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Abstract

Precision calculations in the frame of in the minimal supersymmetric standard model
are reviewed for (i) electroweak precision observables, (ii) Higgs boson masses, and (iii)
supersymmetric particle masses, production cross sections and decay rates.

I. INTRODUCTION

High-precision experiments at electron-positron and hadron colliders together with the highly
accurate measurements of the muon lifetime and gyromagnetic factor impose stringent tests on the
standard model and possible extensions. The experimental accuracy in the electroweak observables has
reached the level of the quantum effects, and requires the highest standards on the theoretical side as well.
A sizeable amount of work has continuously contributed over the last two decades to a steadily rising
improvement of the standard model predictions, pinning down the theoretical uncertainties to the level
required for the proper interpretation of the precision data. Also for the minimal supersymmetric standard
model (MSSM), remarkable progress has to be reported in predicting the precision observables with similar
accuracy as in the standard model. Table 1 summarizes the present experimental precision for those high-
energy parameters where essential improvements are expected from future collider experiments at the
Tevatron (Run IT), the LHC, and a eTe~ International Linear Collider with an additional high-luminosity
GigaZ option. Moreover, the Z-boson mass and the Fermi constant with their tiny uncertainties!, Mz =
2.1 MeV and §Gr/Gr = 1-107°, will also be at our disposal. The availability of both highly accurate
measurements and theoretical predictions, at the level of 0.1% precision and better, provides unique tests
of the quantum structure of the models and yields indirect informations on yet unexplored heavy sectors.
Investigation of directly produced SUSY particles yields important consistency checks and allows testing
the SUSY breaking mechanism.

II. ELECTROWEAK PRECISION OBSERVABLES

The possibility of performing precision tests is based on the formulation of the standard model and
the MSSM as renormalizable quantum field theories preserving their predictive power beyond tree-level
calculations.
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A. Muon decay and the vector-boson mass correlation

The basic physical quantity for the My —Mz correlation is the muon lifetime 7,, which defines the
Fermi constant Gr according to

1 G%im? m?2 3 m2

with F(z) = 1 — 8z — 122%Inx + 82® — z*. By convention, the QED corrections within the Fermi Model,
AQED, are included in this defining equatlon for GFr. The one-loop result for AQED3 has already been
known for several decades; it has recently been supplemented by the two-loop correction?, yielding

1

. 2.2
135.90 (22)

2
Agap =1 — 1.81 A )+67<M> . with a(m,) ~
™ ™

The tree-level W-propagator effect giving rise to the (numerically insignificant) term 3m?, / (5Mj;,) in (2.1),
is conventionally also included in the definition of G, although not part of the Fermi Model prediction.
From the precisely measured muon-decay width the value' Gr = (1.16637 40.00001) 103 GeV 2 for the
Fermi constant is derived.

Calculating the muon lifetime within the standard model or the MSSM and comparing the result
with (2.1) yields the relation

2 (1 Miy
M3, (1 - M%V) pr (1+ Ar), (2.3)

where the radiative corrections are summarized in the quantity Ar. Thereby, a set of infrared-divergent
QED-correction graphs has to be removed, which reproduce the ED-correction factor of the Fermi-model
result in (2.1). They have no influence on the relation between Gr and the model parameters.

In the standard model the quantum correction Ar has received a lot of attention. The one-loop
result® has been improved over the last two decades by numerically important QCD and electroweak
higher-order terms, establishing thus a powerful relation that can be used to predict My within the SM
(or possible extensions), to be confronted with the experimental result for My,. The quantity Ar depends
on the entire set of input parameters. It contains, among others, the on-shell mass counterterms and the
photon vacuum polarization from charge renormalization in the classical limit.

The photon vacuum polarization is a basic entry in the predictions for electroweak precision observables.
The difference

Rell” (M%) = ReIl”(M2) — 117 (0) (2.4)

is a finite quantity. The purely fermionic part corresponds to standard QED and does not depend on the
details of the electroweak theory. It can be split into a leptonic and a hadronic contribution, yielding the
quantity

Aa = Actept + Aanag = —ReIl]  (M3) — ReIl} ,(M7), (2.5)
which represents a QED-induced shift in the electromagnetic fine structure constant
a = a(l+Aa). (2.6)

It can be resummed® according to the renormalization group, accommodating all the leading logarithms
of the type a"log™(Mz/my¢), to give an effective fine-structure constant at the Z mass scale,

a(M3) = _O‘Aa . (2.7)

The leptonic content of Aa can be directly evaluated in terms of the known lepton masses, yielding at
three-loop order”
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Aquep; = 314.97687-107%. (2.8)

For the light hadronic part, perturbative QCD is not applicable and quark masses are no reasonable input
parameters. Instead, the 5-flavour contribution to II]_, can be derived from experimental data with the
help of a dispersion relation

) ) (ol
Aanag = —%MéRe ds' R (s)

>/ 2.9
4m2 s'(s' — M% — ig) (2.9)

where

o(ete™ = v* — hadrons)

vy =
Bts) olete” = v* = ptu”)

is an experimental input quantity for the low energy range. Recent updates including new data points
from BES® and CMD? yield the value Aa = 0.02769 £ 0.00035°, respectively Aa = 0.02755 4 0.00023L.
The heavy quark doublet (¢,b) contributes predominantly via the p parameter!?, to Ar. Beyond the
one-loop order, higher-order 1-particle reducible and irreducible 2- and 3-loop contributions to the p
parameter have been obtained with electroweak and QCD terms'®. QCD corrections to Ar beyond
the contribution via Ap are known at O(aa,)' and O(aa?)'5. Approximative electroweak two- and
three-loop calculations were performed based on expansions for asymptotically large values of Mg'® and
mt”.

In the meantime, the complete electroweak two-loop result in the standard model has become available:
the fermionic two-loop terms'® with all two-loop diagrams for the muon-decay amplitude containing at
least one closed fermion loop, and the residual class of the two-loop purely bosonic diagrams!?:20.

B. Z boson observables

With Mz used as a precise input parameter, together with a and Gp, the predictions for the
width, partial widths and asymmetries can conveniently be calculated in terms of effective neutral current
coupling constants for the various fermions (see e.g.2!):

1/2
IO = (VaGrMz) " (o) W — ghws) (2.10)

1/2
= (\/éGFMﬁpf) ((I«f —2Qs87) W — I?{%%) :
The subleading 2-loop corrections ~ G%.m?M% wre calculated for the leptonic mixing angle®? s as well
as for p,22. In the meantime, also the complete electroweak fermionic two-loop contributions have become
available?*. The effective mixing angles are of particular interest, since they determine the on-resonance

asymmetries via the combinations

297 o
(9v)* + (94)°
namely
3 pol
App = 1 AcAy, AP =A,, Ar=4A4.. (2.12)
Measurements of the asymmetries hence are measurements of the ratios
gl /9h =1-2Q;s% (2.13)

or the effective mixing angles, respectively.
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C. Muon anomalous magnetic moment

The anomalous magnetic moment of the muon,

a, = =2 (2.14)
2
provides a precision test at low energies. The new experimental result of E 821 at Brookhaven National
Laboratory?® has reached a substantial improvement in accuracy. It shows a deviation from the standard
model prediction by 2.7 [1.4] standard deviations depending on the evaluation of the hadronic vacuum
polarization from data based on eTe™ annihilation [hadronic 7 decays together with isospin rotation], as
discussed in%®. Other recent analyses were performed in!%1136,

D. Standard Model fit and Higgs-boson mass

The Z-boson observables form LEP 1 and SLC together with My and the top-quark mass from
LEP 2 and the Tevatron, constitute the set of high-energy quantities entering a global precision analysis
(see®” for a recent review). Global fits within the standard model to the electroweak precision data
contain My as the only free parameter, yielding an upper limit to the Higgs mass at the 95% C.L. of
My < 260 GeV?7, including the present theoretical uncertainties of the standard model predictions.

III. THE MSSM AND PRECISION DATA

Among the extensions of the standard model, the minimal supersymmetric standard model
(MSSM) is the theoretically favoured scenario as the most predictive framework beyond the standard
model. A definite prediction of the MSSM is the existence of a light Higgs boson with mass below ~ 140
GeV28. The detection of a light Higgs boson could be a significant hint for supersymmetry.
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FIG. 1. The W mass range in the standard model (lower band) and in the MSSM (upper band). Bounds are
from the non-observation of Higgs bosons and SUSY particles.

The structure of the MSSM as a renormalizable quantum field theory allows a similarly complete
calculation of the electroweak precision observables as in the standard model in terms of one Higgs mass
(usually taken as the C'P-odd ‘pseudoscalar’ mass M) and tan 8 = vs/v;, together with the set of
SUSY soft-breaking parameters fixing the chargino/neutralino and scalar fermion sectors. The general
discussion of renormalization of the MSSM to all orders with implications on the structure of the counter
terms is given in?. Complete 1-loop calculations are available for Ar3? and for the Z boson observables®!.

For a recent review, see4.
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A possible mass splitting between by, and ¢ yields a contribution to the p-parameter of the same
sign as the standard top term. As a universal loop contribution, it enters the quantity Ar and the Z
boson couplings and is thus significantly constrained by the data. The 2-loop a,-corrections have been
computed in32, and the electroweak 2-loop contribution from the Yukawa couplings in33.

As an example, Figure 1 displays the range of predictions for My in the minimal model and in the
MSSM, together with the present experimental errors and the expectations for the future collliders LHC
and LC. As can be seen, the MSSM prediction is in better agreement with the present data, although
not conclusive as yet. Future increase in the experimental accuracy, however, will become decisive for
the separation between the models.

Especially for the muonic g — 2, the MSSM can significantly improve the agreement between theory
and experiment: relatively light scalar muons, muon-sneutrinos and charginos/neutralinos, together with

a large value of tan 3 can provide a positive contribution Aa, which can entirely explain the difference
asxP — aSM35.
0 (Z
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FIG. 2. Best fits in the SM and in the MSSM, normalized to the data®®. Error bars are those from data.

The MSSM yields a comprehensive description of the precision data, in a similar way as the standard
model does. Global fits, varying the MSSM parameters, are available3” to all electroweak precision data.
They have been updated®®, showing that the description within the MSSM is slightly better than in the
standard model. This is mainly due to the improved agreement for a, (see Figure 2). The situation for
APy, however, remains unaltered.

IV. THE LIGHT HIGGS BOSON OF THE MSSM

The existence of a light Higgs boson, in the mass range below 140 GeV, is a definite prediction of
the MSSM. In contrast to the standard model, its mass my, is not a free parameter but depends on the
other parameters of the model. The prediction for my, therefore, is a crucial theoretical tool to probe
the MSSM parameter space. From the experimental side, the Higgs mass can be measured with high
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accuracy?: 100 MeV at the LHC, and 50 MeV at a Linear ete~ Collider. my, is, hence, another precision
observable in the MSSM. The precise theoretical value is very sensitive to higher-order effects (see?® for
recent results and references given therein). An illustrative example is shown in Figure 3.
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FIG. 3. The lightest Higgs-boson mass in the MSSM, in various orders of perturbation theory®®. SUSY param-
eters: tanf =3, My = M2 = p= Ms =1 TeV, mzg = 800 GeV. X; is the non-diagonal entry in the top-squark
mass matrix.

V. SUSY PARTICLES

Experiments at future high-energy colliders will be able to discover supersymmetric particles and
to investigate their properties. Provided their masses are not too high, a linear electron-positron collider
will be the best environment for precision studies of supersymmetric models*?, especially of the MSSM.
From precise measurements of masses, cross sections and asymmetries in chargino and neutralino pro-
duction, the fundamental parameters can be reconstructed*!, to shed light on the mechanism of SUSY
breaking.

In view of the experimental prospects it is inevitable to include higher-order terms in the calcula-
tion of the measureable quantities in order to achieve theoretical predictions matching the experimental
accuracy. Studies on chargino-pair production*? 44, neutralino-pair production*?, scalar-quark decays*®,
and sfermion-pair production?” have demonstrated that Born-level predictions can be influenced sig-
nificantly by one-loop radiative corrections. In*4%% with complete one-loop calculations performed in
on-shell renormalization schemes, it was shown explicitly that besides the fermion- and sfermion-loop
contributions also the virtual contributions from the supersymmetric gauge and Higgs sector are not
negligible.

Since the masses of charginos and neutralinos are among the precision observables with lots of
information on the SUSY-breaking structure, the relations between the particle masses and the SUSY
parameters as well as the relations between the masses themselves are important theoretical objects for
precision calculations. Previous studies were done in the MS renormalization scheme*®4? with running
parameters. In%%5! on-shell scheme calculations were performed yielding the one-loop corrected mass
eigenvalues. In a similar way, the sfermion-mass spectrum, including complete one-loop contributions,
was obtained®?.

On-shell renormalization is specified in particular by treating all particle masses as pole masses,
and, optionally, with field renormalization implemented in a way that allows to formulate the renormalized
2-point vertex functions as UV-finite matrices which become diagonal for external momenta on-shell.
The masses of the two charginos and of one neutralino are used as input to fix the MSSM parameters
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W, M1, M. Since only the gaugino-mass parameters My, My and the Higgsino-mass parameter y can be
renormalized independently in terms of three pole masses, with all other renormalization constants fixed
in the gauge and Higgs sector, the residual eigenvalues of the tree-level mass matrices are no longer the
pole positions of the corresponding dressed propagators; the pole masses hence receive a shift versus the
tree-level masses, which is calculable in terms of the renormalized self-energies. At one-loop order, the
following relation

mgo = m; [1 —Re f]ﬁ(mf)] — Re 35 (m?) (5.1)

holds for the neutralino pole masses with ¢ = 2,3,4, with respect to their tree-level masses m;. The
renormalized self-energies in the Lorentz-decomposition, with the left/right projectors wr /g,

A

Yij(p) = IwaﬁliLj(f) +#WR25 %) + wLﬁ:ij %) + wRiij(f) )

provide the scalar self-energy functions in (5.1). As an example, Fig. 4 shows the dependence of the
neutralino masses on the input mass m._ % of the heavy chargino at three different values for the mass

Myt of the light chargino. Depicted are: the tree-level approximation of the calculated neutralino masses,

thelr values after including the corrections from the (s)fermionic loops only, and finally the complete one-
loop corrected masses with all MSSM particles in the virtual states. For the heaviest neutralino mass
mszo the shift is small, not more than 175 MeV throughout the whole scanned parameter space, and
nearly invisible in the graphical illustration. Accordingly, the relative corrections are less than 0.05 %
everywhere, and hence we do not give more than one graph in the figure. A substantial step towards
systematic higher-order studies of supersymmetric particle observables is the SPA project3? for precision
supersymmetry parameter analysis.

VI. CONCLUSIONS

The experimental data for tests of the standard model have achieved an impressive accuracy. In
the meantime, many theoretical contributions have become available to improve and stabilize the stan-
dard model predictions and to reach a theoretical accuracy clearly better than 0.1°

The MSSM, mainly theoretically advocated, is competitive to the standard model in describing the
data with improvements in specific observables, although not conclusive. Since the MSSM predicts the
existence of a light Higgs boson, the detection of a Higgs particle could be an indication of supersymmetry.
It is therefore highly important to study the different features of such a Higgs boson in the various models
at a level of high precision. Moreover, precision studies of supersymmetric particles will become necessary
for revealing the mechanism of SUSY breaking and will require a proper inclusion of higher-order effects
as well. Many tools are already available.
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FIG. 4. Dependence of the derived neutralino masses (in GeV) on the chargino masses Mo+ and M+ Born approx-
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