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Abstract

The precision data od boson decays from LEP-I and SLC colliders are compared with the
predictions based on the minimal standard theory. The Born approximation of the theory is
based on three most accurately known observaliigs=the four fermion coupling constant

of muon decaymz—the mass of th& boson, andx(mz)—the value of the ‘running fine
structure constant’ at the scale mf,. The electroweak loop corrections are expressed, in
addition, in terms of the masses of higgs,, of the top and bottom quarksy andm,, and

of the strong interaction constamt(mz). The main emphasis of the review is focused on
the one-electroweak-loop approximation. Two electroweak loops have been calculated in the
literature only partly. Possible manifestations of new physics are briefly discussed.
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1. Introduction

TheZ boson, the electrically neutral vector boson (its spin equals one) withmass91 GeV

and widthI"; ~ 2.5 GeVt, occupies a unique place in physics. This heavy analogue of the
photon was experimentally discovered in 1983, practically simultaneously with its charged
counterparts, th&v= bosons with masswy ~ 80 GeV and widtiy ~ 2 GeV [1].

The discovery was crowned with Nobel prizes to Carlo Rubbia (for the bosons) and to
Simonvan der Meer (for the CERN proton—antiproton collider, which was specially constructed
to producewW andZ bosons) [2].

The extremely short-lived vector bosons £ 1/T" ~ 10-2° s) were detected by their
decays into various leptons and hadrons. The detectors in which these decay products were
observed, were built and operated by collaborations of physicistsragideers: the largestin
the history of physics

The discovery ofV andZ bosons was a great triumph of experimental physics, but even
more so of theoretical physics. The masses and widths of the particles, the cross sections of
their production turned outto be in perfect agreement with the predictions of electroweak theory
of Sheldon Glashow, Abdus Salam and Steven Weinberg [3]. The theory was so beautiful that
its authors received the Nobel prize in 1979 [4], four years before its crucial confirmation.

The electroweak theory unified two types of fundamental interactions: electromagnetic
and weak. Thetheory of electromagnetic interaction—quantum electrodynamics (QED)—was
cast in its present relativistically covariant form in the late 1940s and early 1950s and served
as a ‘role model’ for the relativistic field theories of two other fundamental interactions: weak
and strong.

The main virtue of QED was its renormalizability. Let us explain this ‘technical’ term
by using the example of interaction of photons with electrons. One can find a systematic
presentation in modern textbooks [5]. In the lowest approximation of perturbation theory
(the so-called tree approximation in the language of Feynman diagrams) all electromagnetic
phenomena can be described in terms of electric charge and mass of the ekgatrprilhe
small parameter of perturbation theory is the well knaws €?/4r ~ %7

The problem with any quantum field theory is that in higher orders of perturbation theory,
described by Feynman graphs with loops, the integrals over momenta of virtual particles have
ultraviolet divergences, so that all physical quantities including the electric charge and mass
of the electron themselves become infinitely large. To avoid infinities an ultraviolet cat-off
could be introduced. Another, more sophisticated method is to use dimensional regularization:
to calculate the Feynman integrals in momentum spacP dimensions. These integrals
diverge atD = 4, but are finite, proportional to/z in the vicinity of D = 4, where by
definition 2 = 4 — D — 0 (see appendix A).

The theory is called renormalizable if one can get rid of this cut-off (e} by establishing
relations between observables only. Inthe case of electrons and photons, such basic observables
are physical (renormalized) charge and mass of the electron. This allows one to calculate
higher-order effects ine and compare the theoretical predictions with the results of high-
precision measurements of such observables as, e.g., anomalous magnetic moments of electron
or muon.

The renormalizability of electrodynamics is guaranteed by the dimensionless nature of
the coupling constant and by conservation of electric current.

After this short description of QED let us turn to the weak interaction.

The first manifestation of the weak interaction was discovered by Henri Becquerel at the

t Throughout the paper we use units in whitke = 1.
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end of the 19th century. Later, this type of radioactivity was cafletecay. The first theory of
B-decay was proposed by Enrico Fermi in 1934 [6]. The theory was modelled after quantum
electrodynamics with two major differences: first, instead of charge conserving, ‘neutral’,
electrical current of the type-ey,e + py, p there were introduced two charge changing,
‘charged’, vector currents: one for nucleons, transforming neutron into a pioten, another
for leptons, transforming neutrino into electron or creating a pair: electron plus antineutrino,
&y, v. (Hereg(e) denotes operator, which creates (annihilates) electron and annihilates (creates)
positron. The symbols of other particles have similar meanjpgare four Dirac matrices,
a=0,1223)

The second difference between the Fermi theory and electrodynamics was that the charged
currents interacted locally via four-fermion interaction:

G- py.n-€y,v +hec, Q)

where summation over indexis implied (in this summation we use Feynman’s convention: +
fora = 0 and— for @ = 1, 2, 3); h.c. stands for Hermitian conjugate. The coupling constant
G of this interaction is called the Fermi coupling constant.

From simple dimensional considerations it is evident that the dimensiGriofmas3—2
and therefore the four-fermion interaction is not renormalizable, the higher orders being
divergent asG?A?, G3A%,.... Why these divergent corrections still allow one to rely on
the lowest order approximation remained a mystery. But for many years the lowest order
four-fermion interaction served as a successful phenomenological theory of weak interactions.

It is in the framework of this phenomenological theory that a number of subsequent
experimental discoveries were accommodated. First, it turned ougitiatay is one of the
large family of weak processes, involving newly discovered particles, such as pions, muons
and muonic neutrinos, strange particles, etc. Second, it was discovered that all these processes
are caused by the self-interaction of one weak charged current, involving leptonic and hadronic
terms. Later on, when the quark structure of hadrons was established, the hadronic part of the
current was expressed through the corresponding quark current. Third, it was established in
1957 that all weak interactions violate parity conservaBand charge conjugation invariance
C. This violation turned out to have a universal pattern: the vector form of the curent
introduced by Fermi, was substituted [7] by one-half of the sum of vector and axial vA¢tor,
which meant that,, should be substituted b%/ya(l +v5).

In other words, one can say that fermignenters the charged current only through its
left-handed chiral component

YL = 3(L+ys) ¢ (2

From such a structure of the charged current it follows that the corresponding antifermions
interact only through their right-handed components.

Attempts to construct a renormalizable theory of weak interaction resulted in a unified
theory of electromagnetic and weak interactions—the electroweak theory [3,4], with two major
predictions. The first prediction was the existence alongside the charged weak current of a
neutral weak current. The second prediction was the existence of the vector basmgled
to the weak neutral current ahd* andW ™ coupled to the charged current (%é%(l +y5)v)
and its Hermitian conjugate current (%n‘sya(l +y5)€).

The vector bosons were massive analogues of the phptotineir couplings to the
corresponding current$,andg, were the analogues of the electric chagg&husay = f2/4x
andaw = g°?/4r were dimensionless like = €®/4r, which was a necessary (but not
sufficient) condition of renormalizability of the weak interaction.

The first theory, involving charged vector bosons and photon, was proposed by Oscar Klein
just before World War II [8]. Klein based his theory on the notion of local isotopic symmetry:
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he considered isotopic doubléts, n) and (v, e), and the isotopic triple¢B*, A%, B~). B*
denoted what we now caW*, while A° was the electromagnetic field. He also mentioned
the possibility of incorporating a neutral massive fi€fti(the analogue of ouz®). In fact this

was the first attempt to construct a theory based on a non-Abelian gauge symmetry, with vector
fields playing the role of gauge fields. The gauge symmetry was essential for conservation of
the currents. Unfortunately, Klein did not discriminate between weak and strong interaction
and his paper was firmly forgotten.

The non-Abelian gauge theory was rediscovered in 1932 N Yang and RMills [9] and
became the basis of the so-called standard model (SM) with its c8ld(8). group for strong
interaction of quarks and gluons aBd)(2), x U (1)y group for electroweak interaction (here
indices denotec, colour,L, weak isospin of left-handed spinors andghe weak hypercharge).

The electric charg® = T3 + Y/2, whereTs; is the third projection of isospinY = % fora
doublet of quarksY = —1 for a doublet of leptons. As for the right-handed spinors, they are
isosinglets, and hence

Y(vr) =0, Y(er) = -2, Y(Ur) = 3. Y(dr) = - 2.

Thus, parity violation and charge conjugation violation were incorporated into the foundation
of electroweak theory.
Out of the four fields (three dBU(2) and one ofJ (1), usually denoted byw*, W0, W~
and BP, respectively) only two directly correspond to the observed vector bosstisand
W~. The Z° boson and photon are represented by two orthogonal superpositigvisarid
BO:
209 =cWl —sB° :
A% = sWP +cB°, )

wherec = cos#, s = sinf, while the weak anglé is a free parameter of electroweak theory.
The value of is determined from experimental data drboson coupling to neutral current.
The ‘Z-charge’, characterizing the coupling of tdeboson to a spinor with definite helicity
is given by

f(T; — Q). (4)
wheret

f =g/c. (5)
Note that the Z-charge’ is different for the right- and left-handed spinors with the same

value of Q because they have different valuesTgf The coupling constant dV bosons is
also expressed in terms eando:

g=¢/s. (6)

The theory described above has many nice features, the most important of which is its
renormalizability. But at first sight it looks absolutely useless: all fermions and bosons initare
massless. This drawback cannot be fixed by simply adding mass terms to the Lagrangian. The
mass terms of fermions would contain bath andvr and thus explicitly break the isotopic
invariance and hence renormalizability. The gauge invariance would also be broken by the
mass terms of the vector bosons. All this would result in divergences of theAyp®?,

A%/m?, etc.

The way out of this trap is the so-called Higgs mechanism [10]. In the framework of the

minimal standard model (MSM) the problem of mass is solved by postulating the existence

T We denote b, f, §the values of the corresponding chargesiatscale, whilee, f, g refer to values at vanishing
momentum transfer. The same appliegt@z, @aw ande, az, aw (see equations (13)—(18)).
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Figure 1. Muon decay in the tree approximation.

of the doubletpy = (¢*, ¢°) and corresponding antidoublgi®, —¢~) of spinless particles.
These four bosons differ from all other particles by the form of their self-interaction, the
energy of which is minimal when the neutral field = %(gﬁo +¢% has a nonvanishing

vacuum expectation value. The isospin of the Higgs doubl%tits hypercharge is 1. Thus, it
interacts with all four gauge bosons. In particular, it has quartic tégRgv We?, 1 f2Z Ze?,
which give masses to the vector bosons wheacquires its vacuum expectation value (VEV)
n:

My = Gn/2, mz = fn/2. @)
The magnitude of) can easily be derived from that of the four-fermion interaction constant
G,, in muon decay:

G, _ _
7‘% VYl +ys) - Eyy (1 +ys)ve. (8)

In the Born approximation of electroweak theory this four-fermion interaction is caused by an
exchange of a virtualvV boson (see figure 1). Hencet

G, 9° g° —1/2

73w, el n = (V2G,) Y% = 246 GeV (9)

Such mechanism of appearance of masse@/adnd Z bosons is called spontaneous
symmetry breaking. It preserves renormalizability [11]. (As ahint, one can use the symmetrical
form of Lagrangian by not specifying the VEY)

The fermion masses can be introduced also without explicitly breaking the gauge
symmetry. In this case the mass arises from an isotopically invariantftergy v, yr + h.c.,
where fy is called the Yukawa coupling. The mass of a fermior= fyn/+/2. There is a
separate Yukawa coupling for each of the known fermions. Their largely varying values are at
present free parameters of the theory and await further understanding of this hierarchy.

Let us return for a moment to the vector bosons. A massless vector boson (e.g. photon)
has two spin degrees of freedom—two helicity states. A massive vector boson has three
spin degrees of freedom corresponding, say to projectieh® on its momentum. Under
spontaneous symmetry breaking three out of four spinless stateg) = %(g&o - @9
become third components of the massive vector bosons. Thus, in the MSM there must exist
only one extra particle: a neutral Higgs scalar boson, or simply, higgs#, representing a quantum
of excitation of fieldpf over its VEV . The discovery of this particle is crucial for testing the
correctness of MSM.

t For more on electroweak Born approximation, for which equality g holds, see equations (14)—(25).

T Throughout this review we consistently use capital ‘H’ in such terms as ‘Higgs mechanism’, ‘Higgs boson’, ‘Higgs
doublet’, but the lower case of ‘higgs’ is used as a name of the particle, not the man.
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Figure 2. The Z boson as a resonancedhe™ annihilations.

The first successful test of electroweak theory was provided by the discovery of neutral
currents in the interaction of neutrinos with nucleons [12]. Further study of this deep inelastic
scattering (DIS) allowed to extract the rough value of th@sisf ~ 0.23 and thus to predict
the values oy, ~ 80 GeV andnz =~ 90 GeV, which served as leading lights for the discovery
of these particles.

A few other neutral current interactions have been discovered and studied: neutrino—
electron scattering [13], parity violating electron—nucleon scattering at high energies [14] and
parity violation in atoms [15]. All of them turned out to be in agreement with electroweak
theory. A major part of the theoretical work on electroweak corrections prior to the discovery
of the W and Z bosons was devoted to calculating the neutrino—electron [16] (and especially
nucleon—electron [17]) interaction cross sections.

After the discovery of th&/ andZ bosons it became evident that the next level in the study
of electroweak physics must consist of precision measurements of production and decays of
Z bosons in order to test the electroweak radiative correction. For such measurements, special
electron—positron colliders SLC (at SLAC) and LEP-I (at CERN) were constructed and started
to operate in the fall of 1989. SLC had one intersection point of colliding beams and hence
one detector (SLD); LEP-I had four intersection points and four detectors: ALEPH, DELPHI,
L3 and OPAL.

In connection with the construction of LEP and SLC, a number of teams of theorists
carried out detailed calculations of the required radiative corrections. These calculations were
discussed and compared at special workshops and meetings. The result of this work was the
publication of two so-called ‘CERN yellow reports’ [18, 19], which, together with the yellow
report [20], became the ‘must’ books for experimentalists and theoreticians studyig the
boson. The book [21] (which should be published in 1999) summarizes results of theoretical
studies.

More than 2000 experimentalists and engineers and hundreds of theorists participated in
this unique collective quest for truth!

The sum of energies & + e~ was chosen to be equal to tEeboson mass. LEP-I was
terminated in the fall of 1995 in order to give place to LEP-II, which will operate in the same
tunnel till 2001 with maximal energy 200 GeV. SLC continued at energy close to 91 GeV.

The reactions which have been studied at LEP-I and SLC may be presented in the form
(see figure 2):

ges > Z— ff, (20)
where

ff = vi(vebe, vy, vrir) invisible,
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li(ed, ppt, t7) charged leptons
qd(ud, dd, sS, c€, bb) hadrons

About 20000 00 bosons have been detected at LEP-I and 550000 at SLC (but here
electrons are polarized, which compensates for the lower number of events).

Experimental data from all five detectors were summarized and analysed by the LEP
Electroweak Working Group and the SLD Heavy Flavour and Electroweak Groups which
prepared a special report ‘A combination of preliminary electroweak measurements and
constraints on the standard model’ [22]. These data were analysed in [22] byZBSITITER
code (see section 6.1) and independently by J Erler and P Langacker [23].

Fantastic precision has been reached in the measurement & tieson mass and
width [22]:

mz = 911867(2.1) MeV, 'z = 24939+ 2.4 MeV. (12)
Of special interest is the measurement of the width of invisible deca¥s of
Cinvisible = 5001 £ 1.9MeV. (12)

By comparing this number with theoretical predictions for neutrino decays it was established
that the number of neutrinos which interact with thdoson is threeN, = 2.994+ 0.011).

Thisis aresult of fundamental importance. It means thatthere exist only three standard families
(or generations) of leptons and quarkst. Extra families (if they exist) must have either very
heavy neutrinosnfy > mz/2), or no neutrinos at all.

This review is devoted to the description of the theory of electroweak radiative corrections
in Z boson decays and to their comparison with experimental data [22]. Our approach to the
theory of electroweak corrections differs somewhat from that used in [18-23]. We believe that
it is simpler and more transparent (see section 6.1). In section 2 we introduce the basic input
parameters of the electroweak Born approximation. In section 3 we present phenomenological
formulae for amplitudes, decay widths, and asymmetries of the numerous decay channels of
Z bosons. The main subject of our review is the calculation of one-electroweak loop radiative
corrections to the Born approximation. In section 4 they are calculated to the hadronless
decays and the mass of thiéboson, while in section 5—to the hadronic decays. In section 6
the results of the one-electroweak loop calculations are compared with the experimental data.
Section 7 gives a sketch of two-electroweak loop corrections and of their influence on the
fit of experimental data. Section 8 discusses possible manifestations of new physics (extra
generations of fermions and supersymmetry). Section 9 contains conclusions.

In order to make the reading of the main text easier, technical details and derivations are
collected in the appendices.

2. Basic parameters of the theory

The first step in the theoretical analysis is to separate genuinely electroweak effects from purely
electromagnetic ones, such as real photons emitted by initial and final particles in reaction (10)
and virtual photons emitted and absorbed by them. The electroweak quantities extracted in
this way are called sometimes [20] pseudo-observables, but for the sake of brevity we will
refer to them as observables.

A key role among purely electromagnetic effects is played by a phenomenon which is
called the running of electromagnetic coupling ‘constaitj?). The dependence of the electric

t Combining equation (12) with the data ope™ [24] andvee™ [25] scattering allowed it to be established thgt
v, andv, have equal values of couplings with tdeboson [26].



Theory of Z boson decays 9

q.l 1 t
1
a) q b) i o b

W, Zy.H

mmiwfvw wvvif\:EANv Mwiém

g)

b W
oo v n*

Z.W H
W.H
1
Z 7 R Rnnd NZWQ\AYM

m) n) o)1
w
w
z Y Z Y )
4 Y
q w
P) Q) r)

Figure 3. Photon polarization of the vacuum, resulting in the logarithmic running of the

electromagnetic chargeand the ‘fine structure constant’ = %, as a function ofj2, where

g is the 4-momentum of the photor)( Some of the diagrams that contribute to the self-energy
of the W boson b)—(g). Some of the diagrams that contribute to the self-energy oZtheson
(h)—(n). Some of the diagrams that contribute to the> y transition 0)—(r).

charge on the square of the four-momentum trangfés caused by the photon polarization
of vacuum, i.e. by loops of charged leptons and quarks (hadrons) (see fig)te 3(
As is well known (see e.qg. [27])

o = a(g® = 0) = [137.03598561)] 2. (13)

It has a very high accuracy and is very important in the theory of electromagnetic processes
at low energies. As for electroweak processes in generaZamhekays in particular, they are
determined by [22]

a=a(q?=m3) =[12887890)] 1, (14)
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the accuracy of which is much worse.
It is convenient to denote
o

1
1-—6a’ (15)

a=
where

da = Say + Sap = 0.0314 980) + 0.059 40/66) (16)
(for the value o see [28], while for the value dfu, see [29]).

It is obvious that the uncertainty @ix and hence ofx stems from that of hadronic
contributionday,.

While «(g?) is running electromagnetically faskz(q?) and aw(g?) are ‘crawling’
electroweakly slow fog? < m3:

az=az(0) = 5y, Gz =az(M}) = 55 an
aw=aw(0) = 35, Gw = aw(M3) = o (18)

The small differencest; — @z and ayy — a@w are caused by electroweak radiative
corrections. Therefore one could and should neglect them when defining the electroweak
Born approximation. (We used this recige=£ ) when deriving the relation (9) betwe&),
andn.)

The theoretical analysis of electroweak effects in this report is based on the three most
accurately known parameterS;,, @ (equation (14)) andz (equation (11)).

G, = 1166391) x 10> GeV 2. (19)

This value ofG,, [27] is extracted from the muon lifetime after taking into account the
purely electromagnetic corrections (including bremsstrahlung) and kinematical factors [31]:

1 Gim> [m2 a(m,) 25
— =T, =Lt =2)|1- —(»2-= 20
T, " 192¢3 (mﬁ)[ 21 (” 4)}’ (20)

f(x) =1—8x+8x>—x*—12¢%logx,

where

and

3 Me T

Now we are ready to express the weak artgie terms ofG,,, « andmz. Starting from
equations (9), (5) and (6), we get in the electroweak Born approximation:

2 1
a(m) =o'~ —log <ﬂ> te 136

G, g2 _ f2 _ T 1)
4y2mi,  4V2m2  /2mZs?c?
from which
f? = 4v2G,m5 = 0.548633), 22)
f =0.740702)
Sin? 20 = 4na/~/2G, m% = 0.71090450), (23)
s? = 0.231 1623), (24)
c = 0.8768313). (25)

The angle® was introduced in the mid-1980s [32]. However, its consistent use began only
in the 1990s [33]. Using automatically takes into account the runningr©f?) and makes it
possible to concentrate on genuinely electroweak corrections as will be demonstrated below.
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(In this review we consistently use; as defined by EWWG in accord with our
equation (D.7). Note that a different definition of tleboson massnz is known in the
literature, related to a different parametrization of the shape af theson peak [34].)

The introduction of the Born approximation described above differs from the traditional
approach in whicle — « is treated as the largest electroweak correction, masgeandm;
are handled on an equal footing, and the adgledefined by

CwEC039W2mw/mz, S\%/Zl_C\ZN, (26)

is considered as one of the basic parameters of the theory. (Note that the experimental accuracy
of 6y is much worse than that éf)

After discussing our approach and its main parameters we are prepared to consider various
decays ofZ bosons.

3. Amplitudes, widths and asymmetries

Phenomenologically, the amplitude of tAeboson decay into a fermion-antifermion pdif
can be presented in the form:

M(Z - f) =20 @Quive + 9arvays)¥i Za, (27)

where coefficientf is given by equation (22)t. In the case of neutrino decay channel there is
no final state interaction or bremsstrahlung. Therefore, the width into any pair of neutrinos is
given by

I, ='(Z — vb) = 4T0(g, *+97,) = 8Tod?, (28)
where neutrino masses are assumed to be negligibld; @istthe so-called standard width:
_ f2m;  Gmd

192t 24y2x
For decays to any of the pairs of charged leptiorge have:
I EF(Z—)”_)=4F0|:9\2/| <1+%>+9i| <1+%— 2—';)} (30)

The QED ‘radiator’ (1+&/4r) is due to bremsstrahlung of real photons and emission and
absorption of virtual photons Byandl. Note that it is expressed not throughbut throughx.
For the decays to any of the five pairs of quagkswe have

Iq=T(Z - qd) = 12'[ghqRaq + 974 Rvql- (31)

Here an extra factor of three in comparison with leptons takes into account the three colours
of each quark. The radiatof,q and Ry contain contributions from the final state gluons
and photons. In the crudest approximation

To — 82.940(6) MeV. (29)

Ryg= Rag=1+—=, (32)
T
whereas(g?) is the QCD running coupling constant:
@s = as(q° =m3) ~ 0.12 (33)
(For additional details ofis and radiators see appendix E.)

T Z boson couplings are diagonal in flavour unlike those ofhboson, where the Cabibbo-Kobayashi-Maskawa
mixing matrix [35] should be accounted for in the case of couplings with quarks.
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The full hadron width (to the accuracy of very small corrections, see sections 5 and 7) is
the sum of widths of five quark channels:

I'h=Ty+Ig+Tg+Ic+T}. (34)
The total width of theZ boson:
Iz=Th+Te+I,+T; +30,. (35)

The cross section of annihilation efe™ into hadrons at th& peak is given by the
Breit—Wigner formula

127 Tl
oh =" —. (36)
mz Iz
Finally the following notations for the ratio of partial widths are widely used:
r r r
_ D Y L) (37)
I'h I'h N

(Note thatl'y in the numerator oR, refers to a single charged lepton channel, whose lepton
mass is neglected.)

Parity violating interference ofas and gy leads to a number of effects: forward—
backward asymmetrie&gg, longitudinal polarization of-lepton P,, dependence of the total
cross section af peak on the longitudinal polarization of the initial electron beang, etc.

Let us define for the channels of charged lepton and light quard, &, ¢) whose mass may
be neglected the quantity

20A10v

Inrdve (38)
Oar + 07+

f =

For f =b:

29abGvb
UpGAn + B — v)Gp/2’
whereuy, is the velocity of theéb quark:

A, = (39)

4
Vp = 1 m% . (40)
Hererf, is the value of the running mass of thequark at scalen; calculated inMS
scheme [36].
The forward—backward charge asymmetry in the decafy teequals:
f Ne—Ng 3
AFe = NrwNg 2™t @
whereNg (Ng) is the number of events with going into the forward (backward) hemisphere;
A, refers to the creation af boson ine*e~ annihilation, whileA; refers to its decay irf f.
The longitudinal polarization of the-lepton in the decay — t7is P, = —A;. If,
however, the polarization is measured as a function of the @nlgétween the momentum of
a1~ and the direction of the electron beam, this allows the determination of notfonkut
Ac as well:

A, (1+cog6) + 2A.cosh
1+co%6 +2A, Ae

The polarizationP; is found fromP;, (cosf) by separately integrating the numerator and
the denominator in equation (42) over the total solid angle.

P, (cosp) = —

(42)
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Table 1.

Observable  Experiment  Born Pull
mw (GeV)  80.390(64) 79.956(12) 6.8
My /mMz 0.8816(7) 0.8768(1) 6.8
S 0.2228(12)  0.2312(2)-6.8

I (MeV) 83.90(10) 83.57(1) 3.3
gal —0.5010(3) —0.5000(0) —3.3
avi/9al 0.0749(9) 0.0754(9)—-0.5

§ 0.2313(2) 0.2312(2) 0.5

The relative difference between total cross section azZttpeak for the left- and right-
polarized electrons that collide with non-polarized positrons (measured at the SLC collider)
is

Alg= = A (43)
oL Tt oRr
The measurement of parity violating effects allows one to determine experimentally the ratios
Ov+/9at, While the measurements of leptonic and hadronic widths allow togfindandas.

Table 1 compares the experimental and the Born values of the so-called ‘hadronless’
observablesmy, ga and gy;. For the reader's convenience the table lists different
representations of the same observable known in the literature:

m2
2 W
Sw=1-—, (44)
m
=% =siro = % (1 - %> . (45)
gal

The experimental values in the table are taken from [22], assuming that lepton universality
holds. The pull shown in the last column is obtained by dividing the difference -EBprn’
by experimental uncertainty (shown in brackets). One can see that the discrepancy between
experimental data and Born values are very largerfgrand substantial fogs. That means
that electroweak radiative corrections are essential. Ag\foiga, its experimental and Born
values coincide. Moreover the theoretical uncertainty is the same as the experimental one;
thus the pull is practically vanishing. Such high experimental accuraay/fgga has been
achieved only recently. As fany andTl', their experimental uncertainties are much larger
than the theoretical ones.

We would like to mention that in 1991, when we published our first paper on electroweak
corrections taZ-decays, the LEP experimental data were in perfect agreement with the Born
predictions of table 1. This demonstrates the remarkable progress in experimental accuracy.

4. One-loop corrections to hadronless observables

4.1. Four types of Feynman diagrams

Four types of Feynman diagrams contribute to electroweak corrections for the observables of
interest to us hereny/mz, gar, Ovi/9ai:

(1) Self-energy loops fokV and Z bosons with virtuab, |, g, H, W and Z in loops (see

figures 3b)—(n)).
(2) Loops of charged particles that result in transition & Boson into a virtual photon (see

figures 30)—(r)).
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Figure 4. Vertex triangular diagrams in thg2 — Il decay &)—(c). Loops that renormalize the
lepton wavefunctions in th& — | decay (of course, the antilepton has similar loog8) (€).
Types of diagrams that renormalize tHeboson wavefunction in th& — IT decay f), (g). The
virtual particles in the loops are discussed in the text.

(3) Vertex triangles with virtual leptons and a virtual or Z boson (see figures d¢-(c)).
(4) Electroweak corrections to lepton and Z boson wavefunctions (see figulegdy.

It must be emphasized that boson self-energy loops contribute not only to the mags

and, consequently, to thewy/m; ratio but also to theZ boson decay tdi, to which

Z < y transitions also contribute because these diagrams give corrections Zobthson
wavefunction. Moreover, there is no simple one-to-one correspondence between Feynman
diagrams and amplitudes. This is caused by the choi€e ofs an input observable which
enters the expression ferandc. As a result, e.g., there is a contributionntg, /mz coming
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from the box and vertex diagrams in the one-loop amplitude of the muon decay. In a similar way
the self-energy of th&V boson enters the amplitudes for de@y- |i: see also appendix D.

Obviously, electroweak corrections oy /mz, ga andgy;/gar are dimensionless and
thus can be expressed in termsxot, s and the dimensionless parameters

2 2
m m
(= (—) . h= (—“) , (46)
mz mz
wheremy is the mass of thé quark andmy is the higgs mass. (Masses of leptons and all
quarks except give only very small corrections.)

4.2. The asymptotic limit at s> m2

Following papers by Veltman [37], it became clear that in the limjt 1 electroweak radiative
corrections are dominated by terms proportiondl tdhese terms stem from the violation of
weak isotopic invariance by the large differencemgfandmy, (see figures 3y, (i) and {)).

After the discovery of the top quark it turned out that experimentalty3.7. As we shall
demonstrate in this review, for such a valug difie contributions of the terms which are not
enhanced by the factorare comparable to the enhanced ones. Still, it is convenient to split
the calculation of corrections into a number of stages and begin by calculating the asymptotic
limit for t > 1.

The main contribution comes from diagrams that contaand b quarks because the
large difference ofn; andmy, strongly breaks isotopic invariance. A simple calculation (see
appendix D) gives the following result for the sum of the Born and one-loop terms:

3c _
mW/mZ =C+ ma’t, (47)
1 3

- -2 3 4
9N =5 " Gar? ™t (48)
R= — 14— Gt 49

9vi/9a St @ — 9 (49)

1 3

g == +——at (50)

=2 b2
The presence dfenhanced terms in radiative correctionZtboson decays allowed the
prediction of the mass of the top quark before its actual discovery [38, 39].

4.3. The functions \t, h), Va(t, h) and \k(t, h)

If we now switch from the asymptotic casetof> 1 to the realistic value df, then one should
make the substitution in equations (47)—(50):

t—t+Ti(), (51)

in which the index = m, A, R, v denotesny,/mz, gai, R = gvi/ga andg,, respectively.

The functiondT; are relatively simple combinations of algebraic and logarithmic functions.
Their numerical values for a range of valuesngfare given in table 2. The functions(t)
thus describe the contribution of the quark doublé&tto my,/mz, ga, R = gvi/ga andg,.
If, however, we now take into account the contributions of the remaining virtual particles, then
the result can be given in the form

t— Vit,h)y=t+Tt)+ Hi(h) +C; +§V;(1). (52)

HereH; (h) contain the contribution of the virtual vector and higgs bostén& andH and
are functions of the higgs mass,. (The mass of th& boson entersi; (h) via the parameter
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Table 2.

mg

(GeV) t Tm TA TR

120 1.732 0.323 0.465 0.111
130 2.032 0.418 0.470 0.154
140 2.357 0.503 0.473 0.193
150 2706 0579 0476 0.228
160 3.079 0.649 0478 0.261
170 3476 0.713 0.480 0.291
180 3896 0.772 0.481 0.319
190 4341 0.828 0.483 0.345
200 4810 0.880 0.484 0.370
210 5303 0929 0485 0.393
220 5821 0975 0485 0.415
230 6.362 1.019 0.486 0.436
240 6.927 1.061 0.487 0.456
Table 3.

my

(GeV) h Hm HA HR
0.01 0.000 1.120-8.716 1.359
0.10 0.000 1.119-5.654 1.354
1.00 0.000 1.103-2.652 1.315
10.00 0.012 0.980-0.133 1.016
50.00 0.301 0.661 0.645 0.360
100.00 1.203 0.433 0.653-0.022
150.00 2.706 0.275 0.588-0.258
200.00 4810 0.151 0.518-0.430
250.00 7.516 0.050 0.452-0.566
300.00 10.823-0.037 0.392 —0.679
350.00 14.732-0.112 0.338 -0.776
400.00 19.241-0.178 0.289 —0.860
450.00 24.352—-0.238 0.244 —0.936
500.00 30.065-0.292 0.202 —1.004
550.00 36.378-0.341 0.164 —1.065
600.00 43.293-0.387 0.128 —1.122
650.00 50.809-0.429 0.095-1.175
700.00 58.927-0.469 0.064 —1.223
750.00 67.646—-0.506 0.035—-1.269
800.00 76.966—-0.540 0.007 —1.311
850.00 86.887—-0.573 —0.019 —1.352
900.00 97.410-0.604 —0.044 —1.390
950.00 108.534-0.633 —0.067 —1.426
1000.00 120.259-0.661 —0.090 —1.460

¢, defined by equation (25)). The explicit form of the functiddsis given in [41,42] and
their numerical values for various valuesrof; are given in table 3.

The constant€; in equation (52) include the contributions of light fermions to the self-
energy of theV andZ bosons, and also to the Feynman diagrams, describing the electroweak
corrections to the muon decay, as well as triangle diagrams, describiri) loson decay.

The constant€; are relatively complicated functions ef (see [41, 42]). We list here their
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W
N@%&’v mi:?w\xm
W
b) c)

Figure 5. Virtual t quarks &) andW bosonslf), (c) in the photon polarization of the vacuum.

numerical values fos? = 0.231 10— §s?;

Cm = —1.3497 + 413552, (53)
Ca = —2.2621— 2.63557, (54)
Cr = —3.5045— 5.72552, (55)
C, = —1.1641— 4.885°. (56)

4.4, CorrectionsV, (1)

Finally, the last term in equation (52) includes the sum of corrections of three different types.
Their common feature is that they do not contain more than one electroweak loop:

Vi = 81V + 82V, + 83V (57)

(1) The corrections;V; are extremely small. They contain contributions of veboson
and thet quark to the polarization of the electromagnetic vacuyn ands;«, which
traditionally are not included into the running efg?), i.e. intoa (see figure 5). It
is reasonable to treat them as electroweak corrections. This is especially true for the
W-loop that depends on the gauge chosen for the description dVthed Z bosons.
Only after this loop is taken into account do the resultant electroweak corrections become
gauge-invariant, as it should indeed be for physical observables. Here and hereafter in the
calculations the 't Hooft—-Feynman gauge is used:

81Vm(t, h) = —?m‘%(&wa +8a) = —0.055, (58)

81VR(t, h) = —1—367152c25(awa + &) = —0.181, (59)

81Va(t, h) = 81V, (t, h) z 0, (60)
where

Swa = 0.0005Q (61)

S ~ —0.000 0K 1). (62)
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Figure 6. Gluon corrections to the electroweak quark loop of Zhboson self-energy.

(See equations (B.18) and (B.17) from appendix B. Unless specified otherwise, we use
m; = 175 GeV in numerical evaluations.)

(2) The corrections,V,; are the largest ones. They are caused in the a@grdeby virtual
gluons in electroweak loops of light quargs= u, d, s, ¢, b and heavy quark (see
figure 6):

Vi (t) = 83V +85Vi (). (63)

Due to asymptotic freedom of QCD [40] these corrections were calculated in perturbation
theory. The analytical expressions for correctiég]‘s{i andsbV (t) are given in [41,42].
Here we only give numerical estimates for them,

83V = —0.377=, (64)
83V = 1. 750“; (65)
83V = 0, (66)
. .
S5Vm(t) = —11 67“3( U _ _1061%, (67)
T
- R
SLVA(t) = —10.10——= S( U _ _g18% (68)
T T
o R
SLVR(t) = _11.gg%(M) — ~1080%, (69)
T
where [40]
X a
as(Mp) = Bii (70)

1+ 5-aslogt

(For numerical evaluation, we ugg = as(mz) = 0.120.) We have mentioned already
that the corrections}V; (t), whose numerical values were given in (67)—(69), are much
larger than all other terms included §¥;. We emphasize that the term éhV; that is
leading for hight is universal: it is independent of As shown in [43], this leading term

is obtained by multiplying the Veltman asymptoticly a factor

272+ 6 &s(mt)
9 T

(71)

or, numerically,

(72)

ot <1 _ 2.86“S(mt)) .
T
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Figure 7. Vq, as a function ofm; for three values ofny. The dotted parabola corresponds to
Veltman approximationV,, = t. The solid horizontal line traces the experimental valu¥,gf
while the dashed horizontal lines give its upper and lower limits at shievel.

Qualitatively, the factor (71) corresponds to the fact that the running masstadjtizek at
momentap? ~ m? that circulate in the quark loop is lower than the ‘on the mass-shell
mass of the quark. It is interesting to compare the correction (72) with the quantity

M = mi(pf = —mf) = my <1 - 2.78“_S§Tmt)> ,

(73)
calculated in the Landau gauge in [44], p 102. The agreement is overwhelming. There
is, therefore, a simple mnemonic rule for evaluating the main gluon corrections for the
t-loop.

(3) Correctionss3V; of the order ofxa$ are extremely small. They were calculated in the
literature [45] for the term leading in(i.e.@&2t). They are independent bfin numerical
estimates we use for the number of light quark flavawfs= 5):

83Vi (1) ~ —(2.38 — 0.18N¢)a2(my)t ~ —1.4842(m)t = —0.07.  (74)

4.5. Accidental (?) compensation and the mass of the t quark

Now that we have expressions for all terms in equation (52), it will be convenient to analyse
their roles and the general behaviour of the functidgis, h). As functions oim; at three fixed
values ofmy, they are shown in figures 7-9. In all these figures, we see a cugp-aimz /2.

This is a typical threshold singularity that arises when the chadnel tt is opened. It is of

no practical significance since experiments give~ 175 GeV. What really impresses is that
the functionVg vanishes at this value of;,. This happens because of the compensation of the
leading termt and the rest of the terms which produce a negative aggregate contribution, the
main negative contribution coming from the light fermions (see equation (55) for the constant
CRr).
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Figure 8. Va as a function ofn;. The dotted parabola corresponds to Veltman approximation:
Va = t. The solid horizontal line traces the experimental valu¥ ofvhile the dashed horizontal
lines give its upper and lower limits at the level.
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Figure 9. VR as a function ofn;. The dotted parabola corresponds to Veltman approximation:
VR = t. The solid horizontal line traces the experimental valuggivhile the dashed horizontal
lines give its upper and lower limits at the level.
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In the one-electroweak loop approximation each functi6ct, h) is a sum of two
functions, one of which is-dependent but independentgfwhile the other id-dependent but
independent of (plus, of course, a constant which is independent of batidh). Therefore,
the curves fomy = 100 and 800 GeV in figures 7-9 are produced by the parallel transfer of
the curve fomy = 200 GeV.

We see in figure 9 that if the quark were light, radiative corrections would be large
and negative, and if it were very heavy, they would be large and positive. This looks like a
conspiracy of the observable mass of trguark and all other parameters of the electroweak
theory, as a result of which the electroweak correcifarbecomes anomalously small.

One should specially note the dashed parabolain figures 7—9 corresponding to the Veltman
termt. We see that in the interval @ m; < 250 GeV it lies much higher thaviy andVg and
approache¥, only in the right-hand side of figure 7. Therefore, the so-called non-leading
‘small’ corrections that were typically replaced with ellipses in standard texts, are found to be
comparable with the leading terin

A glance at figure 9 readily explains how the experimental analysis of electroweak
corrections allowed, despite their smallness, a prediction, within the framework of the MSM,
of thet quark mass. Even when the experimental accuracy of LEP-l and SLC experiments was
not sufficient for detecting electroweak corrections, it was sufficient for establishingtiaek
mass using the points at which the curvigm) intersect the horizontal line corresponding to
the experimental value &fg and the thin lines parallel to it that show the band of one standard
deviation. The accuracy in determinimg is imposed by the band width and the slope of
Vr(My).

The dependenc¥;(my) for three fixed values oim; = 150, 175 and 200 GeV can
be presented in a similar manner. As follows from the explicit form of the tetnimg),
the dependenc¥;(my) is considerably less steep (it is logarithmic). This is the reason
why the prediction of the higgs mass extracted from electroweak corrections has such a high
uncertainty. The accuracy of prediction wf; greatly depends on the value of thguark
mass. Ifm; = 150+ 5 GeV, thenmy < 80 GeV at the 3 level. If my = 200+ 5 GeV,
thenmy > 150 GeV at the 8 level. If, howeverm; = 175+ 5 GeV, as given by FNAL
experiments [27], we are hugely unlucky: the constraintmpnis rather mild (see figure 10).

Before starting a discussion of hadronic decays ofZheoson, let us ‘go back to the
roots’ and recall how the equations fgr(m;, my) were derived.

4.6. How to calculate \? ‘Five steps’

An attentive reader should have already come up with the question: what makes the amplitudes
of the lepton decays of thé boson in the one-loop approximation depend on the self-energy
of the W boson? Indeed, the loops describing the self-energy oMH®mson appear in the
decay diagrams of thé boson only beginning with the two-loop approximation. The answer
to this question was already given at the beginning of section 4. We have already emphasized
that we find expressions for radiative correctionZtdboson decays in terms éf mz and
G,.. However, the expression f@, includes the self-energy of th& boson even in the
one-loop approximation. The point is that we express some observables (in this particular
casemy/mz, gai, 9vi/gar) in terms of other, more accurately measured, observab|@s,
G,).
Letustrace howthisis achieved, step by step. There are altogether ‘five stepsto happiness’,
based on the one-loop approximation. All necessary formulae can be found in appendix D.
Step 1.We begin with the electroweak Lagrangian after it has undergone the spontaneous
violation of theSU(2) x U (1) symmetry by the higgs vacuum condensate \igdhd thew
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Figure 10. m; — my exclusion plots with assumptions of:a)(m; = 15005) GeV; (b)
my = 1755) GeV; (€) m; = 200+ 5 GeV.

andZ bosons became massive. Let us consider the bare coupling constants (the bare charges
ey of the photong of the W boson andfy of the Z boson) and the bare masses of the vector
bosons:

mzo = 3 fon. (75)
Mwo = 30o, (76)
and also bare massea®y;, of thet quark andmy of the higgs.
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Figure 10. (Continued.)

Step Il.We expresg&, G,,, mz interms offy, go, €, 7, Mo, My and Ve (see appendix D).
Here /¢ appears because we use the dimensional regularization, calculating Feynman integrals
in the space ob dimensions (see appendix A). These integrals diver@e-at4 and are finite
in the vicinity of D = 4. By definition,

26=4—D— 0. (77)

Note that in the one-loop approximation,, = m;, myp = My, since we neglect the
electroweak corrections to the masses ofttgeark and the higgs.

Step Il is almost physics: we calculate Feynman diagrams (we say ‘almost’ to emphasize
that observables are expressed in terms of non-observable, ‘bare’, and generally infinite
quantities).

Step lll.Let us invert the expressions derived at step Il and Wigtego, 1 in terms ofa,

G,,, mz, m;, my and Ye. This step is a pure algebra.

Step IV.Let us expres¥m, Va, Vg (0r the electroweak one-loop correction to any other
electroweak observable, all of them being treated on an equal basis) in tefg@gafr, m,
my and Ye. (Like step Il, this step is again almost physics.)

Step V.Let us expres¥, Va, Vr (0or any other electroweak correction) in termsaof
G,, mz, m, my using the results of steps Il and IV. Formally this is pure algebra, but in
fact pure physics, since now we have expressed certain physical observables in terms of other
observables. If no errors were made on the way, the tefmgdncel out. As a result, we
arrive at formula (52) which give¥; as elementary functions ¢fh ands.

The five steps outlined above are very simple and visually clear. We obtain the main
relations without using the ‘heavy artillery’ of quantum field theory with its counterterms in
the Lagrangian and the renormalization procedure. This simplicity and visual clarity became
possible owing to the one-loop electroweak approximation. (Even though this approach to
renormalization is possible in multiloop calculations, it becomes more cumbersome than the
standard procedures.) As for the QCD corrections to quark electroweak loops hidden in
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the termssV; in equation (52), we take the relevant formulae from the calculations of other
authors.

5. One-loop corrections to hadronic decays of theZ boson

5.1. The leading quarks and hadrons

As discussed above (see formulae (31)—(37)), an analysis of hardronic decays reduces to the
calculation of decays to pairs of quark& — qq. The key role is played by the concept

of leading hadrons that carry away the predominant part of the energy. For example, the
Z — cc decay mostly produces two hadron jets flying in opposite directions, in one of which
the leading hadron is the one containing &guark, for exampleD~ = ¢d, and in the other

the hadron with the c-quark, for exampB? = ciior A} = udc Likewise,Z — bb decays

are identified by the presence of high-eneBygr B mesons. If one selects only particles with
energy close tanz /2, the identification of the initial quark channels is unambiguous. The
total number of such cases will, however, be small. If one takes into account as a signal less
energeticB mesons, one faces the problem of their origin. Indeed, abbedan be created

not only directly by aZ boson but also by a virtual gluon in, sayZa— cC decay orZ — ud,

or s5. This example shows the sort of difficulty encountered by experimentalists trying to
identify a specific quark—antiquark channel. Furthermore, owing to such secondary pairs, the
total hadron width is not strictly equal to the sum of partial quark widths.

We remind the reader that for the partial widfly of the Z — qg decay we had
equation (31), where the standard width was given by equation (29) and the radiators
Raq and Ry are given in appendix E. As for the electroweak corrections, they are included
in the coefficientgaq andgyq. The sum of the Born and one-loop terms has the form

3
Oaq = Taq [1 + WVM(L h)i| , (78)
Ro = Ova/Gng = 1 — 4Qql2+ — 2l gveat. by, (79)
arena a 47(c2—s?) O

5.2. Decays to pairs of light quarks

Here, as in the case of hadronless observables, the quaktitiest characterize corrections

are normalized in the standard way:— t ast > 1. Naturally, those terms X that are due

to the self-energies of vector bosons are identical for both leptons and quarks. The deviation
of the difference®/aq — Va andVrq — Vg from zero are caused by the differences in radiative
corrections to verticeZ — qd andZ — 1. For four light quarks we have

1287s3¢c®

Vau(t, h) = Vac(t, h) = Va(t, h) + [%(FN +Fay) = 0.2634] , (80)
1287s3¢3

Vad(t, h) = Vas(t, h) = Va(t, h) + [T(FAI — Fag) = 05295] , (81)

VRU(ts h) = VRC(tv h) = VR|(t1 h)

167Se(C2 — <2 3 8
+[$[F\u — (1—45)Fp + E( = (1 - 532) Fau+ Fw)}

= 0.1220], (82)
VRd(tv h) = VRS(tv h) = VR|(tv h)
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2 2
+[M[Fm — (1 —48%)Fp + 3<<1— gsz) Fad — de)]

3
= 0.2679}, (83)
where (see [41,42]):
Fa = %(3.0099 +16455%), (84)
Fyv| = %(3.1878 +14985%), (85)
Fau = —%(2.6802 +14785%), (86)
Fvu = —%(2.7329 +14285%), (87)
Fag = %(2.2221 +13585%), (88)
Fvd = %(2.2287 +13555?). (89)

The values of are given here fos? = 0.231 10— §s?. The accuracy to five decimal places
is purely arithmetic. The physical uncertainties introduced by neglecting higher-order loops
manifest themselves already in the third decimal place.

In addition to the changes given by equations (80)—(83), one has to also take into account
emission of a virtual or ‘free’ gluon from a vertex quark triangle.

The corresponding effect cannot be parametrized in tevimsand Vgq, because it
contributes also to the radiatoRsq and Ryq. The change of’, caused by it has been
calculated only recently [46] and turned out to be rather small:

8Th(Z — u,d, s, c) = —0.59(3) MeV. (90)

5.3. Decays to b pair

In the Z — bb decay it is necessary to take into account additidréépendent vertex
corrections:

22

Vab(t, h) = Vag(t, h) — [m@’(t) 8 (1) = 5-03i| ) (91)
45%(c? — s?)

VRo(t, h) = Vrq(t, h) — [m(‘f’(t) *+8a () = 1-76] . (92)

Here the termp (t) calculated in [47] corresponds ta®W vertex triangle (see figure 14)],
while the terms, ¢ (t) calculated in [48], corresponds to the leading gluon corrections to the
term ¢ (t) (see figure 11)): 8, ¢(t) ~ ast. Expressions fogp(t) andé, ¢ (t) are given

in [41,42]. Form; = 175 GeV,as(mz) = 0.120

¢ (1) = 29.96, (93)
80 (1) = —3.02 (94)

and correctiontermsin equations (91) and (92) are very large. The subleading gluon corrections
to ¢ (t) calculated recently [49] are very smadll’, (Z — b) = —0.04 MeV.
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a) b)

Figure 11. The vertex electroweak diagrams involvinguark and contributing to thé — bb
decay. b) represents gluon corrections to diagraa (

6. Comparison of one-electroweak-loop results and experimental LEP-I and SLC data

6.1. LEPTOP code

A number of computer programs (codes) were written for comparing high-precision data of
LEP-1 and SLC. The best known of these programs in Euro@&igTER [50], which takes

into account not only electroweak radiative corrections but also all purely electromagnetic
ones, including, among others, the emission of photons by colliding electrons and positrons.
Some of the first publications in which thguark mass was predicted on the basis of precision
measurements [51], were based on the @RIETER. Other European codeBiM, WOH [52],
TOPAZO0 [53], somewhat differ fronZFITTER. The best known in the USA are the results
generated by the code used by Erler and Langacker [23, 54].

The original idea of the authors of this review in 1991-3 was to derive simple analytical
formulae for electroweak radiative corrections, which would make it possible to predict the
t quark mass using no computer codes, just by analysing experimental data on a sheet of paper.
Alas, the diversity of hadron decays Afbosons, depending on the constants of strong gluon
interactionas, was such that it was necessary to convert analytical formulae into a computer
program which we jokingly dubbedEPTOP [55]. The LEPTOP calculates the electroweak
observables in the framework of the MSM and fits experimental data so as to determine the
quantitiesm;, my andas(mz). The logical structure afEPTOP is clear from the preceding
sections of this review and is shown in the flowchart on page 42. The cad®ofP can be
downloaded from the Internet home page: http://cppm.in2p3.fr./leptoplieptop.html

A comparison of the codeBFITTER, BHM, WOH, TOPAZO and LEPTOP carried out in
1994-5 [20] has demonstrated that their predictions for all electroweak observables coincide
with accuracy that is much better than the accuracy of the experiment. The flowcharts of
LEPTOP andZFITTER are compared on pages 25 and 27 of [20]; numerical comparison of
five codes (their 1995 versions) for twelve observables is presented in figures 11-23 of the
same reference. The results of processing the experimental datalE®TEP are shown
below.

6.2. One-loop general fit

The second column of table 4 shows experimental values of the electroweak observables,
obtained by averaging the results of four LEP detectaysdnd also SLC datebf and the

data onW boson massdj. (The data on th&/ boson mass from thpp-colliders and LEP-

Il are also shown, for the reader’s convenience, in the forrs3pfwhile the data ors3,

from vN-experiments are also shown in the formm{f,. These two numbers are given in
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Table 4. Fit of the experimental data [22] with one-electroweak-loop formulae;
91.186721) GeV is used as an input. Output of the fitny = 1391*1%2 GeV, ds

0.11954 0.0030,x2/Nng.0.1. = 15.1/14.

Experimental Standard
Observable data model Pull
(a) LEP
Shape ofZ-peak
and lepton asymmetries:
I'z (GeV) 2.4939(24) 2.4959(18)-0.8
on (nb) 41.491(58) 41.472(16) 0.3
R 20.765(26) 20.747(20) 0.7
A'FB 0.0168(10) 0.0161(3) 0.8
T-polarization:
A 0.1431(45) 0.1465(14)-0.8
Ae 0.1479(51) 0.1465(14) 0.3
Results fob andc
quarks:
R2 0.2166(7) 0.2158(2) 1.0
R2 0.1735(44) 0.1723(1) 0.3
AR 0.0990(21) 0.1027(10)-1.8
Afg 0.0709(44) 0.0734(8) —0.6
Charge asymmetry for pairs
of light quarksqq:
$(QFB) 0.2321(10) 0.2316(2) 05
(b) SLC
ALR 0.1504(23) 0.1465(14) 1.7
S(ALR) 0.2311(3) 0.2316(2) —1.7
R2 0.2166(7) 0.2158(2) 0.9
R2 0.1735(44) 0.1723(1) 0.3
Ap 0.8670(350) 0.9348(1) —1.9
Ac 0.6470(400) 0.6676(6) —0.5
(c) ppt+ LEP-Il +vN
mw (GeV) (pp) + LEP-II 80.39(6) 80.36(3) 0.5
0.2228(13)
s% (WN) 0.2254(21) 0.2234(6) 0.9
80.2547(1089)
m; (GeV) 173.8(5.0) 171.6(4.9) 0.4

a Experimental values R, and R; correspond to the average of LEP-I and SLC results.

italics, emphasizing that they are not independent experimental data. The same rgfers to
(ALR).) We take experimental data from the paper [22]. The experimental data of table 4 are
used for determining (fitting) the parameters of the standard model in one-electroweak-loop
approximation:my, my, @s(mz) anda. (In fitting m, the direct measurementsmof by CDF

and DO (Collaborations) [27] are also used. In fittiagits value from equation (14) was
used.) The third column shows the results of the fit of electroweak observables with one loop
electroweak formulae. The last column shows the value of the ‘pull’. By definition, the pull

is the difference between the experimental and the theoretical values divided by experimental
uncertainty. The pull values show that for most observables the discrepancy is lessthan 1
The number of degrees of freedom is-18 = 14.
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Table 5. Recalculation witlLEPTOP of table 30 of the EWWG report [22].

Average over Cumulative

Observable 52 groups of observations  average ¥2/Nd.o.t.
Ag 0.23117(55)

A 0.23202(57)

Ae 0.23141(65)  0.23153(34) 0.23153(34) 1.2/2
AR 0.23226(38)

A,C:B 0.23223(112) 0.23226(36) 0.23187(25) 3.4/4
(QrB) 0.23210(100)  0.23210(100) 0.23189(24) 3.4/5
ALR (SLD)  0.23109(30) 0.23109(30) 0.23157(19) 7.8/6

Table 51 gives experimental valuess3f The third column was obtained by averaging of
the second column, and the fourth by cumulative averaging of the third; it also lists the values
of x2 over the number of degrees of freedom.

7. Two-loop electroweak corrections and theoretical uncertainties

In this section we will discuss heavy top corrections of the second ordey ito my and to
coupling constants & boson with fermions. Full calculation aﬁv corrections is still absent.
What have been calculated are corrections of the ardet? = o3, (m;/mz)* [56,57] and
corrections~a3 t [58—60].

There are two sources af,t2 corrections in our approach. The first source are reducible
diagrams with top quark in each loop. The second source are irreducible two-loop Feynman
diagrams which contain top quark [56,57]. We start our consideration with the first source
the contribution of which is proportional td17(0) — ITw(0))?. Detailed calculations are
presented in appendix F.

7.1. i t? corrections to my/mz, ga and g, /ga from reducible diagrams

We start our consideration from the ratio of vector boson masses. From equations (F.12) and
(F.13) we obtain:
2 4 4e2
Mw _ . c 5+ 3c* — 10c*s” ,
my 2(c2 — s?) 8(c?2 — s?)3
Substituting the expression far from (F.10) and using the definition of,, from
equations (47), (52ve obtain the following correction to the functi®f:
4rs’c*(3—10s?) ,  3(3-—10s%)at?
3a(c? — s2)?  64rs?(c? — s2)2°
The correction to axial coupling constayy is easily derived from equations (F.14) (since
ga ~ fo), (F.10) and the definition of 5, equations (48), (52):

(95)

83V = (96)

ga = —3 — 36 — 248°, (97)
Qat?

SNy = ———. 98

4TA T Bars2c2 (98)

T Table 5is our recalculation withIEPTOP program of table 30 of the EWWG report [22]. The numbersAgand
A; in tables 4 and 5 agree with each other, while they disagree in the EWWG report in tables 30 and 31. In order to
restore the agreement one has to interchakgand A; in table 30 of the EWWG report.


Author Query
sense as intended?
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L

t
a) b) c)
Figure 12. Some Feynman diagrams that gixgt2 corrections.

Finally, taking into account the definition bk, equations (49), (52), and equations (F.15),
(F.7) we get:

c?s? cts?
=1-4|1-c®>— 5+ 2
Ovi/9a [ Z 2T @3 ]
4c?s? 4cts?
=1—4s%+ - 2 99
CZ _ SZ (C2 _ 32)3 ( )
, 3at?
R T (100)

Formulae (96), (98) and (100) contain corrections to the functignshich come from
the squares of polarization operators and are proportiorafte-so, it is leading {t?) parts
of (IT; — Iy)? corrections. Numerically they are several times smaller #tarcorrections
which originate from irreducible diagrams.

7.2. aZ,t2 corrections from irreducible diagrams

The major part of theg, t? corrections comes from the irreducible two-loop Feynman diagrams
[56,57]. The key observation in performing their calculation is that these corrections are of
the order of @W(mﬂz)z]2 ~ A¢, wherej, is the coupling constant of the higgs doublet with the

top quark. That is why they can be calculated in a theory without vector bosons, taking into
account only top—higgs interactions [56]. Corresponding pieces of vector boson self-energies
can be extracted from the self-energies of would-be Goldstone bosons which enter the Higgs
doublet (those components which, after mixing with massless vector bosons, form nieissive
andZ bosons). Correction of the order@@vt2 is contained in the differendéz (0) — Iy (0)

(see figure 12), so it is universal, i.e. one and the sam&foVa andVg. In [42] we call

these correction&,V; :

o
167 s2c?
where functionA(h/t) is given in table 6. To obtain this table fory /m; < 4 we use a table
from [57], and formy /m; > 4 we use expansion over; /my from [56]. Form; = 175 GeV
andmy = 150 GeV we getA = 6.4 andé,V, (t, h) = —0.08. This corresponds to the shifts:
—12 MeV formyy, 7 x 107° for s? and 5x 10~° for ga. One should compare these shifts with
one-loop resultssijeopMy = 400 MeV, 81j00ps” = 50 x 1075 anddyjoopda = 100 x 10°°.
Recall that present experimental accuracyni is 64 MeV, ins? is 20x 107° and inga is
30x 1075,
There is one more place from which correctiong?,t2 appear: this is th& — bb decay.
At one electroweak loop thtequark can propagate in the vertex triandgf/) (see section 5).

84Vi(t,h) = A(h/t) - t2, (101)


Author Query
please clarify?
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Table 6. FunctionsA(my /my) andréz)(mH/mt).

ma/Me AMu/m)  o2Mma/m)  ma/me AMp/m) 52 (mu/my)

0.00 0.739 5.710 2.60 10.358 1.661
0.10 1.821 4.671 2.70 10.473 1.730
0.20 2.704 3.901 2.80 10.581 1.801
0.30 3.462 3.304 2.90 10.683 1.875
0.40 4.127 2.834 3.00 10.777 1.951
0.50 4.720 2.461 3.10 10.866 2.029
0.60 5.254 2.163 3.20 10.949 2.109
0.70 5.737 1.924 3.30 11.026 2.190
0.80 6.179 1.735 3.40 11.098 2.272
0.90 6.583 1.586 3.50 11.165 2.356
1.00 6.956 1.470 3.60 11.228 2.441
1.10 7.299 1.382 3.70 11.286 2.526
1.20 7.617 1.317 3.80 11.340 2.613
1.30 7.912 1.272 3.90 11.390 2.700
1.40 8.186 1.245 4.00 11.396 2.788
1.50 8.441 1.232 4.10 11.442 2.921
1.60 8.679 1.232 4.20 11.484 3.007
1.70 8.902 1.243 4.30 11.523 3.094
1.80 9.109 1.264 4.40 11.558 3.181
1.90 9.303 1.293 4.50 11.590 3.268
2.00 9.485 1.330 4.60 11.618 3.356
2.10 9.655 1.373 4.70 11.644 3.445
2.20 9.815 1.421 4.80 11.667 3.533
2.30 9.964 1.475 4.90 11.687 3.622
2.40 10.104 1.533 5.00 11.704 3.710
2.50 10.235 1.595

Thatis why at two loops correction of the ordejt? emerges. Due to this correction, functions
Vap(t, h) andVgp(t, h) differ from the corresponding functions describiig— dd decay:

Vap(t, h) = Vaq(t, h 85—2(:2 t)+8p(t, h 102

ab(t, ) = Vaq(t, )—3(3_232)(¢() ¢(t, h)), (102)
45%(c? — s?)

VRro(t, h) = VRa(t, h) — m@(t) +8g(t, h)), (103)

where functionp (t) was discussed in section 5 and
8¢ (t, ) =8, (1) +5Hop(t, h)

3-282 w2 [as(my) 1 (@), 2(h
T 282? {_§< T >t+1662C2 <;)ttb <Y>} (104)

The first term in curly braces, ¢, was taken into account earlier, see section 5, and
the new correctioiy ¢ (t, h) is proportional to functior’réz)(h/t). Functionréz) is given in
table 6. To obtain this table fany /m; < 4 we use a table from [57], and fory /m; > 4 we
use expansion oven;/my from [56] in full analogy with functionA(h/t).

Form, = 175 GeV,my = 150 GeV we have.” = 1.6.

The change of', due t0rk§2) = 1.6 equals M3 MeV, which corresponds to210° shift
in Ry, while experimental accuracy iR, is 7 x 10~ (the one-loop electroweak correction in
Ry is —3.9 x 1073). The influence otgz) on A2, and A, is even smaller (by a few orders of
magnitude).
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7.3. a3t corrections and the two-loop fit of experimental data

Corrections of the order3,t originate from the top loop contribution ¥ andZ boson self-
energies with higgs or vector boson propagating inside the loop and are of the ogdef .of
We take into account these corrections in our COERTOP using results of [58—60].

Before we present results of the electroweak precision data fit which take into account
g, corrections, described in this section, we must discuss how good the approximation which
takes into account,t? andag,t terms but neglects (still not calculatedf), terms should be.

Form; = 175 GeV we obtaih >~ 3.7, thus at first glance we have good expansion parameter so
thata\%\, terms could be safely neglected. To check this let us consider first the one electroweak
loop, where the enhanceg)yt terms can be compared with non-enhanegderms.

By using equations (47) and (49) and by comparing them with experimental data one
sees that fomy,/mz theawt term is equal to @057, while thexy, term is—0.0014. As for
Ovi/9al, the two terms are.0122 and—0.0142. Thus fomy,/mz the awt term dominates,
while for gy /ga it is practically cancelled by they, term.

Returning to two-loop corrections we observe thatotﬁﬂaz correction tamyy is not larger
than thex\z,\,t correction; fom; = 175 GeV andny = 150 GeV it diminishesny, by 23 MeV
(compare with section 7.2).

In table 7 we present results of the fit of the data where we use theoretical formulae which
include the two-loop electroweak corrections described in this section. Comparing table 7
with table 4 where the fit of the one-loop electroweak corrected formulae was presented, we
see that the fitted values of all physical observables are practically the same, with one (very
important) exception: the central value of the higgs mass beceifi@<zeV lower. In view
of the previous discussion it seems reasonable to consider this shift as a cautious estimate of
the theoretical uncertainty imy.

We have a simple qualitative explanation as to wfjt corrections reduce the higgs mass
by ~70 GeV. The point is that these corrections shift the theoretical valgg lf +0.0002,
which is close to experimental errorsf. In order to compensate for the shift, the fitted mass
of the higgs changes. This change can be easily derived. Indeed, from equations (49), (52),
(45) we get:

8s% = adHgr = —0.000 86 Hg, (105)

3
167 (c? — s?)
while from table 3 we see that changingy from 150 to 100 GeV give8Hr = +0.236 and
§s?> = —0.0002.

In figure 13 the dependence @f on the value of higgs mass is shown both with and
without inclusion of SLD data4-decays into heavy quark pairs are taken into account in both
plots). When all existing data are taken into account we get a central value of higgs mass
my = 71 GeV which is 20 GeV below the lower bound [22] of the LEP-II direct searches,
my > 95 GeV. However, uncertainty in the valuerof, extracted from radiative corrections
is quite large, thus there is no contradiction between these two numbers.

At the end of this section we would like to make two remarks demonstrating that one
should not take too seriously the central valuemgfextracted from the global fits.

First, if one disregards the FNAL measurementmgfthen one obtains from the fit:

m; = 1607"%% GeV, my = 30.3"%8 GeV.

Such a value ofny is 1.5 standard deviations below the lower bound from direct searches
of LEP-II. (Note also that the fitted value of the top mag$s substantially lower than measured
at FNAL).

Second, as was stressed in [61], the valué ektracted from different observables lead
to very different central values ofiy. For example, from SLAC data oA R it follows that
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Table 7. Fit of experimental data [22] with two-electroweak-loop formulaem; =
91.186721) GeVis used as an input. Output of the fity = 70.81%23 GeV,&s = 0.11944+-0.0029,
x%/Ngo.r. = 150/14. The most optimistic errors olly are obtained in the fit including
a(DH)~! = 12892336) [30] andas(P DG) = 0.117823) from low-energy data [27]. Such a

fit givesmy = 9353 GeV,m; = 1713+ 4.8 GeV,as = 0.1184+0.0018,x2/ng0 1. = 15.2/14.
However the systematic errors due to the model assumptions used in the calculatigiiz D)
anda(DH) are not easy to estimate. That is why we prefer to use the result with less optimistic
assumptions leading to bigger errommy .

Experimental Standard
Observable data model Pull

(a) LEP-I
Shape ofZ-peak and
lepton asymmetries:

'z (GeV) 2.4939(24) 2.4960(18)-0.9

on (nb) 41.491(58) 41.472(16) 0.3

R 20.765(26) 20.746(20) 0.7

Ag 0.0168(10) 0.0161(4) 0.7

t-polarization:

A 0.1431(45) 0.1467(16)-0.8

Ae 0.1479(51) 0.1467(16) 0.2

Results for heavy quarks:

RS 0.2166(7) 0.2158(2) 1.0

R2 0.1735(44) 0.1723(1) 0.3

A2 0.0990(21) 0.1028(12)-1.8

Al 0.0709(44) 0.0734(9) —0.6

Charge asymmetry for pairs of

light quarksqq:

s2(Qre) 0.2321(10) 0.2316(2) 05

(b) SLC

s (ALR) 0.2311(3) 0.2316(2) —1.6

ALR 0.1504(23) 0.1467(16) 1.6

R2 0.2166(7) 0.2158(2) 0.9

R2 0.1735(44) 0.1723(1) 0.3

Ap 0.8670(350) 0.9348(2) —1.9

Ac 0.6470(400) 0.6677(7) —0.5

() ppt+ LEP-Il +vN

mw (GeV) (pp+ LEP-II) 80.3902(64) 80.3659(34) 0.4
0.2228(13)

5 (WN) 0.2254(21) 0.2233(7) 1.0
80.255(109)

m; (GeV) 173.8(5.0) 170.8(4.9) 0.6

rma Experimental values dR, and R; correspond to the average of LEP-1 and SLC resullts.

my = 25 GeV with a 90% confidence interval of 6—-100 GeV. Even smaller values,of
follow from LEP measurement oAz my = 4 GeV (02 GeV < my < 95 GeV at 90%
CL). As for other asymmetries measured at LEP, they lead to much heavier higgsAiom
for examplemy = 370 GeV (100 GeV< my < 1400 GeV at 90% CL). That is why the
average of all these valuesmofy; seems to be not very reliable.

As can be seen from table 8, thEBPTOP fit is very close to th&FITTER fit [22] and to
the fit by Erler and Langacker [23]. This indicates that theoretical uncertainties are very small,
except for the non-calculated part of the corrections, which is common to all three programs.
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Figure 13. X2 versusmgy curves.

8. Extensions of the SM

The SM works well at the energy scale of the order of the vector bosons masses. We see that
the SM description of the electroweak observables in this energy region is in perfect agreement
with the precision measurements.

However there are many natural physical questions that have no satisfactory answers
within the framework of the SM. So it is hard to believe that the SM is the final theory. The
common expectation is that there should be new physics beyond the SM.

Direct accelerator searches have not yet found any trace of new physics. Their negative re-
sults have given lower bounds on the masses and upper bounds on the production cross sections
for the new patrticles. In this section we are going to study the indirect bounds on new physics
that can be theoretically derived from the precision measurements at low energy of the order of
Z andW boson masses. Loops with hypothetical new particles change the predictions of the SM
for electroweak observables. Since the SM gives a very good description of the data there is lit-
tle room for such new contributions. In this way one can derive some constraints on new theory.

Any possible generalizations of the SM are naturally divided into two classes: theories
with and without decoupling. In the first class, the contribution of new particlesihand
Z boson parameters are suppressed as positive powars pm?)" when the masses of new
particlesm become larger than electroweak scale. One cannot exclude such theory by studying
loop corrections to low-energy observables. In this way one may hope to bound the masses of
new particles from below. The most well known examples of such theory are supersymmetric
extensions of the SM.

Inthe second class of theories the contribution of new particles into low-energy observables
does not decouple even when their masses become very large. Such SM generalizations can
be excluded if the additional nondecoupled contributions exceed the discrepancy between the
SM fit and experimental data. An example of such generalization is the SM with additional
sequential generations of quarks and leptons.
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Table 8. Comparison of theEPTOP, ZFITTER [22] and Erler—Langacker [23]fits. Erler—Langacker
use slightly different experimental dataset for their fit. This may cause some of the discrepancies
with LEPTOP andZFITTER.

Experimental EWWG Erler—
Observable data LEPTOP ZFITTER Langacker
(@) LEP-I
Mz (GeV) 91.1867(21) 91.1867 fix. 91.1865 91.1865(21)
'z (GeV) 2.4939(24) 2.4960(18) 2.4958 2.4957(17)
oh (nb) 41.491(58) 41.472(16) 41.473 41.473(15)
R 20.765(26) 20.746(20) 20.748 20.748(19)
Ag 0.0168(10) 0.0161(4) 0.01613 0.0161(3)
A 0.1431(45) 0.1467(16) 0.1467 0.1466(15)
Ae 0.1479(51) 0.1467(16) 0.1467 0.1466(13)
Ry 0.2166(7) 0.2158(2) 0.2159 0.2158(2)
Re 0.1735(44) 0.1723(1) 0.1722 0.1723(1)
Alg 0.0990(21) 0.1028(12) 0.1028 0.1028(10)
Alg 0.0709(44) 0.0734(9) 0.0734 0.0734(8)
s?(QFB) 0.2321(10) 0.2316(2) 0.23157 0.2316(2)
(b) SLC
SP(ALR) 0.2311(3) 0.2316(2) 0.23157 —
ALr 0.1504(23) 0.1467(16) — 0.1466(15)
Ay 0.8670(350) 0.9348(2) 0.935 0.9347(1)
Ac 0.6470(400) 0.6677(7) 0.668 0.6676(6)
(¢) pp+ LEP-1l +uN
mw (GeV) (pp+ LEP-II) 80.3902(64) 80.3659(34) 80.37 80.362(23)
0.2228(13)
s& (vN) 0.2254(21) 0.2233(7) 0.2232
80.255(109)
m; (GeV) 173.8(5.0) 170.8(4.9) 171.1(4.9) 171.4(4.8)
my (GeV) 71082 7608 10709
as 0.1194(29) 0.119(3) 0.1206(30)
a~t 128.878(90) 128.875 128.878

8.1. Sequential heavy generations in the SM

We start the discussion of new physics with the simplest extension of the SM, namely the SM

with additional sequential generations of leptons and quarks [62—64]. Nobody knows any deep
reason for the number of generations to be equal to three. So itis interesting to study whether
it is allowed to have four and more generations. Certainly these new generations should be
heavy enough not to be produced in thelecays and at LEP-II.

We consider the case of no mixing between the known generations and the new ones. In
this case the new fermion generations effect the matig/ mz and the widths and the decay
asymmetries of th& boson only through the vector bosons self-energies. Such corrections
have been dubbed [88] ‘oblique corrections’. We start their study with the caS&&)
degenerate fourth generation:

My = Mp = Mg, my = Mg =M. (106)

New terms in the self-energies modify the functio¥g, Va, Vg, i.e. the radiative
corrections tany /mz, ga andgyi/gai. The contribution tov; from the fourth generation
can be written in the form:

Vin = Vin + 8*Vin, Va — Va +8%Va, Vg — Vr+8%VR.  (107)
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Figure 14. The two-dimensional exclusion plot for the caseNdfextra generations and for the
choicemp = 130 GeV—the lowest allowed value for new quark mass from Tevatron search [27],
usingmy > 90 GeV at 95 % CL from LEP-2 [89]. The cross correspondgminimum; curves
show one sigma, two sigma, etc allowed domains.

The analytical expressions féftV; for quark or lepton doublets (neglecting gluonic corrections)
can be found in appendix G, equations (G.1)—(G.3).
In the limit of a very heavy fourth generation of leptons and quarks one has:

86Vm > — s, T84V - -8, 284Va — 0, (108)

where ¥ denotes sum over leptons and quarks with = m. = my, s2 ~ 0.23.
Equations (108) reflect the non-decoupling of the heavy degrees of freedom in electroweak
theory, caused by the axial current. It is interesting that the contribution of degenerate
generation td/y,, Vg has negative sign.

The fourth generation with strong violation &U(2) symmetry (i.e. with very large
mass difference in the doublet) gives a universal contribution to funcsirigsimilar to the
universal contribution of andb quarks from the third generation t§):

8%V, = 4m2 — m3|/3m3. (109)

In the case of large mass splittintfV; are positive. From equations (108) and (109) it
is clear that somewhere in the intermediate region of mass splitting the funéfignsand
8%VR intersect zero. In the vicinities of these zeros the contribution of new generation to these
specific observables is negligible and one cannot exclude these regions of masses by studying
only one of the observables. Fortunately, for different observables these zeros are located in
different places and the general fit overcomes such a conspiracy of new physics.

For different up and down quark (and lepton) masses analytical expressiafi¥/fare
given in appendix G, equations (G.4)—(G.6).

Figure 14 shows the two-dimensional exclusion plot for the caseextra generations,
wheren is formally considered as a continuous parameter. We see from this plot that at 90%



36 V A Novikov et al

CL we have less than one extra generation and at 99% CL, less than two extra generations, for
any differences of up and down quark masses.

8.2. SUSY extensions of the SM

In this section we consider another example of new physics: supersymmetric extensions of
the SM. There are certain aesthetic and conceptual merits of such SUSY generalization of the
SM. Here are some of them:

(1) Supersymmetry gives a solution for the problem of fine tuning, i.e. it prevents the
electroweak scale of the SM from mixing with the Planck scale.

(2) The problem of unification of electroweak and strong coupling constants seems to have
solution in the framework of SUSY extensions.

(3) Finally, any ambitious ‘theory of everything’ inevitably includes SUSY as the basic
element of the construction.

To give a systematic introduction to SUSY extensions of the SM would need a separate
review paper (see, e.g., [65]). Here we are going to make a short sketch of this well developed
branch of physics in applications to the theory of thboson. To construct SUSY extensions
one has to introduce a lot of new particles. For example, minihat 1 supersymmetry
automatically doubles the number of degrees of freedom of the SM: any fermionic degree of
freedom has to be coupled with bosonic degree of freedom and vice versa. Thus the left(right)
leptons have to be accompanied by scalars: ‘left’(‘right’) sleptons, quarks by squarks, gauge
bosons by spinor particles—gauginos, etc. The Higgs mechanism of mass generation for up
and down quarks requires two Higgs boson doublets (and two higgsino doublets, respectively).

Not one of these numerous new particles has been observed yet. If they do exist they
are too heavy to be produced at the working accelerators. On the other hand, these heavy
supersymmetric particles (again, if they do exist) are produced in the virtual states, i.e. in
the loops. Loops with new particles change the predictions of the SM for the low-energy
observables. (By ‘low energy’ we mean hé&e< my.) In this indirect way one can get some
information about the existence or nonexistence of SUSY.

The SUSY extensions of the SM belong to the class of new physics that decouples from
the low-energy observables when the mass scale of this new physics becomes very large. This
means that the additional contribution into electroweak observables due to the supersymmetric
particles are of the order afy (my/msysy)? or aw (M /Msy sy)? , Wheremsy sycharacterizes
the mass scale of superpartners. Since the fit of the precision data in the framework of the SM
statistically is very good these new additional contributions have to be small. So in this way
one expects to get strong restrictions on the valuagf sy.

Supersymmetric contributions into low-energy observables were studied in [66—69]. The
results depend on the model and on the pattern of SUSY violation. Within a given model the
results for low-energy observables are formulated in terms of the functions that depend on
the fundamental parameters of the SUSY Lagrangian that are fixed at the high-energy scale
of SUSY violation. The fit of experimental data in the framework of a given SUSY model
imposes certain restrictions on the allowed region of these high-energy scale parameters of the
model. As for the masses of spatrticles, their values are calculated by numerical solution of the
renormalization group equations. They also depend on the fundamental SUSY parameters at
the high-energy scale. In this rather indirect way one gets restrictions on the physical masses
of sparticles in the general case.

To give the reader a taste of the exploration of the new supersymmetric physics we consider
in this section only that part of the multi-dimensional space of SUSY parameters for which all
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sparticles have more or less the same masses, i.e. when we have no light sparticles. (It seems
reasonable to start the study of the unknown field with one of the simplest assumptions). In
this case one can find the class of enhanced oblique corrections which are universal, i.e. that
are the same for any model. Another merit of these corrections is that they directly depend on
the masses of sparticles.

As will be shown, the enhanced electroweak radiative SUSY corrections are induced by
the large violation oSU(2). symmetry in the third generation of squarks. Therefore we start
the discussion of the SUSY corrections to the functignsith the brief description of the stop
(fL, tr) and sbhottom(by , br) sector of the theory. The following relation between masses of
quarksg and diagonal masses of left squadkstakes place in a wide class of SUSY models:

2 = m2 +mdy g+ m3 cos28)(Ts — 2Qq), (110)

wheres? ~ 0.23, Qq is the charge andj is the third projection of weak isospin of quark

and tg is equal to the ratio of the VEV of two Higgs fields, introduced in SUSY models.

The second term in the r.h.s. of equation (110) violates supersymmetry. It is some universal

SU(2)-blind SUSY-violating soft mass term. The third term in r.h.s. of equation (110) also

violates SUSY. It originates from the quartizterm in the effective potential and is different

for upanddown components of the doublets. The only hypothesis that is behind this relation

is that the origin of the large breaking of tH#8J(2), is in the quark—higgs interaction.
Therefore, from equation (110) we get the following relation between masses anh%,top

of sbottommgL and of topm? (we neglectmy):

2
me

—mg = m{+m3 cog2p)c’. (111)
Relation (111) is central to this approach. It demonstrates the large violati®@U)
symmetry in the third generation of squarks. On the other hand, it demonstrates that in the
limit of very large mass the left stop and left sbottom become degenerate and the parameter
(m2 m2 )/m2 goes to zero whemsy sygoes to infinity. Thatis why the physical observables
can depend on this decoupling parameter.

As for the right sparticles from the third generation, they @té(2), singlets. But they
can mix with the left sparticles and in this way they contribute into enhanced corrections. The
mixing betweerb, , bg has to be proportional to, and can be neglected. Ther mass
matrix in general has the following form:

m2  mA

( LomA ) , (112)
mA me

wheref, fr mixing is proportional tan; and therefore is not small. CoefficieAt depends on

the model. Diagonalizing matrix (112) we get the following eigenstates:

t1 = cifL +siir

- ~ . (113)
= —stL + Cutr,
wherec, = cosfr, Sy = SiN6LR, 6. r is thef tr mixing angle, and
2
— ms
2 1 i 2 2 2
tgOLRr = Tm; mi > mg > mj. (114)
f 2
Parametersn; andm, are the mass eigenvalues:
2 2 2 2
ms +m: Im: —ms Am2 A2
m,=——"+4 L [1+ 1 L (115)

2 2 (mt?L — mt?R)2
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Figure 15. Contribution off andb squarks intdV andZ bosons self-energy.

The enhanced electroweak radiative corrections are induced by the contribution of the
third generation of squarks into self-energy operators of vector bosons. Nondiagonal vector
currents of squarks are not conserved only because of violati®Ug®) by mass terms.

Thus one should expect that the self-energy operators are proportional to the divergency of the
currents. To calculate these enhanced terms it is sufficient to expand the operators of the vector
bosonsxy (k?) atk? = 0. The terms enhanced &g/ M3, 5, come fromX (0), while those
enhanced as¥M3 /M3, gy come fromxy, ,(0) (see figure 15). These simple self-energy
corrections are obviously universal since stop and sbottom should exist in any SUSY model
and the coupling constants are universal since they are fixed by gauge invariance only. The
higher-order derivatives of self-energies are suppresséaas /msysy?. They are of the

same order of magnitude as the numerous model-dependent terms coming from vertex and
box diagrams. If there are no very light sparticles, the first two universal terms have rather
large enhancement factor of the ordetdf- 14 andt ~ 3.7, respectively. (The presence of
terms~ m¢ in SUSY models was recognized long ago [70].) We neglect the non-enhanced
terms. The accuracy of such approximation may be of the order of 10% if we are lucky, but it
may be as well of the order of unity (see the discussiovigin section 5 and of the two-loop
corrections in section 7). As for the stop contributions to the vertex corrections, there is only
one relevant case—the amplitudedf—> bb decay. For vertex with stop exchange there are

no terms enhanced @sy/mw)* [71]. Thus we will neglect the corresponding corrections as
well.

The calculation of the two enhanced terms is a rather trivial exercise. The only subtle
pointis the diagonalization of the stop propagators. The result of calculations depends on three
parametersm;, m; andm; . The dependence on angids very moderate and in numerical
fits we will use the rather popular valuegtg= 2. In what follows, instead ofng  we will

write m, bearing in mind thab, bg mixing is proportional tan, and can be neglected. The
formulae that describe the enhanced SUSY corrections to the fundatjocen be found in
appendix G, equations (G.7)—-(G.11).

There is also another source of the potentially large SUSY corrections: vertices with
gluino exchange of the ordég(mz/msysy)?.

These corrections shift the radiatd®g, andR,, in equation (31) [73]:

SRy, = 6Ra, = 1+ %(M2) . x. y). (116)
T
4 1 -z Xyz2>
A1(X,y) = —= d dzlog|1— , 117
1% ¥) 3/0 21/0 22 g[ x+(zl+22)(y—x)} ()
wherex = (mz/mg)?, y = (Mz/mMg)?, and Ay (X, X) = =X +---. We take these gluino

corrections into account in our analysis. The electroweak SUSY correctiagg &ndgy,
are generated by the corrections to the functianequation (G.7), anifr, equation (G.8).
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Table 9. Fit of the precision data with SUSY corrections taken into account in the case of the
absence dfi fgr mixing, sind_r = 0 andmy, taken as a free parameter. frag > 300 GeV SUSY.

mB Mp
(GeV) (GeV) s x2/Nd.o.1.

100  850%%% 0.113+0.003 20.3/14
150 48434 0.116+0.003 18.1/14
200  280%%, 0.117+0.003 17.3/14
300 152%%  0.118+0.003 16.3/14
400 11345 011940003 15.8/14
1000 778, 0.119+0.003 15.2/14

Table 10. As table 9 but with the value of the lightest Higgs boson nmags= 120 GeV which is
about the maximum allowed value in the simplest SUSY models.

mg
(Gev) as x?/Ngo.t.

100 0110+ 0.003  30.2/15
150 0115+ 0.003  21.9/15
200 0116+ 0.003 18.6/15
300 0118+ 0.003 16.4/15
400 0119+ 0.003 15.8/15
1000 0119+ 0.003 15.5/15

Having all the necessary formulae in hand, we start the new fit of the data with the simplest
case of the absenceipfir mixing, sind_ g = 0. In this case we have only one additional mass
parameter. Thus we expect that this mass should be heavy enough not to destroy the perfect
SM fit of the experimental data. First, let us take the value of the lightest neutral Higgs boson
mass as a free parameter and take the masses of the other three Higgs bosons to be very heavy.
The results of the fit are shown in table 9. We see that to fit the data with light sbottom one
has to take the mass of the Higgs boson as much larger than its SM fit value. Even in this case
the quality of the fit is worse than the SM one. For very heavy shottom, one reproduces the
SM fit. (To reduce the number of parameters we talge= m; in this fit. Let us stress that
light squarks with masses of the order of 100—200 GeV are usually allowed only if gluinos are
heavy,mg > 500 GeV [74]. In the case of heavy gluino the correction(equation (117))
becomes power suppressed and we return to the SM fit valiue-6f0.1193).)

We seethatto get areasonably good fit of the data in the framework of the SUSY extensions
with light squarks one has to put the lightest higgs mass in the TeV region. Recall that in
SUSY models the mass of the Higgs boson is not an absolutely free parameter. In the minimal
supersymmetric standard model (MSSM), among three neutral Higgs bosons the lightest one
should have mass less than approximately 120-135 GeV [76]. If other higgses are considerably
heavier the lightest scalar boson has the same couplings with gauge bosons as in the SM. As
a result, the same SM formulae for radiative corrections can be used in the SUSY extensions
of the SM. (Deviations from the SM formulae are suppresse@agma)?, wherema is the
mass of the heavier higgs. We will assume in our analysigtihas large). For the maximum
allowed valuem;, >~ 120 GeV, the results of the fit are shown in table 10. (In what follows we
will always takemy, >~ 120 GeV, since for 90 Ge\ my < 135 GeV the results of the fit are
practically the same.) Table 10 demonstrates that superpartners should be heavy if we want to
have a good fit of the data.
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Figure 16. Values 0f§Va, §Vr andsVm atm; = 200 GeV.

The next step is to take into accoliptz mixing. In figure 16 we show the dependence of
SUSY correctiongsy syV; onm; andm, for m; = 200 GeV. One clearly sees from this figure
that even for this small value ai;; there exist the domain of lom, values where the enhanced
radiative corrections are suppressed. In figure 16 one sees the valleydghet¥; reaches
its minimum values which are considerably smaller than one. The valley stantsatm;,

m; =~ 1000 GeV and goes tm, >~ 100 GeV,m; ~ 400 GeV. The smallness of the radiative
corrections at the poimh, >~ m;, m; ~ 1000 GeV can be easily understood: hgre ~ /2,

t; ~ f, f1 =~ tr. Thus nondiagonal charged left current of squarks is conserved and the main
enhanced term vanishes. Indeedidg syVa only the term proportional tg(ms,, mg) remains

in equation (G.7), but fom, = m; it is equal to zero. At this end point of the vallgy~ f,,

f; ~ fr, SO mt?R > mt?L, which is opposite to the relation betweg®, andm; occurring in

a wide class of models. In these models (e.g. in the MSSM) the left and the right squark
masses are equal at the high-energy scale. When renormalizing them to low energies one gets
mt?L > mt?R. Almost along the whole valley we havé’ty g > 1, which means thatlt?R > mt?L.

This possibility of suppressing radiative corrections was discussed in [75] . However, in the
vicinity of the end poinim; ~ 300 GeV,m, ~ 70 GeV the value of ), r becomes smaller
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Figure 16. (Continued.)

Table 11. Results of fit along the valley of minimum ¢f? for fixed valuem; ~ 200 GeV and

mp >~ 120 GeV.
mz my
(GeV) (GeV) as x?/Nd.o.t.

1296 193 0118+ 0.003  15.6/15
888 167 0118+ 0.003 15.8/15
387 131 0118+ 0.003 16.1/15
296 72 0117+ 0.003 16.7/15

than one antnht?R < mt?L.

In table 11 we show values of? along the valley of its minimum, which is formed for
m; = 200 GeV. We observe that a good fit is possible for light superpartngriifmixing is
taken into account.

The main lesson of this section is the following. The fit of the precision data on electroweak
observables (i.e. af boson decay parameters from LEP and SLC and the valueg,aind
them; from Tevatron) in the framework of SUSY extension of the SM assuming small value
of mg, the absence df fr mixing andm, = 120 GeV leads to the growth of? value. For
heavy squarks, the SUSY sector of the theory decouples from low-energy observables and the
results of SM fit are reproduced. On the other hand, even for light sbottom and for small mass
of one of two stops, one can find the value$,df mixing where supersymmetric corrections
appear to be small and not excluded by experimental data. In this case the quality of the fit
(i.e. the value of(?) is almost the same as in the SM.

9. Conclusions

The comparison of LEP-I and SLC precision datazohoson decays with calculations based
on the MSM has confirmed the predictive power of the latter.

(1) It was proved that there exist only three generations of quarks and leptons with light
neutrinos.

(2) The Z boson couplings of quarks, charged leptons and neutrinos are in accord with the
theory.
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Choose three observables measured with the highest accuracy:

G,u_’ mZ7 a(mz) = &

Determine anglé (s = siné, ¢ = cosh)
in terms ofG,,, mz, &: G, = (n/+/2)a/s*c®m?

Introduce bare coupling constants in the framework of MSM

(ct0, azo, atwo), bare massesi(zo, Mwo, Mo, Mo, Mqo)
and the vacuum expectation value (VEV) of the higgs field,

Expressxg, arzg, Mzo in terms ofG,,, mz, & in one-loop
approximation, using dimensional regularizatidrie, ).

Express one-electroweak-loop corrections to all electroweak
observables in terms of), azg, Mz, My, My, and hence, in terms of
of G,,, mz, @, m;, my. Check cancellation of the terni%/e, ).

Introduce gluon corrections to quark loops and QED (and QCD)
final state interactions, as well as the two-electroweak-loop
corrections, calculated by other authors, in terms of

a, as(Mz), My, My, Mp.

Compare the predictions of the successive approximations
(Born, one loop, two loops) with the experimental data
on Z-decays. Perform the global fits fory, m;, as(mz), a
for one and two loops. Derive theoretical predictions
of the central values for all electroweak observables
and of the corresponding uncertainties (‘errors’).

Check the sensitivity of the fits to the possible
existence of new heavy particles: extra generations,
SUSY, technicolourZ’ etc.
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(3) From the analysis of the radiative corrections the mass of the top quark had been correctly
predicted before this particle was discovered at Tevatron.

(4) All electroweak observables (except for the mass of the higgs) are perfectly fitted by one-
loop electroweak corrections (with virtual and ‘free’ gluons being taken into account).

(5) The dependence of the radiative corrections on the mass of the higgs is feeble when the
higgs is heavy. Therefore the value of the higgs mass extracted from LEP-I and SLC
data has rather large error bars. Within one standard deviation, the central fitted value
of the higgs mass becomes smaller when the leading two-electroweak-loop corrections
are taken into account. In this case it is close to 90 GeV—its direct lower limit from the
LEP-II search. However the non-leading two-loop corrections may change this result.
Calculation of these corrections is a challenge to theorists. Better understanding of
the systematic discrepancies between various asymmetrigsdigcays is a challenge
to experimentalists.

(6) One of the main conclusions of the one-electroweak-loop case is that in this case the value
of the leading and non-leading corrections are comparable and even may cancel each other
(in the case of leptonic parity violating paramet®y/ga)-

(7) The remarkable agreement between the MSM and experimental datedenays puts
strong limits on the hypothetical ‘new physics’, such as extra generations of heavy quarks
and leptons and/or properties of supersymmetric particles.

The discovery of the higgs, more precise measurements of the mas$\obtbeon at LEP-
Il and Tevatron, and more accurate prediction of the value of electric charge at the soale of
may substantially improve the sensitivity of tZedecay data to the possible manifestations
of the new physics.

We conclude this review with a flowchart summarizing the theoretical approach used by us.
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Appendix A. Regularization of Feynman integrals

Integrals corresponding to diagrams with loops formally diverge and thus need regularization.
Note that there does not yet exist a consistent regularization of electroweak theory in all loops.
A dimensional regularization can be used in the first several loops; this corresponds to a
transition to aD-dimensional spacetime in which the following finite expression is assigned
to the diverging integrals:

/ d®p  (p)° w2 TE+9l@—2 —s)m)2-es
uP=4 (p2+ M)« () I(@) pbs
whereu is a parameter with mass dimension, introduced to conserve the dimension of the
original integral.

This formula holds in the range of convergence of the integral. In the range of divergence,
a formal expression (A.1) is interpreted as the analytical continuation. Obviously, the integral
allows a shift in integration variable in the convergence range as well. Therefore, a shift

(A1)
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p — p+q for arbitrary D can also be done in (A.1). This factor is decisive in proving the
gauge invariance of dimensional regularization.
At D = 4, the integrals in (A.1) contain a pole term
2 m?
+logdr — y —log —;, (A.2)
D u2

A=
4 —
wherey = 0.577... is the Euler constant. Choice of constant terms in (A.2) is a matter of
convention.
The algebra of-matrices in theD-dimensional space is defined by the relations

YuVv F YoVu = 20 X |, (A.3)
g/l./L = Da (A.4)
YuVu = (2_ D)y\u (A5)

wherel is the identity matrix.

As for the dimensionality of spinors, different approaches can be chosen in the continuation
totheD-dimensional space. One possibility is to assume thatthmatrices are 4 4 matrices,
so that

Spl = 4. (A.6)

TheD-dimensional regularization creates difficulties when one has to define the absolutely
antisymmetric tensor and (of)} matrix. For calculations in several first loops, a formal
definition of ys,

V5V + YuVs = 07 (A?)
ve =1 (A8)

does not lead to contradictions.

Thus, the amplitudes of physical processes, once they are expressed in terms of bare
charges and bare masses, contain pole teriygD — 4).

If we eliminate bare quantities and express some physical observables in terms of other
physical observables, then all pole terms cancel out. The general property of renormalizability
guarantees this cancellation. (We have verified this cancellation directly in [33].) The ‘five
steps’ described in section 4.6 are based on this renormalization procedure.

In order to avoid divergences in intermediate expressions, one can agree to subtract from
each Feynman integral the pole tert/ (4— D), since they will cancel out anyway in the final
expressions. Depending on which constant terms (in addition to pole terms) are subtracted from
the diagrams, different subtraction schemes ariseMBescheme corresponds to subtracting
the universal combination

2 +log 4
4_p /o9

Appendix B. Relation betweena and a(0)

We begin with the following well known relation of quantum electrodynamics [77]:
«(0)
1+3,(02)/92 — %,(0)°
Here the fine structure constant= «(0) is a physical quantity. It can be measured as

a residue of the Coulomb pole/d? in the scattering amplitude of charged particles. As for
the running coupling constani(q?), it can be measured from the scattering of particles with

a(g?) = (B.1)
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large masses at low momentum transfem > \/|q2|. In the SM we have th& boson, and
the contribution of the photon cannot be identified unambiguously & 0. Therefore, the
definition of the running constant(q?) becomes dependent on convention and on details of
calculations.
At g% = m2, the contribution ofV bosons tax = «(m2) is not large, so it is convenient
to make use of the definition accepted in QED:
o

1-—6a’

a =

(B.2)

where
8o = —T1,, (M) + X7 (0),
B.3
M, (M) = — =, (m3). (B.3)
mz

The one-loop expression for the self-energy of the photon can be rewritten as [78]:
2,(5) = (a/37) Y NI Qi[sA 1 +(s+2mf)F(s.ms. m¢) — /3]
f

—(a/47)[3sAw + (35 +4m3,)F (s, My, mw)]. (B.4)
wheres = @2, the subscriptf denotes fermions, the sum; runs through lepton and

quark flavours, and\¢ is the number of colours. The contribution of fermions3p(g?)
is independent of gauge. The last term in (B.4) refers to the gauge-dependent contribution of
W bosons; the 't Hooft—-Feynman gauge was used in equation (B.4).
The singular term; is:
2

1 m
A = y +log4r — log—. (B.5)
m

€
where 2 = 4—D (D isthe variable dimension of spacetirae;> 0),y = —I""(1) = 0.577...
is the Euler constant andis an arbitrary parameter. Botlidandu vanish inrelations between
observables.

The functionF (s, my, my) is defined by the contribution to self-energy of a scalar particle
atg? = s, owing to a loop with two scalar particles (with massesandm,) and with the
coupling constant equal to unity:
mz +m3

2

m; —m;

1 2 PR NSO S
my x%s — X(s+m?2 —md) + m? — ie
Iog——f dx log ( L= M) +my—le
my 0 mimp
(B.6)

The functionF is normalized in such a way that it vanishegjat= 0, which corresponds to
subtracting the self-energy @t = 0:

F(0, mg, mp) = 0. (B.7)
The following formula holds fom; = m, = m:

1
21— +/4r — larcsin— |, 4t > 1,
F(s.m.m) = F(1) '4T] (B.8)
= T) = .
, 1, 1+/1—-4
2|1-Vi—drlog=——Y=""" | 4 <1,
VA4t

wherer = m?/s.
Let us present the following useful equality which holds Fdfr) derivative:
1—-2tF(7)

ym— (B.9)

o d _
F'(r) = —rd—TF(r) =
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To calculate the contributions of light fermions, thquark and théN boson toSa, we
need the asymptotids(r) for small and large:

F(r) ~logt+2+---, 7] <« 1, (B.10)
1
F(r)~ — + . 1. B.11
() 6. 502 , [T| > ( )
As a result we obtain
z,md) o« 5\ « 1
2N z’ f 2 2

I, (m3) = ym% =3, ; N; Q% (AZ + §> + ;Qf |:At +(A+2)F() - §i|

—[BAw + B+ 4 F(@), (8.12)

wheret = m?/m32, and

o o 2
(0 =—) N/QA;——(3Aanw+= B.1
/(0) 3]1; Qi A 4n<3w 3), (B.13)
o NQ}/ m2 5 1 3 1
So = — log—% — = | - Q?|(A+2)F(t) — = [+ |[=>+c?)F(cH - = |}.
=25 (0 -3) - (G-
(B.14)
Thereforega is found as a sum of four terms,
So = Sy + Sap + S + Sayy. (B.15)
In the one-loop approximation:
o m2 5
Sop = — log—% — = | =0.03141 B.16
=5 2|0t 3 (540
Higher loops [28] give:
Say = 0.031498 (B.17)
Loops with top quarks give:
o 4 mz 2
~_ 42 (Mz2y _ g 1), B.1
Say n45(Mt> 0.000051) (B.18)

where we have used that, = 175+ 10 GeV. Note thaBw; is negligible and has the
antiscreening sign (the screening of thguark loops in QED begins @ > mZ, while
in our caseg? = m& < m?).

Finally, theW-loop gives

1 1
Saw = 21 [(3 + 4c?) (1 ~ Va2 —1 arcsin%> - é] —0.00050 (B.19)
T

The value oBayy depends on gauge [79]; here we give the result of calculations in the 't Hooft—
Feynman gauge. Traditionally, the definitioradBkes into accountthe contributions of leptons
and five light quarks only. The ternds; anddaw are taken into account in the electroweak
radiative corrections. In our approach, these terms give the correétigndn the same way

the loops of not yet discovered heavy new particles (‘new physics’) should be accounted for.
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Appendix C. How aw (g?) and az(q?) ‘crawl’

The effect of ‘running’ of electromagnetic coupling constantg?) (logarithmic dependence
of the effective charge on momentum transféyhas been known for more than four decades
[77]. In contrast tax(g?), the effective constants &% and Z bosonsxy (g%) andaz(g?) in

the region O< g? < m2 ‘crawl’ rather than run [80].

If we define the effective gauge coupling constghig?) in terms of the bare chargg
and the bare mass,, and sum up the geometric series with the self-en&rgy’) inserted in
the gauge boson propagator, this gives the expression

2042 %
9°0) = — s o s
L+ g EOEm

(C.1)

Heremis the physical mass, arki(g?) contains the contribution of fermions only, since loops
with W, Z andH bosons do not contain large logarithms in the regigh < m2.

The bare coupling constant in the differencgyd(g?) — 1/g%(0) is eliminated, which
gives a finite expression. The result is

1/a7(9%) — 1/az(0) = bz F(x), where x = g?/m3, (C.2)
1/aw(9?) — 1/aw(0) = bwF (y), where y = qg®/m3, (C3)
F(x) = ﬁ log|x|. (C.4)

If x > 1, equations (C.2) and (C.3) define the logarithmic running of charges owing to
leptons and quarks, atd andbyy represent the contribution of fermions to the first coefficient
of the Gell-Mann—Low function:

1 8 ,)\° 4,V 2,2
b, = oo N3 l+<1—§s> N3 1+<—1+§s> SN2+ (L +(L— 492 |

(C.5)

1
bW = E[GN(‘ + 2N|],

whereNy q,q.1 are the numbers of quarks and leptons with masses that are considerably lower

than,/q2.

Forg? < m2, the numerical values of the coefficiefitsy are [80]:
bz ~0.195 bw >~ 0.239.

The massive propagatgﬁ;mz in (C.1) greatly suppresses the running«f(q%) andaz(g?).
Thus, according to (C.2) and (C.3), the constantq?®) grows by 0.85% frong? = 0 to
qz —m2,

1/az(m3) = 22,905

1/az(M2) — 1/az(0) = —0.195 (C.6)
and the constanty (q?) grows by 0.95%,
2y _
1/aw(m3) = 2874 n

1/aw(m2) — 1/aw(0) = —0.272
while the electromagnetic constantg?) increases by 6.34%:
1/a(m3) — 1/aw(0) = 12890 — 137.04 = —8.14. (C.8)
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With the accuracy indicated above, we can thus assume

az(m%) =~ az(0)

C.9
aw(m3) =~ aw(0). (C.9)

At the same timecx(mzz) differs greatly fromx (0); therefore the latter has no connection
to the electroweak physics but only to the purely electromagnetic physics.

Appendix D. General expressions for one-loop corrections to hadronless observables

The bare quantities are marked by the subscript ‘0. In the electroweak theory, three bare
chargessy, fp and gy that describe the interactions of Z andW are related by a single
constraint:

(€0/90)? + (Go/ fo)* = 1. (D.1)
The bare masses of the vector bosons are defined by the bare VEV of the higgs field

mzo = 3 fon, Mwo = 3901 (D.2)

The fine structure constaat= €°/4x is related to the bare charggby the formula

a=a(@=0) = i(l—z;(m—zziz(o)), (D.3)

Vb4

wherez’(0) = limgz_.0 £(g?)/g?. Inthe Feynman gaugg, z (0) ~ — (/2 ) (M3, /cs)(1/e),
where the dimension of spacetimelis= 4 — 2¢. In the unitary gaug&, z(0) = 0.

The simplest way to verify the presence of the terisy2) X,z (0)/m? is by considering
the interaction of a photon with the right-handed elecegnNote that in this case there are no
weak vertex corrections due to téboson exchange. (Note also, that the left-handed neutrino
remains neutral even when loop corrections are taken into account, since the diagram with the
y — Z — v v interaction is compensated for by the vertex diagram withthexchange.)

The relation betweed = «(q? = m%) andag has the following form:

z

&= [1- 11, (M) - 3,0 + 0 - 221,20 (D.4)

where I1,(q?) = %,(@)/m2, I,2(9?>) = %,72(9%)/m2, while £, mean that the
contributions of théV boson and quark are not accounted for. It is convenient to introduce
in (D.4) explicit expression fodaw + dov:
s
& = op [1 ~ 1, (M) — 2-11,2(0) — Sarw — Sat] , (D.5)
where in accordance with equation (B.3)
Saw + 8oy = I, (M) — T, (M%) + =/, (0) — X/, (0). (D.6)

In the case of ‘new physics’ one should add to equation (D.5) the degpp. Our first
basic equation is equation (D.5).
The second basic equation is:

m3 = m3,[1 — Mz(M3)] = mG,e/ch[1 — Mz (M3)]. (D.7)
A similar equation holds fom,;:
M3, = miyol1 — Mw(md))], (D.8)

wherell; (g%) = % (@%)/m?,i = W, Z.
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Finally, the third basic equation is

2
%
G, = ———[1+Tw(0)+ D], D.9
"= e, O[ w(0) + D] (D.9)
wherelly(0) = Zw(0)/mé, comes from the propagator @, while D is the contribution of
the box and the vertex diagrams (minus the electromagnetic corrections to the four-fermion
interaction) to the muon decay amplitude. According to Sirlin [81],

a 748
= + + "
D e (6 > logc 4AW> , (D.10)
where
2
Aw = AMw) = 7—5 + log4r — y — log(ma,/11?). (D.11)

Now we are able to expresy andgp in terms ofa, G,,, mz and the loop corrections.
From (D.2), (D.7) and (D.9) we obtain:

f@ = 442G, m2[1 — My (0) + Mz (m2) — D]. (D.12)
From (D.1), (D.5) and (D.12) we get:

Jo s?
= =cll1+ —-
Co fo [ 2(c2 — s?)

x ( - zgnyz(O) _ 1, (M2) — Saw — Sa + Tz(M2) — My (0) — D)].
(D.13)

The next step is to expressy/ Mz, ga andgy throughc, s and loop corrections. Let us
start withmy,/mz. From (D.8) and (D.7) we get:

Mw/Mz = Co[1 — 3TTw (MG, + 3Tz(M3)]. (D.14)
Substitutingey given by (D.13) we obtain:
m c? c?
my =C* m(?[nz(mé) — Mw (m§)] + Mw(m§,) — Mw(0) — I, (m3)

—2§nyz(0) ~ D — Sy — Sat>. (D.15)

In order to obtain expression fgn we should recall that it is proportional iy and take
into account theZ boson wavefunction renormalization ad@tl vertex loop correction:

ga = —3 — 3[Mz(M2) — Mw(0) — D — =, (m2) — 8csFal, (D.16)

whereF 4 originates from the vertex correction.

The last quantity is the ratigy /ga. One-loop corrections come frosf = 1 — c3
(equation (D.13)), from vector and axilll vertices and fromZz — y transition which
contributes tayy only:

2a2
9 —1—-4s% — 4C—S
9a c? — ¢
—4csFy +4csFa(l — 4s?) — 4cslIl, z(m3). (D.17)

Formulae (D.15)—(D.17) are derived in this appendix according to the ‘five steps’
procedure described in section 4.6. They describe finite one-loop corrections to hadronless
observables.

[2§nyz(0) + T, (M2) + Sany + 8oty — TTz(M2) + [Ty (0) + D]
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It is easy to evaluate the contribution ¢f quark to physical observables in the
approximation~ewm?2. In this approximationly(m3,) = Iw(0), ITz(M2) = I1(0),
I17(0) — Myw(0) = 3a/16ws’c’t and from equations (D.15)—(D.17) we get:

My 3ac
— ~C+————t, D.18
mz 321 (c? — s2)s? ( )
1 3
~——=1+——t]), D.19
Oa 2 ( 32rs?c? ) ( )
3%
LR T . (D.20)
ga 4 (c?2 — s?)

The corrections proportional to? were first pointed out by Veltman [37], who emphasized
the appearance of such corrections for a large differerfce m2 which violates the isotopic
symmetry. In this review the coefficients in front of the factois equations (D.18)—(D.20)
are used as coefficients for normalized radiative correctiprfsee sections 4.2 and 4.3).

Appendix E. Radiators R 44 and Ry,

For decays to light quarks = u, d, s, we neglect the quark masses and take into account the
gluon exchanges in the final state up to termg [82-85], and also one-photon exchange
in the final state and the interference of the photon and the gluon exchanges [86]. These
corrections are slightly different for the vector and the axial channels.

For decays to quarks we have

Iq =I'(Z — q§) = 12[g5,Raq + 97¢RvqlTo (E.)

where the factordka v are responsible for the interaction in the final state. According to
[82—85]:

1 17 [ és)\?
Rvq = 1+— —Q @ 102%% 11 409 +0.065 + Q015 logt) - | (%
479 ¢ t T
as\3 m2 &
—12.77 <_S) +12— —Saum (E.2)
b4 ms
Qs
Rag = Rvgq — (2T3g) |:|2(t) < > + 13(1) ( ) :|
’\2 A & 2
—12—3 q 6 Mg L oam 10— =) 82, E.3
-~ P -~ p~ (n am (E.3)
whererfy is the running quark mass (see below),
A~ 2
8m_1+87< )+4515< > (E.4)
T T
A & 2
= 1+367( >+(1129 logt) (—S> , (E.5)
T T
8 logt
2 _ 4 2 )
%am=81" B2 (E.6)
0.086 0.013
I,(t) = —3.083— logt + = (E.7)
I3(t) = —15.988— 3.722logt + 1.917 logf t, (E.8)

t=m?/ms.
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Terms of the order ofas/7)® caused by the diagrams with three gluons in intermediate state
were calculated in [85]. FoRy they are numerically very smaty10->; for this reason, we
dropped them from formula (E.2).

For theZ — bb decay, théd quark mass is not negligible; it reducg by about 1 MeV
(~0.5%). The gluon corrections result in a replacement of the pole mgss 4.7 GeV by
the running mass af® = m% © mp — Mp(mz). We express,(mgz) in terms ofmy, as(mz)
andas(mp) using standard two-loop equations in €S scheme (see [36]).

For theZ — cC decay, the running masi.(m;) is of the order of B GeV and the
corresponding contribution 0. is of the order of M5 MeV. We have included this tiny term
in the LEPTOP code, since it is taken into account in other codes (see, for example, [20]).

We need to remark in connection with that the terml,(t), given by equation (E.7),
contains interference terms(as/m)?. These terms are related to three types of final states:
one quark pair, a quark pair and a gluon, two quark pairs. This last contribution comes to
about 5% ofl, and is below the currently achievable experimental accuracy. Nevertheless,
in principle these terms require special consideration, especially if these quark pairs are of
different flavours, for exampldabct. Such mixed quark pairs must be discussed separately.

Note thaids stands for the strong interaction constant inth8 subtraction scheme, with
w2 =ma.

Appendix F. a3, t? corrections from reducible diagrams

In [33], when deriving equations for physical observables we systematically took into
account corrections which contained first power of polarization operators and neglected terms
~(Tw.z)?. This procedure was correct at one loop, but sifiggz contain terms of the order
of awt we evidently lostr3,t? terms. To restore them let us repeat the procedure implemented
in [33] this time taking squares a@ty andI1; (reducible two-loop diagrams) into account.

Our starting point are three basic equations for quantitigsG,, andax = a(m%). Since
terms~awt are absent i1, IT,z and D functions, we will not consider these functions in
this section. Equation fan; is the same as in appendix D, equations (D.7), (D.2):

m3 = 10?1 — z(m3)], (F1)

while for G,, we have:

B 9% _ 1
V262rP[1 - Tiw(0)]  v272(1— Tw(0)]

and we keepllw(0) in the denominator to avoid losing trﬁ\z,v(O) term (compare with

equation (D.9)). From these two equations we get:

» 1—Tw(0) » 1—Tw(0)

21— Mz(m3) Z1-Tz(0)°

where we use equalith(mzz) = I1z(0) which is valid for the leading ternyowt.

Finally, dividing the equation for the running electromagnetic coupling constant, which
in our approximation is simply

2
(M) = 4 = @ ( - %) (F4)

f§

(F.2)

Gy

fé = 4v/2G,m = 4J/2G,m (F.3)

by (F.3), we obtain:

gé( g%) na
(120 )= = _[1-3], F5
2 2 \/EG,Lm%[ ] (F-5)
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1-Tz(0) Tz —Nw(0)

b=1— = F.6
1-Tw(0) 1-TIw(0) (F6)
Considerings as a small parameter and solving equation (F.5) perturbatively, we get:
% _ 2 s st o
= =c° |1+ s — 87, F.7
f02 [ C2 _ SZ (CZ _ 52)3 ( )

where we keep terms linear and quadratié.ifror definitions oft ands see equation (23).
Our next step should be the calculation of§heorrections to the functions . Butfirst let

us discuss the expression foas given by equation (F.6) which contains the facterIly (0)

in the denominator. At one loop, corrections proportional &ppear in physical observables.

They should be carefully calculated in order not to induce exfjf terms. Fortunately, this

can be done straightforwardly, using the following chains of equalities:

4
Mz0) = fZ[£2(0)/12] = 4/2G, (1 - Iw(O)[£2(0)/fZ],  (F.8)

2,2
oh

4

M (0) = Wg&[zwm)/gél =4v/2G,(1-wO)[Zw(0)/g].  (F.9)

0
where expressions in square brackets contain self-enevifesutcoupling constantsX / f02
and Zw/g3, respectively) and equation (F.2) is used to expretiwoughG,,. Substituting
equations (F.8) and (F.9) into (F.6) we get:

2 2
5 = 436 [£2(0)/12 — Tw(0)/ed] = 4v2e,m2 22 @/ mZEW(O)/g(’]
Z

3 my 2
=————]) . F.10
167 s2¢? ( mz ) (F.10)
Now everything is prepared for the calculationsdfcorrections to physical observables.

Let us start from th&V boson mass. For the ratio of the squares of vector boson masses we
have:

My _ %o 1 Mw(mg) (F.11)
mz  f21-TIz(m3) '

Taking the ratio of bare coupling constants from equation (F.7) we get:

1—T1I O 2 6_54 252
Mw _ ¢ wlO 8 5,S=5sc o (F.12)
mz 1—-TI2(0) 2(c?2 — s?) (c2—-s?)3 8

It is easy to see that:

[1— Ty (0) 1 1
= = . F.13
1-T1z(0) \/%—gz% V1=5 (F.13)
—Hw

The resulting formula for the correction to the ratig,/mz is presented in section 7.1.

The next step is the correction to the axial coupling of thboson to charged leptons.
Axial coupling is proportional tofy, and from equations (F.3) and (F.13) we immediately
obtain:

fo ~

1 1.3
— =155+ 552. (F14)

The final formula for the correction gy is presented in section 7.1.
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For the ratio of vector to axial constants in our approximation we have:

2
gv|/gA.=1—4s§=1—4< —%). (F.15)

0

The expression for the correctiondg;/ga through physical parameters is presented in
section 7.1 as well.

Appendix G. Oblique corrections from new generations and SUSY

In this appendix we collect analytical formulae for different oblique corrections.
For the degenerate case the contribution of additional quark and lepd¥; tare given
by ([63]):

8*WVm = §N([A—DF () — A —1/)F(1/c?)]+28°[(L -1 /c*)F (1 /c?)

—(L+2D)F ()] +4s%Qf + QLA+ 2DF () — 31 (G.1)
8*Va = EN{[1 — 1 + (612 = 3)F ()]

+[4s*(QF + Q%) — 257)[21 + 1 — 12A2F (D]}/(1 — 4D), (G.2)
8*VR = —2N{3IF (1) — 4s%c%(Q] + QH)[(L + HF () — 31, (G.3)

whereN; = 3, Qu = £, Qp = —3 for quark doubletN. = 1, Qu = 0, Qp = —1 for lepton
doublet;

¢ =my/m3 for quarks ¢=m?/m3 forleptons

and the functiorf(l) is defined in appendix B, equations (B8), (B.10).
For different up and down quark (and lepton) masses analytical expressiafi¥/fare
given by

Lsoy — (8% _ 16o _?
ﬁ(svm_(27s 93)[(1+2u)F(u)+(1+2d)F(d) 3}
8 27 4g? 2ud u
+§[(1—u)F(u)+(1—d)F(d)—§}+§?[u+d—mloga}
8 s\[u—d _u , u+d\u+d u 4,
*5(1‘@)[T'°ga+<“+d)+<c -2 )u—dloga_§C
A2
—(202 —u—d-— C Czd) )F(m\ZN, m3, sz)} (G.4)
1,, 4A[/16, , ,
HS VA=§ ?S —4s" —1)[2uFu) — (L +20)F'(u) + 2d F(d) — (1 + 2d) F'(d)]
2ud u , , )
+3[u+d— u_dloga—F(u)—F(d)“, (G.5)
14, 8 ud u u+d
58 VR__§[UF(U)+dF(d)+u—dloga_ 5 }
64, , 2
+2—75C (1+2.I)F(u)+(1+2d)F(d)—:—3 , (G.6)

wheren is the number of generations angy = my, Mg = Mp, U = m3 /M2, d = m3/m32;
F’(u) = —u(d/du)F (u) andF (s, m?, m3) is defined in appendix B, equation (B.6).
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The formulae that describe the enhanced SUSY corrections to the funetitiase the
following form [72]:

1
BsUswWa = —7[Ci9(M1, M) + §ig(Mz, Mp) — Cisig(Ms, My)], (G.7)

Z
1 m2 m3 1,0
8shsWr 5sustA+3YL cZlog pos +slog pos —écusuh(ml, my), (G.8)
b

b

m? 2
) o)

LR 2
5SUSYV —3susYVA+§Y|_S C log

?-s , 2 szsu
+T[cuh(m1, mB) + %h(mz, m5)] — h(ml, m2) (Gg)
where
m2m2 m?
g(mg, mp) = mf +mj — 2——2_log (—%) , (G.10)
my —m; m;

5 4m?m?
h(ml, m2) = —5 + %222
(mg —ms3)
(M8 + mB)(mf — 4mEmg + mj) (ﬁ)
2 243 >
(mf —m3) m;

(G.11)

andY, = Q¢+ Qp = % is the hypercharge of the left doublet.

Appendix H. Other parametrizations of radiative corrections

Here we present formulae which connect our functignsvith two other sets of parameters
widely used in the literature to describe electroweak radiative corrections. All formulae of this
appendix are valid at one-electroweak-loop approximation.

Asetofthree parametess, ¢, £3 has been suggested by Altarelli, Barbieriand Jadach [87]
for the phenomenological analysis of new physics:

g1 = Ap’ (Hl)
2
g =C?Ap+ ——— o ArW 25°AK, (H.2)
g3 = C?Ap + (¢? — Z)Ak’, (H.3)
whereAp describes the correction t, Ak’ to gy andAry to my/mz:
ga = —3(1+3Ap), (H.4)
gv/ga = 1—4s°(L+AK), (H.5)
mw/mz = c[1 — S2Aryw/2(c? — s2)]. (H.6)
By comparing these definitions with the definitions\f, Vg andV,, we obtain:
3a Va

Ap =5 H.7
P = 1or 2c2" (H.7)

3 Vg
AK = —— —————, H.8
167 (c2 — s2)s? (H-8)

a V

Ary = — 2 Vm. (H.9)
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Hence:
3
=——V H.10
17 T6rs2c2 A (H.10)
= 3a [(Va — Vin) — 25%(Va — VR)] (H.11)
27 Ter(c@ —sHs AT AT TRID '
3a
= —(Va—VR). H.12
€3 167132( A — VR) (H.12)

As is evident from the last two formulae, the virtuesgfandes is that they do not contain
the termt. So, at the time whehquark mass was not measured at Tevatron the corresponding
uncertainties irg, andez were diminished.

Another set of parameter§, T, U was introduced a few years earlier by Peskin and
Takeuchi [88]. These parameters were proposed to describe only the so-called oblique
corrections due to the physics beyond the SM. Using the definitior® ©f U from [88]
and designating new physics contributiongitasse; we obtain:

Se1=aT, (H.13)
Seo = —aU /4%, (H.14)
Seq = aS/4s%. (H.15)
From (H.10)—(H.12) we get:
3
=———_58V H.16
16rs2c2 ™ ( )
3

U=————[(8Va— Vi) — 25%(Va — §VR)], H.17
47T(C2 _ SZ) [( A m) ( A R)] ( )

3
S= —(8Va—8VR), (H.18)

4

wheresV; are new physics contributions 6.
According to [88]

S = 167[333(0) — Z34(0)] = 167[%,(0) — =y, (0)], (H.19)
4

T= %[211(0) — X33(0)], (H.20)

U = 167[2;(0) — 23(0)], (H.21)

whereX’(0) = dX(g?)/dqg?|q—0 and = are defined by the corresponding currents (isotopic,

1 and 3, and electromagneti®, vector,V, and axial, A) with coupling constants being
extracted. Thus$ characterizes the degree of chiral symmetry breaking,TaaddU that of

isotopic symmetry. Note that in equations (H.19)—(H.21) only the contribution of new physics
should be considered. Since new particles should be heavy itis reasonable to take into account
only values of self-energies gt = 0 and their first derivatives (higher derivatives are power
suppressed) [88]. Altogether we have eight parame®yis((0), X£z2(0), X, z(0), =,, (0),

Ew(0), £5,(0), E/ZV(O), E/W(O)), two of which are equal to zera,, (0) and X, z(0)),

while three combinations can be absorbed in the definitian, &, andmz. The remaining

three combinations ent& T andU (or i, i = 1, 2, 3).

References

[1] Arnison Get al (UA1 Collaboration) 198%hys. LettB 126398
Bagnaia Ret al (UA2 Collaboration) 198®hys. LettB 129310
Arnison Get al (UA1 Collaboration) 198%hys. LettB 122103



56

[2]
[3]

[4]

[5]
[6]
[71
[8]

[9]
(10]

(11]
(12]
(13]
(14]

(15]

[16]

(17]

(18]
[19]
(20]

(21]
(22]
(23]
(24]
(25]

(26]

V A Novikov et al

Banner Met al (UA2 Collaboration) 198%hys. LettB 122476

Van der Meer S 198Rep. Mod. Phys$7 689

Rubbia C 198%Rep. Mod. Phys$7 699

Glashav S L 1961Nucl. Phys22579

Weinberg S 196Phys. Rev. Letl91264

Salam A 196&lementary Particle Theorgd N Svartholm (Stockholm: Almquist and Wiksells)

Glashav S L 1980Rev. Mod. Phys52 539

Weinberg S 198®Rev. Mod. Phy$2515

Salam A 198Rev. Mod. Phys$2 525

Peskn M E and ShroedeD V 1995An Introduction to Quantum Field Theofpddison-Wesely)

Weinberg S1995The Quantum Theory of Field€ambridge: Cambridge University Press) p 1996

Fermi E 19347. Phys88161

Feynma R P and Gell-Mann M 195Bhys. Rev109193

Marsh& R E and SudarstmeE C G1958Phys. Rev1091860

SakuraJ J 1958Nuovo Cimentd@ 649

Klein O 1938 On the theory of charged fieldew Theories in Physi¢¥Varsaw) p 66 (reprinted in 199skar
Klein Memorial lecturewol 1, ed G Ekspong (Singapore: World Scientific))

Yang C N and Mils R L 1954Phys. Rev96 191

Higgs P W 1964Phys. Rev. Letfl2508

Higgs P W 1966Phys. Rev1451156

Englert F and Brout R 196Rhys. Rev. Letl3321

Guralnik G S, Hage C R and Kibbé T W 1964Phys. Rev. Lettl3585

Kibble T W 1967Phys. Rev1551554

't Hooft G 1971Nucl. PhysB 33173

't Hooft G 1971Nucl. PhysB 35167

Hasert Fet al 1974Nucl. PhysB 731

Benvenuti Aet al 1974Phys. Rev. Let82 800

Cnops A Met al 1978Phys. Rev. Lettd1 357

Bergsma Fet al 1984Phys. LettB 147481

Prescott C Yet al 1978Phys. LettB 77 347

Prescott C Yet al 1979Phys. LettB 84524

Barkov L M and Zolotorey M S 1978Pis’'ma v ZhETR26 544

Barkov L M and Zolotore M S 1979Phys. LettB 85308

Khriplovich | B 1991Parity Nonconservation in Atomic Phenomédhtarwood Academic Publishers)

Blundell S A, Johnso W R and Sapirstein J 19%®hys. Rev. Let651411

Bouchia M A and Pottier L 1986Science2341203

Rosner J and Marciano W 19%ys. Rev. Let652963

Bardin D Yu and DokuchaevV A 1984Nucl. PhysB 246221

Sarantakos S, Sirlin A and MarciaW J 1983Nucl. PhysB 22784

Stuat R G 1987Z. Phys.C 34445

Sirlin A and Marciam W J 1980Phys. RevD 222695

Sirlin A and Marciam W J 1981Nucl. PhysB 189442

Wheate J F and Llewellynn-Smiit C H 1982Nucl. PhysB 20827

Wheate J F and Llewellynn-Smiit C H 1983Nucl. PhysB 226547

Llewellynn-Smih C H 1983Nucl. PhysB 228205

Bardin D Yu and Dokuchaeva V A986Preprint JINRE2-86-260 (Dubna) unpublished

Ellis J and Peccei R (eds) 198&ysics at LERCERN 86-02

Altarelli G, Kleiss R and Verzegnassi C (eds) 1988sics at LEP-CERN 89-08

Bardin D, Hollik W and Passarino G (eds) 19B&ports of the Working Group on Precision Calculations for
the Z resonanc€ERN 95-03

Bardin D and Passarino @99The Standard Model in the Making: Precision Study of Electroweak Interactions
(Oxford: Oxford University Press) to be published

LEP EWWG and SLD HFEWGERN-EP/99-15 8 February 1999

Erler J and Langacker P998Preprint UPR-0816-T, hep-ph/9809352

Vilain P et al (CHARM Il Collaboration) 1994hys. LettB 335246

Dorenbosch &t al (CHARM Collaboration) 198&hys. LettB 180303
Allen R Cet al (LAMPF Collaboration) 199®hys. RevD 47 11

Novikov V A, Okun L B and Vysotsik M | 1993 Phys. LettB 298453


Author Query
page number ok?

Author Query
please provide update?

Author Query
please provide update?

Author Query
please provide update?


(27]
(28]
[29]
(30]
(31]
(32]

(33]
(34]

(35]
(36]
(37]

(38]
(39]
[40]

[41]
[42]

(43]

(44]
[45]
[46]
[47]

(48]

[49]
(50]

(51]

(52]

Theory of Z boson decays 57

Vilain P et al (CHARM Il Collaboration) 1994Phys. LettB 320203

1998 Review of particle physidsur. Phys. JC 3

Steinhauser M 199Bhys. LettB 429158

Eidelman S and Jegerlehner F 1985hys.C 67 585

Davier M and Hcker A 1998Phys. LettB 419419

Berman S M and Sirlin A 1962Ann. Phys., NY20 20

Sirlin A 1978Rev. Mod. Phy50573

Lynn B W and Peski M E 1985ReportSLAC-PUB-3724 unpublished

Lynn B W, Peskn M E and StuarR G 1986Physics at LERCERN 86-02 (CERN, Geneva)

Novikov V, Okun L and Vysotsky M 1998lucl. PhysB 39735

Willenbrock S and Valencia G 19%hys. LettB 259573

Leike A, Riemann T and Rose J 19Phys. LettB 273513

Adriani O et al (L3 Collaboration) 199%hys. LettB 315494

Veltman H 19947. PhysC 6235

Cabibbo N 1963hys. Rev. Letl0531

Kobayashi M and Maskawa T 19'F30g. Theor. Phys49 652

Gray Net al 1990Z. Phys.C 48673

Surguladze L RL994 University of Oregon report No. OITS588eprint hep-ph/9405325

Veltman M 1977Nucl. PhysB 12389

Veltman M 1977Acta Phys. PolB 8 475

Abe Fet al (CDF Collaboration)199®hys. Rev. Letf74 2626

Abachi Set al (DO Collaboration) 199%hys. Rev. Let4 2632

Politze H D 1973Phys. Rev. LetB01346

Gross D J and Wilczek F 197Bhys. Rev. LetB0 1343

Gross D J and Wilczek F 197Bhys. Re\D 8 3633

Vysotsky M |, Novikov V A, Okwn L B and Rozane A N 1996 Usp. Fiz. Nauk39 503

Novikov V, Okun L, Rozanov A and Vysotsky M995PreprintITEP 19-95

Novikov V, Okun L, Rozanov A and Vysotsky M995Preprint CPPM-1-95

Novikov V, Okun L, Rozanov A and Vysotsky M http://cppm.in2p3.fr./leptop/idaptop.html

Djouadi A and Verzegnassi C 19&hys. LettB 195265

Kniehl B A 1990 Nucl. PhysB 34786

Halzen F and KniellB A 1991 Nucl. PhysB 353517

Novikov V, Okun L, Shifman M, Vainshtein A, Voloshin M and Zakharov V 197Bys. RepC 411

Chetyrkin K G, Kiihn J H and Steinhauser M 198%iys. LettB 351331

Chetyrkin K G, Kiihn J H and Steinhauser M 198%ys. Rev. Let#Z5 3394

Avdeev L, Fleisher J, Mikhailov S and Tarasov O 19®94ys. LettB 336560

Avdeev L, Fleisher J, Mikhailov S and Tarasov O 19®%%ys. LettB 349597

Czarnecki A and Kihn J H 199&hys. Rev. Let#Z7 3955

Akhundov A A, Bardin D Yu and Riemann T 198&ucl. PhysB 2761

Bernabeu J, Pich A and Santamaria A 1986ys. LettB 200569

Beenaker W and Hollik W 1988. Phys.C 40141

Fleisher J, Jegerlehner F, Raczka P and Tar@sW 1992Phys. LettB 293437

Buchalla C and Buras A 199Qucl. PhysB 398285

Degrassi G 1998lucl. PhysB 407271

Chetyrkin K G, Kwiatkowski A and Steinhauser M 198Rd. Phys. LettA 8 2785

Harlander R, Seidensticker T and Steinhauser M 1P9s. LettB 426125

Bardin Det al 1991 ProgranZFITTER 4.9 Nucl. PhysB 3511

Bardin Det al 1989Z. Phys.C 44493

Bardin Det al 1991Phys. LettB 255290

Bardin Det al 1992Preprint CERN-TH 6443-92

Ellis J and Fogli G 198®hys. LettB 213189

Ellis J and Fogli G 198®hys. LettB 213526

Ellis J and Fogli G 198%®hys. LettB 232139

Ellis J and Fogli G 199®hys. LettB 249543

Hollik W 1990 Fortschr. Phys383

Hollik W 1990 Fortschr. Phys38 165

Consoli M, Hollik W and Jegerlehner F 1989 Proceedings of the worksha@ppitysics at LEP-CERN Report
89-08vol1,p7


Author Query
please provide update?

Author Query
please provide update?

Author Query
please provide update?

Author Query
please provide update?


58

(53]

[54]
[55]

[56]
(57]

(58]
[59]
(60]
(61]

(62]
(63]
(64]
(65]

(66]
(67]

(68]
(69]
[70]

[71]
[72]

(73]
[74]
[75]

[76]

[77]

(78]
[79]
(80]
(81]
(82]
(83]

(84]

V A Novikov et al

Burgers G, Jegerlehner F, Kniehl B andliti'J H 1983CERN Repor89-08 vol 1, p 55
Montagna G, Nicrosini O, Passarino G, Piccinini F and Pittau R M@d. PhysB 4013

Montagna G, Nicrosini O, Passarino G, Piccinini F and Pittau R 1993 Program TORAZPut. Phys. Commun.

76328
Erler J and Langacker P 19%Rir. J. Phys3 90
Novikov V, Okun L, Rozanov A and Vysotsky M995PreprintITEP 19-95, CPPM-1-95
Novikov V, Okun L, Rozanov A and Vysotsky M http://cppm.in2p3.fr./leptop/ideptop.html
Barbieri R, Beccaria M, Ciafaloni P, Curci G and Vicere A 199#s. LettB 28895
Barbieri R, Beccaria M, Ciafaloni P, Curci G and Vicere A 1993cl. PhysB 409105
Fleischer J, TarasoO V and Jegerlehner E993Preprint BI-TP-93/24 and PSI-PR-93-14
Fleischer J, TarasoO V and Jegerlehner F 19%hys. LettB 319249
Degrassi G, Gambino P and Vicini A 1988ys. LettB 383219
Degrassi G, Gambino P and Sirlin A 19P7ys. LettB 394188
Degrassi G, Gambino P, Passera M and Sirlin A 1BB§s. LettB 418209
Chanowitz M1998Phys. Rev. Lett.
Chanowitz M1998Preprint LBNL-42103; hep-ph/9807452
Inami T, Kawakami T and th C S 1995Mod. Phys. LettA 101471
Novikov V, Okun L, Rozanov A, Vysotsky M and Yurov V 1998od. Phys. LettA 101915
Masiero A, Feruglio F, Rigolin S and Strocchi R 19RBys. LettB 355329
Nilles H P 1984Phys. Repl101
Habe H E and Kane G L 198Phys. Rep11775

Peskin M 1997 Proc. 1996 European School of High-Energy Physics (Carry-le-Rouet, France) ed N Ellis and

M NeubertCERN Repor97-03 p 49

(Peskin M 1997Preprinthep-ph/9705479)

Ellis J 1998 Proc1998 European School of High-Energy Physics (St. Andrews, ScotRmegyint CERN-
TH/98-329, hep-ph/9812235

Chankowski Ret al 1994Nucl. PhysB 417101

Garcia D, JimeneR J and Sola J 1998hys. LettB 347309

Garcia D, JimereR J and Sola J 1998hys. LettB 347321

de Boer Wet al 1997Z. Phys.C 75627

Erler J and Piere D M 1998Nucl. PhysB 52653

Alvarez-Gaume L, Polchinski J and Wise M 1988cl. PhysB 211495

Barbieri R and Maiani L 1988lucl. PhysB 22432

Boulware M and Finnell D 199Phys. Re\D 442054

Gaidaenko | V, Novikov A V, Novikov V A, RozanoA N and Vysotsy M | 1998 JETP Lett67 761

Gaidaenko |V, Novikov AV, Novikov V A, Rozanov A N, and Vysotsky MLB98Preprinthep-ph/9812346

Hagiwara K and Murayama H 19%hys. LettB 246533

Lammel S 1998-ERMILAB-CONF-98-055-E

Chankowski P 199Proc. Quantum effects in the MSSM, (Barcelop&)7

Chankowski PL997PreprintIFT/97-18, hep-ph/9711470

Habe H E and Hempfling R 199Phys. Rev. Let66 1815

Okada Y, Yamaguchi M and Yanagida T 199fog. Theor. Phys851

Ellis J, Ridolfi G and Zwirner F 199FPhys. LettB 25783

Landau L D, Abrikosu A A and Khalatnike | M 1954 Dokl. Akad. Nauk SSS# 497

Landau L D, Abrikosu A A and Khalatnike | M 1954 Dokl. Akad. Nauk SSS# 1177

Gell-Mann M and Low F 1954#hys. Rew95 1300

Altarelli G, Kleiss R and Verzegnassi C (eds) 138%sics at LEP-Vol 1(CERN 89-08, Geneya 7 (Conveners:

M Consoli and W Hollik; Working Group: F Jegerlehner)
Nevzorov R and Novikov A 1998ad. Fiz.59 540
Novikov V A, Okun L B and Vysotsk M | 1994 Mod. Phys. LettA 9 1489
Sirlin A 1980Phys. RevD 22971
Gorishny S G, KataeA L and Larin S A 1991Phys. LettB 259144
Surgulade L R and SamueM A 1991 Phys. Rev. Let66 560
Chetyrkin K G and Kihn J H 199CPhys. LettB 248359
Chetyrkin K G, Kuihn J H and Kwiatkowski A 199Phys. Lett282221
Chetyrkin K G and Kwiatkowski A 1993hys. LettB 305288
Chetyrkin K G and Kwiatkowski A 1993hys. LettB 319307
Chetyrkin K G 1993Phys. LettB 307169


Author Query
please provide update?

Author Query
please provide update?

Author Query
please provide details?

Author Query
please provide update?

Author Query
please provide update?

Author Query
please provide update?

Author Query
please provide update?


Theory of Z boson decays 59

[85] Larin S A, van Ritberger T and Vermasargé A M 1994Phys. LettB 320159
Chetyrkin K G and TarasoeO V 1994Phys. LettB 327114
[86] Kataer AL 1992 Phys. Lett287209
[87] Altarelli G and Barbieri R 199Phys. LettB 253161
Altarelli G, Barbieri R and Jadach S 198&icl. PhysB 3693
[88] Peskin M and Takeuchi T 199hys. Rev. Let65 964
Peskin M and Takeuchi T 19%2hys. Re\D 46 381
[89] ALEPH, DELPHI, L3 and OPAL Collaborations999 Limits on Higgs boson masses from combining the data .
of the four LEP experiments at's < 183 GeVPreprint CERN-EP (in preparation)


Author Query
please provide update?


Author queries

Note 1 (Page 3):

sense as intended?

Note 2 (Page 10):

ok to set above fractions as case fractions?
Note 3 (Page 13):

no table caption ok?

Note 4 (Page 16):

no table caption ok?

Note 5 (Page 16):
no table caption ok?

Note 6 (Page 28):
sense as intended?
Note 7 (Page 29):
please clarify?

Note 8 (Page 56):

page number ok?

Note 9 (Page 56):
please provide update?

Note 10 (Page 56):
please provide update?

Note 11 (Page 56):
please provide update?
Note 12 (Page 57):
please provide update?
Note 13 (Page 57):
please provide update?
Note 14 (Page 57):
please provide update?
Note 15 (Page 57):
please provide update?
Note 16 (Page 58):
please provide update?
Note 17 (Page 58):
please provide update?

Note 18 (Page 58):
please provide details?

Note 19 (Page 58):
please provide update?

Note 20 (Page 58):
please provide update?



Theory of Z boson decays

Note 21 (Page 58):
please provide update?

Note 22 (Page 58):
please provide update?

Note 23 (Page 59):
please provide update?

61



