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Figure 1.6 First example of weak neutral-current process &, + ¢ — ¥, + ¢ observed - L
in heavy-liquid bubble chamber Gargamelle at CERN irradiated with a v, beam ~ & g-
{Hasert et al., 1973). A single electron of energy 400 MeV is projected at a small angle :E ’:@ %
(1.5 £ 1.5°) to the beam, and is identified by bremsstrahlung and pair production ey
along the track (see Chapter 2). About 10° #.’s traverse the chamber in each pulse and Q &

three such events were observed in 1.4 million pictures. (Courtesy CERN.)
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STANDARD MODEL OF EL
Anlditional swmall eifects are includid in the numbers. Vertex
correctinns in Z — &b van be approximated by 4% — AP 4+ o3,
Vo — W (28],

For 3-fermion families the total widths are

[z = 2478 £0.002 (2.504) GeV
Ty = 208 £10.02 GeV . (26)

for m, = 10X (200} GeV. QCD introduces an additional uncertainty
of = 5 MeV in I'z. (Fermion masses have been included in [z).
This is to be compared with the experimental results [20-27): [z =
2487 £ 0.010 GeV and 'y = 2.12 + 0.11 GeV.
Experimental results: Fiis to the Z-line shape yield Mz, 'z, and
the peak {QED-corrected) cross sections

of = 12_; Fgazrﬁ

Mz T%

forete” — ff [20-25]. The values of the principle Z-pole observables
are listed in Table 2, along with the Standard Model predictions for
Mz = 91.173 £ 0.020, m¢ = 150* 22 GeV (for My = 250 GeV), and
50 GeV < My < 1 TeV. The values and predictions of My [26],
Mw /Mz [27], and the Qu for cesium [16,17] are also listed. The
agreement is remarkable. The only hints of a discrepancy are in
Arplb} and Qu, but even these agree at ~ l%on The observables
in Table 2 (including cotrelations or the LEP observables), as well
as all low-energy neutral-current data [§), are used in the global fits
described below. The parameter sin? 8y can be determined from the
Z-pole observables and My, and from a variety of neutral-current
processes spanning a very wide Q? range. The results [5], shown in
Table 3, are in impressive agreement with each other, indicating the
quantitative success of the Standard Mojel.

The best fit to all data yields sin? 8y (Mz) = 0.2337 £ 0.0003
for the weak angle in the M5 scheme for my = 100 GeV and yields
0.2310 & 0.0003 for m; = 200 GeV, both for My = 250 GeV. In
all fits the errors include full statistical, systematic, and theoretical
uncertainties. The result is dominated by Mz, with the error reflecting
both 4Mz (+0.0002) and the low-energy uncertainty of £0.0009 in
Ar (£0.0003). In the on-shell scheme sic?dy is more sensitive to
re [28]. One obtains sin? fy = 0.2315 + 0.0003 {0.2191 + 0.0003) for
my = 100 {200) GeV.

The derived sin® dy is sensitive to the isospin breaking [5] associ-
ated with a large my, as can be seen in Fig. 1. Consistency of the

{27}

0.25

0.22 — My = 250 GeV —

[lllllIII]_|1IJI[III1|JIII

50 100 150 200 250 300
my

Fig. 1. One standard deviation uncertainties in sin? §W as a

function of my, the direct constraint ry > 91 GeV [30], and the
90% CL region in sin® §u' - mg allowad by all data, assuming
My = 250 GeV.
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Table 2. Principal LEP and uother recent nhservables, compared with
the Standard Model predictions for Mz = 91.173 +0.020 GeV, 5 Gey
< My <1 TeV, and the global best At value my = 15072 GeV (for
My = 250 GeV). The LEP averages of the ALEPH [21], DELPHI 122),
L3 [23], and OPAL [24] results include common systematic errors [25].
Ty is the average of Iee, [, and Torp T,y is the width into
hadrons. The invisible width Ty, corresponds to N, = 3.00 £ 0.0%
light neutrino flavors. 54 and Gy are effective leptonic couplings
determined from Apg{u) and T'y (G, is Dot independent). At tree
level, §4 = A% Gy = V®. App(b) 8 corrected for B oscillations,
The second error in Quw (for cesium) is theoretical (17]. In the
Standard Model predictions, the first uncertainty is from M, z and Ar,

while the second is from my and My. There is an additional QCD

error of ~ 5 MeV in I'z and [paq.

Quantity Value Standard Model
Mz (GeV) 91.173 £ 0.020 input

Tz (GeV) 2.487 + 0.010 2.488 + 0.002 + 0.006
Ly (MeV) 830405 83740102
Thag (MeV) 1736 =11 1737 £244

Ty (MeV) 502%9 5012031

7 0.2492 £ 00012 0.2513 & 0:0002 + 0.0004
7 0.0012 + 0.0003 0.0011 = 0  0.0001
P 0.134 £ 0.035 0.136 = 0.003 + 0.006
App(b) 0.126 + 0.022 0.091 £0.002 4 0.004
My (GeV) 80.22 £ 0.26 80.214 0.03£0.16
Mw Mz 0.8798 £0.0028  0.8798 £ 0.0002 + 0.0017
Qw (1617]  -71.04£ 158+ 088 —73.21+0.08 003

sin? fy values derived from the various reactions requires [5) my; < 194
GeV at 00% CL (m; < 201 GeV at 95% CL) for Mg < 1000 GeV.

(Similar limits hold for the mass splittings between fourth-generation
quarks or leptons.}

|When ¢ _is left as a free parameter one obta.in__sl sin? 9"“-1MZ) =
0.2325 + 0.0008 (M5}, or sin®f = 0.225% £ 0.0029 (on-shell), and

@‘)Img = 15075; & 16 GeV.’The sin? By errors include my and My
assuming eV < My < 1 TeV). The central value and first

error in my is for My = 250 GeV, while the second error is from
Mpg. The fits cannot significantly constrain My until my, is known
independently. The sin? # (M) value is in striking agreement with
the prediction 0.233 + 0.003 of grand unified theories based on
the minimal supersvmmetric extension of the Standard Model, but
disagree with the prediction 0.211 + 0.002 of nonsupersymmetric
unified theories.

One can also ‘determine the radiative correction parameters Ar
(Eq. (5)]: one obtains Ar = 0.049 £ 0.009 and A7y = 0.063 = 0.007,
where the error includes m; and Mpy. The data aiso yield a, Mz} =
0.127 £ 0.015 (mainly from [y,,9/T ), in excellent agreement with the
value 0.115 + 0.003 obtained from event shapes and jet studies 31].

Deviations from the Standard Model: The Z-pole, B' mass.
and neutral-current data can be used to search for and set lumits on
deviations from the Standard Model. For example. the relation i
£q. (5) between My- and My is modified if there are Higgs multiplets
with weak isospin > 1/2 with significant vacuum expectation values.
In order to calculate to higher orders in such thecries one must detine
a set of four fundamental rencrmalized parameters. It is convenient to
take these as &, Gp. Mz, and My, since My and Mg are directty
measurable. Then sin?fyy and py can be considered dependent

() Sbseauert FNAL chiscorny o massomont mt = [33.8 £5.2 eV
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24 10. Electroweak model and constraints on new physics

One can also carry out a fit to the indirect data alone, i.e., without including the value,
mg = 174.3 £ 5.1 GeV, observed directly by CDF and D@. (The indirect prediction is for
the MS mass, () = 158.7"_'?:% GeV, which is in the end converted to the pole mass
using a BLM optimized [113] version of the two-loop perturbative QCD formula [114];
this should correspond approximately to the kinematic mass extracted from the collider
events.) One obtains m; = 168.21‘?“2 GeV, with little change in the sin? fw and oy
values, in remarkable agreement with the direct CDF/D@ value. The central My value
of this fit (see the third line of Table 10.5) is below the direct lower bound; keeping
My = 100 GeV fixed results in m; = 172.2 + 4.0 GeV in even better agreement. The
relations between My and my for various observables are shown in Fig. 10.1.
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Figure 10.1: One-standard-deviation (39.35%) uncertainties in My as a function
of my for various inputs, and the 90% CL region (Ax? = 4.605) allowed by all data.
as(Mz) = 0.120 is assumed except for the fit to all data. The 95% direct lower
limit from LEP 2 is also shown.

Using o(Mz) and ‘s“zz as inputs, one can predict a;{Mjz) assuming grand unification.
One predicts [115] as(Mz) = 0.130 £ 0.001 + 0.01 for the simplest theories based on
the minimal supersymmetric extension of the Standard Model, where the first (second)
uncertainty is from the inputs (thresholds). This is slightly larger, but consistent with
the experimental o5(Mz) = 0.1192 + 0.0028 from the Z lineshape, and with the world
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