SLAC-PUB-6678
October 1994
(T/E)

PRECISION STANDARD MODEL TESTS
WITH POLARIZED e¢"e- BEAMS*

Michael J. Fero

Massachusetts Institute of Technology, Cambridge, Massachusetts 0213
and
Stanford Linear Accelerator Center. Stanford University, Stanford, CA 94309

REPRESENTING THE SLD COLLABORATION®

ABSTRACT

The advent of polarized electron beams at the Stanford Linear Collider
(SLC) makes possible the new precision electroweak tests now being performed
by the SLC Large Detector (SLD) experiment. One such new technique, the
left-right asymmetry measurement, allows remarkably direct measurement of
the effective weak mixing angle, sin® #¢ = 0.2292 4- 0.0009(stat) & 0.0004(syst).
When considered within the Minimal Standard Model (MSM) framework, this
result predicts the top mass to be m; = 240132738 GeV where the first errors are

experimental and the second reflect a range of possible Higgs mass values from

60 to 1000 GeV.

Invited talk presented at the XIV International Conference on Physics in Collision
Tallahassee, Florida, June 15-17, 1994

*Work supported in part by Department of Energy contract DE-AC03-76SF00515 (SLAC), the National
Science . Foundation, the Istituto Nazionale di Fisica Nucleare of Italy, the Japan—U.S. Cooperative
Research Project on High Energy Physics, and the Science and Engineering Research Council of the United
Kingdom.

°Collaboration members and their institutes are listed following the references.



1 Introduction

There has been a dedicated effort for the last several years to extract precision information
about the validity of the Standard Model. With the vast amount of precision electroweak
(EW) data now emerging from the Large Electron Positron Collider (LEP) [1, 2] and the
recent progress in determining the top mass at the Collider Detector at Fermilab (CDF)
and DO [3, 4, 5], experimenters will soon tightly overconstrain the standard model, and
thus test it in a rigorous way. What can be added to the discussion from the results now
coming out of the SLD experiment at the polarized SLC? In principle the SLD and the
LEP experiments are measuring very similar physical quantities. However, the polarized
beam at the SLC is a unique tool, enabling the experimenter to make remarkably precise
measurements of standard model quantities with systematic errors that are small and differ
radically from the types of systematic errors encountered by the LEP experiments. In this
paper I briefly describe some of the common electroweak standard model tests done at the
Z-pole and then show, in some detail, how a new test at the Polarized SLC is performed

and some recent results.

2 Precision Tests of the Standard Model

2.1 Electroweak Parameters

The dynamics of the electroweak sector of the Standard Model are determined to lowest
order by three parameters: the SU(2) coupling constant, g, the U(1) coupling constant, ¢’,
and the vacuum expectation value of the Higgs field, (¢). The values of these parameters can
be extracted from a number of related experimental quantities, a few of which are listed in
Table 1. With the high-precision mass measurements of the Z from LEP, the experimental
quantities determining the Standard Model are taken to be: the electromagnetic fine

structure constant, «, the fermi coupling constant, G, and the mass of the Z boson, M.

Additional measurements of electroweak observables (such as the Z width, 'z, the
W mass, My, and the effective weak mixing angle sin? #%) should then overconstrain the
model. However, the expressions in Table 1 relating M,, My, I'z and sin® 6, to g, ¢/,
and (¢) are valid only to lowest order. Virtual electroweak corrections that depend on the
top quark mass and Higgs boson mass must be included. Only within the uncertainties due
to the lack of knowledge of the top and Higgs masses do the measurements of additional
electroweak quantities serve to overconstrain the model, and thus test it. That test may well

be at hand, however, with precise top mass measurements expected soon from the Tevatron



Table 1. Quantities that determine Standard Model parameters. The first three define the
Minimal Standard Model while the additional measurements can serve to overconstrain it.

Precision

Quantity Electroweak Parameter Current Value (ppm) Cite
o (1/4n) [g28 /(g2 + &2)] 1/137.0359895(61) 0.045 (6]
Gr (V2/2) (1/(6)?) 1.16639(2) x 1075 GeV 17 (6]
My (o) Vo + g7 91.1888 4- 0.0044 GeV 48 2]

Lz | [(0) (¢ +9g?)"* ) 384n]

x {14+ [(1-4Qg”/(9* + g)I'} | 24974 £0.0038GeV | 1522 2]
My (0)g/2 80.23 £ 0.18 GeV 2244 7]
sin? A¢fT 9°/(g* + 9”) 0.2322 =+ 0.0004 1723 2]

experiments. Those measurements, together with the body of Electroweak measurements
from the Z-pole asymmetries, the Z-width and ¥/ -mass measurements, the neutrino-nucleon
scattering experiments, and the atomic-parity violation experiments will combine to put

interesting limits on the validity of the Standard Model.

This talk focuses on a precision measurement of the weak mixing angle (sin?6¢I),

where polarized beams at SLC can make a particularly significant contribution.

2.2 The sin® 6! Measurements

The mixing angle sin? 6¢I is defined here in terms of the vector (v;) and axial vector (ay)

couplings of the Z to fermion pairs,

af:T]‘?’

vy = T})) — 2Qf sin29§g,

where T})’ is the third component of weak isospin for fermion f, and @) is the charge of the
fermion. The eff superscript stands for effective and refers to the fact that the weak mixing
angle can be defined in a number of ways—in this case, through fermion couplings at the
Z. The weak mixing angle sin? #5f can be measured through a variety of techniques at the
Z-pole, but the important measurements can be classified as follows: forward-backward cross
section asymmetries of the Z into final state leptons, AL, forward-backward cross section
asymmetries of the Z into final state quarks, A%y, measurement of the tau polarization,

P,, and measurement of the left-right cross section asymmetry for the production of Z
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Table 2. Qualitative comparison of measurements from different Z-pole
asymmetry experiments.

Property ArLg Al Al P,
Asymmetry 0.16 x P, 0.02 0.11 0.16
Sensitivity to sin® #¢f 7.9 x P, 1.5 5.6 7.9
Fraction of Z decays 0.96 0.12 0.19 0.04
Efficiency x acceptance 0.90 0.8 0.10 0.03
Relative Z sample 1 150 60 200
Beam Polarization Yes No No No
Efficiency x acceptance No Yes Yes Yes
Backgrounds No No Yes Yes
B-Mixing No No Yes No
EW interference correction 2% 100% 5% 2%

particles by polarized electrons on unpolarized positrons, Ay gz. The first three categories of
measurement have been well described in the talk by A. Olchevski [1], so the measurement

types are summarized and a discussion of Ay g follows.

The lepton forward-backward asymmetries, A% 5 at the Z-pole are defined as

l l

op— 0 3

AL, = £ B — S A A . 1

= o = g o

where the asymmetry term for a particular fermion species is given in general by
2vfaf

2 2"

vf t+aj

r= (2)
Similarly, for the quark forward-backward asymmetries A%, at the Z-pole, the simple
definition is

q q
A9 — Op —0Op
FB — —q |, 4

3
- ZAeAq 5 (3)

o+ o%
with the somewhat more arduous task of tagging a final state heavy quark (¢ = b,¢). It is
important to note that for the all of the forward-backward asymmetries, the sensitivity to
sin® 05 comes largely from the lepton factors A.. The sensitivity of the asymmetry factors
to sin® 6 is given roughly by 0.A./ds ~ —7.9, 0A,/ds ~ —0.6, and 0.A./0s ~ —3.4, with
s=sin? O

Obviously, the lepton couplings are most sensitive to sin? 5, the up-type quarks
have modest sensitivity, while the down-type quarks have very little sensitivity to sin? 65
A summary of the experimental sensitivities, as well as some other qualitative comparisons,

is given in Table 2.



The tau polarization measurement is another interesting way to get at the leptonic
couplings. The polarization of the tau as a function of production angle is determined by

the initial and final state couplings of the Z, and is given by

p _ IRTOL _ _AT(1+COSQ(9)+2.A€COS(9 )
T or+tor (14 cos?0)+2A4; A, cosf

so that it is possible to extract both the A, and A, asymmetries in a single measurement.

Finally, there is the left-right asymmetry. Almost embarrassingly simple, it measures
the electron coupling asymmetry directly by just counting the number of Z bosons produced
with left- versus right-handed electron beam, moderated by the degree of polarization of
the electron beam P,,

O —OR

ALR - - 73@'./4@ . (5)

or +O0R
Obviously, a good measure of the electron beam polarization is important, since it scales the

result—a precise, yet inaccurate, measurement of the polarization would be unfortunate!

3 Precision Tests with Polarized Beams at the SLC

The SLC is the worlds first, and only, single pass e™e™ colliding beam facility (linear collider).
A diagram of the SLC is shown in Figure 1. The machine was designed to copiously produce
Z bosons in a low background environment. Because of the experimental nature of the
machine, achieving design luminosity has been a substantial challenge. The SLC machine
was also designed to accommodate polarized electron beams, thus providing a unique tool
for probing the electroweak interaction [8]. The SLC was completed in 1987, and the first
Z bosons produced in eTe™ collisions were observed in the same year by the MARKII
detector. The SLC underwent an extensive commissioning period that saw the retirement
of the MARKII detector in 1990. The new SLD detector replaced the MARKII in 1991,
and began its run with steadily increasing luminosity and greater SLC reliability. In 1992,
the SLC began producing Z bosons with a longitudinally polarized electron beam, and by
the end of the run the SLD experiment had recorded over 10,000 Z events produced with
> 20% polarized electron beam. For the 1993 run, the advent of strained lattice cathodes[?]
resulted in beam polarization in excess of 60% measured at the SLC interaction point, while
increases in machine luminosity allowed the SLD to record over 50,000 Z events produced
with polarized beam. Further development of the strained lattice cathodes has resulted in
beam polarization of ~ 80% at the SLC interaction point. This is an important achievement.
Since the statistical precision of the sin® #$f measurement is sensitive to the square of the
beam polarization, the factor-of-four increase in beam polarization experienced at SLC is

equivalent to a factor of sixteen increase in machine luminosity!
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Figure 1: The layout of the SLC showing polarization related features.
3.1 Polarized Beams at the SLC

For the electroweak asymmetry measurements, it is necessary to know the degree of
longitudinal electron beam polarization as seen by the positrons that produce Z bosons.
In practice, a Compton-scattering based polarimeter is used near the interaction point
(32 meters downstream of the SLC interaction point) to measure beam polarization,
PC [9]. Figure 2 shows a schematic view of the polarimeter. This polarimeter detects
Compton-scattered electrons from the collision of the longitudinally polarized electron beam
with a circularly polarized photon beam; the photon beam is produced from a pulsed
Nd:YAG laser operating at 532 nm. After Compton scattering off of the photon beam,
the electrons pass through a dipole spectrometer; a nine-channel Cerenkov detector then

measures electrons in the range 17 to 30 GeV.
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Figure 2: An overview of the Compton Polarimeter at the SLC.

3.1.1 Polarization Measurement

The counting rates in each Cerenkov channel are measured for parallel and antiparallel
combinations of the photon and electron beam helicities. The asymmetry formed from
these rates is given by

R(——) = R(—<)
R(——) + R(—)

A(E) = = PP Ac(E) (6)

where P, is the circular polarization of the laser beam at the Compton interaction point, and
Ac(E) is the Compton asymmetry function. Measurements of P, are made before and after
the Compton interaction point. By monitoring and correcting for small phase shifts in the
laser transport line, SLD is able to achieve P, = (994 1)%. Figure 3 shows the dependence
of the unpolarized Compton cross section and Compton asymmetry Ac(E) on transverse
distance from the undeflected beamline. Also shown are the nominal acceptances of the nine
Cerenkov channels. The photon energy of the laser beam is E, =2.33 eV, so that with an
electron beam energy of 45.68 GeV, an electron that is fully back-scattered in the cms frame
will have an energy of 17.4 GeV in the lab frame. This places the kinematic endpoint of the

Compton spectrum 17 cm from the undeflected beamline. The Compton asymmetry crosses
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Figure 3: The Compton asymmetry as a function of distance from the undeflected beam
line. Channel acceptances for the Cerenkov detector are also shown.

through zero at an electron energy of 25.2 GeV, corresponding to a transverse position of
11.7 cm from the undeflected beamline. Figure 3 shows that both of these points lie well
within the acceptance of the Cerenkov detector. The detector can thus be fully calibrated
with information provided by the scattering spectrum itself, while a priori knowledge of
the beam and detector position and of the bend strength of the analyzing magnets can
be reserved for a consistency check [10]. Detector resolution effects modify Ac(E). This
effect is about 1% for the Cerenkov channel at the Compton edge. Detector position scans
are used to locate the Compton edge. The position of the zero-asymmetry point is then
used to fit for the spectrometer dipole bend strength. Once the detector energy scale is
calibrated, each Cerenkov channel provides an independent measurement of PC. The beam
polarization is determined using channels 6 and 7, channels 1-5 are used as a cross-check,
and deviations of the measured asymmetry spectrum from the modeled one are reflected in
the interchannel consistency systematic error. Figure 4 shows the good agreement achieved

between the measured and simulated Compton asymmetry spectrum.

Polarimeter data are acquired continually during the operation of the SLC. The
measured beam polarization is typically 61-64%. The absolute statistical precision attained
in a 3-minute interval is typically 6P¢ = 1.0%. Averaged over the 1993 run, the mean beam
polarization is found to be P¢ = (61.9 4 0.8)%. The systematic uncertainties that affect

the polarization measurement are summarized in Table 3.
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Figure 4: Comparison of the measured Compton asymmetry and the theoretical asymmetry,
including the EGS detector response function. The residuals are shown in the inset



Table 3. Systematic uncertainties on the A;r measurement.

Systematic Uncertainty OPe/Pe (%) 0ALr/Arr (%)
Laser polarization 1.0

Detector calibration 0.4

Detector linearity 0.6

Interchannel consistency 0.5

Electronic noise 0.2

Total polarization uncertainty 1.3 1.3
Chromaticity correction (&) 1.1
Total(y) small corrections 0.1
Total systematic uncertainty 1.7

3.1.2 The chromatic effect

The Compton polarimeter measures the average beam polarization over the entire electron
bunch P¢, 32 m from the SLC interaction point. This polarization can differ slightly from
the polarization of the beam that annihilates to produce Z bosons P.. Effects due to beam
disruption of the electron bunch by the positron bunch, or spin rotation due to quadrupoles
between the SLC interaction point and the Compton interaction point, have been shown to
be negligible. However, a chromatic effect at the SLC interaction point is not. Because of
the electron-energy dependent rate of spin precession in the SLC Arc, the off-nominal energy
tails of the beam have a different net longitudinal polarization at the SLC interaction point
than does the core of the beam. In the chromatic effect, off-energy electrons are not well
focused at the SLC interaction point, and thus cannot contribute to luminosity. Therefore,
the polarization of the beam that produces luminosity is different than the total beam
polarization. This implies that the instantaneous polarization at the SLC interaction point
will be a weighted average over number density, luminosity, and polarization as functions

of energy:
> _ In(E) P(E) L(E) dE

Pe = [n(E) L(E) dE (™)

The Compton polarimeter, with its interaction point at a place of low-dispersion downstream
of the SLC interaction point, measures the total beam polarization, which is the same as the

SLC interaction-point polarization in the case where the luminosity is constant with energy,

o _ In(E) P(E) dE

‘ In(B) dE (®)
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The SLD characterizes the difference between the SLC interaction point and Compton
interaction point polarizations with a single parameter £, referred to as the chromaticity
correction,

P. = (1+&) PC. (9)

The size of the chromaticity effect can be estimated from a simple chromaticity model. The

inputs to the model are shown in Figure 5. With the luminosity given by

NT(E) N(E)

LE) = 4 0,(E) oy(E)’

(10)

we see that calculation of the size of the effect requires some knowledge of the spot size
dependence on energy. This is taken from a simple model of the chromatic effects in the
SLC final focus [11]. The other required inputs are the intensity versus energy profile, n(E)
(found by measuring scattered radiation as a thin wire is scanned across the SLC electron
beam at a high dispersion point), and the polarization P(E) versus energy profile (measured
directly by varying the beam energy and monitoring polarization). For the Gaussian core
of the beam AE/E = 0.2%, the model predicts a small effect £ < 0.002. However, n(E)
has a low-energy tail extending to AE/E = 1%, with correspondingly low polarization and
large beam size. With this effect, the size of the chromaticity correction is estimated to be
¢ =0.019 + 0.005.

A more rigorous bound on the size of the chromaticity effect can be made using a
conservative, essentially model-independent estimate based on experimental observations.

The chromaticity correction is rigorously limited by the relation

PGC(AE/E =0) P.
PE ]max [PeC(AE/E = O)Lnax

where SLD determines the upper limit on £ by finding the upper limit on the two polarization

-9 < [ , (11)

ratios defined in this equation. Comparison of the polarization of a monochromatic beam,
PEY(AE/E = 0), versus a normal energy spread beam, P¢, comes from direct measurement.
In special tests, the core width of the electron beam energy distribution was reduced to less
than 0.1% and the low-energy tail was removed by overcompressing the beam in the damping
ring. In this configuration, the Compton polarimeter measures the beam polarization with
spin diffusion made negligible, since the energy spread of the beam has been made negligible.
When compared to the measured polarization during normal beam running, the first of the
two ratios is then
PY(AE/E =0) (65.7 +0.6)
PC ~ (63.15 £ 0.01)

= 1.0438 +0.0005 < 1.0628 (95% C.L.) . (12)

11



Intensity
T

L () |

oy (um)

1.0 —

ol © -

06 B ¢ ¢ ]

04 —

Polarization
|
>
|

I I I I I
0
-20 -15 -10 -05 0 05 10

Energy Offset (%) 7615A11

Figure 5: Three inputs to the luminosity weighted polarization are (a) the intensity versus
energy, n(FE), (b) the spot size as a function of energy, o(FE), and (¢) the polarization versus
energy, P(E).

12



A bound on the second ratio is found by noting that P, must be less than P.(AE/E =
0), and that the ratio is at most unity. The SLD makes a conservative estimate, assuming
that the energy tail of the beam does not contribute to the luminosity weighted polarization
and that all of the polarization comes from the core of the beam. The upper bound on this
ratio is determined by a TURTLE transport simulation of the arc and final focus region, with

the conservative (that is, tending to maximize the ratio) beam parameters listed in Table 4.

Table 4. Beam parameters used in chromatic effect estimate.

Parameter Assumed Limit
0, < 200 prad
orms < 300 prad

€y > 650 pm-rad

€ > 100 pm-rad

OR > 0.15%
P./P.(AE/E = 0) < 0.986

This gives the upper limit

Pe
PC (AE/E = 0)

< 0.986 (95% C.L.) (13)

for the ratio of normal polarization to that which would be seen with a monochromatic
beam. The limit on the chromaticity correction is thus 0 < ¢ < 0.048. The central value is
taken as the correction, and the width as the error, £ = 0.024 4 0.016.

3.2 The Left-Right Asymmetry A;x.
3.2.1 Event selection and analysis

The ete collisions are measured by the SLD detector with a trigger that relies on a
combination of calorimeter and tracking information. In order to maximize the number of
events available for the Ay measurement in the sometimes harsh background environment
of the SLC the event selection is entirely based on the liquid argon calorimeter [14]. The
combined efficiency of the SLD trigger and selection criteria is (93+1)% for hadronic Z
decays. Less than 1% of the sample consists of tau pairs. Muon pair events deposit only small
energy in the calorimeter; they are not included in the sample. The residual background in

the sample is due primarily to beam-related backgrounds and e*e™ final state events. From
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the data, SLD estimates the background fraction due to these sources to be (0.23 £0.10)%.
The background fraction due to cosmic rays and two-photon processes is (0.0240.01)%.

Using the detector, the number (N, Ng) of hadronic and 777~ decays of the Z
boson for each of the two longitudinal polarization states (L,R) of the electron beam is
counted. The electron beam polarization is measured precisely with the polarimeter. The
measurement, does not require knowledge of the absolute luminosity, detector acceptance,

or detector efficiency.

Applying the selection criteria, SLD counts 27,225 (N ) events produced with the
left-polarized electron beam and 22,167 (Ng) were produced with the right-polarized beam.

The measured left-right cross section asymmetry for Z production is
An = (Np— Ng) /(N + Ng) = 0.1024 £ 0.0045 . (14)

The measured asymmetry A,, does not vary significantly as more restrictive criteria
(calorimetric and tracking based) are applied to the sample, and A,, is uniform when binned

by the azimuth and polar angle of the thrust axis.

The measured asymmetry A,, is related to Apr by the following expression, which

incorporates a number of small correction terms in lowest-order approximation,

A, 1

_ fmo - 0'(Eem)
Avw =yt m

_— _— 2 J—
fb(Am Ab) AL +AmA77 Ecm O'(Ecm)

Ag—Ac+ (Pe)Per |, (15)

where (P.) is the mean luminosity-weighted polarization for the 1993 run; f, is the
background fraction; o(FE) is the unpolarized Z cross section at energy E; o'(E) is
the derivative of the cross section with respect to E; P.+ is any longitudinal positron
polarization assumed to have constant helicity [12], and A,, Az, Ap, Ap, and A. are
the left-right asymmetries of the residual background, the integrated luminosity, the
beam polarization, the center-of-mass energy, and the product of detector acceptance and

efficiency, respectively.

The luminosity-weighted average polarization (P,) is estimated from measurements of

P. made when Z events were recorded,

(Pe) = (1+8) Ni %Z: P; = (0.630 +0.011) , (16)

where N is the total number of Z events and P; is the polarization measurement associated
in time with the ith event. The error on (P,) is dominated by the systematic uncertainties

on the polarization measurement and the chromaticity correction, &.
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Table 5. Small corrections to Arg: a comprehensive list of possible sources
of error on the A;r measurement. None are significant.

Correction Parameter | Value (107%) AALr/ALr (%)
Background fraction 1o 23+£10 0.17+0.07
Background asymmetry Ap 310 £ 100

Efficiency asymmetry A, ~ 0 ~ 0
Luminosity asymmetry Ar 0.38 = 0.50 —0.037 £ 0.049
Polarization asymmetry Ap —-33+1 —0.034 £ 0.001
Energy asymmetry Ag 0.0044 0.00085 £ 0.00002
Positron polarization P+ < 0.15 < 0.0009
Total correction 0.10 £ 0.08

The corrections defined in square brackets in Equation (15) are very small; for

completeness, they are shown in Table 5.

Of these corrections, the most significant one is that due to background contamination.
The correction for this is moderated by a non-zero left-right background asymmetry
(Ap = 0.031£0.010) arising from e*e~ final states that remain in the sample. Backgrounds
give a net fractional correction to Apg of (+0.17 4 0.07)%.

The corrections in Equation (15) give a net correction to Ay g of only (+0.10 £ 0.08)%
of the uncorrected value. The contributions to the systematic error are summarized in
Table 3.

3.2.2 Results

Using Equation (15), SLD finds the left-right asymmetry to be
Apr(91.26 GeV) = 0.1628 £ 0.0071 (stat) £ 0.0028 (syst) . (17)

This result is corrected to account for photon exchange and for electroweak interference
that arises from the deviation of the effective eTe™ center-of-mass energy from the Z-pole
energy (including the effect of initial-state radiation). The result for pole asymmetry A9,

and the effective weak mixing angle is
AY = 0.1656 4 0.0071 (stat) & 0.0028 (syst) ,
sin? 055 = 0.2292 =+ 0.0009 (stat) £ 0.0004 (syst) . (18)

The experiment also cites the result of this measurement, combined with their previous

measurement [14] with 10,000 Z bosons at 20% polarization—statistically weak by

15



comparison, for a value of sin? ¢ = 0.2294 4 0.0010, corresponding to the pole asymmetry,
AY p = 0.1637 £+ 0.0075 [15].

4 Conclusions

We note that with this measurement SLD has made the most precise single determination
of sin? @ to date. When considered within the MSM framework, this result predicts
the top mass to be m, = 240730718 GeV, where the first errors are experimental and
the second reflect a range of possible Higgs mass values from 60 to 1000 GeV. This
sin? ¢ determination is smaller by 2.5 standard deviations than a recent LEP average
value 0.2322 + 0.0004 extracted from measurements of the forward-backward asymmetries
of leptonic, hadronic, b-quark, and c-quark final states and those of the polarization of
tau lepton final states (assuming universality of the weak neutral current couplings) [2].
While two to three sigma effects routinely come and go in physics, it will nevertheless be
interesting to watch where the final top mass and electroweak asymmetry averages wind up
in the next few years. The SLD result is contributing substantially towards pulling the top
mass higher than that predicted by the LEP asymmetry measurements alone. With the
SLC now providing 80% polarized electron beam and on the order of 100,000 Z bosons next
year, the SLD experiment should be able to reduce the error on sin® #5 (as determined by

the Apr measurement) by a factor of two.
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