ 3. ~ 0.7% for the 94-
95 period and ~ 1.1 % for 97-98 data.

The lepton coupling asymmetry parameteis for L = e, 4, andr have been
directly measuredusing correspondintgpton final states by the FB-LR asymmetry
of eq. 10c. The resulting cross sections are shown in Fig. 2. Although of limited
statistics (qu,1: 9.4k,7.6k,7.1k events) this test is a direct measurement ahé A,
a confirmation of A using the electron final state and a probe of lepton universality.
A maximum likelihood method is used to determine the coupling asymmetries which
takes into account all know cross section terms (10 terms fortthdireal state),
backgrounds and detection efficiencies.
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Figure 2: The differential cross section measured at the SLD for e e -> Z0 -> e e,
Mt~ and Tttt are shown.

At the end of the 97-98 run several important checks of the SLC parameters were
performed which are important to certify the small corrections of y exchange and y-Z0
interference and to make certain that the SLC positrons are not polarized. In order to
check the energy calibration of the electron and positron spectrometers, which follow
the beam interaction point, the Z0 cross section peak was scanned and matched to the
Z0 mass determined at LEP-I. It was determined that the energy scale is known to
about 40 MeV which resultsin anegligible correction in Sin285 (0.00011:+£0.00009).

In addition, a putative positron polarization was sought by directly measuring the
positron beam polarization by means of a Mgller polarimeter located in end station A
and found to be consistent with zerg{R -0.02 £ 0.07%). Finally, the Compton
polarimeter, which measures the electron polarization, was questioned but found to be
in good agreement with measurements of the energy asymmetry of back-scattered
Compton gammas detected by a threshold Cherenkov gas counter and a quartz fiber -
tungsten radiator calorimeter.

In Table 3 we summarize the world's data on lepton coupling asymm&ttimesh
SLD7 and LEP data are preliminary).

Table 3: Lepton Coupling Asymmetries.

Quantity Asymmetry
SLD: AR 0.1510 £ 0.0025
SLD: Ae 0.1504 + 0.0072
SLD: Au 0.120 £ 0.019
SLD: At 0.142 £ 0.019
SLD: <Agu,r> 0.1459 + 0.0063
SLD: AR, <Aeys> 0.1503 £+ 0.0023
LEP: AFB(), Aepnt 0.1469 £ 0.0027
SLD+LEP 0.1489 + 0.0018

We note that the LEP-I values and those from the SLC-SLD are in good agreement
with the resulting value of leptonic asymmetries differing by onlyo: 1



3.2 Ae from b-Quark Asymmetry

The experiments at LEP have exploited Z0 -> b b data to determine Agg%, the b-

gquark asymmetry at the pole, and hence A¢ within the context of the SM. [See eqg.

10a] The method rests on the assumption that Ay, the asymmetry parameter of the b-

quark coupling, agrees with the SM prediction since what is actualy measured in

Arg® is the product of Ay A Even within the context of the SM, important

corrections are needed before an accurate value of A can be extracted from AggOP.

The c-quark background can dilute the b-asymmetry since this background enters

with a smaller asymmetry and opposite electric charge. The jet charge method is

especialy sensitive to this correction. QCD effects, which tend to smear the direction

of the final state quarks and make the measured asymmetry smaller, and B - B flavor

mixing are two other corrections which must be included. The resulting Agg®

measurement from LEP is 0.0991 + 0.0021. Using the SM model valug=00835,
the corresponding value ofsA 0.14145 + 0.0030, which is 2didifferent from the
pure lepton-based determinations ablove

4 Determination of Sin26g

Through egs. 3 and 5b the value ghze@“ can be determined. The results are given

in Table 4. The right-most column indicates §#DoF of the LEP measurements
alone and of the LEP and SLC preliminary measurements combined. We take these
data to be in generally good agreement, although we note that the pure leptonic -
derived values otsinze\;e\ff measured at the SLC and LEP are smaller than value

derived from AgO at LEP.
Table 4: Effective mixing angle at thé€-gole.

Measurement sin2eS X2/DoF
SLC:A R <Aeu> | 0.23110 + 0.00029
LEP: AFg0 0.23117+ 0.00054
LEP: A; 0.23202 £ 0.00057
LEP: A 0.23141+ 0.00065
LEP leptonic 0.2316 + 0.0004 1.2/2




SLC+LEP leptonic

0.23127 + 0.00023

LEP: ArgOP 0.23223 £ 0.00038

LEP: Aeg0cC 0.2320 + 0.0010

LEP: <Q-p> 0.2321+ 0.0010

LEP average 0.23187 + 0.00024 3.2/5
LEP+SLC average 0.23156 £ 0.00018  7.3/6 all

The x2/DoF of all data whereas for

based

measurementg?/DoF = 3.7/3 (~ 35 % CL) - both reasonable agreement. Later, we
make an observation on the nature of smé’eﬁvﬁ value derived from AgOP at LEP

and the experimental value of.A

is 7.3/6 (~32 % CL), only lepton-

5 Standard Model Testswith s, cand b Quarks

It is interesting to see if the coupling constantsagd g, for the s-, c- and b-quarks
follow the predictions of the SM. Two variables are accessible for this test of the SM:
the coupling constant asymmetry and the branching ratio. The coupling constant
asymmetry measures the combinatidq = 2gyvs/ gas/ (1 +(gvs/ gag?) and the
branching ratio for Z to decay into a quark favor, f, determines the combination
R =T/ Thag ~ (@3¢ + 02¢). TO check theory, the vector and axial vector couplings are
taken from either the average values;b’rze\(i,rf derived from global fits, where the
overall consistency of the data is checked. Or more strictly, the valsiazéﬁf is

taken from purely lepton measurements, thereby probing the universaei;iu?@ﬁ/ﬂ
across lepton-quark families. In the case of the>Z b b vertex (also 2->s %),

since g2 ~ 30 g2, R, has a large sensitivity to theft-hand coupling, such as vertex
corrections involving W, t* exchange, whereas Ay has a greater sensitivity to the
right-handed components. We find the following sensitivities for sinze\;e\ff * 0.23

% ~ 3.6 50, + 0.7 59ro (11a)
b
OAp 0.3 gLy + 1.7 S0ro - (11b)

Ap



Thus, Ry and Ap are complementary measurements and probe different sectors of
theory.

The SLD brings a number of experimental tools to the study of the electroweak
couplings of s, ¢ and b-quarks. The pixel vertex detector and identify displaced
vertices from the IP as a signature for b and ¢ quark fina states and the Cherenkov
Ring Imaging Detector (CRID) can identify ¢, K*, p* particles in the fina state.
Various discriminates are used to isolate s-, c-, b-quark events which result for
example in a hemisphere b-tag efficiency and purity in the range of 45% and 99%,
respectively.

The most powerful test of the SM for quark final states of come from a study of the
b-system. Several factors conspire to allow this.

(1) The asymmetry parameter Ay, is expected to be only weakly dependent on
sinze\;e\ff (see the entry for d-quarks in Table 1), thus the measurement of
ArgP, given by eq.10a, is mostly a determination of Ae.

(2) The b-quark has a large branching ratio (~22%) and thus has a small
statistical error for reasonable detection efficiency.

(3) b-quark events can be separated from other hadronic events by detection
of displaced secondary vertices and various event attributes, such as high
transverse mass.

(4) The b-quark charge can be determined by a variety of experimental
signatures, such as high P; charged lepton, jet charge, kaon charge and, in the
SLD, initial state tagging through the incident electron beam polarization.

(5) Apg varies with center-of-mass energy and when measured below and
above the Z9 peak at LEP has a larger asymmetry, thereby adding
information to the small asymmetry at the pole.

Similar arguments hold for s-quark and c-quark final states (no flavor mixing), al-
though the c-quark final state is more sensitive to sin26,,, thereby making the test of
the SM more involved. Further, c-quarks are more difficult to separate from back-
ground and their detection frequently exploits 'charm counting’ where all charm
hadrons which eventually decay via DO, D*, Ds, A; are summed, or by the



reconstruction of D*s, yielding a clean sample of events. A lepton fit is also used to
separate ¢ (and b) events from background.

The coupling constant asymmetry measurements are not sensitive to the detection
efficiency, although the background dilution in the asymmetry is. For the branching
ratio analysis the detection efficiency criticaly enters and it is highly beneficial to
achieve high detection efficiency since, for example, Ry, ~ 1/gy,.

5.1 Measurementsof As, Acand Ap

The SLD has measured As, Ac and Ay directly through eq. 10c, which depends
critically on a precise knowledge of the elector beam polarization, Pe, but is a direct
and powerful method largely independent of the Z0-leptonic coupling physics® 10, 11,
Fig. 3 shows the left and right asymmetries as determined by jet-charge for b-quarks
as observed by the SLD1!. (See Fig. 1 for the relevant physics at the tree-level.) LEP
derives the asymmetry parameters by the forward-backward composite asymmetry,
Arg, given by eg. 10a. For the extraction of Ap and A using Agg, a value of Ag
derived from other measurements must be used.

The resulting asymmetries determined at LEP and SLC are given in Tables 5, 6 and
7 for Ag, Ac and Ay, respectively. The LEP Arg asymmetries have been corrected
by the factor 4/ ( 3 Ag with Ag = 0.1491 + 0.0018 (average of Aand LEP
leptonic). In the tables the combined averages have taken into account correlations
between measurements.
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Figure 3: The 6-angle distribution for b-quarks produced from left and right electron
beam polarizations at the SLD indicating the forward-backward |eft-right asymmetry
in b-quark production as measured by the jet-charge asymmetry.

The SLD determination of Ag is derived from a sample of approximately 300 k
hadronic decays of Z0 bosons produced with a polarized electron beam. The s
sample was selected by suppressing heavy quark decays (c and b) by requiring well-
reconstructed tracks to have a transverse impact parameter with the IP to be less than
the 3 times the estimated resolution. The impact parameter resolution obtained from
our upgraded CCD vertex detector, VXD3, is given by og=9029/p0sin¥20) um,
where 0 is the polar angle of the track with respect to the beam. Further refinements
of the sS§ sample were obtained by using the Cherenkov Ring Imaging Detector
(CRID) to identify K*. In addition, KQ and /\OIX0 were reconstructed and employed as
tags of s final state.

Table5: Ag,s measurements from LEP and SLC (Summer-1998).

Experiment Method | Asymmetry

SLD As 0.82 £0.10 £ 0.07
DELPHI: (1995) A 1.165 + 0.311 + 0.116
DELPHI: (1995) Auis 0.996 + 0.276 + 0.48(
OPAL: (1997) Ays 0.605 £ 0.311+ 0.098
LEP average 0.91+0.21
LEP+SLD average 0.84 £0.10

Each of two hemispheres, defined by the perpendicular plane bisecting the thrust axis,
was required to have at least one identified strange particle. Overall, the purity of the
sT final state was estimated to be 69% with 10% 9% dd, 11%ctT and 1%bb
contamination. A binned maximum likelihood fit was performed to determin&€h®e
procedure included particle detection efficiencies and acceptances.

Taking sinze\;e\ff = 0.23155, the SM predictsgA 0.935, a value which is slowly
varying withsinze\;e\ff . The table indicates that the preliminary SLC value oisAL.0



o low with respect to the SM and the LEP value is 0.1 ¢ low (with Ag correction
made). The SLD+LEP average is dominated by the SLC valueand is 1.0 ¢ low.

The SLD brings an excellent vertex detector and particle identification to the
isolation of cT events. From the ensemble of hadronic events secondary vertices
possibly signifying cT events are identified by means of a topological algorithm12
which searches for space points in 3 dimensions where the reconstructed tracks
overlap. Tracks, in this algorithm, are considered probability 'tubes. The method finds
secondary vertices in 84% of b, 38% of ¢ and 2% of light quark events under the
requirement that the secondary vertex be displaced from the IP by at least 1 mm.
Further refinement of the charm sample is obtained by reconstructing the mass of the
tracks associated with the secondary vertex - a calculation aided by the well-defined
IP of the SLC and our high resolution pixel vertex detector. The mass is defined as
M =4/ M3, + P? +|P{, where M3, is the mass of the ensemble of charged tracks
associated with the secondary vertex and P; is the net transverse momentum with
respect to the line connecting the secondary vertex and the IP. Charm candidates
were required to have a vertex mass in the range 0.55 < M < 2 GeV/c2. By vetoing
on b-events and imposing momentum cuts charm events are isolated with 81% purity.
Several methods are employed to determine the direction of the charm quark needed
for the Apg. r evaluation, such as vertex charge, K* tag, lepton tag and D*, D*
identification. These tags have different efficiencies in the range of ~ 30 %. A
maximum likelihood fit to all tagged eventsis used to determine A.

Referring to Table 6, the Ac LEP-SLC average is in good agreement (only 0.6 o)
with the SM value of A. = 0.668 for sinze\(f:,rf = 0.23155 with the preliminary SLD
value lower than the SM by about 0.5 ¢ and the LEP value low by 0.90. The LEP
values are derived from measurements which average to <Agg0¢ > = 0.0714 +
0.0044, corrected by 4/(3A

Table 6: A measurements from LEP and SLC (Summer-98).

Experiment Method A

SLD K&vtx-Q |0.65+0.04+0.03
SLD lepton 0.70 £ 0.09 + 0.07
SLD D*, D+ 0.63 £ 0.06 £ 0.04
SLD average 0.649 £+ 0.040




DELPHI lepton 0.73+0.10£0.11
L3 lepton 0.82+0.29£0.19
ALEPH D* 0.63 +0.08 £0.02
DELPHI D* 0.64 +£0.08 £ 0.04
OPAL D* 0.62 +0.11 £ 0.05
LEP average 0.634 +0.040

LEP+SLD average 0.642 + 0.028

A summary of measurements of & shown in Table 7, where correlations were
taken into account in the computation of averages. The SM predjcts0/035 for
sinze\(f:,rf = 0.23155 which is 3.® larger than the measurement world average. We
note that the LEP and preliminary SLC values are consistent with the SLC value is
1.90 lower than the SM and LEP is 233ow.

Table 7: A measurements from LEP and SLC (Summer-98).

Experiment Method A

SLD jetcharge | 0.849 + 0.026 + 0.031
SLD lepton 0.932 + 0.058 + 0.038
SLD K* tag 0.854 £ 0.088 + 0.106
SLD average 0.866 = 0.036
ALEPH lepton 0.908 + 0.041 + 0.020
DELPHI lepton 0.904 + 0.057 + 0.026
L3 lepton 0.869 + 0.055 + 0.030
OPAL lepton 0.851 £ 0.038 £ 0.021
ALEPH jet charge | 0.953 £ 0.037 + 0.029
DELPHI jet charge | 0.898 £ 0.042 + 0.021
L3 jet charge | 0.806 + 0.106 = 0.051
OPAL jet charge | 0.898 + 0.047 + 0.037
LEP average 0.885 + 0.022
LEP+SLD average 0.880 = 0.017




The analysis of Ay, involves many of the same considerations as discussed above
for the extraction of A¢. A vertex mass tag is used, asin the case of A, but for thebb
events becomes more effective because the b-quark is heavier than any other visible
guark and hence a large vertex mass which can be well separated from background.
By requiring My, > 2 GeV/c?, the b-quark purity is 97% with an efficiency of 76%.
Severa strategies are used to determine the direction of the b-quark, such as jet
charge, lepton tag or a K* tag which exploits the b — ¢ - s decay cascade. All
methods have to rely on Monte Carlo simulations to a greater or lesser extent. The jet
charge method has the advantage in that it is self-calibrating. Again, the LEP values
for Ap are derived from measurements of Agg®P which have an average value of
<Apg0P>=0.0991 + 0.0021, and are corrected by the factor /(3A



5.2 Measurements of Rc and Rp

The Z0 branching fractions R. and Ry, are interesting places to search for violations of
the SM. The largest known radiative corrections to Ry in the SM are charge-current
vertex diagrams which are dominated by the top quark!3. In the past, Ry has stirred
considerable interest in that the measurements were in significant disagreement with
the SM. In the summer of 1995, for example, the value of Ry, was aimost 4 standard
deviations different from the SM. However, a new analysis presented at ICHEP'96 by
ALEPH4, which, among several improvements, reduced hemisphere correlations by
reconstructing the primary vertex in each hemisphere for each event, resulted in a
precise value of Ry in close agreement with the SM.

Tables 8 and 9 summarize the R, and R, measurements, respectively, from LEPS
and SLC15. 16, A double tag method is used in both the R; and Ry, analyses where the
heavy quark tagging procedure outlined above is applied independently to each thrust
hemisphere of all hadronic events. Determining the single tag, double tag and mixed
tag rates enables the tagging probability to be estimated by the data itself.

Table 8: Measurements of R. (Winter-98).

Experiment Method Rc

SLD VTX-mass |[0.1794 +0.0085 + 0.0061
ALEPH lepton 0.168 + 0.006 £ 0.010
DELPHI lepton 0.164 + 0.009 + 0.020
ALEPH c-counting | 0.176 = 0.005 + 0.011
DELPHI c-counting | 0.168 + 0.011 + 0.013
OPAL c-counting | 0.167 +£0.011 £ 0.011
ALEPH D* incl/excl | 0.166 + 0.012 + 0.009
DELPHI D* incl/excl | 0.176 + 0.015 £ 0.015
OPAL D* incl/excl | 0.180 + 0.011 + 0.013
ALEPH D* excl/excl| 0.173 £ 0.014 + 0.009
DELPHI D*incl/incl |0.171 + 0.013 £ 0.015
SLD+LEP average 0.1731 + 0.0044




A set of equations is developed in which either R. or Ry, can be determined
which

avoids large uncertainties of a direct calculation of the single tag efficiency. The b-
tagging efficiency istypically g, ~ 35 % with a hemisphere correlation of Ap ~ 0.6%.

The R; world average is within 0.2 o of the SM value of R; = 0.1723. The SLC
values are consider preliminary. The R, world average of Table 9 is within 1.4 o of
the SM value of Ry = 0.2155. Hence the interesting 4 o discrepancy with the SM of
the summer 1995 has dissolved into fairly good agreement.

Table 9: Measurements of Ry, (Summer-98).

Experiment Method Rp

SLD (prelim.) VTX+mass |0.2159 + 0.0014 + 0.0014
ALEPH multi-var 0.2159 + 0.0009 = 0.0011
DELPHI multi-var 0.2163 + 0.0007 + 0.0006
L3 impact+lept | 0.2176 + 0.0015 + 0.0026
OPAL VTX+lept |0.2176 + 0.0011 + 0.0014
LEP+SLD average 0.21656 + 0.00074

5.3 Comment on Ap and sin 26

Ay, itself shows the same difference as we observed isiril‘@fi,rf value derived from
Apg® above - namely AP measured is smaller than the prediction of the SM,
resulting in a larger value e;i‘nze\;e\ff from the LEP measurements. Remember that we
have used the pure leptonic determination gfcAcorrect the LEP forward-backward
asymmetries in order to obtain the value @fly the factor 4/(34). Also note that
the SLD measures Adirectly by means of the forward-backward left-right
asymmetry.

Examining the factors involved we conclude that the discrepan&gin?t(i)\;e\ff
between LEP and the SLD is consistent with a discrepancy of the valugfiainA
the SM. In fact, if we take the direct measurement ofrém the SLD to derive the
value of A from the LEP value of AOP we obtain a value oskinze\;evrf which is
consistent with the pure leptonic value. The equation below show this calculation.



0,b
A2 (LEP)

0.0991+0.0021 _

A:i :i
€3 3

Ap(SLD)

0.866+0.036

= 0.1526+0.0071 (12)

which resultsin sinze\;evrf = 0.2308 £ 0.0009 - in good agreement @) 5vith the pure
leptonic value ofi nze\;e\ff = 0.23127+0.00023. If the valugAEP) = 0.885 * 0.022
(completely correlated with g0P) is used insteasd nze\;e\ff =0.23112 + 0.00038.

In a more sophisticated context, the analysis of Takeuchi, Grant and Rosner
shows that the data of LEP and SLD are consistent in the pure leptonic sector and that
the (current) major discrepancy (33200 low) is in the value of A The left-handed
coupling of the b-quark is tightly constrained byd®d is in agreement the SMy &5
sensitive primarily to the right-handed coupling and is not in agreement with the SM.
(See egs. 11.) Fig. 4 shows the analysis of the current experimental situation.
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Figure 4. The consistency of the world's data is shown by the overlap of the
measurement bands. The inconsistency with the SM is indicated by the offset of the



overlap of measurements with the expectation of the SM given by the (0,0) point of
thefigure.

The TGRY7 variable ¢, is sensitive to the parity violation of the b-quark, as
measured by Ayp. Its value is insensitive to the value of sinze\;evrf . Hence the horizontal
band in Fig.4. A g and LEP A are most strongly dependent on sinze\;e\ff - hence the
vertical bands.

7 Radiative Corrections

We have observed that the data of LEP and SLD generally agree with the predictions
of the standard model, although there is some concern over the discrepancy of Ay, and
consequently the value of sinze\;evrf derived from the b-quark sector. So far we have
checked that eg. 3 isgeneraly valid, namely that the vector and axia vector couplings
of afermion to the Z0 - boson follow the weak isospin assignments and depend on the
electric charge and effective weak mixing angle in a universal way. This is a test of
the SU(2). X U(1) gauge structure of the theory.

In order to check the theory beyond the 'tree level’ radiative corrections must be
included. This process is usualy performed by fitting all the measured quantities at
the Z0-pole with radiative corrections to derive the top quark mass and the Higgs
mass, or constraining the top quark mass by the measured value at FNAL and
deriving the Higgs mass. The consistency of the theory is measured by the quality of
the fit. Sengitivities to M and My, arise from different measured quantities having
different dependencies on the parameters of the radiative corrections. Already we
have absorbed the vertex corrections for lepton (but not for quarks) by defining an
effective mixing angle determined by A, the electron coupling constant asymmetry.

There have been a number of theoretical treatments which make the comparison of
theory to data less model-dependent 18. Here we adopt a more pedestrian approach
and use 'experimental’ parameters, such as M; and My, to obtain an estimate of the
magnitude of various terms. The need for radiative corrections is easily demonstrated
in anaive evaluation of eg. 2 using the value of sinze\;e\ff determined above, 0 given
by atomic physics experiments and Gg from muon decay. This naive exercise predicts
M, = 88.38 £ 0.03 GeV and M= 77.48 = 0.04 GeV, values which are embar-
rassingly discrepant with the measured values of 91.1867 + 0.0021 GeV and 80.37 +
0.090 GeV, respectively [Vancouver 1998]



Radiative corrections are grouped into two general types. (1) electromagnetic
corrections, which include initial and final state radiation, vertex diagrams, etc. and
the running of agy for the atomic energy scale g2 « 0 to the § = M;2 and (2)
electroweak corrections where some of the corrections are absorbed in the definition
of sinze\;e\ff , iIsospin-breaking loop terms in W and Z propagators, running of Z self-
energy, corrections to the Z & b vertex and corrections to the W mass.

7.1 Hadronic Vacuum Polarization

Much of the discrepancy in the vector boson mass relations is corrected by the
running ofaem(Q?). The QED coupling at the Mscale is related to its value at low
energy, given precisely in atomic physics experiments by

Gom (M2) = —Gem© (13)
1 - Adtem (M2)

where Adgn (M2) = - My, is the photon self-energy. The photon self-energy is
evaluated quite accurately for leptons, but not for quarks. In order to evaluate the
quark contribution the measured” & hadronic cross section is employed to
determine the value of a dispersion integral. Ironically, the data in the 1.05 to 5 GeV
region, well beneath the scale of tHepble, contribute a large fraction of the integral

as well as large part of the uncertainty. Much of the data in this energy region are old
and have large normalization errors. Further, above the charm threshold, many
channels with different properties exist, complicating the evaluation of the integral. A
number of evaluations have been perforfiedhe result adopted by the LEP EW-
WG isen (M2) = 1/ 128.896 + 0.098vhich is an evolution of Aa /a ~ 0.063. In this
formulation G, does not run 20,

7.2 Electroweak Radiative Corrections

The radiative corrections are furnished by the terms { in egs. 2 and 5 above. At the
one-loop level the correction terms for the Mz mass relation given by eq. 2ais

Zz=(1+0p) (1+A39) (143)



where, for leading order with My = 175 GeV and My, = 160 GeV, the isospin-
breaking

loop correction to the W* and Z propagators and Z self-energy terms, respectively,
are
M3

2
Np = aMi g n My - g 008a (14b)
T2 4Tt 2
M2 M2

2
Bag = & In% ~ 0.00031. (140)

z

The overall electroweak correction to the Z-mass relation is dominated by the
guadratic M; term and has the magnitude, A(z/{z ~ 0.0087. The corresponding
correction for Myy (eg. 2b) is

Cw=1-Arey (15a)
where
Algy= - i} Ap ~ -0.028 (15b)
5

with s§ ¢ = T aem(M2) /Y2 Ge M2 yielding Alw/Tyw ~ 0.028. The correction to the
Z0-> b b partial width is given by

Cob = (1+dqcp) (1+0vp). (16a)
The QCD component to next-to-leading order is

2 2)\2
Soco = %+ 1.41(@) ~ 0,038 (16b)

for agMz2) =0.12. The vertex correction, dyp, iS

M2 13 M2
O = -&l(—t + 22 [n—L| ~ - 0.025. (16c)
13 m\m2 6 M2



In addition to the QCD and vertex corrections for 'y, there are QED and finite mass
terms. From the list above the largest correction to the mass relations of egs. 2 is the
running of aem from the atomic scale to the Mz scale. Other corrections are quadratic
in M, and logarithmic in M. Two-loop electroweak top corrections are being
reconsidered?! and may be important.

8 Global Test of the Standard M odel

Within the context of the SM different electroweak observables are sensitive to
different radiative correction parameters (M, My, ag). For example, R, has a strong
sensitivity to My and little to My, M, is sensitive to both M and My, and oha° depends
on o These different sensitivities are exploited to determine the value of M and set
limits on My, or with a constrained value of M determine (still within large errors) the
value of M. Table 10 shows the results of afit (ZFITTER 5.10)22 to al the world’s
electroweak data[ MW, RV, I’Z, O'hado, R|, A[:BI, Ae, At, ALR, AFBb, AFBC, Rb, RC, QFB;
Qw(Cs) and Qu (T 1.

Table 10: Results of afit to electroweak data at Z9-pole.

Parameter Constraint Best Fit

Mz (GeV) 91.187+0.002 | 91.187

Voen(Mz2) |128.928£0.023| 128.928+0.028

M (GeV) [173.8%5.0 172.2+4.8

as(Mz?)
---------- 0.119+0.003
19817952
logio(My) | ----eeeee- 0.242

+61.6
Mp (GeV) | - 95.6_409




X2/ DoF
.......... 15.2/14 (37%)

The fitted value of My is in agreement with the direct observation at FNAL23 My =
173.8 £ 5.0 GeV. The limits on jMare > 90 GeV from direct searches and < 280 GeV
at 95% Cl24.

It is interesting to note that the SLD valuesz'rrize\;e\ff implies a Minimal Standard
Model (MSM) Higgs scalar of ~ 40 GeV and is © In contradiction with the present
direct search limit of > 90 GeV at the 95% CL, whereas the LEP value is consistent
with My, ~ 220 GeV and is not excluded by direct searches.

A more sophisticated way of looking the data is shown in Figure 5 as a comparison
of the world's data with the variables S and T of Peskin and Takeuthe variables
S and T are normalized to (0,0) at a nominal SM point - determined by the measured
value of M and a nominal value of M The contributions to isospin-violating mass
differences beyond the set point are described by T which is roughly quadratic in M
and logarithmic in i (see egs. 14 and 15 above). The parameter S is sensitive to
iIsospin-independent terms which would grow systematically with the size of a new
sector. The Peskin-Takeuchi variable U is assumed to be 0 in this application. The
68% confidence region of the LEP and SLD data is indicated by the oval region in the
figure.

W [ T
I

: .-MSSM: Bagger, Matchev, Pierce,
| and Zhang, NP B491,3(1997)

~1.0 -05 0.0 0.5 1.0



Figure 5: The Sand T constraints provided by LEP, SLD and FNAL are indicated.
The SLD measurement of A| r seem to prefer the MSSM of Pierce, et al.28.

The ST region predicted by the MSM is indicated by the "banana-region” centered

about the (0,0) point of the figure. In that region, the right-hand edge corresponds to

M, =88 GeV and M; = 173.9 + 5.2 GeV. Increasing the Higgs mass up to 1 TeV is
displayed by the width of the region. An indication of supersymmetry would be a shift
of the experimental overlap region from the expectations of the MSM with S
becoming slightly negative and T positive. The MSSM of Pierce, %tiglindicated

by the ensemble of dots in the figure - each representing a choice of the five
parameters of the model. We note the SLD dd@vors a super-symmetric world,
whereas LEP data disfavors the model by abaut 2

9 Summary and Conclusions

The Standard Model works remarkably well with only one parameteQua of some
18 measurements differing significantly for theory predié8oithe SU(2) X U(1)
structure of the theory is quite well established though one-loop electroweak radiative
corrections, although the b-quark sector continues to exhibit troublesome
inconsistencies. The largest discrepanciesAa'naeze\;evff (SLD vs. LEP) ~ 2.2 and
AAL(SLD+LEP vs. SM) ~ 3.5. Most of theAsin28S (SLD vs. LEP) is resolved by
considering only purely leptonic determinations of the electroweak mixing angle,
isolating the puzzle of why Adoes not agree with the SM. Analyses qf #e
involved and, to a greater or lesser extent, rely on Monte Carlo simulation to estimate
the experimental resolution, efficiency and background. These simulations may be
flawed in a subtle way and therefore contribute to the discrepancy - or there may be
'new' physics at long last becoming visible in the b-sector. If the purely leptonic value
(SLD and LEP) ofi nze\;e\ff is ultimately preferred then the precision electroweak data
suggest that the Higgs scalar is light and direct search searches for it become quite
tantalizing.

The SLD has proposed to take more data at fhpoe which will continue to
probe the SM, especially in refining the measuremeﬁxilréﬁ\;e\ff and b-quark parame-
ters. Data from LEP-II will decrease the uncertainty iwy,Mxplore the triple vertex



coupling and search for exotic particles beyond the SM. FNAL Run-11 at FNAL will
decrease the M; and Myy errors. And 'modern’ low energy data (Novosibirsk, BES,
DAPHINE, B-factories) should improve the evaluation of Adem(Mz2) and sharpen the
radiative corrections.
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