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Abstract 

Precision tests of the electroweak theory in future experiments at 
thee+ e- colliders LEP and SLC are discussed at the ievel of radiative 
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1 Introduction. 

The struct.ure of the electroweak Standard Model as a spontaneously broken gauge theory implies 
that the theoretical prediction of any observable quantity can be calculated to an arbitrary order of 
perturbation theory in terms of a given set of input parameters. For an adequate analysis of the high 
precision experiments feasible at the e+e- colliders LEP and SLC /1,2/ the inclusion of radiative 
corrections becomes indispensible: 

• High precision experiments can test the validity of radiative corrections and therefore test the 
Standard Model at the quantum level. Their verification would be a milestone in establishing 
the Standard Model as a quantized field theory. 

• Possible "new physics" will probably manifest in terms of small deviations from the Standard 
Model predictions which have therefore to be known with high accuracy. New heavy particles 
may contribute through radiative corrections to the relations between the electroweak measurable 
quantities. 

• Radiative corrections can be large, in particular the bremsstrahlung corrections around the Z 
resonance. Their proper treatment in the data analysis is of basic importance for testing the 
non-QED part of the electroweak theory. 

Elertroweak processes between fermions can be described by essentially three parameters, e.g. the 
Sl1(2) and l1(1) coupling constants g2 and g1 , and v, the vacuum expectation mlue of the Higgs field. 
Equivalently, another set can be used where every parameter represents a typical experiment at low 
momentum transfer: 

• the fine structure constant a= 1/137.03604, obtained from Thomson scattering; 

• the Fermi constant G,. = 1.16637 x lo-s GeV- 2 , obtained from the Jllifetime; 

• the mixing angle sin2 11w , obtained from neutrino scattering. 

The relations between these quantities and the masses of the vector bosons Mw ,Mz, as derived 
from the minimal model in lowest order 

1 - M fv / M~ = sin 2 llw 

M~, sin2 11w = 1raj vlzG" 

are in general modified by the inclusion of radiative corrections, depending on the details of a chosen 
renormalization scheme. This will be discussed in Section 2. Moreover, the determination of the 
fermionic couplings to the Z 

IJ- 2Q f sin2 11w 
Vf = 

2 sin llw cos llw 

J3 
a f = c-:-::-'f---:-_ 

2 sin llw cos llw 

from e+ e- data give experimental information in addition to a and G w In Sections 3 and 4 we 
discuss the response of the theoretical e+ e- cross sections and asymmetries to the presence ofradiative 
corrections. 
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2 Parameters and renormalization. 

The Standard model has a certain number of free parameters which are not fixed by the theory. The 
definition of these parameters and their relation to measureable quantities is the duty of a renormal­
ization scheme, which completes the definition of the quantized theory. 

The favoured renormalization scheme in QED is the on-shell scheme with the fermion masses m 1 
and the fine structure const.ant (the on-shell e-e-1 coupling) as input parameters. The most direct and 
natural extension extension to the elec.troweak theory leads to the on-shell (OS) scheme ofSU(2)xU(1) 
/3-6/, which has been widely used for practical applications (see e.g ref's /1,2/). Differences in the 
treatment of field renormalization and in the unphysical sector should disappear in the final relations 
between physical quantities. Here we follow the OS scheme as specified in /5/. 

Starting point is the classical Lagrangian 

( 2. I) 

Lc is the gauge part with the SU(2) and U(1) fields Wand Band the corresponding gauge couplings 
g,, g1; Lu is the Higgs part with the scalar doublet ¢ and the potential parameters 1< 2 , .\; Lrc 
describes the fermion-gauge field interaction with left and right handed fermion fields 1/JL.R, and Lru 
is the Riggs-fermion Yukawa term that induces the fermion masses. 

In the fields and parameters of ( 2.1) the S U {2) xU( I) symmetry of Lc~ is manifestly apparent. 
The physical content, however, becomes more transparent after switching to the "physical" fields and 
pararneters 

w±,Z,-y; e,Mw,llfz,mt. (2.2) 

There is no room for sin 2 01i· as an additional independent quantity. The simplest choice in terms 
of (2.2) that makes the Z--y mixing in (2.1) vanish is 

sin 2 0w=1-M~/Ml (2.3) 

which will be used throughout the forthcoming discussion. 

Since it is convenient to work in a renormalizable gauge ( t 'Hooft-Feynman gauge) the gauge fixing 
term L1;, and the corresponding Fadeev-Popov ghost term L,h have to be added to Lc~ in order to 
obtain the Lagrangian for the quantized theory. Multiplicative field and parameter renormalization 
introduces renonnalization con~tant.s {ii for each field multiplet and Z~ for each free paran1eter in 
the odginal1nanifest synunetric version. These renonnalization constants an~ then determined by the 
renonnalizat ion ("Onditions. 

The renormalization conditions give the parameters in {2.2) the physical meaning which we expect 
them to have. The first class are the OS conditions for the 2-point functions which make the particle 
content of the theory evident: 

Re ==0== I = o, =0=1 = 0 
' z z k2 = Mz w w k2 = ~2 

( 2. 4) 

Re ----o-- -- I = o, ---o---1 = o. 
H H k2 = M 2 f f k 2 = mf 

2 
H 

(The bubbles mean the one-loop contributions together with the counter terms.) 
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The second class defines the electric charge in the Thomson limit and allows to recover the ordinary 
QED as a simple substructure: 

ey 
J.1 

Res(~+~ 
y y y 

( 2. 5) 

= 1 , Res ( _,__ .. +~)= 
etll, 

The results can be summarized in terms of renormalized self energies :Ej in the propagators (where 
j = /,Z,W) 

1 

q'- M 2 + iMf J J J 

_ _, 1 

q'- MJ + :E'(q') (2.6) 

the mixing energy :E'z(q2 ), and the vector and axialvector forrnfactors F{;A(q 2 ) for the Zff, 1ff and 
Wff' vertices. A complete list can be found in /5/. 

The advantages of the OS scheme are obvious: 

• The input parameters have a clear physical meaning and can be measured directly. 

o Except the Higgs and top mass MH, m, all parameters are known. 

• It has a natural separation into "QED corrections" (virtual and real bremsstrahlung) and infrared 
finite "weak corrections". This is of practical importance for the implementation into Monte 
Carlo programs. 

The W mass Mw is not known as precisely as to make the uncertainty in the radiative corrections 
negligible (~Mw = 100 MeV with LEP200). This drawback can easily be overcome by including the 
OS radiative correction to the !I lifetime in eq. (1.2) /3/: 

(2. 7) 

As done in /5,7 /the non-QED correction ~r can be written in terms of the renormalized W self energy 
:E w (which depends on all particle masses of the model) and the sum of vertex, box, and wave function 
renorn1alization contributions: 

r:w(o) a ( 
~ r = --:--:c2;---c + . 2 6 + 

Mw 47rsm llw 

7 - 4 sin2 11w 
• 2 log( cos 2 11w)) 

2 sm llw 
(2. 8) 

The reward of (2. 7) is twofold: 

• It is interesting by itself since it allows a comparison of the Mw - .Mz - sin 2 11w correlation with 
the experimental data. 

• It provides a value for Mw (after specifying the other masses) as well as for sin2 11w, which can 
be used as numerical input for the calculation of other observables of interest. These parameter 
values are given in Table 1 for various Z, Higgs, and top masses. 
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The hadronic QED-type contribution to Dot· can be evaluated with help of a dispersion integral 
over the measured cross section for e+e- ~ hadrons /8/. The analysis of Jegerlehner /9/ leads to 
the result (for 5 flavors, Mz = 93 GeV): 

Dor~:)d,QED = 0.0286 ± 0.0001 

This value has been used as input for Table 1. Other recent determinations of D.rhad /10/ give a 
larger error b(D.r) = 0.0013. A further source of uncertainty is the scheme dependence /11/ yielding 
an additional b(D.r) = 0.0011. 

The variation of sin 2 llw with M H (from 1 Ge V to 1 Te V) of 0.005 matches the present experiment a! 
uncertainty of D. sin2 llw = ±0.005 from neutrino nucleon scattering The strong dependence on a large 
top.1nass can be utilized to derive an upper limit on m, from the experimental values of Mw, Mz 
/12/: m, ::; 185 GeV (1a). Including the information from neutral current neutrino data this limit 
can be improved /13/ : m,::; 200 GeV at 90% confidence level. 

Table 1: W mass and sin 2 11w = sw from eq.(2.7). All masses in GeV. 

MH~1o MH~100 MH~1000 GEV 

MZ MT SH MH SH MH SH MH 

90. 50. 0.2429 78.31 0.2445 78.23 0.2477 78.06 
90. 100. 0.2376 78.59 0. 2392 78.50 0.2425 78.33 
90. 150. 0.2316 78.89 0.2333 78.81 0.2366 78.63 
90. 200. 0.2239 79.29 0.2256 79.20 0.2291 79.02 
90. 230. 0.2181 79.58 0.2199 79.49 0.2235 79.31 

91. 50. 0.2354 79.57 0.2370 79.49 0.2401 79.33 
91. 100. 0.2301 79.85 0.2317 79.77 0.2349 7 9. 6 0 
91. 150. 0.2241 80.16 0.2257 80.07 0.2290 79.90 
91. 200. 0.2164 80.56 0.2181 80.47 0.2215 80.29 
91. 230. 0.2106 80.85 0.2123 80.76 0.2158 80.58 

92. 50. 0. 2283 80.82 0.2298 80.74 0.2329 80.58 
92. 100. 0.2230 81.09 0.2246 81.01 0. 2277 80.85 
92. 150. 0.2170 81.41 0.2186 81.33 0.2218 81.16 
92. 200. 0.2093 81.81 0.2109 81.72 0.2143 81.55 
92. 230. 0.2035 82.11 0.2052 82.b2 0.2086 81.84 

93. 50. 0.2216 82.05 0.2231 81.97 0.2261 81.81 
93. 100. 0.2164 82.33 0.2179 82.25 0.2210 82.08 
93. 150. 0.2103 82.65 0. 2119 82.56 0.2150 82.40 
93. 200. 0.2025 83.05 0.2042 82.97 0. 207 5 82.79 
93. 230. 0.1967 83.35 0.1984 83.27 0.2018 83.09 

94. 50. 0.2153 83.27 0.2167 83.19 0.2197 83.03 
94. 100. 0.2101 83.55 0. 2116 83.47 0.2146 83.30 
94. 150. 0.2039 83.87 0.2055 83.79 0.2086 83.62 
94. 200. 0.1962 84.28 0.1978 84.19 0.2010 84.02 
94. 230. 0.1903 84.58 0.1920 84.50 0.1953 84.32 

95. 50. 0. 2092 84.48 0.2107 84.40 0. 2136 84.24 
95. 100. 0.2041 84.75 0.2056 84.67 0. 2086 84.51 
95. 150. 0.1979 85.08 0.1994 85.00 0.2025 84.84 
95. 200. 0.1901 85.49 0.1917 85.41 0.1949 85.24 
95. 230. 0.1842 85.80 0.1859 85.72 0.1892 85.54 
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3 High energy e+e- processes. 

The two Born diagrams 

yield the differential cross section in lowest order for polarized electron beams (Pi, : degree of 
longitudinal e- polarization) 

with s = (p,_ + Pe+ )2 and 

and 

"" = (1 + 2v;Re(x) + ( v; + a;) 2 ixl 2
) ( 1+ cos 2 11) + (2a;Re(x) + 4v;a;IXI 2 )2 cos (I 

<Ipol = 2v,a,(Re(x) + (v; + a;)IXI2 )(1 + cosll) 2 

x = s/(s- M~ + iMzrz), 

The one-loop corrections to (3.1) can be classified in the following way: 

(3.2) 

• The QED corrections to the photon exchange graph. Also the QED part of the photon vacuum 
polarization is included, although there is no common consensus on that. 

• The QED corrections to the Z exchange graph (full QED corrections depicted in Figure 1) 

• Weak corrections consisting of the propagator and vertex corrections mentioned in Section 2 and 
box diagrams with ZZ and WW exchange. 

The QED corrections /14-16/ include the emission of bremsstrahlung quanta which have to be 
integrated over their allowed phase space to give an inclusive 2-particle cross section: 

Adding to driB the virtual photon corrections yields an infrared finite result. Instead of the IR 
singularity the details of the 1 phase space enter the result. Conventionally an acollinearity cut to the 
outgoing f.l+ f.l- momenta and/or an energy cut to the emitted photon is applied: 

This type of corrections therefore depends on the details of the experiments and is conveniently treated 
by Monte Carlo simulation /15/. The weak corrections /17-21/ are independent of experimental cuts; 
they include the more subtle parts of the theory beyond the tree level. 
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Figure 1: Full QED corrections to e+ e- -~ I'+ It-

HH 
HK 
HH 
HK 

The observables of particular interest for precision electroweak tests are the on-resonance ( s = M~) 
asymmetries: 
- the forward-backward asymmetry 

a for -(]'back 

AFB = for back (J - (J ( 3. 3) 

with 

- the left-right asymmetry (or polarization asynunetry) 

A 
(JL-(JR 

LR = 
(JL +an (3.4) 

where aL,R denotes the integrated cross sections with left and right handed electrons. In lowest order 
the on-resonance asynunetries read: 

A 
....., 2t1e0e 

LR = v; + a.; 
Another interesting quantity is the polarized forward-backward asymmetry in quark pair produc­

tion e+<- -~ qq /22/ 
for back ( /(>r bock) 

A""' - '!...L - (JL - (JR - (JR 
FB - for + bac~· + fn' + back 

a!, aL aR aR 
(3.5) 

which allows a direct measurement of the final state coupling constants. In lowest order this asynunetry 
reads on resonance: 
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Figure 2: 
Dependence of the on~resonance asymmetries 
on sin2 Ow 

For given 1\fz both AFB and ALR depend on sin2 Ow as displayed in Figure 2. The particular 
sensitivity of ALR to sin2 Ow will allow a measurement of this quantity with an error of 0.0004 if an 
accuracy t.ALR = 0.003 is achieved /23/ (from 11• T, quark final states together). Together with the 
determination of 1\fz (t>Mz = 20-50 MeV /1,2/) and the relation sin 2 0w~Mz, eq. (2.7), this will 
provide the most stringent precision test of the electroweak theory. 

Eliminating sin2 Ow by means of (2. 7) leads to the prediction (for fixed Mz) 

The curves for fixed m, (dashed lines) and for fixed MH (full lines) are shown in Figure 3. The weak 
corrections corning from the top and the Higgs, and the expected experimental errors make it possible 
to delimit the allowed mass ranges significantly. Effects of new physics (heavy quark/lepton doublets, 
SUSY sferrnions, ... ) in the Mw-ALR correlation have also been studied /24/; for their experimental 
investigation, however, the knowledge of the top mass would become a necessity. 
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3.2 Bhabha scattering e+e- ____, e+e-

The process of Bhabha scattering is of prime importance in e+ e- collisions since it serves as a reference 
process for luminosity measurements and for clean tests of the electroweak theory. 

The full 0( a) electroweak corrections consisting of the QED corrections (all graphs of Figure 1 
also in the \-channel), s- and \-channel propagator and vertex corrections as outlined in Section 2, and 
finite ZZ, WW box diagrams, have recently been calculated and put into a Monte Carlo generator 
/25/ (see also /26/). Parts of the radiative corrections have also been discussed in earlier work /27 j. 

Figure 4 contains the integrated Bhabha cross section for both final e+, e- within the designed 
angular range (IJ=;n, 180° - O=;n) and no cuts applied to the radiated photon. The bulk of the 
radiative corrections comes from QED. For small angles the continuum like structure of the corrections 
(everywhere positive) dominates; at larger angles the typical resonance behaviour: large negative 
corrections at the peak, large positive corrections (radiative tail) above, becomes more and more 
striking. The weak corrections at s = Mi are only 1 - 2% . 

10,---,---,---,---,---,--~, 

10 

cr-lnbl 

Smln =5° 

30 60 70 

Eo IGeVI 

--

80 90 

0.1 

30 

,, 

9min: 30° 

40 so 60 70 
E0 IGeV) 

Figure 4 : Integrated Bhabha cross section as function of Eo= vs/2 . 
- - - - lowest order 

0( o) corrected 
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3.3 Higher order QED corrections around the Z resonance 

Since the O(a) QED corrections are large around the Z peak (typically -40% ) a careful study of 
the next oFder contributions becomes necessary for precision exporiments like measurements of the 
mass and width of the Z boson. The main source for large negative corrections is the initial state 
bremsstrahlung where both soft and hard photons lead to a reduction of the peak cross section: soft 
photons because of the absence of the ideal elastic process, and hard photons because of the energy 
loss in the resonance propagator. The reduction of the peak height is roughly given by the factor 

2a Mz M 2 

1- - log(-) log(___£_)= 0.6 
1r fz m; 

A partial summation of multiple photon emission consists of exponentiation of the infrared parts 
/14/ or of the leading log terms /28/: 

2a Mz M~ 
1-- log(-) log(-) -~ 

1r fz m~ 

An exact treatment of the 0( a 2 ) initial state QED corrections to the integrated e+ e- ~ Jl+ Jl­

cross section has been performed in /29/. This allows to study the shift in the resonance peak which 
is crucial for the Z mass measurement (Figure 5): the shift of +184 MeV from O(a) is reduced by -88 
MeV due to the 0( a 2 ) contributions. The remaining uncertainty is estimated from 

O(a2
) exponentiated- O(a2

) non exponentiated 

to be 15 MeV. 

1.0r----.----.-----r----.----.----, 

1.5 

:a 1. 0 .: 
b 

0.5 

OL-__ ~ ____ _J ____ -L--~--~L---~ 

910 91.5 930 9l.5 94 0 94.5 95.0 
{ s IGeVI 

Figure 5 : Total cross section for e+e- ~ Jl+ Jl- (from ref 29). 
- · - · - Born approximation 
--- - - - O(a) corrected 

0( a 2 ) corrected 
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i. 

A combination of this higher order initial state radiation with the weak corrections to the boson 
propagators including next order contributions to the Z width /30,31/ yields the theoretical prediction 
for the resonance shape which has the accuracy required for measurements of the Z boson's mass and 
width. Some results from /30/ are listed in Table 2. 

TAB"LE 2: Haxima and half-maxima of the Z-resonance shape in muon-pair 

production for various values of Hi! and mt . HZ. =92GeV, "=0.12 
s 

m HI\ sigmax v's(max) v's(max/2,-) v's(max/2,+) t 
(nb) (GeV) (GeV) (GeV) 

40 100 1. 39 92.094 90.713 93. 774 
60 100 1.47 92.094 90.755 93.723 
90 10 1.48 92.095 90. 7 54 93.726 
90 100 1. 48 92.095 90.753 93.728 

90 1000 1. 4 7 92.094 90.756 93.722 
200 100 1.52 92.097 90.741 93.751 

In general, the QED corrections to toe+ e- processes constitute an obstacle in the physics analysis 
of high precision experiments since they are sensitive to the detector acceptances, to cuts (acollinearity, 
1 energy, ... ), and to higher order contributions. Moreover, the present status of the higher order QED 
corrections is not yet adequate for an accurate analysis of e.g. charge asymmetries in e+ e- ~~ f f. 

The on-resonance left-right asymmetry, however, is practically free of the specific QED problems 
because of its very small QED corrections /16,32/. The high sensitivity of ALR to sin2 Ow makes it a 
unique tool for testing the internal structure of the Standard Model and to search for effects of "new 
physics" beyond the minimal model. 
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4 Radiative corrections with two Higgs doublets 

4.1 General features of 2-doublet models 

As an excunple for n€'w physirs effects in radiative corrections we consider the m.inirnal extension of 
tbe Standard ModeL which has two Higgs douhlets in Stl(2)xU(l) leaving the relation 

1\1~-
p= ---~ =1 

Ill~ cos 2 Ow 

unchanged. The strongest motivation for extending the Higgs sector may come from supersymme­
try. But also non-supersymmetric arguments advocate two Higgs doublets, such as the Peccei-Quinn 
mechallism to solve the strong CP prohlem /33/, and the discussion of CP violation. 

The vacuum expectation values''~> '''of the complex doublets (j = 1, 2) 

.P; = ( <Pj(x) \ 
(v; + ru(:r) + ix;(x))/vlz} 

(4. I) 

induce the masses of the vectorbosons in the following way: 

llfw = ~g,Jvi +vi, Mz = ~Jgf + gi Jvi +vi (4. 2) 

3 of the eight degrees of freedoms of the doublet fields are absorbed in forming the longitudinal 
polarization states of the w±, Z, and 5 remain as physical particles: a pair of charged Higgs bosons 
dJ±, two neutral scalars H 0 , Hh and a single neutral pseudoscalar H 2 . These physical states are 
ohtained by diagonalizing the mass matrix coming from the Higgs potential: 

¢" = -<Pi sin ;3 + <Pi cos ;3 

H 2 = -x1 sin/l + .\ 2 cos/l 

for the charged Higgs and the neutral pseudoscalar, and 

H o = 'II cos o + 1)2 sin a 

H, = -111 sin a+ 7J2 cos a 

for the 2 neutral scalars. The mixing angle ;3 is determined by the v}. v2 : 

tan/l = v1 /v2 

whereas a depends on all parameters of the Higgs potential. 

(4.3a) 

( 4. 3b) 

(4. 4) 

In a non-SUSY 2-Higgs model the angles a,/l and all the physical masses M 0 , M 1 M 2 llf-t+ are 
independent parameters. In the minimal supersymmetric model these quantities are severely constraint 
/35/ : 

M~+ = Mfi. + MJ 

Mg_, = ~ (111~ + Mi ± V(M~ + MJ)'- 4 M~MJ cos 2 2;3) 

M 2 + M 2 

tan(2a) = tan{2p) --2~2 - ~ 
M2 -111z 

(4.5) 

In such a model one of the neutral scalars is always lighter than the Z, whereas M.v > Mw- From 
present c+ c- experiments an experimental lower bound M-t" > 18 Ge V was derived /36/. 

If the n1asses of the Higgs bosons are of the weak boson mass scale or heavier there is little chance 
to produce them directly in the c+c colliders of the next future. Indirect effects, however. may he 
present in the radiative corrections to the Mn·-Mz correlation and in c+c- ~ ff around the Z 
r~sonance. 

11 
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4.2 The vector boson masses 

For the calculation of radiative rorrections to fennionic processes we need as additional input param­
eters only the Higgs masses and the mixing angles o, 13. The renormalization can be performed in the 
OS scherne in analogy to the strategy in the nllnhnal 111odel based on the renorn1alization conditions 
(2.4) and (2,5). For details see ref. 38. 

Application to the I' lifetime yields the analogous relation between Mw and Mz /37,38/ 

1 
(4 0 6) 

1- (L'.r + Ll.r) 

where the minimal radiative correction Ll.r is augmented by the non-standard term 

Ll.r depends on the two mixing angles only in the combination Ia- 131 as long as t•1 and v2 do not 
differ by several orders of magnitude. 

For general mixing in the neutral scalar sector neither H 0 nor H 1 can be identified with the 
"standard" Higgs. Thus, if one of them (say H 0 ) is included in the standard Ll.r it has to be subtracted 
in ~f. 

The numerical solution of ( 4.7) for the standard situation with Ll.r(o, Mw, Mz, MH 
for the 2-doublet case with 

Mo), and 

yields the value for Mw after specifying Mz and the Higgs mass(es) and ( = In- /31. The differences 
are depicted in Figure 6 as functions of the charged Higgs mass (which is assumed to be larger than 
Mw) for various sets of the neutral scalar/pseudoscalar masses M 0 •1• The shaded area corresponds to 
the variation of (between 0 and rr /2. In the case a the result is independent of(. 

1.5 
llMw(GeV) 

10 

05 

100 200 L.OO 500 
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Figure 6: 
Additional Higgs contributions to M11·. 

Mz = 93 GeV, Afo = Mz. 
a) M 1 = M, = Mz 
b) M 1 = 10 GeV. J\12 = Mz 



From present Mw measurements with D.Mw = 1.5 GeV no restrictive bound on the mass splitting 
between the neutral and charged scalar sector can be derived. An accuracy of D.Mw = 100 MeV, as 
expected from LEP 200, can restrict M¢+ < 200 GeV if the neutral Higgs masses are < Mz. 

In the supersymmetric Higgs model the constraints ( 4.5) forbid large neutral-charged mass split­
lings. As a consequence, the deviations from the minimal model remain smaller than the experimental 
uncertainty in Mw. 

4.3 Asymmetries in e+ e- ___, /1+ /1-

In analogy to section 3.1 we calculate the O(a) corrected on-resonance asymmetries AFB, eq. (3.3), 
and ALR, eq. (3.4), in the following way: 

For given(, Mz and Higgs masses the corresponding value for 1\fw resp. sin2 Ow is derived from 
( 4.6). This value is used as input for the calculation of AFB and ALR· Then the Standard Model 
result (with MH = M 0 ) is subtracted yielding the non-standard contributions. These are displayed in 
Figure 7 for the same set of parameters as in Figure 6. The shaded area indicates the variation with 
the mixing angle ( in the neutral Higgs sector. 

The left-right asynunetry shows the best sensitivity to mass splittings. An experimental accuracy 
of D.ALR = ±0.003 can restrict the mass of the charged Higgs boson toM¢+ < 160 GeV if M,, Mz are 
of the order of the Z mass. The unpolarized forward- backward asymmetry is somewhat less restrictive: 
from an experimental D.AFB = ±.002 a constraint on the charged Higgs mass of M¢+ < 200 GeV can 
be obtained. This bound is comparable with that from a W mass measurement with a precision of 
D.Mw = ±100 MeV (see Figure 6). 

Again, for the SUSY Higgs model with the restrictions ( 4.5 ), the absence of large mass splittings 
keeps the deviations from the minimal model below the experimental sensitivity. 

10.,-----,-----,-----,-----, 

100 200 300 400 
M¢ + (GeV) 

500 
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Figure 7a: 
Additional Higgs Contributions to 
ALR on-resonance 
Same parameters as in Figure 6. 
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5 Summary 

Fignre 7h : 
Additional Higgs Contributions to 
AFB on-resonance 
Satne parmneters as in Figure 6. 

Experiments at the c+c- colliders LEP and SLC will determine the mass of the Z boson and the on­
resonance asymmetries AFB and ALR with high accuracy. In connection with the precisely measured I' 
decay constant G" these experiments provide precision tests of the Standard Model after the radiative 
corrections have been taken into account carefully. The largest part of the radiative corrections 
are in general the QED corrections, which demand a treatment beyond the one-loop level. For the 
determination of the Z resonance shape (measurements of mass and width) and for the left-right 
asynunetr~· these corrE'ctions are under control. 

{TncPrtainties in the radiative correction!'i cmne frotn thE' uncertainty in the hadronic contribution 
to the vacuum polarization and from the unknown Higgs and top mass. The error in the theoretical 
predictions induced by the hadronic uncertainty tnat.ches the E'Xperiniental error of the future experi­
ments. The precise measurement of Mz. Mw and ALR will restrict the allowed range of the unknown 
paranwt ('fS 1U H. m 1 in t.he ntininml modd significant l_y. 

Efl'ects from a second Higgs doublet with large mass splitting hetween the charged and neutral 
Higgs hosons are of similar signature as the effects from a heavy top quark. In order to reveal possible 
signals of new phYSics heyond the Standard Model the knowledge of the top mass becomes a necessity. 
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