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1. Introduction

By the present high precision experiments stringent tests on the stan-
dard model of electroweak and strong interactions are imposed. Impressive
achievements have been made in the determination of the Z boson param-
eters [1], the W mass [2], and the confirmation of the top quark at the
Tevatron {3, 4] with mass m; = 175+ 6 GeV, but so far direct experimental
evidence for the Higgs boson is still lacking.

Also a sizeable amount of theoretical work has contributed over the last
few years to a steadily rising improvement of the standard model predictions
(for a review see Ref. [5]). The availability of both highly accurate measure-
ments and theoretical predictions provides tests of the quantum structure
of the standard model thereby probing the empirically yet unknown Higgs
particle via its contribution to the electroweak radiative corrections.

The lack of direct signals from “new physics” makes the high preci-
sion experiments also a powerful tool for getting indirect information about
extensions of the minimal model. Among those, the minimal supersymmet-
ric standard model (MSSM) is the most predictive framework allowing a
similarly complete calculation of electroweak precision observables as the
standard model.

* Presented at the XXXVI Cracow School of Theoretical Physics, Zakopane, Poland,
June 1-11, 1996.
(3685)
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The first part of these lectures covers the present predictions of the stan-
dard model and their accuracy, and infers indirect information on the Higgs
mass from the recent experimental data. In the second part an equivalent
analysis of the electroweak data in the MSSM is presented.

2. Theoretical basis
2.1. Radiative corrections in the standard model

The possibility of performing precision tests is based on the formulation
of the standard model as a renormalizable quantum field theory preserving
its predictive power beyond tree level calculations. With the experimental
accuracy being sensitive to the loop induced quantum effects, also the Higgs
sector of the standard model is probed. The higher order terms induce the
sensitivity of electroweak observables to the top and Higgs mass m;, My
and to the strong coupling constant <, which are not present at the tree
level.

Before one can make predictions from the theory, a set of independent
parameters has to be taken from experiment. For practical calculations the
physical input quantities o, G,,, Mz, my, Mpy; «, are commonly used
for fixing the free parameters of the standard model. Differences between
various schemes are formally of higher order than the one under considera-
tion. The study of the scheme dependence of the perturbative results. after
improvement by resumming the leading terms, allows us to estimate the
missing higher order contributions.

Two fermion induced large loop effects in electroweak observables de-
serve a special discussion:

e The light fermionic content of the subtracted photon vacuum polariza-
tion corresponds to a QED induced shift in the electromagnetic fine
structure constant. The recent update of the evaluation of the light
quark content [6, 7] yield the result

(Aq)hag = 0.0280 £ 0.0007 . (1)

Other determinations [8] agree within one standard deviation. To-
gether with the leptonic content, Aa can be resummed resulting in an
effective fine structure constant at the Z mass scale:

o 1

2
- - . 2
(Mz) = TTAG = T98.89 £ 0.09 (2)

e The electroweak mixing angle is related to the vector boson masses by

My, | M}
gt = s tanbo ko, ()
Z

sin6=1-
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where the main contribution to the higher order quantity Ap is from
the (¢, b) doublet [9], in 1-loop and neglecting my given by:
_ Gum}
T 8122
Higher order irreducible contributions have become available, modify-
ing Ap according to

Ap =3z -[1+2:p* + & qop) - ()

The electroweak 2-loop part [10, 11} is described by the function
p'2 (Mg /m;) derived in [11] for general Higgs masses. & qcp is the
QCD correction to the leading G,m? term [12. 13]

AP(I) =3y, 2 (4)

oo pso ot et

The Higgs contribution to p is only logarithmic for large Higgs masses.

2.2. The vector boson masses

The correlation between the masses My, Mz of the vector bosons in
terms of the Fermi constant G, in 1-loop order is given by [14]:

G T
7‘21 = W[l + Ar(a, Mw, Mz, Mg, my)] . (7)
ww
The decomposition
2
cé -
Ar = Ao — ;?‘ Ap(l) + (Ar)remainder- (8)
w

separates the leading fermionic contributions Aa and Ap. All other terms
are collected in the (Ar)iemainders the typical size of which is of the order
~ 0.01.

The presence of large terms in Ar requires the consideration of higher
than 1-loop effects. The modification of Eq. (7) according to
1
(1 - AO/) : (1 + %Ap) - (Ar)remaindcr
1
1-Ar

accommodates the following higher order terms (Ar in the denominator is
an effective correction including higher orders):

14+ Ar —

i

(9)
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e The leading log resummation [15] of Aa: 14 Aa — (1 — Aa)™!

e The resummation of the leading m? contribution [16] in terms of Ap in
Eq. (5). Beyond the G, m?a, approximation through the p-parameter,
the complete O(aq,) corrections to the self energies are available from
perturbative calculations [17] and by means of dispersion relations [18].

e The recently calculated electroweak 2-loop terms of order G, m?M% as
part of the remainder [23].

e With the quantity (Ar)remainder in the denominator non-leading higher
order terms containing mass singularities of the type a?log(Mz/my)
from light fermions are also incorporated [19].

2.3. Z boson observables

With Mz as a precise input parameter, the predictions for the partial
widths as well as for the asymmetries can conveniently be calculated in terms
of effective neutral current coupling constants for the various fermions. The
effective couplings follow from the set of 1-loop diagrams without virtual
photons, the non-QED or weak corrections. These weak corrections can
be written in terms of fermion-dependent overall normalizations p; and
effective mixing angles sf{ in the NC vertices:

1/2

JNC = (\/§G“M§) (98 v — 9% 175) (10)
1/2

= (\/iGuMgpf) ((I:{ - 2Qf5})')’u - 13{%75) .

ps and sfe contain universal parts (i.e. independent of the fermion species)
and non-universal parts which explicitly depend on the type of the exter-
nal fermions. The universal parts arise from the self-energies and contain
the Higgs mass dependence. The Higgs contributions to the non-universal
vertex corrections are suppressed by the small Yukawa couplings. In their
leading terms, incorporating also the next order, the parameters are given
by

1

T 1-Ap

with Ap from Eq. (6). For the leptonic s
G,.m?M?% has become available [23)].

For the b quark, also the non-universal parts have a strong dependence on
m; resulting from virtual top quarks in the vertex corrections. The difference
between the d and b couplings can be parametrized in the following way

P 4oy s}:s%v-i-c%VAp—f‘-“ (11)

2

Z, the 2-loop contribution ~

e = pa(l+ ‘r)2, sf = 33(1 + 7')"1 (12)
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with the quantity
r=ArW 4 Ar®) 4 Ar(e)

calculated perturbatively, at the present level comprising: the complete 1-
loop order term [24] with z, from Eq. (5):

G.MZ%
6m2/2

the leading electroweak 2-loop contribution of O(GZmj) (11, 25]

AT = 9,

m
(G +Dlog 17+ -+, (13)

AT = 22272 (14)

where 7(?) is a function of My /m, with 7(2) =9 — x2/3 for My < my; the
QCD corrections to the leading term of O(a;G,m?) [26]

Ares) =94,. 2.1
3

and the O(a;) correction to the log m;/Mw term in (17}, with a numerically
very small coefficient [27].

(15)

Asymmetries and mizing angles: The effective mixing angles are of par-
ticular interest since they determine the on-resonance asymmetries via the
combinations

2g9.9%
P ECS TR (16)
(gv)% + (94)?

Measurements of the asymmetries hence are measurements of the ratios

9v/9h =1-2Q;s (17)

or of the effective mixing angles, respectively.

Ap =

The measurable quantities are:
— the forward backward asymmetries in ete™ — ff:

Arp = %Ae <Ay
— the left-right asymmetry:
ALr = A
— the 7 polarization in ete™ — 7+77 :

P=A,.
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Z width and partial widths: The total Z width 'y can be calculated es-
sentially as the sum over the fermionic partial decay widths

rz=Y.TIy+-, Iy=I(Z-ff). (18)
f

The dots indicate other decay channels which, however, are not significant.
The fermionic partial widths, when expressed in terms of the effective cou-
pling constants read up to 2nd order in the fermion masses:

fy2 £y2 6m3 2 3o f
Iy =To [ (9¢)° + (92)°(1 = =) | - (1+QF =) + Algep
1MZ 4
with 5
Iy = Né [—2%‘—&, Né =1 (leptons), = 3 (quarks)
™

and the QCD corrections AFéCD for quark final states [20]. The QCD
correction for the light quarks with m, ~ 0 is given by

Al{ep = To ((9])? + (6)?) - Kqen (19)
with [28]
2 3 2 )
Kqcp = % +1.41 (%f) ~12.8 <9§F) - 94—”;0; .

For b quarks the QCD corrections are different due to finite b mass terms
and to top quark dependent 2-loop diagrams for the axial part:

ATdep = ATdcp + To[(0)? Rv + (64)? Ra) - (20)
The coefficients in the perturbative expansions

O

Qg 7 o
Ry = CY?+C§(7F)2+C§/(?)3+"',

Ra

49 A% \2
C-—— C — -
1ﬂ.+ 2(7r) +

depending on m; and my, are calculated up to third order in the vector and
up to second order in the axial part [29].



Precision Tests of the Standard Model and of the Minimal... 3691

2.4. Accuracy of the standard model predictions

For a discussion of the theoretical reliability of the standard model pre-
dictions one has to consider the various sources contributing to their uncer-
tainties:

The experimental error of the hadronic contribution to (M%), Eq. (2),
leads to §Mw = 13 MeV in the W mass prediction, and &sin? 6 = 0.00023
common to all of the mixing angles, which matches with the experimental
precision.

The uncertainties from the QCD contributions, besides the 3 MeV in
the hadronic Z width, can essentially be traced back to those in the top
quark loops for the p-parameter. They can be combined into the following
errors {21]:

§(Ap) ~1.5-107* 852 ~ 0.0001

for my; = 175 GeV.
TABLE I

Largest half-differences among central values (A.) and among maximal and mini-
mal predictions (Ag) for m, = 175GeV, 60 GeV < My < 1TeV, as(M2) =0.125
(from Ref. {22})

Observable O AO A0

Mw (GeV) 45x107% 1.6x107?
T. (MeV) 1.3x 1072 3.1x 1072

'z (MeV) 0.2 1.4
52 55x 1075 1.4x10™%
53 50x107% 1.5x10~*
Rhad 4.0x 1072 9.0x 1073
Ry 6.5x 1075 1.7x 1074
R. 2.0x107% 45x 1073
ched (nb) 7.0x 1073 85x 1073
AL g 9.3x107% 22x 104
A%p 3.0x107* 7.4x107*
%B 2.3x107* 5.7 x 10"
Arp 4.2x%x10"% 87 x 104

The size of unknown higher order contributions can be estimated by
different treatments of non-leading terms of higher order in the implemen-
tation of radiative corrections in electroweak observables (‘options’) and by
investigations of the scheme dependence. Explicit comparisons between the
results of 5 different computer codes based on on-shell and MS calcula-
tions for the Z resonance observables are documented in the “Electroweak
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Working Group Report” [22] in Ref. [5]. Table 1 shows the uncertainty in a
selected set of precision observables. Quite recently (not included in Table
I) the non-leading 2-loop corrections ~ GZm?M% have been calculated [23]
for Ar and s7. They reduce the uncertainty in Mw and s? considerably, by
about a factor 0.2.

3. Standard model and precision data

In Table II the standard model predictions for Z pole observables and
the W mass are put together for a light and a heavy Higgs particle with
m; = 175 GeV. The last column is the variation of the prediction according
to Am; = £6 GeV. The input value o, = 0.123 is the one from QCD
observables at the Z peak [30]. Not included are the uncertainties from
da, = 0.006, which amount to 3 MeV for the hadronic Z width. The
experimental results on the Z observables are from combined LEP and SLD
data. p; and s} are the leptonic neutral current couplings in Eq. (10),
derived from partial widths and asymmetries under the assumption of lepton
universality. The table illustrates the sensitivity of the various quantities
to the Higgs mass. The effective mixing angle turns out to be the most
sensitive observable, where both the experimental error and the uncertainty
from m; are small compared to the variation with Mpy. Since a light Higgs
boson goes along with a low value of s2, the strongest upper bound on Mg
is from App at the SLC [31], whereas LEP data alone allow to accommodate
also a relatively heavy Higgs (see figure 1). Further constraints on My are
to be expected in the future from more precise My measurements at LEP 2.

TABLE 1I

Precision observables: experimental results [1] and standard model predictions.

observable exp. (1996) Mg =65 GeV My =1TeV Amy
Mz (GeV) 01.1863 £ 0.0020 input input

I'z (GeV) 2.4946 £+ 0.0027 2.5015 2.4923 +0.0015
o84 (nb) 41.508 + 0.056 41.441 41.448 +0.003
Thad/Te = Re  20.778 +£0.029 20.798 20.770 +0.002
I't/Thaq = Ry 0.2178 4 0.0011 0.2156 0.2157 4+0.0002
I'e/Thag = R, 0.1715 3 0.0056 0.1724 0.1723 40.0001
Ap 0.867 4+ 0.022 0.9350 0.9340 +0.0001
pr 1.0043 £ 0.0014 1.0056 1.0036 40.0006
s2 0.23165 £ 0.00024 0.23115 0.23265 +0.0002

Mw (GeV) 80.356 £ 0.125 80.414 80.216 +0.038
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Fig. 1. Dependence of the leptonic mixing angle on the Higgs mass. The theoretical
predictions correspond to m; = 1752 6 GeV. The SLD [31] (0.23061 & 0.00047)
and LEP [1] (0.23200 & 0.00027) measurements are separately shown. The star 1s
the result of a combined fit to LEP and SLD data, the squares are for separate fits
(from Ref. [33]).

Besides the direct measurement of the W mass, the quantity s§ resp. the
ratio Mw /M is indirectly measured in deep-inelastic neutrino scattering,
in particular in the NC/CC neutrino cross section ratio for isoscalar targets.
The world average [1] from CCFR, CDHS and CHARM, including the new
CCFR result [32]

sk =1— M3 /M% = 0.2244 + 0.0044

is fully consistent with the direct vector boson mass measurements.

Standard model fits and Higgs mass range: Assuming the validity of the
standard model a global fit to all electroweak results from LEP, SLD, Mw,
vN and my, allows to derive information on the allowed range for the Higgs
mass.

Although the Higgs mass dependence of the electroweak parameters is
only logarithmic, the already quite accurate value for m; leads to some
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Fig. 2. Dependence of Ax? = x? — x?2,;,, on the Higgs mass (from Ref. [33]).

sensitivity to My. The Higgs mass dependence of the y? of an overall fit
is shown in figure 2 [33]. As one can see, the impact of Ry, which is on the
way to the standard model value, is only marginal whereas Arp is decisive
for a restrictive upper bound for My. From the fit one obtains [1, 33]:

My = 149%38GeV, My < 450GeV(95%C.L.).

Similar results have been obtained in [35, 36] (updated from [37]). Without
ALR, the 95% C.L upper bound is shifted upwards by about 260 GeV.

These numbers do not yet include the theoretical uncertainties of the stan-
dard model predictions. The LEP-EWWAG [1, 34] has performed a study of
the influence of the various ‘options’ discussed in section 2.4 on the bounds
for the Higgs mass with the result that the 95% C.L. upper bound is shifted
by +100 GeV to higher values. It has to be kept in mind, however, that
this error estimate is based on the uncertainties as given in Table I. Since
the recent improvement in the theoretical prediction [23] is going to reduce
the theoretical uncertainty especially in the effective mixing angle one may
expect also a significant smaller theoretical error on the Higgs mass bounds
once the 2-loop terms ~ Gﬁm?M% are implemented in the codes used for
the fits. At the present stage the codes are without the new terms.
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4. Precision tests of the MSSM
4.1. MSSM entries

The MSSM deserves a special discussion as the most predictive frame-
work beyond the minimal model. Its structure allows a similarly com-
plete calculation of the electroweak precision observables as in the stan-
dard model in terms of one Higgs mass (usually taken as My) and tan§ =
vy/v1, together with the set of SUSY soft breaking parameters fixing the
chargino/neutralino and scalar fermion sectors. It has been known since
quite some time [38] that light non-standard Higgs bosons as well as light
stop and charginos predict larger values for the ratio R [39, 41] (see figures
3, 4). Complete 1-loop calculations are available for Ar [40] and for the Z
boson observables [41].

0.218

Fig. 3. R, in the light stop-chargino plane. tan 8 = 1.6 [33].
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Fig. 4. Ry in the pseudoscalar Higgs-chargino plane tan 8 = 34 [33].

Higgs sector: The scalar sector of the MSSM is completely determined by
the value of tan 3 = ve/v; and the pseudoscalar mass My, together with the
radiative corrections. The latter ones are taken into account in terms of the
effective potential approximation with the leading terms ~ mj. including
the mixing in the scalar top system [42]. In this way, the coupling constants
of the various Higgs particles to gauge bosons and fermions can be taken
over from [43] substituting only the scalar mixing angle o by the improved
effective mixing angle which is obtained from the diagonalization of the

scalar mass matrix.
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Sfermion sector: The physical masses of squarks and sleptons are given by
the eigenvalues of the 2 X 2 mass matrix:

_ A/I% +m; + ]\«I%(Ig — Qssh)cos28 my(Ay + p{cot 8, tan 8})
my(Ay + p{cot 3,tan £}) }W{%,D} + m? + M2Qys% cos2p
(21)
with SUSY soft breaking parameters Mg, My, Mp, Ay, and p. It is con-
venient to use the following notation for the off-diagonal entries in Eq. (21):

Al = Ag + p{cot 3, tan 8} . (22)

Scalar neutrinos appear only as left-handed mass eigenstates. Up and down
type sfermions in (21) are distinguished by setting f = u,d and the {u,d}
entries in the parenthesis. Since the non-diagonal terms are proportional to
my, it seems natural to assume unmixed sfermions for the lepton and quark
case except for the scalar top sector. The ¢ mass matrix is diagonalized
by a rotation matrix with a mixing angle ®mix. Instead of My, My, Mp,

2
f

A} for the b, { system the physical squark masses m; ,m; , m; can be
L’ bR 2
used together with A} or, alternatively, the stop mixing angle ®;c. For
simplicity we assume my, = my o, and 4, d, ¢, § to have masses equal to the
b squark mass.
A possible mass splitting between br-ir yields a contribution to the
p-parameter p = 1+ Ap in terms of !

2,2 2

, 3G m? m? m;

o b 2 2 L__*L L
Ap; ;= 372\/3 (mbL +mi, 2mg — log 2 . (23)

L

As a universal loop contribution, it enters the quantity Ar and the Z bo-
son couplings through the relations (8) and (11) and is thus significantly
constrained by the data on My and the leptonic widths.

Chargino/Neutralino sector: The chargino (neutralino) masses and the
mixing angles in the gaugino couplings are calculated from soft breaking
parameters M;, M and g in the chargino (neutralino) mass matrix [43].
For practical calculations, the GUT relation M; = 5/3 tan? 8y M, is con-
ventionally assumed.

The chargino 2 X 2 mass matrix is given by

[ M Mw+/2sin
M)Zi = ( MW\/§COS,B —u ) 3 (24)

' The superscript Ap® indicates that no left-right mixing is included.
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with the SUSY soft breaking parameters p and M in the diagonal matrix
elements. The physical chargino mass states )ﬁt are the rotated wino and
charged Higgsino states:

Xt o= Vigy!

%= Ugdy ; i5=1,2. (25)
V;; and U;; are unitary chargino mixing matrices obtained from the diago-
nalization of the mass matrix Eq. (24):

U*M)#V_l = dia’g(mif’ m)zzi) . (26)

The neutralino 4 x 4 mass matrix can be written as:

M, 0 —Mgsinfw cos§ Mz sinfy sin 3
Meoo= 0 M, Mz cos By cos 8 —Mz cos Gw sin 3
X°=| -~ My sin By cos 8 My cos Oy cos 8 0 7
Mzsinfwsin3 —Myzcos8w sin 5 I 0
(27)

where the diagonalization can -be obtained by the unitary matrix N;;:
N"‘./\/t,zoN_1 = dia,g(mi?) . (28)

The elements U;;, V;;, N;; of the diagonalization matrices enter the couplings
of the charginos, neutralinos and sfermions to fermions and gauge bosons, as
explicitly given in Ref. [43]. Note that our sign convention on the parameter
i is opposite to that of Ref. [43].

4.2. MSSM global fits

For obtaining the optimized SUSY parameter set a global fit to all the
electroweak precision data, including the top mass measurement, has been
performed [33] with the new data. The essential features are: The difference
between the experimental and the SM value of Ry can now be fully explained
by the MSSM. Other quantities are practically unchanged. In total, the x?2
of the fit is slightly better than in the standard model, but due to the larger
numbers of parameters, the probability for the standard model is higher. A
similar situations occurs for large tan 8 with light Higgs bosons h°, A® not
far above 50 GeV.

In order to obtain the best MSSM fits the precision data in Table IV were
taken into account together with the error correlations, the measurement of
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Mass limits assumed for the optimized fits

experimental limits

X > 65 GeV
1,2

X2 > 13 GeV

X3 > 35 GeV

myo > 60 GeV

FZ—}ﬂeutralinos < 2 MeV

My, , > 48 GeV

mu,myg,ma,mgz > 50 GeV

3699

TABLE III

TABLE 1V

Measurements(1] and the predicted results of the fits with minimum X2 (Ref. [33]). The
pulls are defined by (measurement - predicted value) / error of the measurement.

Symbol measurement best fit observables
SM MSSM

tan J and pull 1.6 pull 34 pull
pull

Mz [GeV] 91.1863 £ 0.0020 | 91.1861 0.08 91.1863 0.00 91.1863 0.00
I'z [GeV] 2.4946 &+ 0.0027 2.4959  -0.49 2.4946 0.00 2.4939 0.24
o [nb] 41.508 + 0.056 41.466 0.75 41.4607 0.84 41.449 1.06
R. 20.778 £+ 0.029 20.756 0.74 20.7690 0.31 20.772 0.21
AIFB 0.0174 £ 0.0010 0.0159 1.48 0.0162 1.22 0.0161 1.25
Ry 0.2178 £ 0.0011 0.2158 1.75 0.2173 0.42 0.2167 0.96
R. 0.1715 £ 0.0056 0.1723 -0.14 0.1707 0.14 0.1709 0.12
AI;,B 0.0979 £ 0.0023 0.1020 -1.77 0.1030 -2.22 0.1030 -2.19
A%p 0.0735 £ 0.0048 0.0729 0.12 0.0736 -0.01 0.0735 0.01
Ag 0.863 % 0.049 0.533 -1.45 0.935 -1.49 0.936 -1.50
Ae 0.625 + 0.084 0.667 -0.50 0.668 -0.51 0.668 -0.51
Ar 0.1401 =+ 0.0067 0.1457 -0.83 0.1469 -1.01 0.1464 -0.95
Ae 0.1382 £ 0.0076 0.1457  -0.99 0.1469 -1.14 0.1467 -1.12
sin? 0.(Q rg) 0.2320 &£ 0.0010 0.2317 0.31 0.2315 0.46 0.2316 0.44
My [GeV] 80.356 £ 0.125 80.353 0.03 80.401 -0.36 80.425 -0.55
l—jﬁzfsv/M% 0.2244 £ 0.0042 0.2235 0.21 0.2226 0.44 0.2221 0.55
m¢ [GeV) 175 £ 6. 172.2 0.46 172.3 0.46 171.9 0.514
sin? 8.{ALR) 0.23061% 0.00047 0.2317 -2.16 0.2315 -1.86 0.2316 -1.89
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TABLE V
Values of the fitted parameters (upper part) and corresponding mass spectrum
(lower part). The errors on the parameters are parabolic ones. On the right hand
side the results of the optimization for high tan 8 are given. In this case tan g
was left free and resulted in tan # &~ 34. The dashes indicate irrelevant parameters
which were chosen high. (From [33]).

Fitted SUSY parameters and masses

Symbol tanB3=1.6 tan 8 = 34
b — sv inc.
m[GeV] 17245 17245
a, 0.116 £0.005 0.1190+0.005
M>[GeV] 1161136 -
p[GeV) 61151 1124386
mg, [GeV] 49158 238+473
Omiz -0.184-0.08 0.05+0.06
m4[GeV] - 50+5
Particle Spectrum
m;, [GeV] ~ 1 TeV
m;, [GeV] . 49 238
mg[GeV] 1 TeV
m;[GeV] 0.5 TeV
m [GeV] 151 1504
m [GeV] 85 112
Mo [GeV] 55 109
M [GeV] 66 115
mo [GeV] 101 716
Mmoo [GeV] 152 1504
my[GeV] 109 50
mp [GeV] & 1.5 TeV 115
ma[GeV] 1.5 TeV 50
my=[GeV] 1.5 TeV 122
My [GeV] 80.401 80.425
B /10~ 2.42 2.33
x%/d.o.f. 16.1/12 17.7/11

Probability 19% 9%
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the branching ratio BR(b — sv) by CLEO [46], and the experimental limits
on the masses of non-standard particles from LEP and Tevatron [47, 48], as
given in Table III. The calculation of the total decay width of the Z boson
into neutralinos is based on Ref. [44], the calculation of the ratio b — sy on
Ref. [45].

Ry increases with decreasing tan 3, but the b — sy rate becomes too
small if tan 3 is near one. With b — sv included in the fit and a free tan 3,
the preferred value of tan 3 was either around 1.6 or 34.

The fit results for these values of tan 3 are given in Table V and the
predicted values of all observables with their pulls have been summarized in
Table IV. Note that the MSSM prediction of the W-boson mass is always
higher than the Standard Model one, but the values of the strong coupling
constant and the top mass are very similar in the MSSM:

as(Mz) =0.116 + 0.005
my =172+ 5 GeV.

These values are for the low tan 3 scenario. For high tan 3 the same values
are obtained, except for a; = 0.119 £ 0.005 in that case. The remaining
parameters are given in Table V. The Higgs mass is not an independent
parameter in the MSSM, since the couplings in the Higgs potential are
gauge couplings, which limit the mass of the lightest Higgs to a rather
narrow range[49]. The high tan 8 scenario needs a light pseudoscalar Higgs
mass, practically degenerate with the light scalar mass.

For the best solutions the gluino mass was fixed to 1500 GeV, the 7
mass to 500 GeV and the sbottom mass to 1000 GeV in both the low and
the high tan g scenario, since they are less sensitive to the LEP observables
and therefore cannot be fitted. Their influence was studied by fixing them
to different values and repeating the fits again. First the low tan 3 scenario
will be discussed. A variation of the gluino mass from 200 GeV up to
2000 GeV did not change the best obtainable x?, varying the 7 mass in the
same range changed the y? less than 0.2. Furthermore, the best obtainable
x* changed less than 0.2 when varying the sbottom mass and pseudoscalar
Higgs mass from 800 GeV to 2000 GeV. For values of these two parameters
below 800 GeV the x? increased significantly, mainly because the prediction
of Ry became too small.

Within the high tan 38 scenario no significant change of the global x? was
detected when the gluino mass was varied between 200 GeV and 2000 GeV,
but the 7 mass was somewhat more sensitive. A variation of this parameter
between 300 GeV and 700 GeV changed the global x? less than 0.2, but
if it was chosen higher than 1000 GeV the x? increased up to 1.6 units,
mainly because the prediction of A, became worse. The sbottom mass was
varied between 800 GeV and 2000 GeV. As in the low tan /3 case there was
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no dependence on this parameter if it was chosen heavy, but for low values
M, was fixed at 1500 GeV. A
variation between 1000 GeV and 2000 GeV changed the best reachable x?
less than 0.2, for smaller values the global x? increased up to one unit. Note

the preferred top mass became too small.

that tan 8 was left as a free parameter in this case.

To check the influence of the assumptions on
GUT relation M; = 5/3tan? 8w M, was dropped

Data/ MSSM
Data / S

M, for the best fits, the
and the fit was repeated
with a free M), but this did not improve the best obtainable x? significantly.
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A direct comparison to the Standard Model fits is shown in figure 5 for
tan 8 = 1.6; a very similar plot is obtained for tan 8 = 34. The resulting
Standard Model x2/d.o.f. = 18.5/15 corresponds to a probability of 24%,
the MSSM fits correspond to probabilities of 19% (tan 8 = 1.6, x?/d.o.f. =
16.1/12) and 9% (tan3=34, x%/d.o.f. = 17.7/11). In counting the d.o.f
the insensitive (and fixed) parameters were ignored. Although the global
x? of the fits can be improved and the remaining discrepancy in R, can
be fully explained if Supersymmetry is assumed, both the high and the
low tan 3 scenario have a lower probability than the SM, because of the
larger number of free parameters in MSSM. Therefore, from the point of
view of electroweak precision measurements there is no compelling need for
Supersymmetrie, in agreement with results from Ref. [35].

Another interesting point is the fitted value of a;(Mz). In previous anal-
ysis with the high values of Ry as(Mz) in the MSSM (= 0.11) was always
significantly smaller than the SM value (0.123+0.005[48]), which supported
the low energy values from deep inelastic scattering (DIS) (0.11240.005[48])
and lattice calculations of the heavy quark splittings (0.110 £ 0.006[48]).
However, the discrepancies between the low energy a; values and the LEP
data have practically disappeared at the Warsaw Conference [50]: the Stan-
dard Model value (0.120 + 0.003, see above) is now in agreement with DIS
measurements (0.115 4 0.005[50]), lattice calculations 0.117 & 0.003[50] and
the world average 0.118 & 0.003[50]. The MSSM values of o, are in good
agreement with these other determinations.

The particle spectrum for the best fits suggests that some SUSY particles
could be within reach of LEP 2. The 2 in the region of the best low tan g
fit increases slowly for increasing chargino masses. Chargino masses above
a possible LEP 2 limit of 95 GeV will increase the global x? of the fit by
approximately 2 units, which decreases the probability from 19 to 11%.

The best tan 3 = 1.6 fit has a light stop mass of about 49 GeV, and the
lightest neutralino is about 55 GeV, so this solution is not excluded by stop
searches at LEP1 and the Tevatron.

Within the high tan 8 scenario both neutral A%, A° bosons are light and
have practically the same mass. This scenario can safely be excluded if no
Higgs bosons will be found at LEP 2.

5. Conclusions

In view of the recent data, the standard model is in a good shape. By
its quantum structure the mass of the as yet experimentally unknown Higgs
boson can be probed through its contribution to the radiative corrections
for electroweak precision observables. The present upper bound on My is
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dominated by the result on Apg. The instability of the Higgs mass range
obtained from global fits with or without Azp recommends to consider the
present mass bound with some caution. The only safe conclusion is that we
are well below the critical range where the standard Higgs becomes non-
perturbative.

The MSSM also provides a good description of all electroweak data and
is competitive to the standard model. The best MSSM fit with light stop and
light charginos is obtained for tan 3 = 1.6. Although the MSSM can fully
explain the remaining deviation of Ry from the SM value, its probability is
not better because of the larger number of free parameters.

I want to thank Marek Jezabek and the organizers for the invitation and
for the kind hospitality at Zakopane.
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