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ABSTRACT

The phenomenology of the electroweak Standard Model is reviewed facing recent
precision data and including recent theoretical results which have contributed to
improve the theoretical predictions for precision observables and the remaining
inherent theoretical uncertainties.
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1. Elements of the Standard Model

1.1. The fermion families
The family structure of the fermions is a manifestation of the SU(2)xU(1) sym-
metry. It 1s strongly consolidated by several recent experimental informations:

Three generations of massless neutrinos: From the measurements of the Z line shape
at LEP the combined LEP value for the number of light neutrinos is ! (universal
couplings assumed)

N, =2.988 £0.023.

m, = 0 is consistent with the mass limits from decay experiments *
my,, <8eV, m, <250keV, m, <31MeV.

Universality of neutral current couplings: The vector and axial vector coupling con-
stants of the Z to e, 4, 7 measured at LEP ! show agreement with lepton universality
and with the Standard Model prediction (Figure 1).

Recent results on o(v,e) and o(v,e) by the CHARM II Collaboration yield for
the v, and e coupling constants *

ve

¢ =2¢" g5 = —0.035 £ 0.012 £ 0.012

ve —

9% =2¢" g5 = —0.503 £ 0.006 £ 0.016,
compatible with g{fﬁ from LEP !. With the LEP input one obtains *
2¢¥ = 1.004 £ 0.033.

Differently from the Z line shape result on the invisible Z width this is a specific
determination of the individual v, coupling.

*invited talk at the Tennessee International Symposium on Radiative Corrections, Gatlinburg 1994
tsupported in part by the European Union under contract CHRX-CT92-0004
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Figure 1: 68% C.L. contours for the leptonic coupling constants from LEP, ref (1).

Universality of charged current couplings: The 7-u CC universality can be expressed
in terms of the ratio of the effective decay constants G, for 7 — v,ev. and G, for
@ — vyev. to be unity in the Standard Model:

2 .
G - B . T <T_/i>a -1
G, o\, ’
The 1993 data on the 7 mass m.,, the 7 lifetime 7., and the branching ratio B, =
BR(t — v,eb,) yield *

a\?
<GT> = 0.996 + 0.006 , (1)

consistent with CC 7-x universality. The CC p-e universality is demonstrated in
terms of the experimental ratios *

B. = BR(r — viei) = 0.1789 4 0.0014
B, = BR(t = v pv,) = 0.1734 £0.0016. (2)

By purely kinematical reasous, B, = 0.9728,, which actually is observed in the
experimental ratios of Eq. (2).

The top quark: The top quark is required for completion of the third generation
to have the Standard Model anomaly free. Experimental evidence for the top has
been announced by the CDF collaboration ® with mass m, = 174 + 101}] GeV. A




lower bound m; > 131 GeV is obtained by the D0 collaboration °.

1.2. The vector boson and Higgs sector
The spectrum of the vector bosons v, W, Z with masses %7

My =80.23 £0.18GeV, Mz =91.1888 £+ 0.0044 GeV (3)

is reconciled with the SU(2)xU(1) local gauge symmetry with the help of the Higgs
mechanism. For a general structure of the scalar sector, the electroweak mixing
angle is related to the vector boson masses by

M2 M}, M}
g = T Pt Sbde @)

s2=sin’0=1-—
where the p-parameter p = (1 — Ap)~! is an additional free parameter. In models
with scalar doublets only, in particular in the minimal model, one has the tree level
relation p = 1. Loop effects, however, induce a deviation Ap # 0.

We can get a value for p from directly using the data on My, Mz and the mixing
angle s2 = s? = 0.2321 + 0.0004 measured at LEP ! as independent experimental
information, yielding p = MZ /M2%c? = 1.0081 4 0.0046. In the Standard Model
Myw, My, s? are correlated. Taking into account the constraints from the data !
yields psyr = 1.0097 £ 0.0020. The deviation p — psy can be interpreted as a
measure for a possibly deviating tree level structure. The data imply that it is
compatible with zero.

2. Precision tests of the Standard Model

2.1. Loop calculations

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 in the inves-
tigation of the fermion-gauge boson interactions being sensitive to the loop induced
quantum effects, also the more subtle parts of the Standard Model Lagrangian are
probed.

Before one can make predictions from the theory, a set of independent parame-
ters has to be determined from experiment. All the practical schemes make use of
the same physical input quantities

«, Guv Afz, my, IWH (5)

for fixing the free parameters of the SM. Differences between various schemes are
formally of higher order than the one under consideration. 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.




Large loop effects in electroweak parameter shifts. The fermionic content of the sub-
tracted photon vacuum polarization ®

Aa =117

ferm

(0) — Rell”

ferm

(M%) = 0.0595 + 0.0009

corresponds to a QED induced shift in the electromagnetic fine structure constant
which can be resummed according to the renormalization group. The result is an
effective fine structure constant at the Z mass scale:

|
M2) = @ = .
oMz2) = 7 Ra = TReTx 0.2 (6)

The p-parameter in the Standard Model gets a deviation Ap from 1 by radiative

corrections, essentially by the contribution of the (¢,b) doublet °, in 1-loop and
neglecting my:

YZZ(0)  ¥WW(0) _3G,m;

M2 Mi [, 872V2

This potentially large contribution constitutes also the leading shift for the elec-
troweak mixing angle when inserted into Eq. (4).

= Ap. (7)

2.2. The vector boson masses

The correlation between the masses My, M; of the vector bosons in terms of
the Fermi constant (G, reads in 1-loop order of the Standard Model *°:

G, T
V2 28ty MY

The 1-loop correction Ar can be written in the following way

[1 + AT‘(Q,N[;{/,Afz, AMH,Tnt)] . (8)

2
Ar = Aa — C% Ap + (Ar)remainder . (9)

Sw
in order to separate the leading fermionic contributions A« and Ap. All other terms

are collected in the (A7) emainder, 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. (8) according to

1 1

1+ Ar — 5 = (10)
(1 - AQ) ' (1 + %Aﬁ) - (Ar)remainder I - Ar
Sy
with o O o2
Ap =3l 1) L 00 4 600, (11)

8r2v2 | 8122
accommodates the following higher order terms (Ar in the denominator is an effec-
tive correction including higher orders):




o The leading log resummation '' of Aa: 1 + Aa — (1 — Aa)™!

o The resummation of the leading m? contribution '? in terms of Ap. Thereby,
however, also irreducible higher order diagrams contribute. The electroweak
2-loop part is described by the function p(®(Mp/m;) derived in '3 for general
Higgs masses. & gcp is the QCD correction to the leading m? term of the
p-parameter 1415

os 2 (7 o\ 2
6pQCD:—'7r—§ ?—{-l —+—<—) Co . (12)

with the recently calculated 3-loop coefficent '° ¢; (¢; = —10.553... for u = m;,
and 6 flavors). It reduces the scale dependence of & gcp significantly. The
complete O(aa,) corrections to the self energies beyond the m? approximation
are available from perturbative calculations '* and by means of dispersion
relations 7 (see also '8).

o With the quantity (Ar),cmainder in the denominator non-leading higher or-
der terms containing mass singularities of the type o?log(Mz/m;) from light
fermions are also incorporated '°.

The quantity Ar in Eq. (10)

To 1

Ar =1 — )

1s experimentally determined by Mz and My . Theoretically, it is computed from
Mz,G,, « after specifying the masses My, m;. The theoretical prediction for Ar is
displayed in Figure 2. For comparison with data, the experimental 1o limits from
the direct measurements of Mz at LEP and My in pp are indicated.

The quantity s}, resp. the ratio My /M, can indirectly be measured in deep-
inelastic neutrino scattering, in particular in the NC/CC neutrino cross section ratio
for isoscalar targets. The recent CCFR result 2°

sy = 0.2222 £ 0.0057
combined with the CDHS and CHARM results %! yields the world average 2°
sy = 0.2256 + 0.0047 .

It is fully consistent with the direct vector boson mass measurements and with the
standard theory.

1.8. Z boson observables )
Measurements of the Z line shape in ete™ — ff

sT'%, P __lam LIy
c Cn s = —-
|5 =M% +ig5T2 P e °T M OTZ

(13)

a(s) = oo
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Figure 2: Ar as a function of the top mass for My = 60 and 1000 GeV. 1o bounds
from Mz and s?,: horizontal band from pp, e from vN.

(with small photon exchange and interference terms) yield the parameters Mz, ['z,
and the partial widths I'; or the peak cross section ¢,. Whereas Mz 1s used as
a precise input parameter, together with a and G, the width and partial widths
allow comparisons with the predictions of the Standard Model. 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.

Effective Z boson couplings: The effective couplings follow from the set of 1-loop
diagrams without virtual photons, the non-QED or weak corrections. These weak
corrections can conveniently be written in terms of fermion-dependent overall nor-
malizations p; and effective mixing angles s} in the NC vertices **:

1/2 .
IV = (VRG.MEpy) " [(H - 2Qs5h)v = Hrus]
1/2
= (V26 M3) " Lol v — ghwl. (14)

py and s} contain universal parts (i.e. independent of the fermion species) and non-

universal parts which explicitly depend on the type of the external fermions. In

their leading terms, incorporating also the next order, the parameters are given by
1

with Ap from Eq. (11).

toe, st=sy ey AP+ (15)




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

po=pall+7), st =si1+7)" (16)

with the quantity
=AW 4 A7 4 Al

calculated perturbatively, at the present level comprising: the complete 1-loop order
term 23

G j\42 m G m2
A (1) — 2 _ utz oo 2 1)1 t - — L : 17
T Ty 7(2\/§(CW + ) og —MW + Ty 87r\/§ ( )
the leading electroweak 2-loop contribution of O(G%mj) '***
AT = 247 7@, (18)

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

2
AT(C’*‘):2xt-%-W—. (19)
T 3

Asymmetries and miring angles: The effective mixing angles are of particular in-
terest since they determine the on-resonance asymmetries via the combinations

291 94
(90)? + (gh)?
Measurements of the asymmetries hence are measurements of the ratios
dhlgh =1-20 (21)

or the effective mixing angles, respectively.

Ay = (20)

Z width and partial widths: The total Z width I'; can be calculated essentially as
the sum over the fermionic partial decay widths

Pz=3 Tr+-, T;=T(Z—[f) (22)
f

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

6m>2 3o
L, = To [<gé>2+<g£>2 (1— MJ)}-(H@?;) + Algep
Z T




with

V2G, M}
12

The QCD correction for the light quarks with mg >~ 0 is given by

Iy = N, N/ =1 (leptons), = 3 (quarks).

AThep = To|(g9)* + (9%)?] - Koop (23)
with 26
2 3
Kocp = 2 +141 (O‘—) —12.8 <a—> : (24)
T ™ ™

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:

AThep = AThep + To|(gh)? Ry + (d4)" Ra) (25)
The coefficients in the perturbative expansions

v Qs

'as , as as
RV:C1;+C¥(—F—)2+C§(—)3+“w RAZCf?ﬁLCf(—

)2+...
T

depending on mj and my, are calculated up to third order in the vector and up to
second order in the axial part *7.

Standard Model predictions versus data: In table 1 the Standard Model predictions
for Z pole observables are put together. The first error corresponds to the variation
with m,, My in the range allowed by My and Ar (Fig. 2), the second error is the
hadronic uncertainty from a, = 0.123 4 0.006 measured by QCD observables at the
7 2 In the numbers of the second row also the CDF top mass result is included.
The recent combined LEP results on the Z resonance parameters ! under the
assumption of lepton universality, are also shown in table 1, together with s? from
the left-right asymmetry at the SLC .

With exception of two quantities: Ry = 'y /T 1ed and Apr, all data are in perfect
agreement with the predictions.

A quantity of special interest is the mixing angle s? measured from the asym-
metries. An approximate expression where only the shift a — (M%) is taken into
account
ma(M7)
V2G, M2

yields s3 = 0.2312 £ 0.0003, which 1s 20 away from the experimental result in table
1. Loop effects beyond a(M%) are also visible in pe which is different from 1 by
more than 2¢. Other indications can be found in the M S-mixing angle §* 30 and in

the unitarity relations in the CKM matrix elements *'.

2.2 _
SpCo =

(26)




Table 1: LEP results and Standard Model predictions for the Z parameters.

robservable | LEP 1994 ‘ Standard Model predictiorﬂ
Mz (GeV) | 91.1888 +0.0044 input
Tz (GeV) | 2.4974 +0.0038 2.4922 4+ 0.0075 £+ 0.0033
2.4933 £ 0.0064 £ 0.0033
ohed (nb) 41.49 +0.12 41.45 + 0.03 = 0.04
41.45 £0.01 £0.04
Thad/Te 20.795 £+ 0.040 20.772 £ 0.028 £ 0.038
20.774 £0.017 £ 0.038
Tiny (MeV) | 499.8 & 3.5 500.8 £ 1.3
500.8 £ 0.9
Ts/T had 0.2202 4 0.0020 0.2158 £0.0013
0.2160 + 0.0006
Pt 1.0047 + 0.0022 1.0038 £ 0.0026
1.0028 £ 0.0007
Y 0.2321 4+ 0.0004 0.2324 £+ 0.0012
0.2322 £+ 0.0010
s2(ALr) 0.2292 4+ 0.0010 0.2324 + 0.0012
(SLC result) 0.2322 £ 0.0010

Standard Model fits: Assuming the validity of the Standard Model a global fit

to all electroweak LEP results constrains the parameters m;, o as follows: !
my = 173712418 GeV, o, = 0.126 £ 0.005 + 0.002 (27)

with My = 300 GeV for the central value. The second error is from the variation
of My between 60 GeV and 1 TeV. The fit results include the uncertainties of the
Standard Model calculations to be discussed in the next subsection. The parameter
range in Eq. (27) predicts a value for the W mass via Eq. (8,10)

Mw = 80.28 £ 0.07700;GeV

in best agreement with the direct measurement, Eq. (3), but with a sizeably smaller
error. Simultaneously, the result (27) is a consistency check of the QCD part of the
full Standard Model : the value of a; at the 7 peak, measured from others than
electroweak observables, is 28 o, =0.123 4 0.006.

Low energy results: A new measurement of the mixing angle in neutrino-e scat-
tering by the CHARM 11 Collaboration yields °

sin%0, = 0.2324 4 0.0062 £ 0.0059. (28)
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This value coincides with the LEP result on s7, table 1, as expected by the theory.
The major sources of a potential difference: the different scales and the neutrino
charge radius, largely cancel each other by numerical coincidence 3.

The results from deep inelastic v scattering have already been discussed in the
context of My . Including the information from CDHS, CHARM, CCFR, and with
Myw from pp modifies the fit result only marginally ':

my = 171 8 GeV, o, = 0.126 +0.005 + 0.002. (29)
Incorporating also the SLC result on Apg yields *
my = 178 1418 GeV, «, = 0.125 + 0.005 + 0.002. (30)

A simultaneous fit to m; and Mg from all low and high energy data but for con-
strained a; = 0.118 4 0.007 yields a slightly lower range 3* m, = 153 + 15 GeV. For
larger values of a, the result is very close to the one in Eq. (29) *.

1.4 Status of the Standard Model predictions

For a discussion of the theoretical reliability of these numbers one has to consider
the various sources for the uncertainties in the predictions:

The experimental error propagating into the hadronic contribution to a(M%),
Eq. (8), leads to §Mw = 17 MeV in the W mass prediction, and ésin® 6 = 0.0003
common to all of the mixing angles, which matches with the future experimental
precision.

The uncertainties from the QCD contributions, besides the 3 MeV in the hadronic
7 width, can essentially be traced back to those in the top quark loops for the
p-parameter. They can be combined into the following net effects '® §(Ap) ~
2.1074, 852 ~ 1107 for m; = 150 GeV and somewhat larger for heavier top.

The size of unknown higher order contributions can be estimated by different
treatments of non-leading terms in higher order resummations and investigations
of the scheme dependence. Explicit comparisons between the results of different
computer codes based on on-shell and MS calculations for the Z resonance ob-
servables, performed by the “Working Group on Precision Calculations for the Z
Resonance” 3 have shown differences around 0.1%, in particular, ésf = 1 —2-107%
Improvements require systematic 2-loop calculations.

3. Virtual New Physics

The parametrization of the radiative corrections from the vector boson self-
energies in terms of the static p-parameter Ap(0) = ¢; and two other combinations
of self-energies, €; and es, 35 allows a generalization of the analysis of the elec-
troweak data which accommodates extensions of the minimal model affecting only
the vector boson self-energies. There is a wide literature  in this field with various
conventions.
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Phenomenologically, the ¢; are parameters which can be determined experimen-
tally from the normalization of the Z couplings and the effective mixing angle by
(the residual corrections not from self-energies are dropped)

pr=0p(0) + MIWZ2(ME) 4 53 = (1+ AK)sE + - (31)

with s from Eq. (26) and

2
g

’ €
Ak = - Ap(0) + (32)

CO - SO CO - 80

the quantity Ar in the My-M7 correlation:

cg cg — s
Ar=Aa— BAp(0) + L6 + 2. (33)
bo "70

Recently, the ¢ parameters have been redefined * into ¢y y2.n3 by including also the
v and a vertex corrections for leptons, together with a 4th quantity ¢, to parametrize
specific non-universal left handed contributions to the Zbb vertex via

1.
ga=gall+ el gb/gh=(1=osi+a)(l+e). (34)

A combined analysis leads to the 1o contours in Fig. 3 *%.

The level of consistency with the Standard Model is visualized by the Standard
Model predictions displayed in terms of the lines with m,. My as input quantities.
The displacement of the ¢;-contours corresponds to the difference between the Stan-
dard Model prediction and the experimental result for 2, (see table 1). Among the
alternative mechanisms of electroweak symmetry breaking. most versions of techni-
color models are disfavored by the data .

A current example of new physics with also extra vertex contributions is the
Standard Model with two Higgs doublets. The charged Higgs bosons diminish the
value of R, even more and hence are strongly coustrained, clearly disfavored for
small values of tan g = vy/v; *°. Also the neutral sector of the general 2-doublet
model turns out to be severely constrained .

For more discussion of new physics and precision data we refer to the contribu-
tion of Langacker *! to this conference.

4. Conclusions

The agreement of the experimental high and low energy precision data with the
Standard Model predictions has shown that the Standard Model works as a fully
fledged quantum field theory. A great success of the Standard Model would be the
confirmation of the experimental top mass range coincides in an impressive way
with the indirect determination from loop effects in precision data.
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The steadily increasing accuracy of the data starts to exhibit also sensitivity to
the Higgs mass 2, although still marginally (Mg < 1 TeV at 95% C.L.) for the
current situation.

Not understood at present are the deviations from the theoretical expectation
observed in the measurement of A;p and Ry. The possibility that they might be
first hints for non-standard physics makes the future experimental investigations
particularly exciting.
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