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ABSTRACT

A new framework to study electroweak physics at the one-loop level in general
SU(2)L x U(1)y theories is introduced. It separates the 1-loop corrections into
two pieces: process specific ones from vertex and box contributions and the
universal ones due to contributions to the gauge boson propagators. The latter
are parametrized model-independently in terms of four effective form factors,
e2(q%), 3%(¢%), 5%(¢*) and 33 (g*) correspondingly to vy, vZ, ZZ and WW
propagators. In addition we introduce one form factor, &;(q?), for the Zb, b,
vertex because of its strong dependence on the unknown top quark mass. By
assuming only the Standard Model contributions to the process specific cor-
rections except for the Zb, b, vertex, we determine §%(m%) and 3(m%) from
the Z parameter measurements, §3(0) and 3(0) from the low energy neutral

are then compared systematically with the predictions of SU(2), x U(1)y the-
ories. We also study the quantative significance of the Zb, b, vertex correction
6s(m%). The preferred ranges of the top quark and Higgs boson masses within
the Standard Model are extracted as functions of a,(mz). The limitations in
the theoretical predictions due to the uncertainty in &(m%) are critically dis-
cussed. Electroweak physics at TRISTAN is also described in this framework
which clarifies the role of each measurement.

current experiments, and g3,(0) from the W mass measurements. These values® i?
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1 Introduction

One of the most exciting developments of recent years has been the observation [1
that the electroweak mixing angle sin? f}, measured precisely at LEP agrees excellently
with the prediction of the supersymmetric (SUSY) SU(5) grand unification theory
(GUT). The agreement is so impressive that we can hope in the near future to learn
about SUSY particle masses [2,3] with a better measurement of the QCD coupling
constant. It has been argued [4] that the uncertainty in the GUT scale particle masses
screens any possible effects of SUSY particle threshold corrections to the coupling
constant unification condition. The works of refs. 2,3 showed that the non-observation
of proton decay effectively constrains the GUT particle contributions to the coupling
constant unification and that our hope of learning about the SUSY mass scale from
the precision measurements has been revived.

What is exciting about this exercise is that there now seems to be a strong indication
that new particles and new interactions may exist at the electroweak scale. They may
be produced at the Tevatron, LEP200 and at super colliders. Even prior to their
discovery, their effects could be observed in precision experiments through quantum
corrections. The effects can be significant if some of the new particles are as light
as weak bosons, or if many new particles contribute constructively, or if there exist
new strong interactions among them. Even in the absence of such a signal, we can
constrain certain new physics possibilities and that we will learn more in the future
precision experiments. The purpose of this work is to provide a new framework to
confront the electroweak theories with various precision experiments, that allows us to
look for new physics beyond the Standard Model in a systematic way at the one-loop
level.

In section 2, we briefly review our formalism which can be used for general 4-fermion
processes. The S-matrix elements for the neutral and charged currents processes are
expressed in terms of the four universal form factors which contain tree-level couplings
and radiative effects to the gauge boson propagators, and the process-specific ones
which represent the vertex and box corrections. In section 3, we make a systematic
analysis according to several steps, using the the data of Z parameter measurements, of
the low energy neutral current experiments and of the W mass measurements. Validity
of the SU(2)x U(1) gauge theories is checked quantatively, and the ¢*-dependence of
the two of the four universal form factors is compared with the SM predictions. We
also make a detailed analysis for the SM. The dependence of the results on a, and
the uncertainty from the QED effective constant a(m%) are examined quantitatively.
Application of onr formalism for the eleciroweak physics at the TRISTAN energy is
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discussed in section 4. We summarize our results in section 5.

2 A new framework for 1-loop electroweak physics

2.1 4 charge form factors

Since what we want to learn from the electroweak precision experiments are the
possible effects of new physics beyond the SM, whose exact nature is unknown, we
would like to analyse the data in a framework which allows interpretations in wider
classes of theoretical models. On the other hand the framework cannot be too general,
since our ability to identifying effects of new physics from the precision experiments re-
lies on the renormalizability of the electroweak theory which allows us to predict many
observables in terms of a few parameters up to finite quantum corrections. Because
the SM corrections are precisely known, those experiments which are sensitive to the
gunantum effects have a chance to identify a signal of physics beyond the SM. We there-
fore restrict ourselves to models that respect SU(2)y x U(1)y gauge symmetry which
breaks spontaneously down to U{1)gpm. In our approach, all new physics contributions
that do not respect the spontaneously broken SU(2), x U(1)y gauge symmetry can
be identified by our inability to fit the data successfully within our framework: these
exotic interactions include all non-renormalizable effective interactions among light
quarks and leptons that may arise from an exchange of a heavy particle such as a new
gauge boson or leptequark bosen, or from new strong interactions that bind common
constituents of quarks and leptons.

Our restriction on the electroweak gauge group implies in the tree level that all
quarks and leptons couple to the eleciroweak gauge bosons universally with the same
coupling constant as long as they have common electroweak quantum numbers. This
universality of the gauge boson coupling to quarks and leptons can in general be violated
at the quantum level. It has widely been recognized, however, that this universality
of the couplings holds true even in the one-loop level in a wider class of models where
new particles affect the precision experiments only via their effects on the electroweak
gauge boson propagators [7-14]. This class of effects due to new physics is often called
oblique [7,11] or propagator [13] corrections or those satisfying generalized universal-
ity (14]. This concept of universality can be generalized to certain vertex corrections
with the non-standard weak boson interactions [15]. It is also sometimes useful in
theories with intrinsic vertex and box corrections, such as the SUSY-SM, since the
prdpagator corrections are often larger than the vertex/box ones: propagator correc-
tions can be significant either because of a large multiplicity of contributing particles or



Table 1
accurately measured precisely known parameters
parameters parameters to test a theory

¥ w@w Y 23 0) = a = &4(0)/4r *
T W@w Z $2(0) 5(m2) $(0) g3(m%)
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ZW@W Z| my g3(0) gh(m3) | mg $(0) g3(m%)
WM@WW| my 7 (0)  x 1V3Gr = B2 (14 8) | #(0)  «

by a presence of a relatively light new particle, whereas the vertex and box corrections
depend on a specific combination of new particles that match the quantum number of
the process and are suppressed if one of them is heavy. Our framework adopts this
distinction between new physics contributions to the gauge boson propagators and the
rest, where we allow the most general contributions in the former whereas we consider
only the SM contributions to the latter (vertex and box corrections).

The new physics degree of freedom is then expressed in terms of four charge form

factors, each associated with one of the four types of the electroweak gauge boson

propagators :
#(q%) = &°[1 - ReTl7,(¢%)] for the v propagator, (1a)
(¢ =31+ gReﬁ_{f’(qz)] for the ¥Z propagator, (1b)
3 ' ’
ga(g®) = @4l - Reﬁ,?zz(q’)] for the ZZ propagator, (1c)
35(¢%) = §*[1 - Reﬁ;}:::,,(f)] for the WW propagator, (1d)

where the hatted couplings é = §§ = §z$¢ and the propagator functions are renormal-
ized in the MS scheme. The gauge boson two-point functions that appear in eq.(1) are

defined as

e gty = T (@) T () 2)
' q —my
where my is the pole mass of the gauge boson V (m., = 0) and the subscript T stands
for the transverse part of the vacuum polarization tensor I1,,(g). The propagators are
calculated in the *tHooft-Feyninan gange and the so-called pinch term [8,20,21] of the
vertex functions due to diagrams with the weak boson self-couplings are included in
the overlined functions ﬁ;”(qz)A
In addition to these four formm factors we have the two weak boson masses myy and

myz as the parameters of the clectroweak theory. Since the charge form factors are

real continuous functions of ¢, we have infinite degrees of free parameters when we

use them to parametrize a theory. In practice, however, these charge form factors can

be measured accurately enough only at specific ¢* ranges; all four of them at ¢* = ¢
; N N ~

(¢* « m%), and two of them, 5%(¢*) and 3%(¢%), at ¢ = m%. Hence, we have just 8

parameters that are measured accurately to test a theory. Among these 8 parameters

three are known precisely; @, Gr and myz. Since the gauge boson properties are fixed at
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Fig. 1 Four charge form factors in the minimal SM as functions of the mo-
mentum tranfer scale. The five thick bars show the 1-¢o allowed range of the
form factors as obtained by the present analysis of the electroweak precision
experiments. The SM predictions are given for m, =100, 150, 200 GeV and
my =100, 1000 GeV. Parametrization [19] of the hadronic vacoum polarization
contribution is used in the space-like region (~m% < g2 < 0). In the time-like
region (¢* > 0) only the heavy quark (c, b, t) contributions are taken into
acount with the two-loop perturbative QCD correction [42] at a,(mz) = 0.12.
The light quark contribution at |¢%| > m% are calculated in perturbative QCD

by requiring the continuity at g2 = mi.
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tree level by the three parameters in general models with the SU(2) x U(1) symmetry
broken by a vacuum expectation value, we can use the remaining 5 parameters to
test the theory at the quantum level: see Table 1. We therefore first determine the 5
parameters, §2(m%), g3(m%), 5%(0), §2(0), and 32 (0), from precision experiments, and
then confront their values with various theoretical predictions.

When the new physics scale is significantly higher than the scale ($m%) of precision
measurements, we can often neglect new physics contributions to the running of the
charge form factors. Among our 5 parameters, the values of §%(0) and §3(0) can then
be determined from §*(m%) and §3(m%), respectively, by the SM physics only. The
effective number of the free parameters is then 3, which corresponds precisely to that
of S, T, U [11], €, €3, €3 [13], or other related triplets of parameters in refs. {12]. When
the scale of new physics that couples to gauge boson propagators is near or below the
weak boson masses, we may identify its signal as an anomalous running of the charge
form factors. This point has been emphasized in refs. [16] in connection with possible
existence of the light SUSY particles. The triplet parametrizations are then no longer
sufficient to account for new physics degrees of freedom, and we should regard all 5
parameters in the Table 1 as free parameters. Several alternative approaches to the
same problem have been proposed in refs. [16-18).

In the minimal SM, all the quantum corrections are determined by just two pa-
rameters, m; and my, and hence all the charge form factors are determined by their
values. We show in Fig. 1 the four charge form factors in the SM. The trajectories
are fixed such that they give correct values for the 3 precisely known parameters, «,
Gr, and mz (see section 2.4). The 5 parameters that we determine from precision
experiments are also shown as ’data’ points in the figures, which we will explain in
Section 3. It is clear that these 'data’ are perfectly consistent with the predictions of
the minimal SM, for a certain (m,, my) range, and that no indication of new physics is
found. It should be noted here that there is no good measurement of the charge form
factors &%(q?) and g} (¢*) except at low cnergies ¢* ~ 0. We may expect TRISTAN
and HERA to measure them, and it is challenging to achieve an accuracy comparable

to those achieved in the low encrgy neutral current experiments (3%(0) and g%(0)).

2.2 S-matrix elements

All the precision experiments that are sensitive to electroweak physics at the one
loop level have so far been confined to those processes with external light quarks and
leptons, where their masses can safely be neglected as compared to the weak boson

masses in the clectroweak onc-loop amplitndes. They are the Z boson properties as

measured at LEP and SLC, the neutral current (N C) processes at low energies (&« mz),
the charged current (CC) processes at low energies and the W mass measurements at
the pp colliders. The relevant observables in these processes are expressed in terms of
the S-matrix elements of four external light fermions which form a scalar product of
two chirality conserving currents. All the information on the electroweak physics can be
learned by studying the scalar amplitude multiplying these current-current products.
For example, we parameterize the S-matrix element of the NC process ij — ij (or

any one of its crossed channels) as
T’,} = .‘MUJ; M Jj, (3)

where J! and J}' denote the bare currents without the coupling factor: J# = Ppy* Patly
for i = f,, where Py = (1 —75)/2 and Pg = (1 4+ 5)/2 are the chiral projectors. All
the one-loop corrections appear in the scalar amplitudes M;; which depend on flavor
and chirality of the currents and on the invariant momentum transfers s and t of the
process.

In the neutral current amplitudes, the photonic corrections attached only to the
external fermion lines are gauge invariant in themselves, Therefore we can obtain finite
and gauge invariant amplitudes by excluding all the external photonic corrections. We

find e.g. for the process it — j; the following closed form in the one-loop order

F’( ) TZ(S)

MYC = &%{é‘l(s) + &% 4+ T)(s) — ie*Ayy(s)] + EUQil5) 2= + (I5:Q) =)
1
s — m + zsmz
x{(In; — Qi*)(Iy; — Q35%)(@3(s) + §5(L1 + T1)(s) ~ 1938 z2(s)]
+(Igi — Qi*) 2 [In; (8T + TH)(s) + Ti(s) — Q;(%(s) — 8% + iDyz(s))]
(s)

+(I35 — Q35733 1T, + T3)(s) + Ti(s) = Qu(5%(s) = 87 + B2 ()]}

+ BYO(s,1). (4)
are renormalized in the MS scheme, and three

Here the hatted couplings é = {]5 = gz§éa
eq.(1), &(s), §(s) and g3(s) are identified:

of the four charge form factors

(g% = &'[1 - Reﬁ‘” ol (5a)
$(¢") =81 + < Re Tal@)] (5b)
95(4°) = 351 - Re “T,z(fllz)y (5¢)
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Imaginary parts of the propagator correction factors are denoted by A,,(s), A,z(s)

and Azz(s) which are defined as

A.”(qz) =Im m‘;(QQ)‘ (6a)
A,2(¢°) = sem T, (%), (6b)

Im T’ (m})

m}

; =27
Azz(¢%) = Im Tz 4(*) (6¢)
The last equation is a consequence of the LEP convention for m, and I'z. The vertex
functions I'/«(s) and the box functions B,afé(s, t) are process specific. We first note that
the residues of the v and Z poles are separately physical observables (u-independent

and gauge invariant). At ¢® = 0, we find
rf=(0) =TJ(0) = 0 (7

for all f,, which are ensured by the Abelian and non-Abelian parts of the Ward identi-
ties, respectively. The universal residue of the photon pole gives the square of the unit
electric charge £%(0) = 47a.

The overlines on the vertex functions Tg"(s) indicates the removal of the pinch
term [8,21]. The vertex functions I'§*(s) are proportional to the square of the fermion
mass inside the loop, and are non-negligible only for f, = b7 in the SM. The functions
I'f(s) are vanishing for all f, in the SM, though they appear in extended models such
as the minimal SUSY-SM. We shall see that the box functions B;;(s,t) are significant
only at low energy NC processes and in p-decay at s =t = 0. It is worth noting here
that the box contributions to the helicity amplitudes can be expressed in the above
simple current product form only when the external fermion masses can be neglected
in the loop amplitude. All the vertex and box functions are known precisely in the
SM. If we assume no new physics contributions to these process specific { fo-dependent)
corrections, we can determine the three form factors €2(¢?), 7%(¢?) and 5%(¢®) from the
precision experiments independent of further model assumptions.

For the charged current {CC) process ij — '3, we find similarly

1 B S R

ME% = a0+ 0 TP T e T IO + B, (8)

off the W pole, with an appropriate CKM factor Vip V.. Precise values of the CC
matrix elements are needed only at low energies, and we find for the muon decay

constant 5 2%
_ aw(0)+3 5(:’ (9)
4\/§me

8

Gr

Here the factor §; denotes the sum of the vertex and the box contributions, whose
value is precisely known (6, = 0.0055) in the SM. Eq.(9) gives the physical W mass
in terms of Gp once the & value is known for a given model. The overline here again
indicates the removal of the pinch terms and that its numerical value is significantly
(about 25%) smaller than the standard factor [25).

2.3 Zb;b, vertex

The only vertex whose magnitude is not yet known in the SM is the Zbpb, ver-
tex which depends strongly on the assumed top quark mass [33]. Hence we find it

convenient to introduce one extra form factor
= owb,
8u(s) = Dy (s) + &T5(s) + T3 (s) (10)

in our analysis. A similar strategy has been proposed in ref. [17]. An advantage is
that the parameter & allows us to determine t‘he quantitative significance of the Zb b,

vertex correction [34], independent of the specific SM mechanism. Furthermore, it

]xll[(!-lll‘!\r[!lrlil!il[lliI_
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. i
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E‘:’g. 2 The m.-dependence of the Zbyh, vertex form factors I"{"(m%),
T (m3), T4 (m%) (solid lines) and 65(m%)(long dashed line). &,(m32) is cal-
culted including the known 2-loop effects [35-37] for m, = 100GeV and
a, = 0.12(long dashed line).



allows us to separate the data analysis stage from the evaluation of &, in a specific
model, that includes O(a,m?) (35] and O(m}) [36,37] two-loop corrections of the SM.
The m,-dependence of the vertex form factors ' (m%), ﬁﬂ(mg), I‘g"(mzz) and &(m%)

in the SM are shown in Fig. 2.

2.4 Constraints due to a, Gp, myz

When the basic three parameters of the models with the SU(2)y, x U(1)y symmetry
broken by just one vacuum expectation value are renormalized by the three well-known
quantities a, G and mg, all the predictions of the theory are determined at the tree
level. It is therefore convenient to introduce three parameters which are proportional
to the finite quantum. correction effects only. Among the various proposals in the
literature [11-13], we find that the §, T, U parameters of Peskin and Takeuchi [11]
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o S m,, (GeV) = 1000 3 05 £ u E
F. 400 3 P E E
: 200 ; 2
0.2 f 100 ] 04 E-
02 E

m,, (GeV) = [50, 1000]

o
g
§ Codeadiedindunlandunlynbigd
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001 [
o0z - m,, (GeV) = {50, 1000]
_0_03: L!UL;_{-.-.'...;l...ll..x\:
00 200 0 100 200 300
m; (GeV) m, {GeV)

Fig. 3 The SM predictions for the (S, T, U, &) parameters as defined in
eqs.(11,10) as functions of m, for selected my values. We set a, = 0.12 in the
two-loop O(a,) corrections for S, T, U [42] and &,(m%) [35).
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is most convenient if they are extended to include the SM contributions as well. We
define these parameters in terms of our two-point functions with the pinch terms [21],

which are related to our charge form factors as follows:

§ =167 Re [Tig5(m3) - T75(0)] = 45"(7;(’217)12 §m'z) B 51;2:;) . (1)
aT = 4V2GrRe[lI7(0) - T (0)] =1+55 - 54——‘/!%%‘7”12?- (11b)
zZ
#(m? b
U =167Re [Ti7,(0) - Tipy(0)] = %@Z)—) - gé/ﬁ(o) . (11c)

These definitions allow us to express all the charge form factors and hence all exper-
imental observables in terms of the three parameters S, T and U without separating
the SM contributions to the gauge boson propagators. First, the form factor §3(0) is
determined from T via eq.(11b). Second, the form factor §%(m%}) is determined from S
via eq.(11a). And finally the form factor g% (0) is determined from U via eq.(11c):

1 1+85—aT

7O - 1V3Grm] )
1 S

§(m%) = % - \/% - Ez(mzz)("%—) + ‘1‘6—;) (12b)

L _#m) 1 sy (12¢)

7 (0)  &(my) 167

The running of these form factors is determined by their defining equations (1) by

‘properly performing the renormalization group improvement:

52 a2 2(m?2 - .
L) - ) — e[ ) - TR ) (13)
=75~ 72 = Rellra(e) - (o) - 28 RefM () ~ T(0)
+5* Re[TI7 5(¢") ~ T 5(0)] (13b)
1 1 — =11
R Re[T7w(¢%) — Ti7y(0)] (13¢)

All the form factors are thus easily calculable for arbitrary models for fixed (@, G and
mgz). In fact, the SM curves in Figs.1 are obtained this way. By assuming only the
SM contribution to the muon decay vertex and box corrections in §; and by assuming
the SM running of the form factors, especially for a(g?), we can express all the charge

form factors as a power series in the above three parameters. To first order, we find
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§3(0) = 0.5456 +0.00407, (14a)
5*(m%) = 0.2334 4 0.00365 — 0.0024T" —0.00266,, (14b)
G (0) = 0.4183 — 0.0031S + 0.0044T + 0.0035U — 0.00156,, {14c)

where we added the shifts due to the uncertainty in the estimated 1/&(m%) value,
84, which is as large as £0.10 [19]. Tt is clearly seen that g%(0) measures T', §%(m%)
measures a combination of § and T, whereas §3,(0) measures a combination of all three
parameters.

The SM predictions for S, T, U and §;(m%) are shown in Fig.3 as functions of m,
for selected values of my, by including all the known two-loop corrections of O(m{)
[36,37,41] and of O(a,) {35,42] at a,(mz) = 0.12. From Fig.3, one can see that the
parameters § and 7" show mild sensitivity to mg, but the parameters U and 5y(m%)
are almost independent of my.

3 Systematic Analysis

In this section, we make a systematic analysis in the following steps, by systemati-

cally strengthening the assumptions underlying the analyses:

1. First, by assuming that the precisely known SM contributions dominate the
process specific vertex and box corrections, we determine the universal charge
form factors from the precision experiments: gi{m%) and &(m%) from the Z
parameter measurements, §2(0) and 5(0) from the low energy neutral current
experiments, and g4 (0) from the W mass measurements at pp colliders. The
Zb, Z, vertex form factor &,(¢®) at ¢ = m?% is fitted simultaneously with the
data. New physics contributions that do not respect the spontaneously broken
SU(2)L, x U(1)y gauge symmetry can be identified by our inability to fit the data
successfully.

2. Once the charge form factors are determined, we can test the running of the iwo
form factors §3(q®) and 3%(q?) which are determined both at ¢* = m} and at
¢? = 0. When there exist new particles which are not so heavy ({mgz), we may

identify its signal as an anomalous running of the charge form factors.

3. By assuming further that the ¢*-dependence of the charge form factors are gov-
erned by the SM physics only, we determine the three universal parameters S,
T and U, together with &,(m%). They are sensitive to radiative effects of heavy

12

physics. Here again the assumption of the underlying SU(2)xU(1) gauge sym-
metry is tested by the x%-goodness of the fit, and deviation from the SM can be
identified from the fitted S, 7", U values.

4. At the final stage, we assume the minimal SM contributions to S, T, U and
§y(m%), and examine its x> goodness of the fit as functions of the two unknown

parameters m; and my.

At each step, we pay attention to the a,-dependence of our fits, while the uncertainty

from the QED effective coupling constant a(m?%) is examined in the last two steps.
3.1 Determination of the charge form factors from precision experiments

3.1.1 Z boson parameters

The most recent results from experiments at LEP and SLC on the Z boson param-
eters have been reported in refs. [26,27]. The Z line-shape parameters are determined
at LEP as [27]

mz(GeV) = 91.187 £ 0.007 1 -0.157 0.017 0.012 0.075
Iz(GeV) = 2.489+0.007 1 —0.070 0.003 0.006
o¥(nb) = 4156+ 014 pep = 1 0.137 0.003 | (15)
R, =03/d9 = 20.763+ 0.049 1 0.008
AR = 0.0158 + 0.0018 1

The other electroweak data that we used in our fit are as follows [26,27):

P, = —0.139 £ 0.014, (16a)
Agg = 0.10 £ 0.044 (SLD [28]), (16b)
AL = 0.099 + 0.006, (16c)
AZS = 0.075+0.015, (16d)
Ry =o)/0) =0.22034+0.0027 (LEP 4 SLD). (16e)

Significant improvements over the last year have been achieved for many of the above
measurements.

These parameters are expressed in terms of the scalar amplitudes (4) as follows.
Since most of the formulae are common for LEP/SLC measurements and TRISTAN
measurements, we show the expressions at arbitrary s. The LEP/SLC results are

obtained by setting s = m%.
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First, the cross sections for e*e™ — ff are given b
5 gl Y

K fa(e e — ff)
{ ([M£L+ MLR} +[‘WRR+‘WRL, )'—f“
+(]Mg-M;§[’+|M,;§—M,;{f)%i}(1+§Q,f‘—§:—)). (17)
a(s)

where the factor {1 + 4Q,—— account for the external QED corrections. Since
both at LEP/SLC and TRISTAN energies, the SM box contributions are negligibly

small, we neglect the cosf-dependence of the box correction factors and use their

= 8

cosf = 0(s = —2t) values throughout the analysis. The factors Cpv, C,4 for quarks
contain the external QCD corrections for the vector part [29] and for the axial vector
part [30], together with the finite mass corrections of the final state fermions [31]:

Cov = {’d"w LA +1409( >—12,8(97r—’)3

.a

19—715-(;‘/—5- (5'; + 8.7(27:—) + 45.3(%1)3) } (182)

a, a,\? a\?
Con =3 {,@;‘ + 24 (1409 F f(me)) (;) - 12.8(?>

_55%0(1;( )+14286( )2)} (18b)

with a, = a,(+/s)5z and
4m2(\/s
g, = yf1 - Amils). (19)
b
where m,{(+/s) denotes the MS running quark mass as evaluated at the unit-of-mass
scale /s [31]. The running masses are calculated in the next-to-leading order [31] for

the following pole mass choices:

m, = 1.4 GeV, (20a)
my = 4.8 GeV. (20b)
The O(a?) axial parts contain m, dependence through the function f(m,) [30]:
m 37 28 4
B ()
fmy) n my 12 81 \2m, +0.2107 2my (21)

The minus sign should be taken in front of f(m;) in eq.(18b) for u, ¢ quarks, and the

plus sign for d, s, b quarks. For charged leptons, these factors are given as

Be(3 - 87)

C(V = 5 N ( 223.)

Cz,g = 5; - (22l))
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with
By =1 2L (23)

s
When we can neglect the masses of the final leptons (for £ = e and p), eq.(17) reduces
to a simple one:

el ¢]? 3 O:(S)
7= gz (il w3 ) e
On the Z pole, the partial widths I'y’s, the width ratios R; and R, are defined from
the cross sections (17) and (24) as

!

+ J‘M,ffz!z

127 F(‘I‘f

= o — 25a
0, mzz ng ' ( )
thoh/az, (25b)
Rb:Ob/m.‘ (25(:)
Next, the Forward-Backward asymmetry is given by
et? . et 12 et )? et |?
ot 3 1‘ML§,] T]* R:il - I‘,WLIR '{MRL
AFg == Pl P} pl T (26)
4 el el Mel Mcl
fMu, + l‘MRR + ] LR| +| RL
for leptons, and
4 2 e 2 & ‘2
0q _ 3 zﬁq{lMLZ Mph _'IMRZ', }
AFB:Z3 e e eq2 2 eq cq2 eq cq2 '
{]ML1+ 3|+ Mg+ M }+ﬁq{[MLL—MLR§ Mg - Mg
(27)
4m?
B, =.1-—%, (g=b,¢c)
q m

for quarks (g = b,¢). The QCD corrections for the FB asymmetries [32] have not been
included in eq.(27). The reported asymmetries from LEP Ag‘g(LEP) and A¥S(LEP)
have been corrected for theses effects by assuming a linear a,-dependence and a, =

0.12. We therefore calculate the LEP asymmetries by the following formula;

o 1+ k,g( )
1+ IcA

with k4 = 0.75 [27]. The QCD correction depends on details of the final charm and

bottom quark tagging procedure, and each experiment should give the a,-dependence

of the corrected asymmetry value.



Table 2 vertex form factors in the SM at /s = 91.187 GeV

r{

¥

bl, (mt = 100)
bz; (mg = 150)
by (m, = 200)

0.00252 + 0.00431:
0.00185 + 0.003251%
0.00020 + 0.000321:
0.00203 + 0.003541
0.00009 + 0.000147
0.00225 + 0.00389+¢
0.00002 + 0.00004 1
0.00176 + 0.001071
0.00141 4 0.00107+¢
0.00126 + 0.00107:¢

—0.00680 — 0.005651
—0.00680 — 0.00565 1

—0.00680 — 0.00565 ¢

—0.00680 — 0.005651
—0.00402 + 0.000001
—0.00261 + 0.00000¢
—0.00179 + 0.00000¢

—0.00347 + 0.00000:
—0.00763 + 0.00000 1
—0.01270 + 0.000003

Finally, the T polarization asymmetry and the Left-Right asymmetry are expressed

L L e L e )
Y ATy
5 (ot + |oach” - ot - st )
=2 5 5 , . (30)
ij(;M;{ + M~ | Mg - | Mk )

On the Z-pole, these asymmetries {(AR], P, ALr) determine 5%(m%) almost indepen-

dently of gZ(m%), 8y(m%) and a,.

In the absence of an accurate quantitative measurement of the QCD coupling con-

stant and for the convenience of the GUT studies, we choose a, = a,(mz)zz as an

input parameter of our fit, and present the results as functions of «,.

One can then either add independent data from direct a, measurements, or study

quantitative consequences of a particular GUT model that predicts a,.

In order to determine the universal charge form factors 3% (m2), §3(m%) and the

Zbb, vertex form factor 8,(m%) through these formulae from the data (15) and (16),

we should further estimate the process specific contributions to the vertex and box

diagrams. The SM contributions at /s = m, to the vertex factors in eq.(4) are

given in Table 2, where the corresponding values for the Zb b, vertex are also listed

together for comparison (see Fig. 2). It should be noted that, on the Z-pole, the box

contributions are negligible (~ O(a%,)) in the cross section as compared to the O{ay)

propagator and vertex corrections.
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We now assume the SM dominance to the vertex and box corrections except for the
Zbgb, vertex, and make a fit in terms of the three parameters 52(m%), §%(m%) and
6s(m%). The overall fit to all the Z parameters listed above gives

g3(m%) = 0.5546 — 0.031 (e, ~ 0.12) % 0.0017 1 0.14 —0.36
53 (m%) = 0.2313% 0.008 (@, — 0.12) £ 0.0007 peore = 1020 | ,(31a)
Sp(m%) =-0.0062 — 0.428 (a, — 0.12)  0.0035 1

, —0.103y 2

2. — 166 (*—-——*—-'-—-a" )

Xinin 66 + toi ) (31b)

for a given value of a, = a,(mz)m; the errors and the correlations are almost inde-

pendent of a,.

0000 ¢ S g (my) =011
— ag(m,) =0.12

0,005 —-— ag(m,)=0.13

Sy (m,

£.010

‘0015 iddid

0558 | 1 0558

Z -

(zzw) 26

3 0.554

0.552

1 0562

et

-0.015

Fig. 4 Three parameter fit to tile Z boson parameters for three a,(mz) values.
The Zbyby, vertex form factor §(m%) is introduced as the third parameter of
the fit in addition to the two universal charge form factors §2(m%) and §%(m3).
Also shown are and the SM predictions in the range 100 GeV< m, <200 GeV
and 50 GeV< my <1000 GeV, which are calculated by assuming (Ai)h,dwm =
»3.828 (6 = 0) [19] for the hadronic vacuum polarization contribution to


http:mz)=0.12

The above results are shown in Fig.4, along with the SM predictions with all known
corrections of the O(m}) level [36,37,39-41] and of the O(a,) two-loop corrections
[35,42] in perturbative QCD, but without non-perturbative tf threshold effects [43].
The SM prediction to 3%(m}) is also sensitive to the hadronic vacuum polarization
correction, for which we take [19] (A-“;)h,dmn, = —0.0283/a = —~3.88. Its error 4, =
40.0007/a = +0.10 leads to a shift in the SM predictions for §%(m%) by £0.00026.
The SM predictions in Fig.4 are obtained by setting §, = 0.

We show in Fig. 4 1-0 contours of the fit for three representative a, values. It is
clearly seen that the yZ-mixing parameter §2(m%) is measured rather independent of
a,, while the Z coupling strength §Z(m%) is negatively correlated with the assumed
a, value, reflecting its sensitivity to the total Z width. This anti-correlation leads to
a preference of larger ﬁz, in the SM for smaller a,. The parameter 5%(m%) is relatively
insensitive to a, because it is measured mainly from the asymmetry parameters that
are either completely or almost insensitive to the QCD corrections.

Before leaving the Z parameters, we would like to give two comments on the mea-
surements of the Zb, b, vertex form factor §,(m%) and a,, which are strongly correlated.
As is clearly seen from Fig. 4, the fit to the parameter 8, depends strongly on a,, re-
flecting its sensitivity to Ry and 'z, more than to Rj that measures Sb(m:é) directly
and is rather insensitive to a,. Because of this sensitivity to a,, it is not meaningful to
quote a bound on &, or on m, from the SM Zb;b, vertex correction, without studying
carefully its a, dependence. It is worth emphasizing here that there is no evidence of
the Zbyb; vertex for a,20.13, as the corresponding parameter for dy or s is about
—0.003. For a,50.12, we can obtain rather siringent upper bound on m, {17,34] that
one can read off from Fig. 4, mainly because there is no good evidence for the large
Zb,b, vertex effect. This point has also been emphasized by the LEP electroweak
working group [27]. Furthermore, this strong correlation makes the fitted a, value de-
pend strongly on the assumed & value. If we allow & and q, to be fitted freely by the
data, then the result (31) gives &(m%) = 0.0015£0.0071 and a,(m%) = 0.103 +0.013,
with peors = —0.85. It is therefore necessary to assume the SM contributions to by(m%),
and to a lesser extent those to §3(m%), in order to measure o, from the electroweak
Z-parameters. The result of such an analysis is given in section 4.3 where we study

consequences of the minimal SM.

3.1.2 Low Energy Neutral Current

We consider in our analysis four types of low energy neutral current experiments.

They are the neutrino-nuclei scattering (v,—¢), the neutrino-electron scattering (v,-e),
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atomic parity vielation (APV), and the polarized electron-deuteron scattering exper-
iments (eD). All of them measure the universal form factors §%(0) and §3(0). Effects
due to small but finite momentum transfer in these processes arc corrected for by as-
suming that the running of these form factors are determined by the SM particles only
(see Fig. 1), which is an excellent approximation at low energies. Vertex and box cor-
rections are performed by assuming that they are dominated by the SM contributions.
For each sector, we first give a model-independent parametrization of the data, and
then give our fit in the (3%(0), §2(0)) plane.
v — g scattering

For the v,~q data, we used the results of the analysis of ref. [44]. The fitted
parameters (g%, g%, 6%, §%) are, however, dependent on the assumed value of the
charmed quark mass (m.) in the slow-rescaling formula for the charged current cross
sections. By using the constraint on m, from the charged current experiments, m, =
1.54 £ 0.33 GeV [44], we can properly take into account the m, dependence of the fit.

We thus find a new model-independent parametrization of the v,~¢ data [6]:

9% = 0.2980+0.0044 1 0359 —0.163  0.162
g% = 0.0307 £0.0047 1 0.156 —0.037 ”
82 = —0.0589+0.0237 Feor 1 —oaar |- G2
6, =  0.0206+0.0160 1

The standard model fit is then performed by expressing the above parameters in
terms of the ratio of the squares of the NC and CC S-matrix elements of eqs.(4) and
(8) evaluated at (—t)yo = (~t)ec = 20 GeV?. We reproduced the well-known results
of ref. [45]. The corrections due to the running of 5%(t), the neutrino ’charge radius’
factor [46] T,*(t) of eq.(4), and the WW box are found to be significant. After further

correcting for the QED radiation effects in the CC cross section [47}, we find

=2

§2(0) = 0.5483 % 0.0081 B

§2(0) = 0.2392 % 0.0143 Peor = 0.92, (33a)
Xinin = 0.86. (33b)

The strong positive correlation is a consequence of the smallness of the error of gf +g§
in (32) that measures the total neutral current cross section off isoscalar targets. The

above fit is given in Fig. 3 as a 1-¢ counter.

v — e scattering

For the v,-e data, we used the results of CHARM, BNL E374 and CHARM-11 [48],
which are summarized by R. Beyer (48] as

(0)x” 1.007 +0.028 0.0
(sin By )a = 0.233 +0.008 Peorr = U.UJ.

it

(31)
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are obtained from the data by assuming the tree-level formula for the v,e and 7,e
scattering cross sections.

We can hence obtain the electroweak parameters by evaluating the full matrix
2
,‘)
then by expressing the above effective parameters in terms of the radiatively corrected

elements at an average momentum transfer of these experiments, (—t) ~ mZ, and
cross sections. We reproduce the known results of ref. [49], and find that the only
significant correction comes from the neutrino 'charge radius’ factor and the WW box
contributions. We find

7(0) = 05459+ 0.0153

0.2416 + 0.0080 } Peors = 0.09 (35)

st
N
—
=4
~
!

with xZ;, = 0, since we take the fit (34) as the model independent parametrization of
the v, — e data [48]. The result is also shown in Fig. 3.
Atomic Parity Violation

As for the APV experiments, we used the result of the analysis [50] on the parity

violating transitions in the cesium atom (A,Z)=(135,55);
Qw(135,55) = —71.04 £ 1.81 (36)

where we sum the experimental and theoretical errors by quadrature.

Our simple formula (4) reproduces the u- and d-quark contributions of ref. [51], but
not the photonic correction to the axial vector Zee vertex nor the Z« box corrections
that are sensitive to the nucleon structure. We adopt the results of ref. [51] for these

corrections, and find
§2(0) = —0.6130- g5(0) + 0.5661 % 0.0083. (37)

The result is shown in Fig. 3.
e—D scattering

Finally, for the SLAC eD polarization asymmetry experiment [52], we make a model-
independent fit to the original data by using the two parameters, 2Cy, — Cy4 and
20y, — Caq of ref. [53], by taking into account uncertainties due to the sea-quark
contributions and finite R = o /or [54], and those due to higher twist contributions
[55,56]. The former uncertainties are found to be very small, confirming the results
of ref. [54], while the latter are found to be model dependent [57]. We adopt the
estimates [56] based on the MIT-Bag model, which find rather small corrections, as
in the neutrino scattering off isoscalar targets [58]. Further study on the higher twist

effects may be needed to achieve precision measurements of the electroweak parameters
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in these reactions. After allowing for uncertainties in the Bag model parameters of
ref. [56], we find

2Cw—Cu
2Co — Cu

~0.91+0.26
0.66+1.23 } Peorr = —0.975 (38)

with x2;, = 9.95 for 11 data points. Because of the strong correlation, only a linear

I

Il

combination of the two coupling factors is measured well.

The electroweak corrections in the SM are found in ref. [59]. Our formula (4)
leads to all relevant correction factors except for the external photonic corrections. We
use the explicit form of ref. [51] for these external photonic correction factors, and

checked the insensitivity of our fit to the uncertainty in the Z+ box corrections. The

0.57
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Fig. 5 Fit to the electroweak low energy neutral current data in terms
of the two universal charge form factors §2(0) and §%(0). 1-0 contors are
shown separately for the v,-q data [44], the v,-e data [48], the atomic par-
ity violation (APV) data [50], and the SLAC e-D polarization asymmetry
data [52]. The 1-c allowed region of the combined fit is shown by thick contor.
The straight dashed line shows the 'tree’ level prediction of the minimal SM:
b= 73(0)/(4V2GFm}) = 1.

0.52

n
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QED coupling &(t) and the vertex functions [';(t) and To(t) in our amplitudes (4) are
evaluated at (—£) = 1.5GeV2 We find

5%(0) = 0.3264 - §3(0) + 0.0471 + 0.0094, (39a)
i = — 178 55(0) + 1.44, (39b)

where again we take the fit (38) as the model-independent parametirization of the
data. The above parametrization is valid only in the vicinity of the SM predictions,
§2(0) ~ 0.55, as shown in Fig. 5.

The results of our two parameter fit to all the neutral current data are summarized
in Fig. 5 by 1-0 allowed regions in the (3%(0), §2(0)) plane. They are consistent with

each other and, after combining the above four sectors, we find

§2(0) = 0.5460 % 0.0035 ~
52(0) = 0.2351 + 0.0045 Peorr = 0.53, (40a)
xii. = 2.89. (40b)

The fit is excellent as the effective degrees of freedom of the fit is 8 — 2 = 6. The
combined fit above (40a) is shown by the thick 1-¢ contour in Fig. 5.

3.1.3 Charged Current

The W mass data have been updated this summer by the CDF and DO collabora-
tions [60]. We obtain
my = 80.25 + 0.24GeV (41)

by combining the two mos! recent measurements [60] alter adding all the quoted errors
by quadrature.

The electroweak parameter g, (0) is then obtained from the g life-time via the
identity (9). By using the SM estimate §; = 0.0055 and the perturbative approximation
§* = 34,(0), we find

F5,(0) = 0.4226 £ 0.0025. (42)

No other experiment in the charged current sector is accurate enough to add useful
information in our electroweak analysis. Precision measurements of the W width [61]
and its leptonic branching fraction may determine g4, (m¥ ) in the future.

All the electroweak precision data have now been represented by the charge form
factor values of egs.(31,40,42). We find that all results are consistent with the as-
sumptions of the SU(2);, x U(1l)y universality and the SM dominance of the vertex
and box corrections. In the following, we perform the fit to the data in three steps by

systematically strengthening the model assumptions.
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3.2 Testing the running of the charge form factors

Only two of the four form factors, §%(¢?) and §%(¢*), have been measured sufficiently

accurately at two energy scales, g2 = 0 and m%. From egs.(31,40), we find

LA
g3(m%)  g3(0)
#(m3) _ 30)

&(m%)sm a

I

~0.36 + 1.2, — 0.12) £ 0.16
y  Peorr = —-0.48. (43)
~2.45 + 1.1(a, — 0.12) £ 0.63
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Fig. 6 Two parameter fit to the combined low energy neuntral current data
and the Z parameters. The latter fit CLEP+SLC’) is copied from Fig. 4 for
a,(mz) = 0.12. The low energy combined fit of Fig. 5 has been rescaled to the
mz scale by assuming the SM running of the two charge form factors, (q%)
and §Z(q?), which depend on m, and my. The degree of uncertainties in the
SM predictions for the running of the form factors is shown by drawing the
results for m, =100, 150, 200 GeV and myx=100, 100 GeV in the same figure.
The 1-0 allowed region of the combined fit is given by the thick contor, for
which the above uncertainties give negligible effects.
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The SM predictions for these quantities are, respectively

2 2
I i —0.2998+0.0013(1-5—9) +o.0021<1—09) . (44a)

B(mZ)  330) me My

2f 2 52 1 2
Fmz) T _ 30760+ 0.0058(39) , (44b)
a(m3)sm m,

in the range 100 < m,( GeV) < 250 and 100 < m,(GeV) < 1000. Both results are
consistent at the 1-o level with the assumption that the running of these form factors
is governed by the SM particles only (see Fig.6). Since the running of the form factors
is affected only by particles of mass in the vicinity of myz, we conclude that there is no
indication of new particles of mass $my.

The errors in (43) are determined by those of the low energy experiments. Further
improvements in the low energy precision experiments are needed to detect a signal of

relatively light new particles.

3.3 Testing the 3 parameter universality

By using the SM running of the form factors (44), we can combine the Z parameter
fit (31) and the low energy NC fit (40). This is schematically shown in Fig. 6, where
the combined low energy NC fit of Fig. 5 is reproduced in the (3%(m%), g%(m%))
plane. The uncertainty in the running of the parameters within the SM is visualized
by the thickness of the contour which spans the range m, = 100 — 200 GeV, my =
100 — 1000 GeV in eq.(44). The low energy parameters are consistent with the Z
parameters, which are also shown as the 'LEP+SLC’ contour. All the neutral current

data are now combined to give

72(m%) =  0.5547 - 0.023(a, ~ 0.12) £ 0.0015 1 016 —0.31
§(m%) = 0.2312+0.008(c, — 0.12) £ 0.0007  peoy, = 1 020 |,(45a)
&(m%) = —0.0064 — 0.435(cx, — 0.12) % 0.0034 1

X = 5.50 + ((a, — 0.103)/0.0125)%. (45b)

The above fit is almost independent of (m,, my) values assumed in the running of the
charge form factors. The X2, value of 7.3 for o, = 0.12 is excellent for the effective
degrees of freedom of the fit, 18 — 3 = 15.

There is one notable point at this stage which becomes apparent by comparing the
globatl fit of Fig. 6 with the individual fit to low energy NC data in Fig. 5. Both
the data on v,~¢ and v,—~e experiments are perfectly consistent with the global fit,
whereas the APV result and the eD asymmetry fit are just 1-o away. Further studies
of polarization asymmetries in the e — ¢ sector, as well as quantitative studies of the

neutral current processes at TRISTAN energies might be potentially rewarding.
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We can now express the result of our global fit (45) and (42), in terms of the S, T,
U parameters and 6,(m%). We find

§=-029 —1.5(c, —0.12) +0.676,+0.33 1 084 —0.13 —0.12
T= 046 -57(a,—0.12) —~0.046,+0.37 1 -0.29 —0.31
U= 039 +58(a, - 0.12) +0.246,40.76 7o~ 1 014
8 = ~0.0064-0.43 (a, — 0.12) +0.0034 1
’ (46a)
A a, - 0.103\2 /6, \?
Xinin = 546 + ( 0.0124 ) + (ﬁ) (46b)

Only the correlation between the errors in § and T is significant. We show in Fig. 7 the

above results. The only radiative effect, which is significantly non-vanishing is in the
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Fig. 7 Global fit to the (§, T, U) parameters as defined in eq.(11) for three
a, vahies and for (m,, my) values in the range m; = 100 — 200 GeV and
my = 100-1000 GeV. Hadronic vacuum polarization contribution to 1/a(m%)
has been taken to be (A%)hndmn = ~0.0283/a = ~3.88 (§, = 0) [19]. The SM

predictions are also given.
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T parameter. Both the S and U parameters are consistent with zero at the 1-o level.
Note also that the § parameter is particularly sensitive to the hadronic uncertainty 4,

of 1/a&(m%), whose mean value can change by a quarter of its error for §, = +0.10 [19].

3.4 Testing the Minimal Standard Model

In the minimal SM, the parameters §5(m%), 5*(m%), 5%(0), 5%(0), 3%, (0) and 83(m%)
are uniquely determined by the two mass parameters m, and my. Insertion of the SM
(ms, my) dependences into our global fits (31), (40) and (42) gives the constraints on
my and my.

In Fig. 8, we show the result of our global SM fit to all the electroweak data in
the (my, mpy) plane for three representative o, values. One can clearly see the positive
correlation between the preferred values of m; and my, which is found independently
of the assumed a, value. On the other hand, the preferred range of my depends
rather sensitively on a,. For a,(mz)50.125, smaller my is preferred, whereas for
0,(my)20.130, larger my is slightly favored. The my dependence of the fit is very

mild and no strict bound on my can be given without imposing a constraint on a,{mz).

ag{mg) = 0.11 ag(m,) = 0.12 agm,) =0.13

T T

m, (GeV)
m, (GeV)
m, (GeV)

Ll

m,, (GeV)

Fig. 8 Electroweak constraints on (my, mg) in the minimal SM, for three
selected a, and at §, = 0. Dashed lines show the best m, values for a given
mpy, the solid contors are for x? = ¥2%;, + 1 and the shaded region gives
x> xii +4.61.

We find the following parametrization of our global fit to all the electroweak data
in terms of the m,, my, a,(m;) and 6,:

my — Ty

2
) + x:znin(m}{'asi(sa) (47)
Am,

X%M(mhmﬂvou‘su) = (

where

» L =012\ [/ ba
Wt=147+12‘7111—%+0.91n2ﬂ—3(3————>—o( ) (48)
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My My
Amy =16~ 0.28 In 7= ~ (0.044 — 0.006 In To5) (me = 150) (49)
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Fig. 9 Minimal of the total x? of the SM fit to all the electroweak data as
functions of my for a,(mz) =0.110, 0.115, 0.12, 0.125, 0.130. The hadronic
vacuum polarization contribution to the effective charge 1/a(m%) is obtained
by 8, = 0. The dashed lines show our approximation (50). The absolute
minimum which is obtained by allowing both m, and «a, to be freely fitted by
the electroweak data is also shown by a long dashed line.
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Here m, and my are measured in GeV units. This parametrization reproduces the cor-
rect x* within a few % accuracy in the range 50 < m,(GeV) < 300, 60 < my(GeV) <
1000 and 0.11 < a,(mz) < 0.13. The best-fit value of m, for a given set of my, a, and
&, is immediately obtained from eq.(48) with its approximate error of (49). Likewise,
the dependence of x? on my, @, and §, is obtained from the above parametrization
for a given set of the remaining parameters. It is also easy to find the results that are
independent of a, or §,, or those after imposing external constraints on them, since the
x*-function above is of a quadratic form in o, and &, which can be readily integrated
out. The parametrization also gives accurately the aforementioned a, dependence of
the preferred my range, which confirms the trend as observed in refs. {62,63]. As an ex-
ample, we show in Fig. 9 the minimal of the total x? of the SM fit to all the electroweak
data as functions of my for selected a,(mz) values. The dashed lines are obtained by
using the parametrization (50). Also shown in Fig. 9 is the absolute x* minimum which
is obtained by allowing both m, and a, to be freely fitted by the electroweak data. Is

is approximated as
X = 7.0+ 0.12(In(my /14)]?  for free a,(mz). (51)

In the region 60 GeV< mpg < oo, this leads to a formal constraint on my: my <
3.1 TeV (90%C.L.). The upper bound is, however, clearly outside the region of
validity of our perturbative framework. If we allow an arbitrary my values [62],
0 < my(GeV) < oo, this bound becomes my < 570GeV (90%C.L.). Severer up-
per bound can be obtained by restricting to smaller a, values («,£0.115), as can be
seen from Fig. 9.

Finally, by noting that the effective number of the data we used in our analysis is
18, we conclude, from Fig. 9 and the parametrization (47), that an excellent agreement
of the data with the SM predictions is observed in the unshaded ranges of m, and my
in Fig. 8 for arbitrary values of a, and é, in the possible ranges; 0.1150,50.13 and
—0.156,50.1. In other words, we find no signal of new physics beyond the SM in the

present precision experiments.

4 Electroweak physics at TRISTAN

In this section, the electroweak physics at TRISTAN is described in our formalism.
The charge form factors which would be determined at the TRISTAN energy are &(¢?),
3%(g%) and 5%(q*) with /g? ~ 58 GeV. It is notable that the measurement of the QED
effective coupling €°(¢?) at TRISTAN [64] has a clear advantage over that in LEP/SLC,
since the latter receive huge backgrounds from the Z-exchange.

Though most of the formula given in the Z parameter analysis are common for
the TRISTAN analysis, it is instructive to repeat them and to express the observables
in terms of the scalar amplitudes (4) by neglecting the cosé-dependence of the box
corrections,

The cross sections for ete™ — ff are given by

or=olete” - ff)

S e e 2 € € 2 C
= -_48x{ (IMLI{ + Mf| + lef{ + Mg] ) _—év
€ € 2 € 2 C 3
o (5] = bagh]*+ |l - ;agf )-;;"}(H;Qf D), s

where the factors Cyy and Cy4 which contains the external QCD corrections for the
vector part [29] and for the axial vector part [30] together with the finite mass correc-
tions of the final state fermions [31] are given in eq.(18). Neglecting the lepton masses,

2} (1 + %9@) . (53)

we have

2

Mg M

2
o = 2= {| gt + | Mk

Using the above cross sections, the ratios Ry and Ry at TRISTAN energies are defined
by

LY

Ry =o04/0,, (54a)

Ry =o0y/0y, ’ (54b)
with ;
4ra?

Opt = 35 (55)

The Forward-Backward asymmetries for f = £, c and b are given by

204 {iMi{ 2}

2

"+ gkl g~ ot

A{‘B =

B R

3- 52
2

2
{1Mf{+M££ + | ML+ Mk

2 . . 2y’
b+ 63 { ot - mach }

(36)

+ | Mgt - Mgk
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Table 3 Vertex form factors in the SM at /s = 58 GeV

/ ¥ I
v 0.00167 + 0.00198: | —0.00345 — 0.002611 —
¢y 0.00124 + 0.001504 | —0.00345 — 0.002611 _
fr 0.00013 + 0.00014: — —
U 0.00135 + 0.001637 | —0.00345 — 0.002611 _—
UR 0.00006 + 0.00006: — _
dy 0.00150 + 0.001781 | —0.00345 — 0.00261: e —
dp 0.00001 + 0.000021 —_ —
by (m, = 100) | 0.00085 + 0.000487 | ~0.00151 + 0.000007 | -0.00330 + 0.000001
by, (me = 150) | 0.00072 + 0.000484 | —0.00100 + 0.00000¢ | —0.00725 + 0.00000:
by, (m, = 200) | 0.00066 + 0.000481 | —0.00069 + 0.000004 | —0.01216 + 0.000001
Table 4 Box form factors in the SM at s = -2t = (58 GeV)?
f SB(EL: fn) SB(eR;fo-)
vy, 0.00051 + 0.000007 | —0.00003 -+ 0.00000:
i ~0.00007 + 0.00000z | —0.00001 + 0.0000017
Iy -0.00001 + 0.00000z | 0.00001 + 0.00000:
ug 0.00049 + 0.00000: | —0.00001 + 0.0000014
R 0.00000 + 0.000007 | 0.00000 + 0.00000:
dy —0.00006 + 0.000007 | —0.00002 + 0.00000:
dg 0.00000 + 0.00000z | 0.00000 + 0.00000¢

by, (m¢ = 100)
by, (m, = 150)
bL (mt = 200)

—0.00003 + 0.00000: | —0.00002 + 0.00000 i
—-0.00001 + 0.000007 | —0.00002 + 0.00000
0.00000 -+ 0.00000: | —0.00002 + 0.00000 1

with

(57)

Observable asymmetries for charm and bottom jets should in general have QCD cor-

reclions:

af _af Qs
(AFB)Dbs - AE‘B(l + kA T )

(58)

where the factor &, depends on details of the jet axis defining algorithm [32].

The magnitudes of the non-universal corrections (vertex and box) in the SM are

given in Tables 3 and 4. As seen from Table 4, the box corrections are numerically very

small also in this energy region as compared to the propagator and vertex corrections.

We give in Fig.10 the SM predictions for these parameters as functions of /5. It

should be noted here that the asymmetries are very large because of the large inter-

ference between the - and the Z-exchange amplitudes. Hence they give qualitatively
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different information from the Z-pole asymmetries which determine only the 5%(m%)
parameter: the asymmetries at TRISTAN are sensitive to §Z(s) as well.
In principle, the TRISTAN experiments as well as those at PEP/PETRA colliders

can measure the three charge form factors &%(s), g%(s), §%(s) by assuming the SM

121 -0.25 T

|
g

}’TIT

1.20

1.18

!/lbI!{lelllill

6.0
'l?l']1g!‘;[

T

cao bbb d 1:
OS5 &7 88 50 60
Vs (GeV)

Fig. 10 Obsevables at TRISTAN as functions of /5 for 100 < m,{ GeV) <
200, 100 < myz(GeV) < 1000 and a, = 0.12. The solid lines show the SM
predictions. The regions sandwiched by the dashed lines show the l-o al-
lowed predictions that are obtained by using the constraint (59) on the neutral
current form factors, and the SM running of all the three form factors with
me = 150 GeV and m = 100 GeV.
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dominance to the vertex and box corrections. If we assume the SM running of the
§%(s) and §(s) form factors between the TRISTAN and LEP/SLC energies, then
these experiments measure €2(s). On the other hand, if we assume the SM running for
%(ss), then they measure two parameters 3(s) and 32(s). This latter measurement has
similar physical consequences to those of the low energy neutral current measurements,
especially to those of the APV and eD experiments that both measure the neutral
currents in the e-g sector. The fits (37) and (39) give the combined information

33(0) = 0.5524 % 0.0166

) corr = '61\ 5
#(0) = 0.2274 % 0.0088 } Peoee = 0 (59)

on the neutral current couplings as measured in the e-g sector. The ete™ experiments
off the Z-peak can give additional information in this sector, as well as the new informa-
tion in the e-£ (purely charged lepton) sector. The SM prediction for these observables
are shown by solid lines in Fig. 10. The regions sandwiched by the dashed lines in
these figures show the 1-o allowed predictions that are obtained by using the above
constraint (59) on the neutral current form factors, and the SM running of all the
three form factors. These regions somewhat deviate from the SM predictions because
the present low energy experiments in the e-g sector show 1-o deviation from the SM
predictions with the LEP/SLC inputs: see Figs. 5 and 6. If the ete™ experiments
find accurate constraints on these observables that are comparable to these predictions
of the low energy data, we will effectively have new information on the electroweak

physics.

5 Summary

We introduce four charge form factors €%(¢%), 5%(¢%), §%(q?) and g%,(q*) associated
with the four gauge boson propagators, and one vertex form factor &,(¢?) associated
with the Zb;b; vertex in the analysis of the electroweak data at the quantum level.

By assuming negligible new physics contributions to vertex and box corrections,
except for the Zb. b, vertex, we can determine these charge form factors accurately
from precision experiments at the one-loop level. Our approach allows us to test the
electroweak theory at several gualitatively different levels. We find that the data show
excellent agreement with the SM at all stages of these tests.

We clearly need further improvements in the precision experiments in order to iden-
tify a signal of new physics beyond the SM. We find that the two polarization asymme-
tries at high energies, P, and Ay, are most effective in this regard since they constrain

the parameter 5*(m%) directly without suffering from the QCD uncertainty. At low
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energies, two polarization experiments in the e~q sector, the polarized eD scattering
and the APV measurements, may have the potential of identifying physics beyond the
SU(2), x U(1)y universality.

It is also shown that the eleciroweak physics at TRISTAN can be studied naturally
in our framework. It will be an important and exciting work in future to compare and
combine the TRISTAN data with the measurements at other energies.

We should note, however, that a better measurement of the QCD coupling strength
a,(my)ys and that of the hadronic vacuum polarization effect 6, = 8{(A L )nadrons] are

needed in order for us to look beyond the SM through the electroweak radiative effects.
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