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We have made a fit to the measurements of the normalized cross section R for the process e*e~ —hadrons at centre of mass
energies between 7.0 and 57.0 GeV with a, and M, 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 o, (34% GeV?)=0.143%0.015, if O(a?) QCD corrections are taken into account, and
M3z=89.3% 1.5 for as top mass of 60 GeV and fixed sin?6,. 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 e*e¢™ annihila-
tion is determined by electroweak interactions and
strong interactions, which can be calculated in the
standard SU(3)®SU(2),®U (1) model. Recently
several efforts have been made to determine «, from
R, the total hadronic cross section normalized to the
pointlike p-pair cross section [1-6]. Such a deter-
mination from an inclusive quantity has the advan-
tage that it is insensitive to fragmentation effects. The
disadvantage is that the contribution from gluon ra-
diation is rather small, so one has to combine the re-
sults from various experiments in order to obtain rel-
ative 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 [1]. We want to repeat this
analysis for the following reasons:

— 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 al-
lowing for a direct measurement of the Z° mass. Such

a mass determination has been published by the AMY
Collaboration [3] and presented at various confer-
ences [4-6]. Quoted Z° masses range around 89 GeV
(error 1.3 GeV), which is slightly lower than the
results from pp experiments (M,=93.1+£1.0+3.1
from UA1 and M,=91.51+1.2+1.7 from UA2 [7]).
We have repeated the fit to R after applying consis-
tently the radiative corrections to all data.

- The Crystal Ball experiment [8] at DORIS has
published a precise measurement of the continuum
R at the energy of the Y(1S) state. These data to-
gether with all other data in the same energy range
[9] have been used in this analysis. We have not in-
cluded 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 access 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.

— The first calculation of the O(«?) contribution to
R has been made by Gorishny et al. [10]. This con-
tribution turns out to be larger than the second order
contribution in the commonly used MS scheme.
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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

ole*e~—vy, Z°->hadrons]

R=
ole* e »y-pTpT]

The p*u~ cross section is the lowest order pointlike
QED cross section of massless spin 1 particles, and is
equal to 4na?/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 fol-
lowing contributions:

2 5
Uzad=4—7;"l-rQCDee23 Z es, (1)
N g=1
K(s—M3%)
(s—M3)*+5* /M3

YZ
Ohaa =8Targcp

5
Xe:Ve Y, e,v,, (2)

g=1
K3s
(s—M3)?+s* T3 /M3

zZ
ahad = 1 anQCD

X (2+a2) ¥ (2+ad). (3)
gq=1

The superscripts indicate the contribution from pho-
ton exchange, Z° exchange and their interference and
the sum is taken over five quark flavours, thus as-
suming the top quark is too heavy; ¢, v and a repre-
sent the electric charge and vector and axial vector
couplings of the quarks (subscript g) and electrons
(subscript e) and I, 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 ac-
count in the analysis, using the formulae in ref. [1].
The factor 7ocp represents the effect from gluon ra-
diation and is given in the MS scheme by [10,11]

2
rQCD=3[1+ "‘7 +(1.986—0.1 15nf)(9‘;—>

+70.985—1.2n;—0.005n}

3
4.679%5(%) ] (4)
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The factor 3 on the right-hand side accounts for the
color of the quarks.

The energy dependence (running) of « is given by
the third order formula [12]

o, (s) = ~_4__[ _ By logllog(s/4%)]
s - Bolog(s/A4%) B2 log(s/A4?)

1 ’ 1 , I
+<%> m(ﬂog[log(s//j )1—1)2

-3

with

Bo=11-3n,
Bi=2(51-%ny),

By =32 - Pn,+En7 .

The constant K can be either defined as

\/5 Ge M3k,
K = Y= ezh
! 487 (6)
oKy
K= 48sin20,,cos?0,, (7)

Here G is the Fermi constant, which is well known
from muon decay, and sin?6,, determines the electro-
weak mixing angle, which can be used to define the
coupling constants between a pair of fermions and
the Z° gauge boson:

ve=2I, —4e;sin?0,, , (8)
ar=2I,. (9)
Here I; is the third component of the weak isospin.
In the definitions of K, we have explicitly included
the factor x 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
{13], which uses the radiative corrections from
Berends et al. [14], thus including the loop correc-
tions for the photon propagator, but not the loop cor-
rections for the Z° propagator. In this case the for-
mulae to be fitted to the data should include this x-
factor, which can be written as follows [15,16]:

1—-Ar

=1 L (s)

(10)
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or

L (11
=YL () )
where

_a(0)

1= Ar= oS +0.(M, My) (12)
and
1411, (s) = aoz;gz)) +0(M,, My, s) . (13)

Here Ar represents the electroweak corrections to the
charged gauge boson exchange in muon decay and
IT, (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 com-
ing from the light fermion loops in the photon prop-
agator (hence the indication of the scale in o). 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. How-
ever, for a top mass of 230 GeV the latter term is as
large as the first term, but of opposite sign, so the to-
tal correction Ar is about zero. I7,(s) shows a similar
behaviour, so that the ratio in x, is much less depen-
dent on the top mass and furthermore close to 1 (see
fig. 1). This is the advantage of the parametrization
with K|: 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 pre-
vious 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 insensi-
tivity to the Z° mass at PETRA energies: the domi-
nant term in both the numerator and denominator in
eq. (3) is proportional to M$, thus largely cancelling
the uncertainty in M,. However, at TRISTAN ener-
gies 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 sen-
sitivity with K,, since one can measure the pure prop-
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Fig. 1. Electroweak corrections in case the parametrization with
the Fermi constant is used (see text).

agator 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 or-
der 3% at 60 GeV, as will be discussed below. From
the definitions of K, and K, one can deduce the fol-
lowing well known relation between sin?6,, and M,
(which allows to define the couplings through the
mass, thus having only M as free parameter in the
electroweak sector):

1 dra
i 20w=—<1_ 1- ) 14
S =3 \/ Jiomzi-an) Y

3. Analysis method

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

- the correlations between 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 cor-
rections can be divided in three classes:

— Initial state radiative corrections. These correc-
tions depend on M (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 x;=1] using the radiative correc-
tions as implemented in the Lund program [13].
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Fig. 2. Radiative correction factors including photonic correc-
tions according to the formulae from ref. [14]. The two upper
curves include in addition the electroweak corrections from ref.
[16] 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 M; mass using
formulae from Berends et al. (BKJ) [14].

Some experiments have used for M, the default value
of 94 GeV in this program, so their data had to be
corrected to the fitted value of M, which gives typi-
cally 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 effi-
ciency on the fitted Z° mass, which increases slightly
for lower Z° masses (about 0.1% per GeV in M, at
/5=60 GeV). We have checked that this correction
is not strongly dependent on the difference in accep-
tance cuts between the various experiments.

Note that the radiative corrections include first or-
der 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\/5 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].

- 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 un-
known top and Higgs mass. Therefore we have fol-
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lowed the strategy to correct the data for the loop cor-
rections to the photon propagator, but exclude the
loop corrections to the Z° propagator. These contri-
butions can be included in the function to be com-
pared with the data. In this way we can easily com-
pare the data with the standard model predictions for
different top masses. It has furthermore the advan-
tage that all of the PEP and PETRA data have been
corrected to this level. So, if we exclude for TRIS-
TAN data the loop corrections to the Z° propagator
100, 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 dif-
ferent top masses and M;=92 GeV). For light top
masses the contribution from these loop corrections
is about 3% at \/§=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.

— Vertex and box diagram corrections. These correc-
tions have been taken into account for photon ex-
change, 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 pro-
gram by Fujimoto et al. [19]. There vertex correc-
tions and loop corrections are of similar size [20].
Also box diagrams can be neglected, so in the fits de-
scribed hereafter we have included only the loop cor-
rections for Z° exchange using the formulae from ref.
[16] and after correcting all data consistently for ini-
tial state radiation (which depends on M, as dis-
cussed above).

It should be noted that the radiative corrections in-
cluding 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 cor-
rections to all data using iteratively the Z° mass from
the best fit. The original and the corrected data points
[6,21] (for M;=190 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 cor-
relation matrix [1]:
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Experimental data R used in addition to data given in ref. {1]. The point to point systematic error {0,,,) includes also the statistical one.
The second normalization error 6,1, has been included, if the correlation between the data points varies as function of energy. The data
R.orr have been corrected for initial state radiation and photonic vertex corrections using Z°=90 GeV. Electroweak vertex and loop

corrections have not been applied.

Experiment /s R R Op (%) Gnormt (%) Gnorma (%)
CBAL 9.39 3.48 1.1 4.6 -
CLEO 1049 377 1.6 6.4 -
CUsB 1040 3.54 1.4 1.3 -
DASP2 9.50 373 43 7.5 -
DHHM 9.40  3.80 7.0 1.0 -
LENA 744 3.37 3.9 6.7 -
8.91 3.42 2.9 6.7 -
928 331 2.7 6.7 -
9.42 3.57 7.6 6.7 -
AMY 5000 450 455 107 4.1 -
5200 429 435 47 41 -
55.00 462 472 5.2 4.1 -
56.00 5.19 5.31 3.7 4.1 -
5650 532 545 9.0 4.1 -
5700 490 503 33 4.1 -
TOPAZ 5000 408 411 130 5.0 -
52.00 4.40 4.44 4.5 5.0 ~
5500 4.64 470 5.2 5.0 -
5600 499 506 4.4 5.0 -
56.50 4.97 5.05 9.1 5.0 -
5700 519 527 4.6 5.0 -
VENUS 5000 440 443 114 2.0 8.3
5200 470 474 6.4 2.0 8.3
55.00 424 430 7.1 2.0 22
56.00 492 499 45 2.0 22
56.50 414 420 118 2.0 22
5700 547 556 5.3 2.0 22

2i=ATV 4. (15)

Here 4 is a column vector containing the residuals
between R; and Ry, and V'is the N X N error correla-
tion matrix between N measurements. The elements
of ¥ can be estimated as follows:
- the diagonal elements are given by the total vari-
ance, 1.e. the quadratic sum of statistical, point-to-
point and overall normalization error;
- the off diagonal elements of correlated points are
given by the sum of the square of the errors common
to them.

This can be casily demonstrated by studying the
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properties of V= (R—(ROINR~<(R;>)) in
presence of a covariant term. Since in practice the
common uncertainty is usually given as a percent er-
ror {p) to the data points, it can been shown that the
previous formula leads to off diagonal terms of the
size V.= (1/100%)p°R,R,.

In the error matrix of the R measurements, the ele-
ments 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 inref. [1] we have not included
the uncertainty from higher order QED radiative
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corrections in the covariance matrix, since we be-
lieve that treating it in a probabilistic way is uncor-
rect. 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 explicitly given.
In these cases it was checked that the numerical val-
ues of the fitted parameters were very stable against
even large variations of their splittings.

4. Results

The three parameters in the total hadronic cross
section that we would like to determine are o, M,
and sin®f,,. 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 deter-
mine the other parameters:

- The most trivial way is a three parameter fit assum-
ing no connection between the couplings and the
mass.

— Make a two parameter fit of A, and «, assuming
relation 14 to hold or taking for sin?6,, the value ob-
tained in neutrino—quark scattering, while taking into
account the dependence on the unknown top mass
[23].

- Make a one parameter fit for o, with the G param-
etrization; in this case one is insensitive to the top

Table 2
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mass owing to the compensation between Ar and IT;;
the sensitivity to the Z, mass is weak too in this pa-
rametrization, as said above.

In table 2 we give the results of these last fits with
the Gy parametrization. The values of ¢« obtained
from the different energy regimes are consistent and
the results from PEP and PETRA data are un-
changed with respect to the results from ref. [1].
Comparing the O (a?) and O(a?) fits in table 2, one
observes a systematic reduction of the o values by
11-12% for the latter for all energy regimes, as ex-
pected, in contrast to variations between 6.6% and
16.5% in ref. [2].

The fit results with M, as an additional free pa-
rameter 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 M, 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 measure-
ment of the mass, is demonstrated in fig. 3, where we
plotted the fitted M, mass with the couplings fixed
(sin%0,=0.231) as a function of the maximum cen-
ter of mass energy used in the fit. Fig. 3 shows that
the error rapidly decreases, if higher energies are in-
cluded. If we do the opposite, i.e. keep the mass of
the Z° in the propagator fixed and determine M from
the couplings only [via eq. (14)], we find that the
error on M3 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 M, 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

a, and 452 fitted with the G parametrization for sin26, =0.231 (M,=60GeV) and M;=289.3 GeV.

Data Energy range O(a?)

O(a?)

PEP, PETRA 14-47 GeV

PEP, PETRA, 14-57 GeV
TRISTAN

CESR, DORIS, 7-57 GeV
PEP, PETRA,
TRISTAN

,=0.168+0.025
AR =5907418 MeV

a,=0.170+0.025
AR =6207483 MeV

0, =0.158+£0.020
A} = 440133 MeV

0,=0.151+0.020
AR =320728 MeV

,=0.152£0.019
A8 =3307333 MeV

,=0.1431£0.015
AR =240 153 MeV
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M and «; values from various fits for center of mass energies between 7 and 57 GeV.

sin%0,=/(Mz)

sin4,, free

M, (GeV) sin?@,, fixed
60 M;=89.3%1.5GeV

a,=0.139+0.017
sin%6,,=0.231

120 M;=88.81+1.4GeV
a,=0.13910.017
sin®@,=0.230

180 M;=88.31+1.4GeV

0, =0.139+0.017

Mz=90.011.6 GeV
a,=0.13720.018
sin%6,,=0.24410.014

Mz=89.4%+1.5GeV
,=0.1371£0.018
sin’4,,=0.24310.014

M,=88.8%1.5GeV
0, =0.13710.018

My;=89.4%1.9 GeV
o,=0.14110.019
sin%6,=0.221+3333

M,=88.8+1.5GeV
,=0.14210.018
sin0,=0.221+992

Mz=88.31+1.4GeV
a,=0.14210.018

sin26,,=0.230

sin®f,,=0.24110.014

sin2, =0.221+3333
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Fig. 3. The fitted Mz mass as function of the maximum center of
mass energy used in the fit.

of «, 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 en-
ergy, 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 M, 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 M of about 4 GeV). For neutrino
scattering the value of sin28,, is almost independent
of M,, which is not true for all processes [24]. It is
interesting to notice that in case one could use precise
sin6,, values from these other processes (they are not
precise unfortunately), the M, dependence on sin’6,,
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would almost cancel the M, dependence of k,, so M,
would not depend on M, anymore. Choosing for the
top mass the lower edge of the presently most proba-
ble region of 60-180 GeV [25], the best estimate for
the Z° mass is

M;=893%15.

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 sin26,, 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 correc-
tions can be shown by making a fit where these cor-
rections are excluded. If we fix sin%f, at
0.241£0.0030+0.0027 (a value from deep inelastic
neutrino scattering excluding electroweak correc-
tions [26]), we obtain M;=288.111.2.

Table 3 shows the result from the three parameter
fit too. As can be seen the parameter most sensitive
to the top mass is M. The correlation coefficients
between the three parameters are rather small:
p(sin?6,, M) = —0.29, p(AR2, sin%6,,) = —0.42 and
p(Ai78, M) =0.33 independent of the top mass, and
the x2/DF is 68/189. This excellent x> may be due to
an overestimate of the common normalization er-
rors: if we calculate the y2 only from the diagonal ele-
ments of the matrix ¥ ~!, thus ignoring the correla-
tions, but including the complete errors, we find
x5/DF is 91/89. We have also repeated the fit in-
cluding the preliminary results above 57 GeV re-
cently presented by the TRISTAN Collaborations at
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Fig. 4. Averaged experimental data on R as function of the center
of mass energy, and best fit (solid line) yielding M;=89.4+ 1.3,
o,=0.142%0.018, and sin®6,,=0.220*3333. The error bars in-
clude the statistical and normalization errors and their
correlations.

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+ 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 fit-
ted a constant value to the data points within a cer-
tain energy bin using the complete error correlation
matrix (we have checked that this procedure exactly
corresponds to a weighted average, taking correctly
into account independent and correlated errors). So
the 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 G parametrization, thus being less
dependent on M;) as focp (\/§=34 GeV)=R/
Rpw=1.05610.008, for its unambiguous meaning
not related to a specific expansion order in «; or re-
normalization scheme. An extrapolation of this value
at the LEP/SLC energy vyields focn(i/s=90
GeV)=1.0461+0.006. A 1% reduction of all R val-
ues, which is the maximum effect expected from
O(«?) radiative corrections [22], would reduce
0,(34 GeV) by 11%. This reduction is below the na-
ive expectation of about 18% due to the fact that we
fit over a large energy range.

A common uncertainty of 1% between all experi-
ments as a possible common bias to the data would
increase the error on «, without affecting its central
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value. However, it would increase M, 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 \/§= 60 GeV,
which allows a direct measurement of M. Note that
this increase is due to pure Z° exchange, since the in-
terference term y/Z° is suppressed by the small value
of the electron vector coupling. We find, for a top mass
of 60 GeV,

M;=89.311.5GeV,

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 pre-
liminary results above 57 GeV yields M,;=89.0+1.0
GeV.

We have determined the QCD coupling constant
to be

0,(34 GeV)=0.14310.015

with little correlation to the Z° mass and practically
independent from the top mass and uncertainties in
sin?4,,. Here we have taken the third order QCD cor-
rections into account, which lower «, about 10% (see
table 3) with respect to the second order value. The
QCD series 1 + a,/n+... has been determined from a
direct fit to the data in a model independent way. Ex-
trapolating to the Z° region, we find this factor to be
1.046 £0.006.
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