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Abstract

We have made a fit to the measurements of the normalized cross section R for the process
ete” — hadrons at cenire of mass energies between 7.0 and 57.0 GeV with a, and Mz as free
parameters. At the highest TRISTAN energies, the increase in R from the tail of the Z° resonance
allows a precise measurement of the Z% mass, while the lower energy data determine the value of the
strong coupling constant. The result is: a,(34% GeV?) = 0.143 £ 0.015, if O{a,?) QCD corrections
are taken into account, and Mz = 89.3 ++ 1.5 for a top mass of 60 GeV and fixed sin® fy . The off
shell determination of the Z% mass depends almost linearly on the top mass through the electroweak
radiative corrections; it is lowered by 1.0 GeV for M,;=180 GeV.

1 Introduction

The total hadronic cross section in eTe~ annihilation is determined by electroweak interactions and
strong interactions, which can be calculated in the Standard SU(3}c @ SU(2)L®U{(1) Model. Recently
several efforts have been made to determine o, from R, the total hadronic cross section normalized
to the pointlike u-pair cross section[1]-[6]. Such a determination from an inclusive quantity has the
advantage that it is insensitive to fragmentation effects. The disadvantage is that the contribution
from gluon radiation is rather small, so one has to combine the results from various experiments in
order to obtain relative uncertainties in «, below 15%. However, this requires a careful study of the
systematic errors and their correlations. The first thorough study using a complete error correlation
matrix has been made by the CELLO Collaboration[l]. We want to repeat this analysis for the

following reasons:

e New experimental data has become available from the experiments at TRISTAN up to center of
mass energies of 57.0 GeV. At these energies the tail of the Z° resonance is increasing R already
by 30%, thus allowing for a direct measurement of the Z% mass. Such a mass determination has
been published by the AMY Collaboration[3] and presented at various conferences[4,5,6]. Quoted
" Z° masses range around 893 GeV (error + 1.3 GeV), which is slightly lower than the results from
pP experiments (Mz = 93.1 £ 1.0 + 3.1 from UAl and Mz = 91.5+ 1.2+ 1.7 from UA2[7]). We
have repeated the fit to R after applying consistently the radiative corrections to all data.

e The Crystal Ball experiment|8] at DORIS has published a precise measurement of the continuum
R at the energy of the T(15) state. These data together with all other data in the same energy
range [9] have been used in this analysis. We have not included older data between center of
mass energies of 2 and 7 GeV, since at these energies the spread in the data is about one unit
in R. Furthermore, such old experiments did not have acces to refined Monte Carlos available
nowadays and at energies below 7 GeV resonances occur, which make the uncertainties from
non-perturbative QCD effects and non-trivial radiative corrections important.
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o The first calculation of the O{a?) contribution to R has been made by $.G. Gorishny et al.[10].
This contribution turns out to be larger than the second order contribution in the commonly
used M S scheme.

2 Standard Model Formulae
Here we summarize the formulae used in fitting the hadronic cross section. The normalized cross
section R is defined as the ratio

P oleTe™ — v, Z° — hadrons)

olete” —» 4 — prp]

The ut i~ cross section is the lowest order pointlike QED cross section of massless spin % particles,
and is equal to 4wa®/3s, where s is the square of the centre of mass energy.

The total hadronic cross section excluding QED radiative corrections is given by the sum of the
following contributions:

7o 5
O‘;ad = TQCDegz eg (1)
3s =l
5
vZ K(S — M.’i’)
Opod = Swachp(s — M%)z n szI‘fot/M% €ele qz:; £qVq {(2)
Z K*s 2 2 ° 2 2

Thad = 127TT‘QCD(S . M%)z + Szrtzot/M% (ve + ac); (Uq + aq) (3)

The superscripts indicate the contribution from photon exchange, Z° exchange and their interference
and the sum is taken over five quark flavours, thus assuming the top quark is too heavy; e, v and a
represent the electric charge and vector - and axial vector couplings of the quarks (subscript ¢) and
electrons {subscript e) and I'y,; is the total width of the Z° For simplicity we have neglected small
mass effects in the formulae above, but they have been taken into account in the analysis, using the
formulae in Ref.[1]. The factor rgcp represents the effect from gluon radiation and is given in the
MS scheme by[10,11]:

""QCD =3

a as\? (Ceg)? fas?
1+ +(1.986 — 0.115 - 70.985 — 1.2n; — 0.005n% — 1.679-=_92_ (—’)
+ nf)(w) + ng n} e \x
(4)

The factor 3 on the righthand side accounts for the color of the quarks.
The energy dependence (running) of a, is given by the 37¢ order formula[16]:

4r { 31 log[log( 4% )] B2 s 1.3  B2Bo 5}}
ay(8) = g 1 - = ————8— 4 (=) ——— |(log[log{—)] — =)* + - = 5
with
,80 = 11 - %n_f
A L L
Br = BT -+ e}
The constant K can be either defined as:
V2GrRM2ik
Ky= —=12 2 (6)
or
aKa

2~ 48%in? Oy cos? By,
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Here Gr is the Fermi constant, which is well known from muon decay, and sin?fy  determines
the electroweak mixing angle, which can be used to define the coupling constants between a pair of
fermions and the Z° gauge boson:

vy = 2I3-—4dessin’ Oy (8)
ar = 2]3 (9)

Here I3 is the 37¢ component of the weak isospin. In the definitions of K, we have explicitly included
the factor & which represents the loop corrections to the Z° propagator. For example, practically
all data from the PEP and PETRA experiments have been corrected with the LUND Monte Carlo
program[12], which uses the radiative corrections from Berends et al.[13], thus including the loop
corrections for the photon propagator, but not the loop corrections for the Z° propagator. In this case
the formulae to be fitted to the data should include this x-factor, which can be written as follows[14.15]:

1—- Ar

M TG (0

oT

1

Rzzm (11)

h
o 1oar= -0 oM (12
- T_CI(MW)+ r( 4] H) )

d

- 1 Tgs) = 29 s

+ z(S)—a(MZ)+ n{ M., My, 5) (13)

Here Ar represents the electroweak corrections to the charged gauge boson exchange in muon decay
and IIz{s) represents the electroweak loop corrections to the neutral gauge boson exchange. One sees
that the first term in both cases is given by the running of the QED coupling constant as a function of
energy coming from the light fermion loops in the photon propagator (hence the indication of the scale
in a). The remaining contributions come from box- and vertex diagrams, and diagrams with Higgses
and heavy quark contributions. For top quark masses below the gauge boson masses the first term is
dominant in both expressions. E.g. for a top mass of 70 GeV Ar is about 7 % and 6% is coming from
the first term alone. However, for a top mass of 230 GeV the latter term is as large as the first term,
but of opposite sign, so the total correction Ar is about zero. IIz(s) shows a similar behaviour, so
that the ratio in &y is much less dependent on the top mass and furthermore close to 1 (see Fig. 1).
This is the advantage of the parametrization with Ky: one can neglect the electroweak corrections to
a large extent and the results are insensitive to the unknown top mass. This was the reason why in
previous fits to data on R this parametrization has been used, e.g. to determine the strong coupling
constant [1]. What was considered further as an advantage compared to the K; parametrization was
the insensitivity to the Z%mass at PETRA energies: the dominant term in both the numerator and
denominator in Eq. 3 is proportional to M§, thus largely canceling the uncertainty in Mz. However at
TRISTAN-energies one observes the tail of the Z%resonance and it becomes possible to make a direct
measurement of the Z%mass. In this case one obtains much more sensitivity with K, since one can
measure the pure propagator effect without the compensation from the M$§ factor in the numerator.
However, with the K; parametrization the electroweak corrections (x; in this case) cannot be neglected
anymore, since the correction to the total hadronic cross section is of order 3% at 60 GeV, as will be
discussed below. From the definitions of K; and K, one can deduce the following well known relation
between sin’ @y and Mz (which allows to define the couplings through the mass, thus having only
Mz as free parameter in the electroweak sector):

dre
V2GpMj(1 - Ar)

sin? O = % [1 — 1= (14)



3 Analysis method

Fitting the data from different experiments is always a delicate procedure. It requires that:
e all data points have been corrected to the same level and that their errors have a similar meaning;

o the correlations hetween the data points within the same experiment and, eventually, between
different experiments must be considered.

Unfortunately, the radiative corrections have not always been applied in a consistent way. These
corrections can be divided in three classes:

e Initial state radiative corrections. These corrections depend on Mz (via the shape dependence
of the propagator), as can be seen from a comparison of the two lowest curves in Fig. 2, which
give the correction factors to the Born cross section (defined by Egs. (1-3) with K; and &y = 1)
using the radiative corrections as implemented in the Lund program[12]. Some experiments have
used for Mz the default value of 94 GeV in this program, so their data had to be corrected
to the fitted value of My, which gives typically a 3% correction at 60 GeV. Others have used
a value close to 92 GeV, which differs however from the best fitted value around 90 GeV (see
below). So we have consistently corrected all data using the best fitted Z° mass. Not making
these corrections would have increased the fitted mass by 0.6 GeV. We have also taken into
account the dependence of the efficiency on the fitted Z° mass, which increases slightly for lower
Z% masses (about 0.1% per GeV in Mz at \/s=60 GeV). We have checked that this correction
is not strongly dependent on the difference in acceptance cuts between the various experiments.

Note that the radiative corrections include first order contributions only, i.e. only one photon
can be radiated from the initial state. Furthermore, the maximum energy for the photon was
limited to 99% of the beam energy, corresponding to a minimum center of mass of 0.1,/s for
light quarks, while for b-quarks the minimum center of mass energy was taken to be 2m,;+1=11
GeV (default in Lund program). Final state radiative corrections have been neglected, since
these are small, if one sums over all possible final states[17].

s Loop corrections to the photon- and Z° propagator. These corrections are independent of
the final state, but for the Z° propagator they depend on the unknown top and Higgs mass.
Therefore we have followed the strategy to correct the data for the loop corrections to the
photon propagator, but exclude the loop corrections to the Z° propagator. These contributions
can be included in the function to be compared with the data. In this way we can easily compare
the data with the standard model predictions for different top masses. It has furthermore the
advantage that all of the PEP and PETRA data have been corrected to this level. So, if we
exclude for TRISTAN data the loop corrections to the Z° propagator too, both data sets can
be treated on an equal footing in the fit procedure. In Fig. 2 we have also shown the radiative
corrections including the loop corrections to the Z° propagator (upper two curves for two different
top masses and Mz=92 GeV). For light top masses the contribution from these loop corrections
is about 3% at /3=60 GeV. Such large corrections have to be dealt with correctly. For example,
ignoring them completely in the fit reduces the fitted Z® mass typically by more than one GeV.

o Vertex- and box diagram corrections. These corrections have been taken into account for photon
exchange, while for Z° exchange they have been found to be negligible for the total cross sections,
at least in the on-shell renormalization scheme[18] This is not true for the renormalization scheme
used in the program by Fujimoto et al.[19]. There vertex corrections and loop corrections are of
similar size[20]. Also box diagrams can be neglected, so in the fits described hereafter we have
included only the loop corrections for Z° exchange using the formulae from Ref.[15] and after
correcting all data consistently for initial state radiation (which depends on Mz as discussed
above).



It should be noted that the radiative corrections including the complete loop corrections agree well
with the corrections from the program by Fujimoto et al.[19], which have been used for part of the
data from TRISTAN[3,6]. We have undone these electroweak corrections and furthermore applied
radiative corrections to all data using iteratively the Z° mass from the best fit. The original and the
corrected data points{6,21) { for Mz=90 GeV ) have been summarized in Table 1, as well as all the
low energy data points[8,9] which have not been listed in Ref.[1].

Correlated errors between measurements can be taken into account by defining the x? via an error
correlation matrix[1]:

x2=aTv1A (15)
Here A is a column vector containing the residuals between R; and Ry; and V is the NxN error
correlation matrix between N measurements. The elements of V' can be estimated as follows:

e the diagonal elements are given by the total variance, i.e. the quadratic sum of statistical,
point-to-point and overall normalization error;

o the off diagonal elements of correlated points are given by the sum of the square of the errors
cominon to them.

This can be easily demonstrated by studying the properties of Vi; =< (R;— < B; >){R;— < B; >) >
in presence of a covariant term. Since in practice the common uncertainty is usually given as a percent
error (p) to the data points, it can been shown that the previous formula leads to off diagonal terms
of the size Vj;.2; = ﬁ%gpgRiRj

In the error matrix of the R measurements, the elements connecting different experiments have
been set to zero as a first approximation. A check has been performed, which shows that there is only
little change in the result if one includes an overall correlation at the percent level. As in Ref. [1]
we have not included the uncertainty from higher order QED radiative corrections in the covariance
matrix, sinice we believe that treating it in a probabilistic way is uncorrect. As long as the higher
order radiative corrections are being applied consistently to both the hadronic cross section and the
luminosity measurement, the total effect on their ratio, i.e. on R, partially cancels and the residual
effect is estimated to influence the R values between 0.0 and -1.0% [22]. We will quote below the
variation of the final results for such a correction.

For some experiments the separation into point-to-point and common error was not explicitely
given. Tn these cases it was checked that the numerical values of the fitted parameters were very
stable against even large variations of their splittings.

4 Results

The 3 parameters in the total hadronic cross section which we would like to determine are: o, Mgz,
and sin? fy. At the energies considered here the Z° width does not play a role, and we fixed its value
at 2.5 GeV. We have tried several strategies to determine the other parameters:

e The most trivial way is a three parameter fit assuming no connection between the couplings and
the mass.

o Make a two parameter fit of Mz and a, assuming relation 14 to hold or taking for sin® @y  the
value obtained in neutrino-quark scattering, while taking into account the dependence on the
unkown top mass [23].

e Make a one parameter fit for o, with the Gp parametrization; in this case one is insensitive to
the top mass owing to the compensation between Ar and Ilz; the sensitivity to the Zg mass is
weak too in this parametrization, as said above.



In Table 2 we give the results of these last fits with the Gr parametrization. The values of a,
obtained from the different energy regimes are consistent and the results from PEP and PETRA data
are unchanged with respect to the results from Ref. [1]. Comparing the O(a,%) and O(e,?) fits in
Table 2, one observes a systematic reduction of the e, values by 11 — 12% for the latter for all energy
regimes, as expected, in contrast to variations between 6.6% and 16.5% in Ref. [2].

The fit results with Mz as an additional free parameter are presented in Table 3 using data
between a center of mass energy of 7 and 57 GeV. It should be noted that the main sensitivity to
Mz comes from the propagator effect in the TRISTAN energy range, while at PEP /PETRA energies
the sensitivity came only through the couplings and the use of relation 14. This propagator effect,
implying a direct measurement of the mass, is demonstrated in Fig. 3, where we plotted the fitted Mz
mass with the couplings fixed (sin? 6y =0.231) as a function of the maximum center of mass energy
used in the fit. The figure shows that the error rapidly decreases, if higher energies are included. If
we do the opposite, i.e. keep the mass of the Z° in the propagator fixed and determine Mz from
the couplings only (via Eq. 14), we find that the error on My is enlarged by a factor 3.1 and the
energy dependence is strongly reduced. In fact the error does not change from 47 to 60.8 GeV. At
36 GeV instead, the Mz determination from the couplings is 2.5 times better than the determination
from the propagator. It must be noted that for both fits the value and error of e, remain absolutely
stable from 36 GeV on. This is a clear proof that the QCD coupling constant is mainly determined
by the data up to the PETRA energy, while the Z% mass can be determined in a direct way from the
TRISTAN data through the propagator and not from the couplings.

The top mass dependence found for My comes from the radiative corrections to the Z° exchange
present in the x, parametrization. This cannot be avoided by the use of the x; parametrization, since
in this case the sensitivity to the Z° mass is reduced (the fit would give an error on Mz of about 4
GeV). For neutrino scattering the value of sin® 6y  is almost independent of M;, which is not true for
all processes[24]. Tt is interesting to notice that in case one could use precise sin® 8y values from these
other processes (they are not precise unfortunately), the M; dependence on sin®fy  would almost
cancel the M, dependence of k3, so Mz would not depend on M; anymore. Choosing for the top mass
the lower edge of the presently most probable region of 60-180 GeV[25], the best estimate for the Z°
mass is:

Mz =893+ 1.5

This value decreases almost linearly to 88.3 GeV for a top mass of 180 GeV. The uncertainty on the
Z%-mass from the experimental error in sin?@y is smaller than £0.2 GeV. The dependence on the
unknown Higgs mass is small too: changing its value from 100 to 1000 Gev increases the Z° mass by
0.2 GeV.

The importance of electroweak radiative corrections can be shown by making a fit where these
corrections are excluded. If we fix sin’ @y at 0.241 £ 0.0030 £ 0.0027 (a value from deep inelastic
neutrino scattering excluding electroweak corrections[26]), we obtain Mz = 88.1 + 1.2.

Table 3 shows the result from the three parameter fit too. As can be seen the parameter most
sensitive to the top mass is Mz. The correlation coefficients between the 3 parameters are rather
small: p(sin® 0w, Mz) = —0.29, p(A%, sin? O ) = —0.42 and p(A%, Mz) = 0.33 independent of the
top mass, and the x?/DF is 68/89. This excellent y? may be due to an overestimate of the common
normalization errors: if we calculate the x? only from the diagonal elements of the matrix ¥V 1, thus
ignoring the correlations, but including the complete errors, we find x%,/DF is 91/89. We have also
repeated the fit including the preliminary results above 57 GeV recently presented by the TRISTAN
collaborations at the KEK Topical Workshop [27]. The result is in very good agreement with the data
up to 57 GeV, as can be seen from Fig. 4. Including this new data yields a Z° mass of 89.0 4+ 1.0 GeV
for a top mass of 60 GeV. For clarity we have averaged the data points within certain energy bins
in the following way: we have fitted a constant value to the data points within a certain energy bin
using the complete error correlation matrix (we have checked that this procedure exactly corresponds
to make a weighted average, taking correctly into account independent and correlated errors }. So the
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error bars represent the total errors including the correlation and the data have not been renormalized.

It is interesting to express the QCD contribution ( fitted with the Gy parametrization, less de-
pendent on Mz ) as foen(+/(s) = 34GeV) = R/Rgw = 1.057 + 0.008, for its unambigous meaning
not related to a specific expansion order in «, or renormalization scheme. An extrapolation of this
value at the LEP/SLC energy yields focp(1/{s) = 90GeV) = 1.046 £ 0.005. A 1% reduction of all
R values, which is the maximum effect expected from O(a®) radiative corrections22], would reduce
a,(34 GeV) by 11%. This reduction is below the naive expectation of about 18% due to the fact that
we fit over a large energy range.

A common uncertainty of 1% between all experiments as a possible comumon bias to the data would
increase the error on a, without affecting its central value. However, it would increase Mz by 0.7 GeV.
A similar result is obtained if one assumes a common 1% error for the PEP /PETRA measurements
and separately a common 1% error for the TRISTAN ones.

5 Conclusions

The tail of the Z° resonance gives a 50% increase of the multihadron cross section at /s=60 GeV,
which allows a direct measurement of Mz. Note that this increase is due to pure ZY exchange, since
the interference term v/Z° is suppressed by the small value of the electron vector coupling. We find,

for a top mass of 60 GeV,
My = 89.3+ 1.5 GeV,

which is somewhat below the results from the on mass shell measurements at the CERN collider [7].
A top mass of 120 and 180 GeV would lower this value to 88.8 and 88.3 GeV, respectively. Including
the preliminary results above 57 GeV yields Mz = 89.0 £ 1.0 GeV.

We have determined the QCD coupling constant to be

ay(34 GeV) = 0.143 + 0.015

with little correlation to the Z° mass and practically independent from the top mass and uncertainties
in sin? @y . Here we have taken the third order QCD corrections into account, which lower «, about
10% (see Table 3) with respect to the second order value. The QCD series 1 + a, /7 + .... has been
determined from a direct fit to the data in a model independent way. Extrapolating to the Z%-region,
we find this factor to be 1.046 + 0.005.
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@pe’riment ‘ \/(5) r R I Rcorr Uptp(%) Ianorml(%) lo-norm2(%) I

CBAL 9.39 | 3.48 1.1 4.6 —
CLEO 10.49 | 3.77 1.6 6.4 -
CUSB 10.40 | 3.54 1.4 11.3 -
DASP2 9.50 | 3.73 4.3 7.5 —
DHHM 9.40 | 3.80 7.0 11.0 —
LENA 7.44 | 3.37 3.9 6.7 ~

8.91 | 3.42 2.9 | -

9.28 | 3.31 2.7 | -

9.42 | 3.57 7.6 [ -
AMY 50.00 | 450 | 4.55 | 10.7 4.1 =

52.00 | 4.29 | 4.35 | 4.7 |
55.00 | 4.62 | 4.72 | 5.2 ] -
56.00 | 5.19 | 5.31 | 3.7 |
56.50 [ 5.32 | 5.45 | 9.0 |
57.00 | 4.90 | 5.03 | 3.3 |
TOPAZ |[50.00]4.08] 4.11 | 13.0 5.0 -
52.00 | 4.40 | 4.44 | 4.5 |
55.00 | 4.64 | 4.70 | 5.2 |
56.00 | 4.99 | 5.06 | 4.4 | -
|
|

56.50 | 4.97 | 5.05 | 9.1
57.00 | 5.19 | 5.27 | . 4.6
VENUS [ 50.00 ] 4.40 | 4.43  11.4 2.0 8.3
52.00 | 4.70 | 4.74 | 6.4 J
55.00 | 4.24 | 4.30 | 7.1 |
56.00 | 4.92 | 4.99 | 4.5 | |
|
I

56.50 | 4.14} 4.20 11.8
57.00 | 5,47 | 5.56 5.3

Table 1: Experimental data R used in addition to data given in ref. [1]. The point to point systematic
errors (0p,) includes also the statistical one . The second normalization error @,,rm2 has been included,
if the correlation between the data points varies as function of energy. The data R..., have been
corrected for initial state radiation and photonic vertex corrections using Z°=90 GeV. Electroweak
vertex- and loop corrections have not been applied.



| Data [ Energy range | RICH) | O(a?) |

-
| PEP,PETRA | 14 — 47 GeV | o, = 0.168+0.025 | o, =0.151+0.020

AD = 5901410 MeV AB) - 3207289 pfeV

’» MS
| PEP.PETRA, | 14 - 57GcV | @, =0.170£0.025 | a, = 0152 0.019
TRISTAN ASL = 6201450 MeV AL = 3307350 MeV
CESR,DORIS,

PEP,PETRA, | 7T— 57GeV | o, =0.158+0.020 | o, =0.143+0.015

TRISTAN AL) = 440730 MeV AL = 2401130 MeV |

Table 2: a, and A% fitted with the G p parametrization for for sin® fy = 0.231 (M, =60 GeV) and
Mz=89.3 GeV

@(GeV} 1 sin’ O fized l sin? 6w = f{Mz) | sin’® By free J

60 Mz =893+ 15GeV | Mz =90.0£1.6 GeV | Mz =894+ 1.9 GeV

o, = 0.139 £ 0.017 a, = 0.137+ 0.018 a, = 0.141 £ 0.019

G20y — 0.231 | sin? O = 0.244 % 0.014 | sin? Oy = 0.22170033

120 Mz =888+ 1.4 GeV | Mz = 89.4 +1.5GeV | Mz =88.8=%1.5GeV
o, = 0.139 4 0.017 oy = 0.137 4 0.018 a, = 0.142 + 0.018
sin” By = 0.230 sin? By = 0.243 £ 0.014 | sin® Oy = 0.221750%)

180 | Mz =883+1.4GeV | My =88.8+1.5GeV | Mz =883+14GcV
o, = 0.139 £ 0.017 a, = 0.137 £ 0.018 a, = 0.142 £ 0.018
sin? By = 0.230 sin? By = 0.241 + 0.014 | sin® Oy = 0.221100%

|

Table 3: Mz and o, values from various fits for center of mass energies between 7 and 57 GeV.
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Figures

Fig. 1 Electroweak corrections in case the parametrization with the Fermi constant is used (see text).
Fig. 2 Radiative correction factors including photonic corrections

according to the formulae from Ref.[13]. The two upper

_ curves include in addition the electroweak corrections from

Ref.[15] for Mz=92 GeV, a Higgs mass of 100 GeV and a

top mass of 60 and 180 GeV, respectively. The two lower curves

show the dependence of the radiative corrections on

the Mz-mass using formulae from Berends et al.(BKJ)Ref.[13].
Fig. 3 The fitted Mz-mass as function of the maximum center of mass energy used in the fit.
Fig. 4 Averaged experimental data on R as function of the

center of mass energy, and best fit (solid line) yielding Mz = 89.4 £ 1.3,

@y = 0.142 4 0.018, and sin® 8y = 0.2207392%,

The error bars include the statistical and normalization errors and their correlations.
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